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Abstract

Atmospheric aerosol (AA) originates from direct emissions or transformation
of various volatile organic compounds (VOCs) emitted by biogenic and anthropogenic
sources, and resides in the lowest layer of the atmosphere — the troposphere. Chemical
reactions of volatile organic compounds with oxidizing reagents present in
the atmosphere, like hydroxyl radicals (*OH), ozone (O3), and nitrate radicals (NOse),
are driven by solar radiation and play a significant role in the chemistry
of the troposphere. Therefore, the troposphere can be perceived as a chemical reactor
where thousands of gas-phase, heterogeneous and aqueous-phase reactions produce
a complex mixture of products. Fine aerosol particles (PMzs) of primary and secondary
origin are a significant constituent of AA as they influence weather and climate directly
by scattering incoming solar radiation and indirectly by acting as cloud condensation
nuclei (CCN) in clouds formation and ice nuclei (IN) in ice crystals formation. They affect
human health and cause respiratory, cardiovascular, infectious, and allergic diseases,
as they are efficiently transported into the thoracic and tracheobronchial regions of
the respiratory system. Secondary organic aerosol (SOA) is a substantial part of PMa s
particles, however only 10-15% of the organic species in SOA have been successfully
and reliably identified so far (Prather et al., 2008; Noziere et al., 2015; Glasius
and Goldstein, 2016).

In my Ph.D. thesis, I focused on the identification of unrecognized SOA
components in the PM> 5 fraction formed from two different aerosol precursors — isoprene
(2-methylbuta-1,3-diene, ISO) and buta-1,3-diene (13BD) — wusing UPLC-MS
techniques. The studies conducted can be divided into five stages: (1) investigation
of the chemical composition of aerosol formed in the smog-chamber experiments from
two precursors — isoprene and 1,3-butadiene; (2) determination of the influence of relative
humidity and acidity on the formation of identified ISO and 13BD SOA components;
(3) comparison of smog-chamber results with ambient aerosol samples collected in rural
(Diabla Gora, Zielonka) and polluted sites in Poland (Godow, Kaskada); (4) proposal
of molecular structures for identified novel SOA components based on product ion mass
spectra and high-resolution MS measurements (when authentic standards were
unavailable), and confirmation of other compounds (organic hydroxy acids) with
commercially available or synthesized standards; (5) quantification of significant

and novel components of isoprene and butadiene SOA in field samples with reference to
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smog-chamber results on the influence of RH and acidity on SOA formation in
the atmosphere.

The two investigated compounds — ISO and 13BD — are homologs, however, they
are emitted into the atmosphere from totally different sources. Isoprene is the most
abundant and widely studied biogenic VOC, while 1,3-butadiene is a VOC of
anthropogenic origin. The formation of SOA from ISO and 13BD was examined
in collaboration with the U.S. Environmental Protection Agency (EPA) in a series
of experiments conducted in an in-door smog chamber. The effect of relative humidity
and acidity of seed aerosol on the formation of ISO and 13BD components was
investigated. Contrary to other studies, the concentrations of the majority of ISO and
13BD compounds detected and the total yields of secondary organic carbon (SOC)
decreased with increasing RH level, more sharply in experiments with acidic seed than
non-acidic. Thus, the increase of the liquid water content of an aerosol system did not
promote the formation of ISO and 13BD organosulfates (OSs), nitrooxy- (NOSs)
and nitrosooxy- organosulfates (NSOSs). Under acidic conditions and low RH levels,
the formation of isoprene and butadiene products containing sulfate moieties was
enhanced comparing to non-acidic conditions at the same RH level.

The observed ISO- and 13BD-derived products were thoroughly characterized
using UPLC-ESI-HRMS technique followed by the interpretation of obtained analytical
data, including product ion mass spectra with accurate mass measurements. All mass
spectrometric analyses were performed in the negative ion mode, as the investigated
compounds had reasonable ionization efficiencies to deprotonated ions ([M—H]").
The molecular structures of newly identified compounds were elucidated. Several novel
SOA components were discovered i.a.: 3-methylthreonic acid organosulfate (MW 230),
2-methylthreonic acid nitrooxy-organosulfate (MW 275), and 2-methyltartaric acid
organosulfate (MW 244) in ISO SOA; and glyceric acid organosulfate (MW 186), malic
acid organosulfate (MW 214), threonic acid organosulfate (MW 216), and 1,2,3,4-
butanetetrol nitrooxy-organosulfate (MW 247) in 13BD SOA. Those compounds were
also found in ambient aerosol from trace to substantial amounts. The chemical structures
proposed for highly oxygenated acids formed from ISO and 13BD were based on
the product 1on mass spectra and confirmed against appropriate synthesized or purchased
standard compounds. The syntheses of novel ISO hydroxy organic acids —
2-methyltartaric acid (2-MTA) and 2- and 3-methylthreonic acids (2-, 3-MTrA) were
performed. The compounds were proposed as highly oxygenated molecular (HOM)
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tracers of aged isoprene aerosol as they were also found in ambient aerosol samples
in amounts ranging from 0.8 to 2.8 ng m™ on average.

In order to prove the link between smog-chamber experiments and ambient
atmospheric processes, the UPLC—ESI-HRMS analyses of fine ambient aerosol (PM3 s)
samples collected at four various sites in Poland were conducted. High concentrations
and diversity of isoprene SOA components detected in Zielonka (Bory Tucholskie) and
Diabla Gora (Puszcza Borecka) sampling sites revealed a large share of terrestrial
vegetation in local emissions. The total amount of detected ISO-derived organosulfates
and nitrooxy-organosulfate at those sampling sites were 474.9 + 149.3 ng m™ and 324.0
+ 76.0 ng m>, which accounted for approx. 7.9% and 7.1% of the total OC mass,
respectively. The most abundant compounds were 2-methyltetrol NOS (MW 261)
and 2-methyltetrol OS (MW 216), which contributed significantly to the mass of ISO
SOA. Moreover, Zielonka ambient aerosol was the richest one in 13BD SOA components
containing sulfate moieties, although not as chemically diverse as in ISO SOA. The total
amount of detected compounds was 14.0 + 5.3 ng m™, which accounted for 0.24% of the
OC mass. Besides, malic acid organosulfate (MW 214) was the most abundant OS
detected (13.3 + 5.0 ng m). Moreover, malic acid, a known secondary organic aerosol
tracer was a highly abundant 13BD-derived component at all investigated sites.
The greatest amounts of those compound was detected in Zielonka at the level of
93.7 +31.7 ng m>. The sources of two mentioned compounds in the atmosphere could be
direct 1,3-butadiene emission and biomass burning in nearby households.
1,2,3,4-butanetetrol OS (MW 202) was not detected in ambient aerosol, while its
analogue 2-methyltetrol OS (MW 216) formed from isoprene was a highly abundant key
tracer of ISO SOA.

This Ph.D. thesis presents results of the comprehensive studies on the chemical
composition of isoprene and 1,3-butadiene SOA, which forms in the troposphere,
the lower part of the Earth’s atmosphere. Advanced research tools, including smog
chambers and hyphenated mass spectrometry techniques were used for that purpose.
The influence of relative humidity and acidity on the formation of individual 13BD
and ISO SOA components was examined. Revealing ISO and 13BD SOA composition
under laboratory conditions enabled the firm identification of the complex composition
of ambient aerosol. The results presented may fill the gaps in understanding of chemical
transformations of isoprene and butadiene in the atmosphere and the formation

of secondary organic aerosol from those precursors. Several significant and novel
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13BD- and ISO-derived components were identified and their concentrations were
determined both in smog-chamber experiments and ambient fine aerosol. Moreover,
organosulfates and other SOA components detected in this study are expected to enhance
the capacity of ambient aerosol as cloud condensation nuclei (CCN) impacting the air
quality. The data obtained in this study will pave the way for better description of
the complex and time-varying chemical composition of SOA and may improve

the performance of air quality models.
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Streszczenie

Aerozol atmosferyczny (AA) powstaje w najnizsze] warstwie atmosfery —
troposferze — w wyniku bezposredniej emisji lub przemian wielu réznych lotnych
zwigzkéw  organicznych (LZO) emitowanych ze zrddel  biogenicznych
1 antropogenicznych. Reakcje chemiczne lotnych zwigzkéw organicznych z reagentami
utleniajacymi obecnymi w atmosferze, takimi jak rodniki hydroksylowe (¢ OH), ozon (O3)
1 rodniki azotanowe (NOs3¢), sg inicjowane przez promieniowanie stoneczne i odgrywaja
znaczacg role w chemii atmosfery. Stad tez troposfer¢ mozna postrzega¢ jako reaktor
chemiczny, w ktérym tysigce reakcji zachodzacych w fazach gazowej, heterogeniczne;j
1 wodnej wytwarzaja niezwykle zlozona mieszaning produktéw. Drobne czasteczki
aerozolu (frakcja PM2s) pochodzenia pierwotnego 1 wtornego wpltywaja na pogode
1 klimat bezposrednio poprzez rozpraszanie docierajagcego promieniowania stonecznego,
jak 1 posrednio, dziatajac jako zarodki kondensacji chmur (CCN) i zarodki lodu (IN).
Wptywaja one takze znaczaco na zdrowie cztowieka, powodujac choroby ukladu
oddechowego 1 sercowo-naczyniowego oraz choroby zakazne i alergiczne, poniewaz
skutecznie docierajag wglab ukladu oddechowego. Wtdérny aerozol organiczny (SOA)
stanowi znaczng czg$¢ frakcji PMazs, jednak dotychczas tylko 10-15% zwigzkow
organicznych zawartych w SOA zostato wiarygodnie zidentyfikowanych (Prather i in.,
2008; Noziere i in., 2015; Glasius 1 Goldstein, 2016).

W mojej pracy doktorskiej skupitam si¢ na identyfikacji nierozpoznanych
sktadnikow wtoérnego aerozolu organicznego (SOA) frakcji PM»>s. Zbadatam sktad
chemiczny wtérnego aerozolu organicznego wytworzonego z dwoch roznych
prekursoréw — izoprenu (2-metylobuta-1,3-dien, ISO) i buta-1,3-dienu (13BD) — przy
uzyciu techniki wysokosprawnej chromatografii cieczowej sprz¢zonej ze spektrometrig
mas (UPLC-MS). Prowadzone przeze mnie badania moge podzieli¢ na pig¢ etapow:
(1) badanie sktadu chemicznego aerozolu wytwarzanego w eksperymentach w komorze
aerozolowej z dwoch prekursoréw — izoprenu i 1,3-butadienu; (2) okreslenie wplywu
wilgotnosci wzglednej 1 kwasowos$ci na powstawanie wykrytych skladnikow
izoprenowego 1 butadienowego SOA; (3) porownanie wynikéw otrzymanych
w eksperymentach w komorze aerozolowej z probkami aerozolu atmosferycznego
pobranymi w Polsce na terenach wiejskich (Diabla Gora, Zielonka)
oraz zanieczyszczonych (Godow, Kaskada); (4) propozycja struktur chemicznych

wykrytych nowych sktadnikow wtérnego aerozolu organicznego w oparciu
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o fragmentacyjne widma masowe 1 wysokorozdzielcze pomiary MS (gdy wzorce byty
niedostgpne), oraz potwierdzenie struktur innych zwigzkéw (hydroksykwasow)
za pomocg dostgpnych na rynku lub zsyntetyzowanych wzorcow; (5) oznaczenie
ilosciowe sktadnikow izoprenowego 1 butadienowego SOA w probkach aerozolu
atmosferycznego, w odniesieniu do eksperymentéw w komorze aerozolowej, z proba
okreslenia wplywu wilgotno$ci wzglednej i kwasowos$ci na powstawanie wtdrnego
aerozolu organicznego w atmosferze. Dwa badane zwiazki — ISO 1 13BD - s3
homologami, jednak trafiaja do atmosfery z catkowicie roznych zrédetl. Izopren jest
najobficiej wystepujacym i najszerzej badanym biogenicznym LZO, podczas gdy
1,3-butadien jest LZO pochodzenia antropogenicznego. Powstawanie wtdrnego aerozolu
organicznego z obydwu prekursoréw zbadano we wspolpracy z amerykanska Agencja
Ochrony Srodowiska (U.S. EPA) w serii eksperymentow przeprowadzonych w komorze
aerozolowej. Zbadano wpltyw wilgotnosci wzglednej 1 kwasowosci aerozolu
na powstawanie sktadnikow ISO i 13BD. W przeciwienstwie do innych badan, st¢zenia
wiekszosci wykrytych zwigzkéw oraz catkowita wydajnos¢ tworzenia wtoérnego wegla
organicznego (SOC) malaty wraz ze wzrostem wilgotnosci wzglednej — bardziej istotnie
w doswiadczeniach przeprowadzonych w warunkach kwasnych, z dodatkiem kwasu
siarkowego (H2S04). Co wigcej, wzrost zawartosci wody w uktadzie aerozolowym nie
sprzyjal tworzeniu organosiarczanow (OS), nitrooksy- (NOS) i nitrozooksy-
organosiarczanéw (NSOS). W warunkach kwasnych 1 przy niskich poziomach
wilgotnosci wzglednej, powstawanie produktow izoprenowych 1 butadienowych
zawierajacych ugrupowania siarczanowe byto wydajniejsze w porownaniu z warunkami
bezkwasowymi przy tym samym poziomie wilgotnosci wzgledne;.

Zaobserwowane produkty utleniania izoprenu i butadienu scharakteryzowano
doktadnie przy uzyciu wysokorozdzielczej techniki UPLC-MS wyposazonej w zrodto
typu elektrosprej (ESI), a nastepnie dokonano doktadnej interpretacji uzyskanych danych
analitycznych, w tym fragmentacyjnych widm masowych z doktadnymi pomiarami
masy. Wszystkie analizy spektrometryczne przeprowadzone zostaly w trybie jonow
ujemnych ze wzgledu na dobrg wydajno$¢ jonizacji i tworzenia jonéw deprotonowanych
([IM—H]") badanych zwiazkow. Na podstawie przeprowadzonych analiz zaproponowano
1 wyjasniono struktury molekularne nowo zidentyfikowanych zwigzkéw. Odkryto kilka
nowych sktadnikow wtornego aerozolu organicznego, w tym m.in.: organosiarczan
kwasu  3-metylotreonowego (MW  230), nitrooksy-organosiarczan  kwasu

2-metylotreonowego (MW 275) 1 organosiarczan kwasu 2-metylowinowego (MW 244)
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w izoprenowym SOA; oraz organosiarczan kwasu glicerynowego (MW 186),
organosiarczan kwasu jabtkowego (MW 214), organosiarczan kwasu treonowego
(MW 216) i nitrooksy-organosiarczan 1,2,3,4-butanotetrolu (MW 247) w butadienowym
SOA. Wykryte zwigzki zidentyfikowano takze w aerozolu atmosferycznym w ilosciach
od s$ladowych do znacznych. Struktury chemiczne zaproponowane dla wysoko
utlenionych kwaséw utworzonych z ISO 1 13BD oparto na zarejestrowanych
fragmentacyjnych widmach masowych oraz potwierdzono w odniesieniu do
zsyntetyzowanych lub kupionych zwigzkéw wzorcowych. W ramach badan
przeprowadzono syntezy nowych izoprenowych hydroksykwaséw — kwasu
2-metylowinowego (2-MTA) oraz kwaséw 2— i 3—metylotreonowych (2-, 3-MTrA) —
ktore zaproponowano jako wysoce utlenione zwiazki (HOMs) o charakterze wskaznikow
starzenia si¢ aerozolu izoprenowego. Zwiazki te zidentyfikowano w probkach aerozolu
w ilo$ciach od 0.8 do 2.8 ng m™.

Aby udowodni¢ zwigzek pomiedzy eksperymentami w komorze aerozolowej
a procesami atmosferycznymi, przeprowadzono analizy UPLC-MS probek drobnej
frakcji aerozolu atmosferycznego (PMa2s) pobranej w czterech réznych miejscach
w Polsce. Wysokie stezenia i réznorodnos$¢ skladnikéw izoprenowego SOA wykryte
w Zielonce (Bory Tucholskie) i w Diablej Gorze (Puszcza Borecka), miaty zwigzek
z duzym udziatem roslinnosci lesnej w lokalnych emisjach. Laczna ilo§¢ wykrytych
organosiarczanéw 1 nitrooksy-organosiarczanéw powstalych z izoprenu wyniosta
odpowiednio 474.9 + 149.3 ng m™~ i 324.0 + 76.0 ng m>, co stanowito ok. 7.9% i 7.1%
catkowitej masy wegla organicznego (OC). Najliczniej wystepujacymi zwigzkami byty
nitrooksy-organosiarczan 2-metylotetrolu (MW 261) 1 organosiarczan 2-metylotetrolu
(MW 216), ktore znaczaco wptywaly na sklad chemiczny ISO SOA. Ponadto probki
zebranego aerozolu na terenie Zielonki byty najbogatsze w sktadniki 13BD SOA, cho¢
nie byl on tak zréznicowany chemicznie jak wtorny aerozol organiczny powstaly
z izoprenu. Laczna zawartos¢ wykrytych zwigzkow z ugrupowaniami siarczanowymi

wyniosta 14.0 £ 5.3 ng m?

, co stanowito 0.24% masy OC. Najwigkszy udzial miat
organosiarczan kwasu jabtkowego (MW 214), ktory oznaczono na poziomie
13.3+50ng m3. Kwas jabtkowy, znany wtoérny zwigzek organiczny bedacy
sktadnikiem aerozolu butadienowego, rowniez zostal wykryty w Zielonce w znaczace;j
ilogci 93.7 £ 31.7 ng m™. Zroédlem obu wspomnianych zwigzkéw w atmosferze moze by¢
bezposrednia emisja 1,3-butadienu, ale rowniez spalanie biomasy w pobliskich

gospodarstwach domowych. Organosiarczan 1,2,3,4-butanetetrolu (MW 202) nie zostat
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wykryty w zbadanych probkach aerozolu atmosferycznego, podczas gdy jego analog —
organosiarczan 2-metylotetrolu (MW 216) jest kluczowym sktadnikiem izoprenowego
wtdrnego aerozolu organicznego.

W niniejszej pracy doktorskiej przedstawione zostaly wyniki kompleksowych
badan skladu chemicznego wtdérnego aerozolu organiczny powstatego z izoprenu
i 1,3-butadienu, ktéry tworzy si¢ w troposferze, dolnej czesci atmosfery ziemskiej.
Wykorzystano w tym celu zaawansowane narzedzia badawcze, w tym komory
aerozolowe oraz techniki sprz¢zonej spektrometrii mas. Zbadano wptyw wilgotnosci
wzglednej i kwasowos$ci na powstawanie poszczegolnych sktadnikéw 13BD i ISO SOA.
Okreslenie sktadu ISO i 13BD SOA w warunkach laboratoryjnych umozliwito
jednoznaczng identyfikacje ztozonego sktadu probek aerozolu. Niemniej jednak,
ze wzgledu na mnogos¢ zmiennych, ktore ostatecznie wplywaja na sktad chemiczny SOA
w atmosferze, trudno jest jednoznacznie skorelowa¢ dane meteorologiczne, trajektorie
wsteczne mas powietrza i inne parametry fizykochemiczne z okre§lonymi zwigzkami ISO
1 13BD SOA oraz wydajnos$cia ich tworzenia. Okre$lenie takich zalezno$ci wymagatyby
pelnego modelowania chemii atmosfery, co wykraczalo poza zakres tej pracy.
Przedstawione wyniki moga natomiast wypelni¢ luki w zrozumieniu przemian
chemicznych izoprenu i butadienu w atmosferze oraz powstawania wtdrnego aerozolu
organicznego z tych prekursorow. Co wigcej, zidentyfikowano nowe sktadniki
pochodzace z 13BD 1 ISO, a ich st¢Zenia ustalono zaréwno w eksperymentach w komorze
aerozolowej, jak 1 w drobnym aerozolu atmosferycznym. Dane uzyskane w tej pracy
moga postuzy¢ do lepszego opisu zmiennego w czasie sktadu chemicznego wtdrnego

aerozolu organicznego, przez co poprawig wydajnos¢ modeli jakosci powietrza.
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List of Abbreviations

Abbreviation

13BD
13BDOOH
AA
AAE
ACN
ACR
APAN
APCI
AVOCs
BC
BEPOX
BVOCs
CAAA
CCN
CN

CE
CI-MS
CID

CO

CO,

EC
ECHA
EEA
EIC
EPA
ESI

ESI (-)
EUSAAR
FID

GA
GC-FID
GC-MS
H,SO4
HESI
HC
HCD
HILIC
HOMs
HRMS
HVS

IC
IARC
IEPOX
IN
IPCC
IPCS
ISO
ISOPOOH
ISOP(OOH);
JRC

LC
LC-MS
LOD
LOQ
LVS
m/z

Meaning

1,3-Butadiene

1,3-Butadiene Hydroxy Hydroperoxide
Atmospheric Aerosol

Acrylic Acid Epoxide

Acetonitrile

Acrolein

Acryloyl Peroxynitrate

Atmospheric Pressure Chemical lonization
Anthropogenic Volatile Organic Compounds
Black Carbon

1,3-Butadiene Epoxydiol

Biogenic Volatile Organic Compounds
Clean Air Act Amendments

Cloud Condensation Nuclei

Condensation Nuclei

Collision Energy

Chemical Ionization Mass Spectrometry
Collision-Induced Dissociation experiments
Carbon oxide

Carbon dioxide

Elemental Carbon

European Chemicals Agency

European Environmental Agency

Extracted Ion Chromatogram

Environmental Protection Agency
Electrospray Ionization

Electrospray lonization in the negative mode
European Supersites for Atmospheric Aerosol Research
Flame Ionization Detecion

Glyceric acid

Gas Chromatography coupled with Flame Ionization Detection
Gas Chromatography coupled with Mass Spectrometry
Sulfuric Acid

Heated Electrospray lonization

Hydrocabron

High-energy Collision Induced Dissociation
Hydrophilic Interaction Liquid Chromatography
Highly Oxygenated Molecules

High Resolution Mass Spectrometry
High-Volume Sampler

Inorganic Carbon

International Agency for Research on Cancer
Isoprene Epoxydiol

Ice Nuclei

Intergovernmental Panel on Climate Change
International Programme on Chemical Safety
Isoprene

Isoprene Hydroxy Hydroperoxide

Isoprene Dihydroxy Dihydroperoxide

Joint Research Centre

Liquid Chromatography

Liquid Chromatography coupled with Mass Spectrometry
Limit of Detection

Limit of Quantification

Low-Volume Sampler

Mass to Charge Ratio
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MA
MACR
MBO
MAE
MeOH
MErA
MGA
MPAN
MS
MS/MS
MTA
MTrA
MT
MW
MVK
ND
NO
NO;
NOx
NOS
NMR
NSOS
0O;

OA
oC
OH
oM
(0N
Q-TOF-HRMS
PM
PM.,
PM; s
PMjo
PN-EN
POA
PTR-MS
RH
RPLC
RT

SD
SIA
SOA
SOC
TA

TC
TIC
TOT
TrA
TrtA
UPLC-MS

uv
VOCs
WHO
WINSOC
WSOC

Malic Acid

Methacrolein

2-Methyl-3-Buten-2-ol

Methacrylic Acid Epoxide

Methanol

Methylerythronic acid

Methylglyceric acid

Methacryloyl Peroxynitrate

Mass Spectrometry / First order Mass Spectrum
Second order Mass Spectrum / Product Ion Mass Spectrum
Methyltartaric Acid

Methylthreonic Acid

Methyltetrols

Molecular Weight

Methyl Vinyl Ketone

Not Detected

Nitrogen Oxide

Nitrate Radicals

Nitrogen Oxides

Nitrooxy-Organosulfate

Nuclear Magnetic Resonance
Nitrosooxy-Organosulfate

Ozone

Organic Aerosol

Organic Carbon

Hydroxyl Radical

Organic Matter

Organosulfate

Quadruple Time-of-Flight High-Resolution Mass Spectrometry
Particulate Matter

Ultra-fine particles of aerodynamic diameter <1.0 pm
Fine particles of aecrodynamic diameter <2.5 um
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1. Literature review

1.1 Atmospheric aerosol

The Earth’s atmosphere is a mixture of various gases, in which the main components
are nitrogen (N2; 78.1%), oxygen (O2; 20.9%), and argon (Ar; 0.9%). Numerous trace
constituents, like helium (He), neon (Ne), methane (CHa), hydrogen (H>), carbon dioxide
(COy), water vapor, ozone (0O3), sulfur-, nitrogen-, and halogen-containing compounds,
ammonia (NH3), and atmospheric aerosols (AA), build up the remaining 0.1%
(Holloway and Wayne, 2015; Seinfeld and Pandis, 2016). The latter originate from direct
emissions or transformation of various volatile organic compounds (VOCs) emitted by
biogenic and anthropogenic sources and reside in the lowest layer of the atmosphere —
the troposphere, which extends up to 15 km above the Earth’s surface and accounts for
about 90% of the total atmospheric mass (Holloway and Wayne, 2015; Seinfeld
and Pandis, 2016). The troposphere strongly interacts with the Earth’s ecosystems, that
significantly affect its chemical composition. Changes in atmosphere composition result
in air pollution, climate changes, and depletion of the ozone layer. Sources and sinks,
chemical transformation, and transport of residual gases and particulate matter (PM)
determine the atmosphere’s composition, as shown in Figure 1.

Chemical reactions of volatile organic compounds with oxidizing reagents present
in the atmosphere, like hydroxyl radicals (*OH), ozone (O3), and nitrate radicals (NO3*),
are driven by solar radiation and play a significant role in the chemistry of
the troposphere. Therefore, the troposphere can be perceived as a chemical reactor where
thousands gas-phase, heterogeneous and aqueous-phase reactions produce a complex
mixture of products, including PM. The emission of primary trace compounds
and the production of secondary trace compounds, e.g., secondary inorganic aerosol
(SIA) and secondary organic aerosol (SOA), change the composition of ambient air
and affect the environment, human health, and life quality. Therefore, it is necessary to
get insights into the transformations of atmospheric trace compounds and the chemical
composition of atmospheric aerosols formed. This knowledge will provide data essential

for exposure, risk, and air quality assessment and management.
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Figure 1. The cycles of various components in the Earth’s atmosphere (Rozaini, 2012)
1.1.1 Classification, sources, and implications

Atmospheric aerosol is a suspension of solid particles or liquid droplets in ambient
air with physical and chemical characteristics depending on the morphology, fraction,
surface, shape, and chemical composition of the particles, all varying with location
(Hinds, 1998; Jacobson, 2002; Colbeck and Lazaridis, 2010; Gieré and Querol, 2010;
Juda-Rezler and Toczko, 2016; Seinfeld and Pandis, 2016). It can have a form of mist,
fog, and haze composed of liquid particles or ash, dust, smoke, fume, and smog composed
of solid particles. Aerosol particles consist of inorganic and organic components.
Organic aerosol (OA), also known as organic matter (OM), originates from natural
and anthropogenic sources. It is distinguished either as primary organic aerosol (POA)
or secondary organic aerosol (SOA; Chapter 1.1.2 contains a broader description).
Natural sources of POA include volcanic eruptions, dust storms, forest and grassland

fires, living vegetation, sea spray, and uplifted mineral dust, whereas anthropogenic
2
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sources include various types of industries, agriculture, transportation, construction,
and biomass burning (Poschl, 2005; Letcher, 2015; Juda-Rezler and Toczko, 2016).

Aerosol particles can be divided into fractions according to their aerodynamic
diameters (¢), that is a diameter of a sphere with a density of 1 g cm™, having the falling
speed in the air the same as the given particle. Depending on the size, particles are
classified as ultrafine or PM; (¢ <1 pm), fine or PMz5 (¢ < 2.5 um), and course or PM g
(p < 10 um), where PM stands for particulate matter (Hinds, 1998; Juda-Rezler
and Toczko, 2016). Aerosol particles undergo various formation, transformation,
and removal processes in the atmosphere. Those processes, including nucleation,
gas-to-particle partitioning, coagulation, accumulation, and condensation, change
the particle size, phase, structure, and chemical composition (Poschl, 2005).

Aerosol particles generally can form in the atmosphere in two modes
(Hussein et al., 2018):

1) accumulation mode, which includes particles with a diameter between

0.1-2.5 pm,

2) coarse mode, which includes particles with diameters between 2.5-10 um.

The characterization of selected PM fractions, including their composition,
physicochemical properties, and formation and removal processes, is presented

in Table 1.
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Table 1: Characterization of fine- and coarse-mode particles (adapted from U.S. EPA
report, 2004; WHO guideline, 2006, Juda-Rezler and Toczko, 2016, Seinfeld and Pandis,

2016)

Coarse particles

Fine particles

0.1 -2.5pm 2.5-10 pm

Formation Combustion processes, fresh high-temperature emissions, ~ Break-up of large solids/droplets
processes and atmospheric reactions
Formation Nucleation Condensation Mechanical disruption (crushing,
. i grinding, abrasion of surfaces)
Condensation Coagulation
) ) ) Evaporation of sprays
Gas-to-particle conversion Accumulation
) ) ) Suspension of dust
Coagulation Reactions of gases in or on
particles Reactions of gases in or on
) particle
Evaporation of fog and
cloud droplets in which
gases have dissolved and
reacted
Composition Sulfate Sulfate, nitrate, ammonium, Suspended soil or street dust
hydrogen ions
Elemental carbon Fly ash from uncontrolled
Elemental carbon combustion of coal, oil, and
Metal compounds
) ) wood
o ) ds with A variety of organic
rganl1c comp ou? s witha compounds Nitrates/chlorides from nitric
very low saturatlon. vapor acid/hydrochloric acid
pressure at ambient Metals: compounds of lead,
temperature cadmium, vanadium, nickel, Oxides of crustal elements
copper, zinc, manganese, (silicon, aluminum, titanium,
iron, etc. iron)
Particle-bound water Calcium carbonate, sodium
. ) chloride, sea salt
Secondary inorganic aerosol
(SIA), secondary organic Pollen, molds, fungal spores
aerosol (SOA) . .
Plant and animal debris
Tyre, brake pad, and road wear
debris
Volcanic eruptions
Solubility Probably less soluble than ~ Often soluble, hygroscopic, Largely insoluble and
accumulation mode and deliquescent nonhygroscopic
Sources Combustion Combustion of coal, oil, Resuspension of industrial dust

Atmospheric transformation
of sulfur dioxide and
organic compounds

High-temperature processes

gasoline, diesel fuel, wood

Atmospheric transformation
products of nitrogen oxides,
sulfur dioxide, and

and soil tracked onto roads and
streets
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organic carbon, including
biogenic organic species

High-temperature processes,
smelters, steel mills, etc.

Suspension from disturbed soil
(e.g., farming, mining, unpaved
roads)

Construction and demolition

Uncontrolled coal and oil
combustion

Ocean spray

Biological sources

Atmospheric Minutes to hours Days to weeks Minutes to days
half-life
Removal Grows into accumulation Forms cloud droplets and Dry deposition by fallout
processes mode deposits in rain ) . )
Scavenging by falling raindrops
Diffuses to raindrops Dry deposition ) )
Sedimentation
Travelled Meters to tens of kilometers Hundreds to thousands Meters to hundreds of kilometers
distance of kilometers
Respiratory Lung interstitium Alveoli Trachea
system ]
absorption Bronchi
Nasopharynx

The estimated global annual PM emission exceeds 12000 Tg. Up to 98% of

particles originate from natural sources, with the largest share of sea salt, mineral dust,

volcanic particles, and organic aerosol formed from volatile organic compounds. Only

2% of particulate matter has anthropogenic origins (Andreae and Rosenfeld, 2008;

Seinfeld and Pandis, 2016).

The estimated global emissions of PM from biogenic and anthropogenic sources

are presented in Table 2.
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Table 2: Global estimations of PM emissions from biogenic and anthropogenic sources
(adapted from Seinfeld and Pandis, 2016, Tomasi et al., 2017; McNeill, 2017)

Estimated flux
Source Type of PM References

(Tg yr")

Biogenic Primary
Mineral dust 1000 — 2150 Andreae and Rosenfeld, 2008; Huneeus et al., 2011

Sea salt 3000 — 30000 Bond et al., 2004; Andreae and Rosenfeld, 2008

Volcanic dust 4-90 Jaenicke, 1988
Biological debris 15-70 Andreae and Rosenfeld, 2008
Secondary
Sulfates 107 - 374 Andreae and Rosenfeld, 2008
Nitrates 12 -27 Andreae and Rosenfeld, 2008
Organic aerosol 835 -1000 Jaenicke, 2005; Tsigaridis et al., 2006
from VOCs

Anthropogenic  Primary

Industrial dust 40-130 Andreae and Rosenfeld, 2008
Black carbon 2-29 Bond et al., 2013
Organic aerosol 15-90 Liousse et al., 1996
Secondary
Sulfates 50-122 Liao et al., 2003, 2004
Nitrates 40-118 Liao et al., 2004; IPCC, 2001

Particulate matter emissions are also monitored at regional and local scales.
According to the World Health Organization (WHO report; 2013), PM2s constitutes
around 50-70% of the PM o fraction at most European locations. In general, PM2.s mass
concentrations were up to 50 pg m™ in rural areas and up to 200 pg m™ in highly polluted
urban areas (Finlayson-Pitts and Pitts, 2000). The chemical composition of individual PM
fractions differs. Putaud et al. (2010) showed that the chemical composition of PM2 s,
PM: .10, and PM g fractions measured at 60 monitoring stations across Europe varied
significantly. The main components of PMip and PM>s measured were organic
compounds, sulfates, and nitrates. Moreover, the mean contribution of SO4>" and NH4"
ions was comparable for all European regions and did not exceed 20% and 12%,

respectively. Zappoli et al. (1999) investigated the chemical composition of aerosol
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particles with ¢ < 1.5 um (PM.s) collected at polluted (San Pietro Capofiume, Italy)
and rural (K-Puszta, Hungary) sites in Europe. They estimated the average percentage
composition of fine aerosol and distinguished the following components: organic matter
(OM) divided into water-soluble organic compounds (WSOC) and water-insoluble
organic compounds (WINSOC), elemental carbon (EC) and sulfate, nitrate,
and ammonium ions (e.g., SO4*, NOs", NHs"). In that study, OM constituted 27%
and 21% of the total aerosol mass at rural and polluted sites. Elemental carbon (EC) at
both sites was detected at a similar level — 2% and 3%, respectively. The main inorganic
component detected was SO4%" ion at an average level of 32% and 20%, respectively. The
chemical composition of the analyzed aerosol differed and was not fully identified —
unrecognized part (ND) constituted 18% and 6%, respectively. Figure 2 shows the AA
chemical composition determined by Zappoli et al. (1999).

A)

B)

Figure 2. Average chemical composition of aerosol mass at rural (4) and polluted (B)
sampling sites in Europe (adapted from Zappoli et al., 1999)

7
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According to Figure 2, a great part of the aerosol mass was sulfate, nitrate,
and ammonium salts. The sum of those three components at rural and polluted sites
accounted for 50% and 46% of the average total mass, respectively. However, for
the rural background sites, sulfates contribution was substantial, and for polluted areas,
nitrates also became a significant component (Putaud et al., 2004). Both salts form in
the atmosphere mainly through chemical processes from precursor gases (SO2, NOx,
and NH3). SO; and NOx react in the gas and liquid phase to form sulfuric acid and nitric
acids, respectively, which undergo neutralization by ammonia to produce secondary
particles, referred to as secondary inorganic aerosol (SIA). SIA formation strongly
depends on chemical and meteorological factors, such as the level of gaseous precursors,
the concentration of atmospheric oxidants, the characteristics of preexisting aerosol
particles, the air temperature and humidity (Baek et al., 2004; Baek and Aneja, 2004;
Pathak et al., 2009; Squizzato et al., 2013). Furthermore, ammonium sulfate
and ammonium nitrate are considered relevant sources of aerosol seeds and condensation
nuclei (CN) in the atmosphere. They may interact with volatile organic compounds
(VOCs) and promote the growth of aerosol particles (Stockwell et al., 2003; Borrego
and Miranda, 2007; Squizzato et al., 2013; Juda-Rezler and Toczko, 2016;
Aksoyoglu et al., 2017). The second major component of fine aerosol was organic matter
(OM), revealed and collected at rural background sites and polluted areas
by Zappoli et al. (1999). The share of this fraction in aerosol mass can vary significantly
depending on sources, season, and geographical location. Many studies indicated that
organic aerosol (OA) might account for 20-60% of PM mass at continental mid-latitudes
(Saxena and Hildemann, 1996; Kanakidou et al., 2005) and even 90% in tropical forests
(Andreae and Crutzen, 1997; Roberts et al., 2001; Zhang et al., 2007; Docherty et al.,
2008).

The chemical composition of aerosol particles is rather complex and diverse.
It strongly depends on the emission sources, lifetimes of single components in
the atmosphere (from hours to weeks), geographical location, and terrain
and meteorological conditions. Thus, the same amount of PM2 s in two various places of
the world will affect human health and the Earth’s climate differently due to distinct
chemical composition — the relative abundance of multiple components can vary by order
of magnitude or even more (Seinfeld and Pandis, 1998; Raes et al., 2000; Poschl, 2005;
Juda-Rezler and Toczko, 2016).

8

http://rcin.org.pl



In the 1980s, the first data on the impact of atmospheric aerosols on human health
and life was reported (Raizenne et al., 1989). Nowadays, in many countries, including
Poland, the awareness of the harmful effects of aerosols is growing year by year
(Heal et al., 2012; EEA report, 2014; Khan, 2021). In 2012, the International Agency for
Research on Cancer (IARC) characterized total air pollution and particulate matter
as carcinogenic to humans (group I), including components such as 1,3-butadiene, wood
dust, tobacco smoke, polychlorinated biphenyls, products of residential coal combustion
and components of diesel engine exhausts (IARC monographs, 2012; Loomis et al.,
2013). PM fraction tends to collect in the upper respiratory tract, while PM> s particles
can penetrate the lower part of the respiratory system. Aerosol particles are efficiently
transported into the thoracic and tracheobronchial regions of the respiratory system,
where they induce various well-documented adverse cardiovascular and respiratory
responses (Kim et al., 2014). They can damage alveoli and lung tissue and move further
into the bloodstream and the body. Figure 3 presents a scheme of inhalation exposure to
particulate matter with possible adverse health effects that may affect certain parts of

the respiratory system.

Figure 3. Inhalation exposure to aerosol particles with possible adverse health effects on
the respiratory system (elaborated based on Kim et al., 2014, EEA website: ”"How air
pollution affects our health”; WHO guideline, 2021)

The substantial health impact of aerosol particles attracts great research interest
(Kim et al., 2014; Cohen et al., 2017; Thompson et al., 2018; Khan, 2021). Long-term
clinical trials indicated that exposure to elevated PM: s levels had been associated with

an increased risk of cardiopulmonary and lung cancer mortality (Pope et al., 2002;

9
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Beelen et al., 2008; Krewski et al., 2009). The PMxs fraction accounted for over
400 thousand premature deaths in 28 European countries, including nearly 80% of
respiratory diseases and lung cancer (EEA report, 2014). Nowadays, there is no evidence
for any exposure level below which no adverse health effects occur. However, many
studies confirm that decreased PM levels significantly reduce the death rates in adults
and children (Bayer-Oglesby et al., 2005; Downs et al., 2007; Schindler et al., 2009;
WHO report, 2013). Besides, PM spreads biological organisms, reproductive materials,
and pathogens (bacteria, pollen, spores, viruses), affecting human health and causing
respiratory, cardiovascular, infectious, and allergic diseases (Pope and Dockery, 2006).

Fine particles of primary and secondary origin influence weather and climate
directly by scattering incoming solar radiation and indirectly by acting as cloud
condensation nuclei (CCN) in clouds formation and ice nuclei (IN) in ice crystals
formation (Poschl, 2005; Sun and Ariya, 2006). Consequently, atmospheric aerosol
modifies Earth’s radiation budget and has a direct effect on the warming or cooling of
Earth’s climate. Positive radiative forcing (causing global warming) is mainly influenced
by the presence of greenhouse gases and black carbon (BC) emissions from
anthropogenic sources, which reduce the reflectance of ice and snow surfaces
(Flanner et al., 2007; Letcher, 2015). Contrary, aerosol particles emitted from forested
areas affect atmospheric circulation and the abundance of greenhouse and reactive trace
gases, and they induce the cooling effect (Kulmala et al., 2004; Kanakidou et al., 2005;
Carlton et al., 2009; Hallquist et al., 2009; Letcher et al., 2015). The studies conducted so
far poorly quantified the possible role of AA in affecting the Earth’s climate. Therefore,
the influence of aerosol particles on radiation and cloud formation is a key source of
uncertainty in future climate modeling (Letcher, 2015). That shortcoming also applies to
SOA formation bearing many knowledge gaps in the transformation, physicochemical
mechanisms, chemical composition, and properties of SOA (Poschl, 2005).

Aerosol particles may induce environmentally harmful processes — after dry
deposition onto ground and vegetation surfaces, they may affect photosynthesis
and though chemistry and biology of the whole ecosystems (Bell and Treshow, 2004;
Juda-Rezler and Toczko, 2016). AA particles deposited on the leaf surface affect
the physiological traits of plants. PM can be dissolved by rain or fog and further removed
from the leaf surface, or it may penetrate the leaves through the cuticular layer
and stomata, resulting in reduced photosynthesis and transpiration (Lindberg et al., 1982;

Markert, 1995; Rossini Oliva and Raitio, 2003; Burkhardt, 2010). Nonetheless,

10
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deposition onto the vegetation surfaces can serve as a sink for atmospheric aerosols
in urban areas, absorbing pollution like organic matter, chemicals, and heavy metals that
adhere to the particles (Tallis et al., 2011). Therefore, the sizeable total green area within
cities can effectively capture PM, thereby improving urban air quality
(Beckett et al., 2000; McDonald et al., 2007; Mitchell et al., 2010).

Secondary organic aerosol constitutes a significant part of the PM2s fraction.
Despite the research, only a small part of the atmospheric aerosol composition has been
reliably identified (Noziere et al., 2015; Glasius and Goldstein, 2016). The organic
fraction accounts for up to 50% of the PMys fraction, although only 10-15% of
the organic species have been successfully identified (Prather et al., 2008).
As the chemical composition of fine particles remains largely unrevealed, while that
fraction has many environmental and health implications, I focused in my thesis on the

identification of unrecognized SOA components in the PM 5 fraction.

1.1.2 Secondary organic aerosol (SOA)

Secondary organic aerosol (SOA) is formed in the atmosphere through complex
photochemical, chemical, and physical processes involving biogenic and anthropogenic
volatile organic compounds (VOCs), atmospheric oxidants, like hydroxyl radicals (*OH),
nitrogen oxide (NO3) or ozone (O3), and gaseous pollutants like sulfur dioxide (SO2),
nitrogen oxides (NOx) and carbon oxide (CO). Most of the first-generation products are
formed in the gas phase (Seinfeld and Pandis, 1998). These compounds, such as
aldehydes, ketones, alcohols, organonitrates, carboxylic acids, organic peroxides, keto-
alcohols, hydroxyorganic acids, etc., are more polar and have lower volatility than their
precursors. They can partition into particulate phase and undergo heterogenous reactions
on dry solid surfaces, or liquid water and react further by multiphase chemistry on aerosol
surfaces (Calogirou et al., 1999; Atkinson and Arey, 2003; Seinfeld and Pankow, 2003;
Kroll and Seinfeld, 2008; Hallquist et al., 2009; Juda-Rezler and Toczko, 2016).
The simplified mechanism of the oxidation and degradation of VOCs in the atmosphere
is presented in Scheme 1. Dark blue arrows indicate the formation of compounds of lower
volatility, which potentially contribute to SOA formation. On the other hand, light blue

arrows signify the increase in the compound’s volatility.

11
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Scheme 1. Simplified mechanism for the atmospheric oxidation and degradation of
biogenic VOCs (adapted from Kroll and Seinfeld, 2008, Hallquist et al., 2009)

Less volatile compounds can partition between atmospheric phases according
to the gas-to-particle partitioning theory developed by Pankow (1994). The compounds
divide between the gas phase (air) and the condensed phase (particulate matter) according

to the temperature-dependent equilibrium partitioning coefficient Kp, which is given by

Equation 1 (Pankow, 1994; Juda-Rezler and Toczko, 2016):

C -
Ke = oom (m’ugh) (D)

where: Cpym is the mass concentration of a component in the particulate-associated phase
(ug m?), Cg is the mass concentration of a component in the gas phase (ug m?),
and M is the mass concentration of the total suspended particulate material (ug m) — it
can be OA or aqueous phase (Juda-Rezler and Toczko, 2016).

Some studies have shown that chemical and photochemical transformation of
VOC:s could run in the atmospheric aqueous phase (Jang et al., 2002; Tolocka et al., 2004;
Rudzinski, 2004, 2006; Rudzinski et al., 2009, 2016; Loeffler et al., 2006;
Silva Santos et al., 2006; Noziere et al., 2009, 2010, 2011). VOCs can react via
photochemistry, acid catalysis, and interactions with inorganic constituents in the aqueous
phase forming organic acids, oligomers, and organosulfates (Carlton et al., 2006;

Surratt et al., 2007a; Rudzinski et al., 2009; Szmigielski, 2016). However, after water

12
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evaporation, some products may partition into the gas phase, while others may remain in
the particle phase (Loeffler et al., 2006). Consequently, manifolds of reactions, called
aging, can define OA formation and affect the growth of particles and their atmospheric
fate (Griffin et al., 2005; Juda-Rezler and Toczko, 2016).

The dependence between the organic aerosol mass formed (M) and the particular
aerosol precursor (e.g., hydrocarbon; HC) is expressed by Equation 2, and it can be

extended to the SOA formation (Odum et al., 1996):

AM
Ys0a = AHC ()

where: Ysoa is the yield of secondary organic aerosol formed, AM is the mass
concentration of the resulting organic matter (ug m), AHC is the mass concentration of
the reacted hydrocarbon (aerosol precursor) (ug m™).

In addition, the formula given by Odum et al. (1996) is the basis for representing
laboratory SOA yield data in smog chamber studies (Hallquist et al., 2009).

SOA contribution to OM is substantial and accounts for 20-80% of total organic
mass, depending on seasons and geographical location (Dechapanya et al., 2004;
de Gouw et al., 2005; Lanz et al., 2007, 2008; Carlton et al., 2009). Previous research
demonstrated that even 90% of SOA is formed from biogenic VOCs (BVOC:s), the main
source of which is terrestrial vegetation. The annual flux of BVOCs in the atmosphere
was estimated at 75-1000 Tg (Guenther et al., 2012; Safieddine et al., 2017). These
compounds showed higher reactivity towards atmospheric oxidants than anthropogenic
VOCs (AVOCs; Atkinson and Arey, 2003; Kanakidou et al., 2005; Volkamer et al.,
2006). Figure 4 presents possible atmospheric processes leading to the aerosol formation
from biogenic VOCs in the atmosphere.

The estimated share of AVOCs was 10-25% of total VOCs emission, with the
global flux at 100-160 Tg y'. Therefore, SOA formation from these compounds has been
underestimated (Tsigaridis and Kanakidou, 2003; Montero-Montoya et al., 2018).
However, AVOCs emission is hazardous, toxic, and carcinogenic (Nazaroff
and Weschler, 2004; Cohen et al, 2005; Weschler and Nazaroff, 2008;
Montero-Montoya et al., 2018; Li et al., 2021). Thus, it is of great concern in SOA
research as it may elevate morbidity and mortality rates (Khare and Gentner, 2018).
To date, U.S. EPA classified approx. 190 air pollutants, of which 97 are VOCs
(David and Niculescu, 2021). These compounds emitted in urban areas from, i.a.,

biomass burning, vehicle exhaust, and fuel combustion, were characterized as an essential
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source of anthropogenic SOA (Robinson et al., 2007; Gentner et al., 2012; Khare
and Gentner, 2018).

Figure 4. Scheme of atmospheric processes and aerosol formation from BVOCs (own
elaboration)

To date, biogenic and anthropogenic biomass burning has been considered
the second-largest source of VOCs in the atmosphere. Its emission was estimated at
60-400 Tg y' (Andreae and Merlet, 2001; Giglio et al., 2013; Chenet al., 2019).
Compounds emitted during burning react further and form many aging products
and increase SOA yields (Andreae and Merlet, 2001; Tkacik et al., 2017; Lim et al.,
2019). According to Bond et al. (2013), biomass burning accounts for 85% of POA
emissions worldwide and is a source of many compounds and possible SOA precursors,
like 1,3-butadiene (details in Chapter 1.1.2.2). The chemical composition of biomass
burning SOA has been investigated and varies widely (Reid et al., 1998; Robinson et al.,
2007; de Gouw and Jimenez, 2009; Grieshop et al., 2009 a,b; Yokelson et al., 2009;
DeCarlo et al., 2010; Cubison et al., 2011; Hennigan et al., 2011; Andreae, 2019).

Developing VOC mechanisms of secondary aerosol formation in the atmosphere
is still under investigation. To reveal the missing reactions, properties, and chemical
composition of SOA, extensive research is carried out. Particular attention has been paid
to smog-chamber experiments, which play a crucial role in resolving SOA formation
and transformation mechanisms. The formation and growth of aerosol particles are

investigated under precisely controlled simulated conditions, as similar to
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the atmospheric ones as possible. Moreover, the chemical transformation pathways of
single aerosol precursors can be investigated. Details of smog-chamber experiments
as the basis of aerosol chemistry research are given in Chapter 2.1.1. In addition,
measurements of ambient air carried out at various rural background and urban
monitoring sites enable the identification of SOA trace compounds — potential markers
and the key compounds used for SOA source apportionment. However, incorporating
data on biogenic and anthropogenic SOA formation into the atmospheric models
is difficult (Goldstein and Galbally, 2007; Volkamer et al., 2009; Carlton et., 2009;
Hallquist et al., 2009), mainly due to:

1) significant uncertainty of aerosol precursor emissions,
2) unrecognized SOA precursors,
3) missing data on physical and chemical processes that contribute to SOA

formation (i.a., cloud processing),

4) translation of laboratory data to the atmospheric processes,

5) uncertainties of ambient SOA composition measurements.
Moreover, the components of SOA particles react continuously in the atmosphere through
multiple reactions and thus change the composition and the amount of organic aerosol.
Several attempts have been made in the past years, and some corrections were introduced
in SOA yields of selected precursors. Also, a new-designed model was used to handle
the complexity of SOA formation and its volatility (Andersson-Skold and Simpson, 2001;
Schell et al., 2001; Johnson et al., 2004, 2005; Srivastava et al., 2022). But still,
heterogeneous reactions of SOA were not well defined, so current atmospheric models
can easily underestimate SOA contribution (Kroll and Seinfeld, 2008;
Hallquist et al., 2009; Srivastava et al., 2022). Therefore, SOA contribution is usually not
included in the air quality assessment models (Tsigaridis et al., 2014; Juda-Rezler
and Toczko, 2016; Shrivastava et al., 2017; Bates and Jacob, 2019) that remain

a challenge facing researchers.

1.1.2.1 Isoprene SOA

Isoprene (2-methylbuta-1,3-diene, CsHg ISO) 1s the most abundant non-methane
unsaturated hydrocarbon emitted by plants to the atmosphere. Its global emission
is estimated to be between 400-800 Tg yr'!. It accounts for more than half of the budget

of all biogenic VOC emissions and roughly equals the global methane emission

(Guenther et al., 2006, 2012; Sindelarova et al., 2014; Claeys and Maenhaut, 2021).
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The primary source of isoprene is terrestrial vegetation. ISO is synthesized in vitro
in plastids (chloroplasts) from pyruvate and glyceraldehydes-3-phosphate (Kesselmeier
and Staudt, 1999). It is emitted by various trees species (Haapanala et al., 2006;
Hellen et al., 2006; Ekberg et al., 2009; Pacifico et al., 2009):

1) broad-leaved, e.g., the aspen, the sedge, the oak, the eucalypt, and the willow;

2) needle-leaved, e.g., the spruce, th fir, palms, shrubs, vines, and mosses.
ISO emission can occur as a result of plant self-defense against various pollutants.
Furthermore, biotic stress (induced by pests and diseases), and abiotic stress (induced
by intense solar radiation, low or high temperatures, drought, and strong winds), can
trigger its emission (Logan et al., 2000; Sharkey et al., 2008; Penuelas and Staudt, 2010).
ISO concentrations measured in forested areas commonly vary between 3-30 pug m™
(Kesselmeier et al., 2002; Sharkey et al., 2008; Guenther et al., 2012). Isoprene is also
emitted by marine phytoplankton and seaweeds and detected in ambient air over
the oceans (Baker et al., 2000; Matsunaga et al., 2002; Shaw et al., 2003), with its global
emission estimated at 1-10 Tg per year (Carlton et al., 2009). Other natural sources of
ISO include molds and bacteria (Kuzma et al., 1995; Fall and Copley, 2000), animals,
and humans, where the latter can exhale even 4 Tg of isoprene per year (Fenske
and Paulson, 1999; Diskin et al., 2003).

The anthropogenic sources of isoprene include combustion processes
and evaporation of fuels in the rural and urban atmosphere (Derwent et al., 1995;
McLaren et al., 1996; Borbon et al., 2003). Reimann et al. (2000) proposed that vehicle
exhaust can contribute to a significant portion of the anthropogenic emissions of ISO.
Previous studies also indicate that the possible anthropogenic sources of isoprene are
tobacco smoke, biomass burning, garden wastes, and chemical technology (Wilkins
and Larsen, 1996; Leber, 2001; Pouli et al., 2003; Baek and Jenkins, 2004;
Gaeggeler et al., 2008).

Isoprene reacts readily with hydroxyl radicals (*OH), nitrate radicals (NOs*),
and ozone (0O3), with typical reaction lifetimes varying from hours to days (1.7 h, 0.8 h,
and 1.3 days, respectively; Seinfeld and Pandis, 1998). Previous research provided
versatile data on ISO transformations with a wide range of possible gas-phase products
reported, e.g., isoprene hydroxy hydroperoxides (ISOPOOH), diols, hydroxycarbonyls,
formaldehyde, hydroxyacetone, methyl vinyl ketone (MVK), methacrolein (MACR),
3-methyl furan, various nitrates and dinitrates, glyoxal, methylglyoxal, glycolaldehyde,
methacryloyl peroxynitrate (MPAN), carbon oxide (CO) and carbon dioxide (CO2)
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(Rudzinski, 2004; Carlton et al., 2009; Paulot et al., 2009; Glasius and Goldstein, 2016;
Wennberg et al., 2018). Scheme 2 briefly summarizes ISO oxidation pathways through
two intermediate species — methacrylic acid epoxide (MAE) at high-NOx conditions
and isoprene epoxydiols (IEPOX) at low-NOx conditions, while Scheme 3 presents
arecently studied non-IEPOX formation pathway at low-NOx conditions through
dihydroxy dihydroperoxide ISOP(OOH)s.

isoprene

)\//’

low NOx O [ R high NOx

NO

i

OH_t_’ —* )\f + CH,OH*
OH o OOH" ¢ OH
* NO. : methacrolein (MACR)
OOH 00 2 o
isoprene hydroxy hydroperoxide o. | o+
(ISOPOOH) 2

OH &

HO
* OH . oo
NO,
OOH

o)

HO
OH + OH*

OONO,
beta-isoprene epoxydiol (beta-lEPOX) methacryloyl peroxynitrate (MPAN)

OH
methacrylic acid epoxide (MAE)

o]

=g

Scheme 2. Proposed mechanism for isoprene epoxydiol (IEPOX) and methacrylic acid
epoxide (MAE) formation in the gas-phase oxidation of isoprene (adapted from
Surrat et al., 2010; Lin et al., 2013, Claeys and Maenhaut, 2021)

00* OOH
O0H" _ HO -—— HO —— HO
)\/ ;:, "°\/k/ OH OOH* OH
isoprene hydroxy hydmpemxlde

isoprens (ISOPOOH) OOH
isoprene dihydroxy dihydroperoxide
(ISOP(OOH),)

Scheme 3. Proposed mechanism for isoprene dihydroxy dihydroperoxide (ISOP(OOH),)
formation in the gas-phase oxidation of isoprene (adapted from Riva et al., 2017;
D’Ambro et al., 2017)

A comprehensive review of the gas phase oxidation mechanisms of isoprene

and its major products, initiated by hydroxyl radicals (*OH), nitrate radlcals (NO3 )
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ozone (0O3), and chlorine atoms (Cl), was developed by Wennberg et al. (2018).
The authors present recent laboratory and theoretical studies and provide a nearly
complete understanding of ISO chemistry and formation. Moreover, newly proposed ISO
oxidation mechanisms have been verified by Bates and Jacob (2019). The authors showed
that the computational simulations based on them have atmospherically relevant
implications. They pointed out three main ISO reaction pathways in the atmosphere: via
isoprene epoxydiols (IEPOX), organonitrates, and tetrafunctional Cs-compounds, e.g.
ISOP(OOH): (Liu et al., 2016; D’ Ambro et al., 2017; Riva et al., 2017; Bates and Jacob,
2019). Each pathway contributed to approx. 30% of global annual means of ISO SOA
(Figure 5).

Figure 5. Computationally simulated shares of ISO reaction pathways in the atmosphere
that form secondary organic aerosol (adapted from Bates and Jacob, 2019)

Since ISO is hardly soluble in water, it hasn’t been initially considered a direct
precursor of SOA. ISO was thought to participate only in photooxidation processes
and not to contribute to atmospheric aerosol (Pandis et al., 1991), despite the study of
Went (1960), who first recognized the “blue haze” phenomenon over forested areas
and attributed its formation to biogenic VOCs emissions. However, at the beginning of
the 2000s, this view had changed with the findings of Pedersen and Sehested (2001),
Claeys et al. (2004a,b), and Rudzinski (2004). Pedersen and Sehested (2001) investigated
the aqueous-phase reactions of ISO, methyl vinyl ketone (MVK), and methacrolein
(MACR) with ozone. Rudzinski (2004) performed ISO aqueous-phase reactions
with sulfate radicals. Claeys et al. (2004a,b) identified two isomers of 2-methyltetrols
(2-MT; 2-methylthreitol and 2-methylerythritol), 2-methylglyceric acid (2-MGA),
and three isomeric Cs-alkene triols in the field samples collected over the Amazon

rainforest in Brazil and a continental K-puszta forest in Hungary. The authors provided
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the first field evidence showing that the oxidation products of isoprene contribute
to ambient organic aerosol. The studies mentioned above laid the foundations
for subsequent isoprene research. Since then, heterogeneous and aqueous-phase reactions
have been considered sources of ISO SOA components. Further field and laboratory
studies confirmed the presence of various compounds of isoprene SOA
(Wang et al., 2004, 2005; Edney et al., 2005; Kourtchev et al., 2005; Kroll et al., 2006;
Plewka et al., 2006; Surratt et al., 2006, 2007a, 2008, 2010; Kleindienst et al., 2007;
Lewandowski et al., 2008; Szmigielski et al., 2007; Gomez-Gonzalez et al., 2008;
Jaoui et al., 2008; Ng et al., 2008; Lukacs et al., 2009; Paulot et al., 2009; Zhang et al.,
2012; Shalamzari et al., 2013; Taoetal,2014; Hettiyaduraetal., 2015;
Szmigielski, 2016; Nestorowicz et al., 2018; Spolnik et al., 2018; Jaoui et al., 2019;
Wach et al., 2020, etc.). This extensive research revealed other SOA components,
including various ISO-related organosulfates and nitrooxy-organosulfates, which have
been detected in the smog chamber and ambient aerosol samples collected at many
sampling sites around the world, including U.S. and Europe. Moreover, diesters formed
via esterification of two 2-methylglyceric acid residues were characterized in the smog-
chamber experiments under high NOx conditions and ambient aerosol. Furthermore,
aged-SOA markers were identified, i.a. methylthreonic acid (MTrA), methylerythronic
acid (MErA), and methyltartaric acid (MTA) with corresponding OSs and NOSs.
Plewka et al. (2006), Kleindienst et al. (2007), Lewandowski et al. (2008), Surratt et al.
(2008) and Lukacs et al. (2009) indicated that isoprene SOA products reach substantial
concentrations in ambient air during the day and summer when the terrestrial emission
is enhanced. Those findings emphasize that isoprene is one of the leading precursors of
various marker compounds and SOA formation in the atmosphere. ISO oxidation
products efficiently partition into the condensed phase and impact the growth of OA
in the atmosphere. Therefore, today ISO is considered one of the most important VOCs
from the point of view of atmospheric chemistry (Carlton et al., 2009). Table 3

summarizes the main compounds of isoprene SOA.
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Table 3: Summary of the main secondary organic aerosol compounds formed from
isoprene

Molecular structures,

chemical names References
and molecular weights (g mol™!)

HO X
OH Wang et al., 2005; Surratt et al., 2006

3-methyl-3-butene-1,2-diol
MW 102 Da
HO
8
OH
2-methyl-2,3-epoxy-but-1,4-diol
(beta-IEPOX)
MW 118 Da

HQ
HO

Paulot et al., 2009; Surratt et al., 2010;
Zhang et al., 2012

o
2-methyl-3,4-epoxy-but-1,2-diol
(delta-IEPOX)

MW 118 Da

HO OH HQ
oo
Zhang et al., 2012

O (@)

3-methyltetrahydrofuran-3,4-diol
MW 118 Da

HO
2\/\0H \)\/\OH

OH OH OH
2-methyl-1,3,4-trihydroxybut-1-ene
(Cs-alkene triols)
MW 118 Da

HO
W Claeys et al., 2004b; Wang et al., 2005;

OH Ton et al., 2005; Kourtchev et al., 2005;
3-methyl-2,3,4-trihydroxybut-1-ene Surratt et al., 2006, 2010; Cui et al., 2018
(Cs-alkene triol)
MW 118 Da

HO

OH

3-methyl-2,3,4-trihydroxybut-1-ene
(Cs-alkene triol)

MW 118 Da
OH
HO e
= Claeys et al., 2004b; Edney et al., 2005;
OH Ton et al., 2005; Surratt et al., 2006;
2-methylglyceric acid Kourtchev et al., 2008; Lin et al., 2013;
(2-MG) Nestorowicz et al., 2018

MW 120 Da
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OH

HO OH

B

o O

2-methyltartronic acid
(2-MTrtA)
MW 134 Da

Jaoui et al., 2019

OH
HO
OH

OH

2-methylthreitol
MW 136 Da

OH
HO X
OH

O
I

2-methylerythritol
MW 136 Da

Claeys et al., 2004a; Wang et al., 2004;
Edney et al., 2005; Surratt et al., 2006, 2010;
Noziere et al., 2011; Nestorowicz et al., 2018

(@)
HO

OH OH
2-methylthreonic acid
(2-MTrA)

MW 150 Da

, OHO

HO
OH

O
T

3-methylthreonic acid
(3-MTrA)

=
=
2
o

Jaoui et al., 2019

o
I |&

T
o
:g/
(@)

OH OH
2-methylerythronic acid
(2-MErA)

MW 150 Da

OHQ
HO <

£

OH
OH
3-methylerythronic acid
(3-MErA)
MW 150 Da

Jaoui et al., 2019

OHOQ

HO_ ~
OH

O OH
2-methyltartaric acid
(2-MTA)

MW 164 Da

Jaoui et al., 2019
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OH OH
HOJ%O\)S;
O OH

2-methylglyceric acid dimer
MW 222 Da

Surratt et al., 2006

0]

/lk/osogH

hydroxyacetone organosulfate

Schindelka et al., 2013

MW 154 Da
OH
Os Liggio et al., 2005; Surratt et al., 2007a, 2008;
OSO;H Gomez-Gonzalez et al., 2008;
glyoxa] organosulfate Shalamzari et al., 2013; Nguyen etal., 2014
MW 156 Da
(0]

)k/ososH
HO

glycolic acid organosulfate
MW 156 Da

Gomez-Gonzalez et al., 2008;
Olson et al., 2011; Shalamzari et al., 2013;
Chen et al., 2020

OH

o OH
OSOzH o\/%ososH

methylglyoxal organosulfate
MW 168 Da

Liggio et al., 2005; Surratt et al., 2007a, 2008;
Gomez-Gonzalez et al., 2008

o~ OSO:H
|
O

1-hydroxybutane-3-one organosulfate
MW 168 Da

Schindelka et al., 2013; Shalamzari et al., 2013

0]

HO

OSO;zH

lactic acid organosulfate
MW 170 Da

Olson et al., 2011; Shalamzari et al., 2013

OSO,H
OH

\/Y\/O H \/R/osog,H
Il
! !
3,4-dihydroxybutan-2-one organosulfate
MW 184 Da

Schindelka et al., 2013; Shalamzari et al., 2013;
Hettiyadura et al., 2015; Riva et al., 2016b

O OH

H/K/osow

IEPOX-derived organosulfate
MW 198 Da

Tao et al., 2014

HO HO,SQ
| OSOzH OH
o)

o

Cs-alkene triols organosulfate
MW 198 Da

Riva et al., 2016b
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OH
Ho%osow
|

(0]

2-methylglyceric acid organosulfate
(2-MG OS)*
MW 200 Da

Surratt et al., 2007a; Gomez-Gonzalez et al.,
2008; Lin et al., 2013; Schindelka et al., 2013;
Shalamzari et al., 2013; Hettiyadura et al., 2015;
Nestorowicz et al., 2018; Chen et al., 2020

OSO,H HO,SO, OH
oﬁ ZLﬁ

2(3H)-furanone, dihydro-3,4-dihydroxy-3-methyl
organosulfate
MW 212 Da

HO,SQ, OSO:H

2(3H)-furanone, d1hydro-3,4-d1hydroxy-4-methy1
organosulfate
MW 212 Da

Hettiyadura et al., 2015;
Nestorowicz et al., 2018; Spolnik et al., 2018,
Chen et al, 2020; Wach et al., 2020

OSO,H H%SiLS

2,3,4-furantriol, tetrahydro-3-methyl
organosulfate
MW 214 Da

Hettiyadura et al., 2015;
Nestorowicz et al., 2018; Spolnik et al., 2018;
Chen et al., 2020

OSO;H HO;SQ

o

2,3,4-furantriol, tetrahydro-4-methyl
organosulfate
MW 214 Da

Hettiyadura et al., 2015;
Nestorowicz et al., 2018; Spolnik et al., 2018;
Chen et al., 2020

% OH
HO p

OH
OSO,H
2-methylthreitol organosulfate
(2-MT OS)*
MW 216 Da

- OH
HO. S
7 OH
OSOH
2-methylerythritol organosulfate
(2-MT OS)*
MW 216 Da

Surratt et al., 2007a, 2008, 2010;
Gomez-Gonzalez et al., 2008;
Riva et al., 2016b; Nestorowicz et al, 2018;
Spolnik et al., 2018

OH

L_o
HO,SO
OH

OH
2-methylthreonic acid organosulfate
(2-MTrA OS)*

MW 230 Da

Nestorowicz et al., 2018
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OH(‘J‘
HO ‘ : oH

O OSO;H Nestorowicz et al., 2018

2-methyltartaric acid organosulfate
(2-MTA OS)*
MW 244 Da

% OH
HO__ >

-~ ONO
6803H Nestorowicz et al., 2018
2-methyltetrol nitrosooxy-organosulfate
(2-MT NSOS)*
MW 245 Da

OH

Ho_ >
NONOZ Surratt et al., 2007a, 2008:

Gomez-Gonzalez et al., 2008;

OSO;H Nestorowicz et al., 2018

2-methyltetrol nitrooxy-organosulfate
(2-MT NOS)*
MW 261 Da

OH

Ho._
WCN%
© (:DsogH Nestorowicz et al., 2018
2-methylthreonic acid nitrooxy-organosulfate
(2-MTrA NOS)*

MW 275 Da
OH OH
HO3SO\>$(O\><(O
=
(0] OH Surratt et al., 2008

2-methylglyceric acid dimer organosulfate
MW 306 Da

* one representative isomer was shown

This thesis explores the findings on ISO SOA formation and its chemical
composition under various relative humidity (RH) conditions in smog-chamber
experiments. It provides novel insights into the formation of ISO-related orgaosulfates
(OSs), nitrooxy-organosulfates (NOSs), nitrosooxy-organosulfates (NSOSs), and highly
oxygenated organic acids, which were not reported previously. Moreover,

the smog-chamber findings were compared with ambient aerosol.

1.1.2.2 Butadiene SOA

Anthropogenic precursors emitted in urban and industrial areas significantly
influence the formation of atmospheric aerosol. 1,3-Butadiene (buta-1,3-diene, Cs4Hs,
13BD) is an important anthropogenic organic compound released to the atmosphere
through industrial processing of petroleum for synthetic rubber, resins and plastics
production, automobile exhausts and gasoline emissions, tobacco smoke, and biomass

combustion (Eatough et al., 1990; Penn and Snyder, 1996; Sorsa et al., 1996;

24

http://rcin.org.pl



Thornton-Manning et al., 1997; Ye et al., 1998; Dollard et al., 2001; Pankow et al., 2004;
Anttinen-Klemetti et al., 2006; Berndt and Boge, 2007, Hurst, 2007). Except the areas
near petrochemical plants, vehicle exhausts is the dominant source of 1,3-butadiene
emissions (HEI report, 2007). 13BD can also have biogenic origin as it is occasionally
released during forest fires (Curren et al., 2006).

13BD is hazardous according to the Clean Air Act Amendments (CAAA;
U.S. EPA report, 1996), carcinogenic, toxic, mutagenic, and genotoxic in humans
and other mammals (Acquavella, 1996; Hughes and IPCS, 2001; U.S. EPA report, 2002;
IARC monographs, 2012). Moreover, U.S. EPA demonstrated that 1,3-butadiene emitted
with vehicle exhausts significantly induces the risk of lung cancer (Amodio et al., 2013).
The global annual emission of 13BD to the atmosphere reaches 6 million tons (Berndt
and Boge, 2007) and contributes to atmospheric SOA, especially in urban areas.
Therefore, its concentration in urban air should be monitored. There are little literature
data on I3BD levels in the urban atmosphere of Europe. However, the reported
concentrations ranged between 2 and 20 ug m> (WHO guideline, 2005). Moreover,
amean 1,3-butadiene concentration of 0.1-6.9 ug m> was reported for ambient air
samples collected in U.S. cities in the late 80’ (U.S. EPA report, 1989). In Canada, 13BD
concentrations in ambient air were up to 14.1 ug m> (Bell et al., 1991). Nonetheless,
Curren et al. (2006) observed that 13BD levels in selected cities of Canada decreased
substantially between the years 1995 — 2003. The annual mean concentrations ranged
from 0.05 to 0.92 pg m>, with the highest level of 2.58 ug m>. Dollard et al. (2007)
showed that 1,3-butadiene concentrations measured in Great Britain’s rural areas, urban
non-industrialized, industrialized urban areas, and regions of high-traffic highways
between the years 1993 and 2004 were significantly reduced in all assessed places.

According to the European Chemicals Agency (ECHA) registration,
the production volume of 13BD ranges from 1 million to even 10 million tons per year.
In Poland, 13BD is produced by the following companies: Henkel Polska Sp. z o.o0.
(Warsaw), Polski Koncern Naftowy ORLEN SA (Ptock), Synthos Dwory 7 Sp. z o.0.,
sp. j. (O$wigcim), and Tire Company Debica SA (Dgbica) (Kilanowicz et al., 2018).
Therefore, air quality monitoring should include concentrations of this compound
in ambient air. Unfortunately, 13BD is not commonly monitored in Poland’s rural
and urban atmosphere. Only the regional background monitoring station in Zielonka
(Bory Tucholskie) measured 1,3-butadiene concentrations in ambient air

(Kozakiewicz, 2021). The mean concentrations of 13BD determined in 2020 were
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between 0.04 and 5.89 pg m>. The maximum level of 13BD was observed during
the summer period and explained by the local anthropogenic emissions or the influx of
polluted air masses from remote areas (Kozakiewicz, 2021).

I13BD has high reactivity and a short lifetime. It reacts in the atmosphere
with hydroxyl radicals (*OH), nitrate radicals (NO3*), ozone (O3), and chlorine atoms (Cl)
and transforms into many potentially toxic compounds, like acrolein and formaldehyde,
according to the CAAA (Notario et al., 1997; Liu et al., 1999; Kramp and Paulson, 2000;
Doyle et al., 2004; Angove et al., 2006; Sakurai et al., 2013). The dominant atmospheric
reactions of 13BD during daytime and nighttime are reactions with hydroxyl and nitrate
radicals, respectively (Stutz et al., 2010). Some products of those reactions have been
identified in ambient air (Feltham et al., 2000; Doyle et al., 2004; Baker et al., 2005;
Fu et al., 2008a). The most abundant and significant gas-phase products observed during
13BD photooxidation in smog chambers or flow reactors were formaldehyde
and acrolein, and these compounds were identified in the studies of Liu et al. (1999),
Kramp and Paulson (2000), Berndt and Boge (2007) and Jaoui et al. (2014).
Liu et al. (1999) investigated the gas-phase products of 13BD oxidation with hydroxyl
radicals (*OH) and ozone (O3). Beside the main components — formaldehyde and acrolein,
the authors reported also glycolaldehyde, glyceraldehyde, 3-hydroxy-propanaldehyde,
hydroxyacetone, and malonaldehyde. Berndt and Boge (2007) among products of
hydroxyl radicals reactions with 13BD detected 4-hydroxy-2-butanal, nitrates, and furan.
Moreover, well-known 1,3-BD degradation products are: 1,2-epoxy-3-butene
(1,3-butadiene monoxide), 1,2,3,4-diepoxybutane (1,3-butadiene diepoxide), propanal,
2,5-dihydrofuran, CO, and CO> (Jenkin et al., 1998; Liu et al., 1999; Baker et al., 2005;
Vallecillos et al., 2019). Previous research significantly advanced characterization of
13BD oxidation products and their role in SOA formation (Liu et al., 1999; Kramp
and Paulson, 2000; Angove et al., 2006; Berndt and Boge, 2007; Sato, 2008;
Sato et al., 2011; Jaoui et al., 2014). Nevertheless, 13BD SOA composition has not been
fully characterized. To date, only a few smog chamber studies focused on 13BD SOA
formation (Angove et al., 2006; Sato, 2008; Sato et al., 2011; Jaoui et al., 2014), while
the effects of aerosol acidity and relative humidity were investigated solely
by Lewandowski et al. (2015) and Ren et al. (2016). Angove et al. (2006) identified
18 components of 1,3-butadiene SOA, including formic acid, glyceric acid, glycolic acid,
glyoxal, glyoxalic acid, threose, erythrose, erythritol, threitol, which represented 75-80%
of total SOA mass. Sato (2008) photooxidized a 13BD/NO/CH3ONO/air mixture
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and detected nitric acid, glyoxylic acid, pyruvic acid, oxalic acid, tetrols, nitrooxy-
butanetriols and dinitrooxy-butanediols in SOA formed. Sato et al. (2011) studied SOA
formation from 13BD/NOx and 13BD/NOx/H»>O> and tentatively identified some
oligomeric compounds like glyceric acid oligomers. Jaoui et al. (2014) investigated gas-
and particle-phase organic products from 13BD photooxidation experiments in
the presence and absence of NOx. The main purpose was the identification of possible
markers of ambient aerosol originating from 13BD. Those authors used GC-MS
derivatization and non-derivatization techniques to reveal around 60 oxygenated organic
compounds in gas and particle phases and tentatively identified 31 of them. Oxygenated
compounds such as threitol, erythritol, glyceric acid, malic acid, tartaric acid, and threonic
acid were detected in both smog-chamber experiments and ambient aerosol samples.
The authors estimated the contribution of 13BD to organic aerosol in ambient PMbx s
fraction by using the GC-MS method reported by Kleindienst et al. (2007). They also
proposed a possible mechanism of 13BD SOA formation in the gas phase involving two
intermediate species — acrylic acid epoxide (AAE) at high-NOx conditions
and 2,3-epoxy-1,4-butanediol (BEPOX) at low-NOx conditions (Scheme 4).
Both compounds, e.g., BEPOX and AAE, can react in the particle phase and form SOA
components. Moreover, polyols with C4-skeleton have high water solubility and can act
as endogenous aerosol seeds and contribute to cloud formation (Angove et al., 2006;
Ekstrom et al., 2009). Notably, the mechanism of 13BD reactions in the gas phase
corresponds to that proposed previously for isoprene (see Chapter 1.1.3, Scheme 2).

The mechanisms are similar because ISO and 13BD are homologs and conjugated dienes.
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0
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Scheme 4. Mechanism of 2,3,-epoxy-1,4,-butanediol (BEPOX) and acrylic acid epoxide

(AAE) formation in the gas-phase oxidation of 1,3-butadiene (adapted from
Jaoui et al., 2014)

The work of Jaoui et al. (2014) provided significant input to anthropogenic SOA
chemistry. However, the possible formation of 13BD polar components in the particle
phase, like organosulfates, nitrooxy-organosulfates, and nitrosooxy-organosulfates,
remained unexplored. Table 5 summarizes the main gas-phase and particle-phase
compounds formed from 1,3-butadiene, including the results of this thesis

(Jaoui, Nestorowicz et al., 2023, submitted).
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Table 5: Summary of the main gas- and particle-phase components formed from
1,3-butadiene

Molecular structures,
chemical names, References

and molecular weights (g mol™)

Y Grosjean et al., 1994; Liu et al., 1999;
H Kramp and Paulson, 2000; Angove et al., 2006;
Formaldehyde Berndt and Boge, 2007; Jaoui et al., 2014
MW 30 Da
H 30\14 O
H Grosjean et al., 1994; Jaoui et al., 2014;
Acetaldehyde Vallecillos et al., 2019
MW 44 Da
HchO Grosjean et al., 1994; Liu et al., 1999;
H Kramp and Paulson, 2000; ; Baker et al., 2005;
. Berndt and Boge, 2007; Jaoui et al., 2014;
Acrolein Vallecillos et al., 2019
MW 56 Da
H3Cﬂ4o
H Grosjean et al., 1994; Vallecillos et al., 2019
Propanal
MW 58 Da
O
H
H Grosjean et al., 1994; Liu et al., 1999;
O Angove et al., 2006; Jaoui et al., 2014
Glyoxal
MW 58 Da
O
HO
/\f Liu et al., 1999; ; Baker et al., 2005;
Glycolaldehyde Angove et al., 2006; Jaoui et al., 2014
MW 60 Da
!\
0 Berndt and Boge, 2007; Vallecillos et al., 2019
Furan
MW 68 Da
0 Kramp and Paulson, 2000; Vallecillos et al., 2019
2,5-Dihydrofuran
MW 70 Da
0
2CH2 Jenkin et al., 1998; Kramp and Paulson, 2000;
13BD monoxide Vallecillos et al., 2019
MW 70 Da
H
N =YY
H H H H Liu et al., 1999; Angove et al., 2006;
Jaoui et al., 2014
Malondialdehyde aouteta
MW 72 Da
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O
J_on

Hydroxyacetone
MW 74 Da

Liu et al., 1999

HO\/\fO

H

3-hydroxy-propanaldehyde
MW 74 Da

Liu et al., 1999; Jaoui et al., 2014

A,

13BD diepoxide
MW 86 Da

Jenkin et al., 1998; Kramp and Paulson, 2000;
Vallecillos et al., 2019

OH
HO\)\fO
H

Glyceraldehyde
MW 90 Da

Liu et al., 1999; Angove et al., 2006;
Jaoui et al., 2014

H\/O H

Formic acid
MW 46 Da

Angove et al., 2006

0}
o
H
O

Glyoxalic acid
MW 74 Da

Angove et al., 2006; Sato, 2008; Jaoui et al., 2014

OH
HO™ >

Glycolic acid
MW 76 Da

Angove et al., 2006; Jaoui et al., 2014

o}
__oH
o}

Pyruvic acid
MW 88 Da

Sato, 2008

Oxalic acid
MW 90 Da

Sato, 2008; Jaoui et al., 2014

OH
Ho\)\‘/OH
\
o]

Glyceric acid
(GA)
MW 106 Da

Angove et al., 2006; Sato, 2008;
Jaoui et al., 2014,

OH

1o

Angove et al., 2006; Jaoui et al., 2014;
Jaoui, Nestorowicz et al., 2023, submitted
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Threose*
MW 120 Da

OH

Erythrose*
MW 120 Da

Angove et al., 2006; Jaoui et al., 2014;
Jaoui, Nestorowicz et al., 2023, submitted

OH
HO

-

Angove et al., 2006; Sato, 2008;

Ol'-l Jaoui et al., 2014;
Threitol* Jaoui, Nestorowicz et al., 2023, submitted
MW 122 Da

(and its nitrate and dinitrate)

T
Q
io
-
[©)
T

g
= 2
5
*

MW 122 Da
(and its nitrate and dinitrate)

Angove et al., 2006; Sato, 2008;
Jaoui et al., 2014;
Jaoui, Nestorowicz et al., 2023, submitted

O OH

OH
HO

BS

Malic acid*
(MA)
MW 134 Da

Jaoui et al., 2014;
Jaoui, Nestorowicz et al., 2023, submitted

o OH

OH
HO

T

OH
Threonic acid*
(TrA)
MW 136 Da
(and its nitrate)

Angove et al., 2006; Jaoui et al., 2014,
Jaoui, Nestorowicz et al., 2023, submitted

0 OH
‘. _OH

T

HO

OH Angove et al., 2006; Jaoui et al., 2014;
Erythronic acid* Jaoui, Nestorowicz et al., 2023, submitted
MW 136 Da
(and its nitrate)
O OH

OH

:

HO

OH O Jaoui et al., 2014;
Tartaric acid* Jaoui, Nestorowicz et al., 2023, submitted
(TA)
MW 150 Da

* one representative isomer was shown

13BD SOA formation should be thoroughly investigated since its components
may affect human health. Degradation products, such as acrolein, formaldehyde,
acetaldehyde, and furan, can cause severe adverse effects in humans (Doyle et al., 2004;
Woodruffet al., 2007; Golden and Holm, 2017). Moreover, 1,2-epoxy-3-butene
(1,3-butadiene monoxide) and 1,2,3,4-diepoxybutane (1,3-butadiene diepoxide) are
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found to be even more carcinogenic than 13BD itself (Kramp and Paulson, 2000).
For this reason, determining 13BD SOA composition with the detailed chemistry of
13BD is necessary for air quality modeling at local, regional, and even global scales.
This thesis explores the findings on 13BD SOA formation and its chemical
composition under various RH conditions. It provides novel insights into the formation
of 13BD-related orgaosulfates (OSs), nitrooxy-organosulfates (NOSs), and nitrosooxy-
organosulfates (NSOSs), which were not previously reported. Moreover, the smog

chamber findings were compared with ambient aerosol.

1.2 Analytical techniques for determining the chemical composition of
atmospheric aerosol

The chemical analysis of the atmospheric aerosol composition has been
achallenge facing researchers. In general, off-line and on-line techniques are
distinguished. Off-line techniques based on advanced instrumentation include gas
chromatography coupled with mass spectrometry (GC-MS; Wang et al., 2005; Surratt et
al., 2006; Jaoui et al., 2014), liquid chromatography coupled with mass spectrometry
(LC-MS; Surratt et al., 2006, 2007a; Shalamzari et al., 2013; Riva et al., 2016b;
Nestorowicz et al., 2018; Spolnik et al., 2018; Jaoui et al., 2019), Fourier transform
infrared spectroscopy (FTIR; Dangler et al., 1987; Gaffney et al., 2015; Reggente et al.,
2019) or nuclear magnetic resonance (NMR; Finessi et al., 2012; Zanca et al., 2017).
They characterize individual organic compounds and their functional groups. However,
those techniques require tedious and often time-consuming sample preparation. On-line
techniques, including chemical ionization mass spectrometry (CI-MS; Hearn et al., 2004;
Zuth et al., 2018; D'Ambro et al., 2019; Chen et al., 2020), proton transfer ionization mass
spectrometry (PTR-MS; Hanse et al., 1999; Schilling et al., 2013; Yuan et al., 2012,
2013), and aerosol mass spectrometry (AMS; Surratt et al., 2006; Nash et al., 2006;
Schilling et al., 2013; Chen et al., 2020; Fang et al., 2021), provide less detailed
information on the aerosol composition. However, they register the composition changes
in real-time by tracking diagnostic fragment ions and provide data on particle chemistry,
short timescales (Jimenez et al., 2009; Pratt and Prather, 2012b; Canonaco et al., 2013;
Johnston and Kerecman, 2019). Therefore, on-line techniques are widely used in
smog chamber systems. Furthermore, simple GC-FID and GC-MS techniques can be

used as on-line under smog-chamber experiments (Yuan et al., 2012, 2013).
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Noziere et al. (2015) compared the on-line and off-line analytical techniques used
to characterize atmospheric organic compounds. The techniques were described with
an / factor, denoting their ability to elucidate the compound’s molecular structure (x-axis;
the [ factor decreases with the increasing power of structure identification). Figure 6
shows that coupling mass spectrometry with chromatographic tools significantly

decreases the [ factor.

Figure 6. Comparison of analytical techniques used for determining the atmospheric
organic compounds based on their I factor (Noziere et al., 2015)

In my research, the chemical composition of ISO and 13BD SOA was analyzed
with an off-line technique — ultrahigh-performance liquid chromatography coupled with
high-resolution mass spectrometry (UPLC-HRMS). Therefore, Chapter 1.2.1 briefly
describes off-line techniques used in SOA analyses, emphasizing LC-MS.

1.2.1 Off-line techniques

Nowadays, the environmental chemistry community widely uses hyphenated
off-line techniques. The determination of AA composition is based mostly on two
principal hyphenated techniques — gas chromatography and liquid chromatography
coupled with mass spectrometry. They have been widely used to identify and determine
the components of gas-phase samples and various aerosol matrices, including water, hail,
snow, and particles (Surrat et al., 2008; Pratt and Prather, 2012a; Jaoui et al., 2014,
Lewandowski et al., 2015; Riva et al., 2016b, Nestorowicz et al., 2018; Spolnik et al.,
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2020; Wach et al., 2020; Jaoui, Nestorowicz et al., 2023, submitted). The choice of
a particular analytical technique depends on the type of matrix and the chemical structure
of the compounds investigated. The appropriate sampling, extraction technique, sample
preparation, and operating conditions of the apparatus significantly impact the results
obtained. Therefore, the effectiveness of analyses must be carefully controlled at each
stage, from sampling to concluding. The most common example of the possible impact is
the solvent-analyte reactions, which should be considered when interpreting mass
spectra. Detailed information is presented in Chapter 1.2.1.1.

Currently, GC-MS and LC-MS techniques for determining AA components are
complementary, as they enable recognizing different groups of atmospheric aerosol
components. GC-MS technique is preferred for oxygenated, volatile compounds as it
provides high sensitivity, significant separation efficiency, and proper signal-to-noise
ratio (S/N). LC-MS technique is essential for characterizing polar, non-volatile,
and/or thermally labile molecules that do not elute or appear in GC-MS even after
derivatization. Initial reports on the LC-ESI-MS technique with reverse-phase columns
and a single quadrupole analyzer revealed a complex distribution of atmospheric aerosol
composition with many nominal masses, indicating the presence of isomeric
and/or isobaric compounds (Gao et al., 2006; Surratt et al., 2006; Pratt and Pratcher,
2012a; Johnston and Kerecman, 2019). Subsequent high-resolution mass measurements
allowed to distinguish isobaric compounds and confirm their molecular structures,
enabling quantitative analyses based on surrogate or authentic standards. Incorporating
Time-of-Flight high-resolution mass spectrometry (TOF—HRMS) empowered identifying
more of unknown organic species (Hallquist et al., 2009; Pratt and Prather, 2012a;
Johnston and Kerecman, 2019). This improvement of the LC-MS technique over the years
resulted in better SOA identification and elucidation of possible formation pathways
(Pratt and Prather, 2012a). Most significantly, ESI(-) HRMS measurements with MS"
experiments provided better speciation of SOA samples, including detailed structural

information on components.

1.2.1.1 Sample preparation

Sample preparation is a critical step in the atmospheric aerosol off-line analysis.
The appropriate preparation and extraction procedures largely affect the results of

chemical analyses.
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Field studies and laboratory experiments commonly use filters (like quartz-fiber
filters and Teflon filters) to collect aerosol particles for subsequent analyses.
Inappropriate aerosol collection may lead to serious artifacts. There are two major types
of artifacts (JRC report, 2009; Bruggemann et al., 2020):

1) a “positive” artifact when the filters adsorb VOCs; hence, it was shown that sulfur
dioxide (SO;) and semivolatile organics might absorb onto the filter surface
and increase organosulfates formation through heterogeneous reactions,

2) a “negative” artifact when collected semivolatile components evaporate from filters.
Therefore, samplers that collect AA must efficiently separate gas-phase and particle-
phase species (Mutzel et al., 2015; Kristensen et al., 2016). Kristensen et al. (2016)
compared the concentrations of ISO- and MBO-derived (2-methyl-3-buten-2-ol)
organosulfates in organic aerosol collected with two types of samplers — LVS
(low-volume filter/denuder sampler) and HVS (high-volume sampler). Field samples
were collected onto quartz-fiber filters in two European countries — Denmark and Finland.

The results obtained are presented in Figure 7.

Figure 7. Temporal variations of OSs identified in the day- and nighttime (grey highlight)
filter samples collected by HVS (¢) and LVS denuder/filter system (m) at HCAB (H.C.
Andersen's 168 Boulevard) Copenhagen, Denmark, and Hyytiild, Finland
(Kristensen et al., 2016)

Estimated concentrations of OSs differed significantly depending on the sampling
site. However, the results were ambiguous and depended on the sampler type — in HCAB,
the concentrations obtained with two samplers varied much less than in Hyytidld,
where the HVS results were even five times larger than LVS. The authors suggested that
the differences resulted from the adsorption of gaseous organosulfate precursors (alcohols
and epoxides) followed by their sulfation on the filter surface (Kristensen et al., 2016).

Various SOA compounds require specific analytical methods. The extraction

solvent or a mixture of solvents should correspond to the SOA components investigated
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and provide the highest extraction efficiency. SOA collected onto the filters is usually
extracted with methanol, acetonitrile, Milli-Q water, or dichloromethane. Solvents can be
used individually or in mixtures of various ratios. One of the most common solvents is
methanol. However, methanol can react with aldehyde and ketone groups of the sample
components, resulting in the formation of hemiacetals (Smith et al., 2009). It can respond
with carboxylic moieties of aerosol components and form methyl esters, which may lead
to the loss of the quantified species (e.g., carboxylic acids) and increase the uncertainty
of the analysis (Bateman et al., 2008; Kristensen and Glasius, 2011). Moreover,
Olson et al. (2011) have also shown that methanol can convert carboxy-organosulfates to
methyl esters and should be avoided in quantitative analysis of those species. Despite
the shortcomings, methanol is still successfully used as an extraction solvent in SOA
qualitative and quantitative measurements (Zhang et al., 2012; Riva et al., 2016b;
Gallimore et al., 2017; Zhou et al., 2018; Kristensen et al., 2020; Kolodziejczyk, 2020;
Wach et al., 2020; Khan, 2021; Shao et al., 2022).

To date, there is no single recommended procedure for SOA sample preparation.
Researchers develop their methods based on knowledge, experience, and practice.
For instance, previous studies have reported that ultrasonication of filter samples can
degrade AA organic constituents due to the OH radical formation, which is
the atmosphere’s primary oxidant. Ultrasonication can catalyze or induce various
chemical reactions and change the composition of material collected for analysis (Riesz
et al.,1985; Briggs, 1990; Jacobson et al., 2000; Mutzel et al., 2013; Miljevic et al., 2014).
Some researchers still use ultrasonication as an extraction technique for sensitive SOA
components (Hettiyadura et al., 2015; Kristensen et al., 2016; Kristensen et al., 2020).
However, using organic-rich extraction solvents can minimize the risk of possible
degradation processes and the formation of artifacts (Hettiyadura et al., 2015). Another
extraction technique often used is Soxhlet extraction. It can be efficiently applied
to persistent compounds like PAHs (Rudzinski et al., 2022). However, it involves heating
and refluxing the solvent, so it may cause degradation of thermolabile analytes and should
be avoided in analyses of sensitive SOA compounds. Recently orbital shaking has been
recommended as a gentle extraction technique for AA samples (Jacobson et al., 2000;
Bruggemann et al., 2020).

After the extraction, filter extracts usually require evaporation to dryness in
arotary evaporator or under a gentle stream of inert gas, like nitrogen. Fleming et al.

(2019) demonstrated that evaporation of highly acidic filter extracts to dryness might
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produce organosulfates as artifacts. They suggested monitoring the pH value of prepared
filter extracts and avoiding evaporating them to dryness when pH is below 3.
Summarizing, SOA sample preparation is a demanding and important step

responsible for obtaining reliable and repeatable results.

1.2.1.2 Liquid chromatography coupled with mass spectrometry (LC-MS)

Liquid chromatography (LC) is an analytical technique used to separate and detect
organic compounds. Mass spectrometry (MS) is an instrumental method in which
the mass of charged species produced is measured (Niessen, 2007). The advantage of
coupling LC with MS is combining the separation and high-resolution identification.
The sample is introduced onto a chromatographic column using a dosing system, where
it is transferred by a mobile phase delivered by a high-pressure pump system
(Alloway and Ayres, 1999; Niessen, 2007). A mobile phase is a mixture of water and
organic solvents, like methanol, acetonitrile, and organic buffers. The components of
the mixture analyzed interact with the mobile phase and the stationary phase of
the chromatographic column and undergo separation due to different degrees of affinity.
The retention time of individual components of the mixture depends on the conditions
under which the analysis is carried out, including the mobile phase flow rate, gradient
elution program, and temperature (Namiesnik and Jamrogiewicz, 1998). The outlet of
the chromatographic column is introduced directly into the ion source of the mass
spectrometer, which acts as a detector. There, the organic analytes are ionized.
Depending on the ionization method and mechanism, only specific types of ions may
arise (Ptaziak, 1997; De Hoffman and Stroobant, 2007; Silverstein et al., 2008). The ion
sources coupled to the LC system operate at atmospheric pressure and include
atmospheric pressure chemical ionization (APCI) sources and, more often, electrospray
ionization (ESI) sources. In the ESI source, the solution from the column is nebulized to
charged ultrafine droplets by the high voltage applied between the capillary and
the counter electrode. The solvent evaporates from the droplets with the ionized
compound, while the charge accumulation leads to Coulomb explosions and finally to
the formation of single ions. In the positive polarization mode, protonated ions ([M+H]")
and adduct ions, like sodium ions ((M+Na]") or potassium ions ([M+K]") are formed,
while in the negative polarization mode, deprotonated ions ([M-H]) occur
(Namiesnik and Jamrogiewicz, 1998; Johnstone and Rose, 2001; Rohner et al., 2004;
Polettini, 2006; De Hoffmann and Stroobant; 2007; Silverstein et al., 2008). These ions

37

http://rcin.org.pl



are focused into a beam by a gap system, accelerated in an electric field, and introduced
into the mass analyzer, which separates them based on the mass to charge (m/z) ratio.
The most common mass analyzers in the LC—MS systems are Time-of-Flight analyzers
(TOFs), triple-quadrupoles, and ion traps. The mass analyzer scans all ions across
the specified range of the m/z ratios or isolates ions with selected m/z values
(Niessen, 2007; Silverstein et al., 2008). It records a chromatogram, i.e., a plot of the total
ion current (TIC) as a function of time, and mass spectra at preset time intervals, i.e., plots
of the intensity of individual ions as a function of m/z at running time (Namiesnik
and Jamrogiewicz, 1998; Niessen, 2007). The raw data recorded can be processed so that
the extracted ion current (EIC) chromatograms for selected m/z values can be accessed
and investigated. Moreover, collision-induced dissociation experiments (fragmentation
of individual ions) can be carried out to obtain product ion mass spectra (MS?), which
significantly improve the identification of investigated compounds. Based on
the fragmentation patterns, the molecular structures of analytes can be resolved.

One of my research goals was to identify new compounds formed from ISO
and 13BD in smog-chamber experiments and detected in ambient aerosol samples,
including the components containing sulfate moieties, like organosulfates (OSs). OSs
account for 5-30% of the organic mass fraction in PMo (Surratt et al., 2008; Tolocka
and Turpin, 2012; Shakya and Peltier, 2015). Most commonly, reversed-phase liquid
chromatography (RPLC) has been wused for the separation, identification,
and quantification of organosulfates (Surrat et al., 2007a; Gomez-Gonzalez et al., 2008;
Riva et al, 2016b; Nestorowiczetal., 2018; Spolnik et al, 2018;
Bruuggemann et al., 2019; Bruggemann et al., 2020; Spolnik et al., 2020;
Wach et al., 2020). However, in the past few years, successful efforts have been made to
use the hydrophilic interaction liquid chromatography (HILIC) instead of RPLC, which
appeared effective in separating polar OSs (Hettiyadura et al., 2015, 2017, 2019;
Cui et al., 2019; Bruggemann et al., 2020). Figure 8 shows the simplified LC-MS
off-line analytical procedure used, for instance, for organosulfates detection (detailed

description in Chapter 2.1.4 —2.1.7).
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Figure 8. Scheme of a simplified off-line LC-MS analytical procedure
In this thesis, SOA components were detected in smog chamber samples and in
ambient aerosol samples using UPLC / ESI(-) HRMS technique to show the consistency

between laboratory and field SOA composition.

1.3 Objectives of thesis

As reviewed in the preceding sections, the formation of secondary organic aerosol
(SOA) in the atmosphere may adversely impact air quality and, thus, contribute to climate
changes and deterioration of human health. The understanding of highly complex
chemical processes is a key research objective in atmospheric aerosol chemistry. In my
thesis, I investigated the chemical composition of SOA formed from two different aerosol
precursors — isoprene (2-methylbuta-1,3-diene, ISO) and buta-1,3-diene (13BD) — using
UPLC-MS techniques. The analyses were carried out to characterize novel components
in SOA samples — precursor tracers and aging products — and to assess the influence of
relative humidity (RH) and particle acidity on their formation. The thesis addresses four
major goals:

1) detailed identification of ISO SOA products in the smog-chamber
experiments and ambient aerosol focused on new polar aged SOA tracers
like organosulfates, nitrooxy-organosulfates, nitrosooxy-organosulfates,
and hydroxycarboxylic acids

The aim was to identify new SOA components formed from isoprene. I compared

samples from ISO smog-chamber experiments to ambient aerosol samples collected in
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various regions of Poland with strong biogenic (Diabla Gora, Zielonka) and mixed
biogenic-anthropogenic (Godow, Kaskada) emissions. Particular attention was paid to
the identification of novel ISO tracers — highly oxygenated molecules (HOMs), which
give molecular evidence for SOA aging in the atmosphere. ISO-derived
hydroxycarboxylic acids, and their organosulfates (OSs) and nitroxy-organosulfates
(NOSs) were identified through the analysis of smog chamber and field samples.
The novel findings on ISO SOA chemical composition were published in
Nestorowicz et al. (2018) and Jaoui et al. (2019) papers.

2) detailed identification of 13BD SOA products in samples from smog-
chamber experiments and ambient aerosol samples, focused on new polar
aged SOA tracers like organosulfates, nitrooxy-organosulfates,
nitrosooxy-organosulfates, and hydroxycarboxylic acids

This thesis provides novel insights into the chemical composition of 1,3-butadiene

SOA. 13BD SOA components can significantly contribute to continental aerosol masses.
Some components, e.g., tartronic acid, threonic acid, tartaric acid, and a few OSs, were
detected in ambient aerosol samples collected at various sites in Poland with strong
biogenic (Diabla Goéra, Zielonka) and mixed biogenic-anthropogenic (Godéw, Kaskada)
emissions. While the SOA-bound hydroxycarboxylic acids formed from 13BD were
reported in the literature (Jaoui et al., 2014), several organosulfates, nitrooxy-
organosulfates, nitrosooxy-organosulfates from 13BD were detected for the first time.
Their tentative structural elucidation was based on high-resolution product ion mass
spectra. Those novel results are included in Jaoui, Nestorowicz et al. (2023, submitted).

3) the investigation of ISO and 13BD SOA formation in the smog-chamber
experiments under various RH and acidity conditions by quantitative
UPLC-MS technique

This thesis refers to Lewandowski et al. (2015) and expands the explanation of

the impact of relative humidity and aerosol acidity on 13BD and ISO SOA formation.
Those authors conducted ISO and 13BD smog-chamber photochemical experiments
across ranges of relative humidity and aerosol acidity. They demonstrated that increasing
relative humidity caused a substantial reduction in secondary organic carbon (SOC)
yields from ISO and 13BD. Both compounds produced higher SOA yields under acidic
conditions. Based on Lewandowski et al. (2015), I carefully assumed that the homologous
13BD and ISO undergo similar physicochemical processes in the atmosphere. This thesis

aimed to investigate the role of relative humidity (RH) on the formation of individual
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components of SOA under acidic and non-acidic conditions in high- NOx smog-chamber
experiments, where a high level of NOx in the system mimicked highly polluted
atmosphere. The RH influence on ISO and 13BD SOA formation was presented in
Nestorowicz et al. (2018) and Jaoui, Nestorowicz et al. (2023, submitted).

4) the chemical characterization of several field samples targeted to ISO and

13BD SOA tracers by quantitative high-resolution UPLC-MS technique

The last assignment in this thesis was to determine the concentrations of detected
ISO and 13BD SOA components in field samples. The results were presented against
the meteorological data for the sampling periods and compared with the results obtained
for smog-chamber samples and available literature data.

This thesis provides novel insights into SOA formation from two different aerosol
precursors — isoprene and 1,3-butadiene. I have identified new products and determined
the influence of RH and particle acidity on the formation of individual components. These
studies may contribute to the further development of acidity-dependent SOA chemistry

in air quality models.

41

http://rcin.org.pl



2. Experimental

2.1. Methodology and materials
2.1.1 Smog-chamber experiments

The main aim of smog-chamber experiments is to get insights into the formation
and transformation mechanisms of the ambient aerosol under simplified conditions for
better interpretation of experimental results. Smog-chamber experiments in precisely
controlled environments explain the chemistry and transformation of SOA formed from
single aerosol precursors, like isoprene, a-pinene, or 1,3-butadiene (Dommen et al., 2006;
Surratt et al., 2007a; Claeys et al., 2004, 2007; Szmigielski et al., 2007, 2010;
Nguyen et al., 2011; Zhangetal., 2011; Lewandowski et al., 2015; Riva et al.,
20164, 2017; Nestorowicz et al., 2018; Jaoui et al., 2014, 2019). They reveal the chemical
composition of secondary particles formed and allow the identification of new products
connected with specific precursors and chemical mechanism. Ambient SOA is a complex
mixture formed via complicated chemical pathways influenced by many factors such as
weather, meteorology, air mass flows, and geographical location. Specific products
identified in ambient samples point to SOA precursors and chemical pathways involved
in its formation in the atmosphere. The results presented in this thesis are based on smog-
chamber experiments carried out in collaboration with the U.S. Environmental Protection
Agency (U.S. EPA). Figure 9 shows a simplified scheme of a smog chamber,
and Figure 10 shows the photo of the U.S. EPA indoor smog-chamber system used for

the experiments.

Figure 9. Scheme of a typical smog chamber system with on-line monitors for gas-
and particle- phase measurements (adapted from Wang et al., 2014)
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The U.S. EPA smog chamber is a 14.5 m? fixed-volume stainless-steel chamber.
The interior walls were fused with a 40 um PTFE Teflon coating. A combination of
UV-fluorescent bulbs (300 to 400 nm) was used in the chamber as a source of radiation
similar to solar radiation (Black et al., 1998; Kleindienst et al., 2006). The chamber was
operated as a flow reactor with a 4 h residence time under steady-state conditions with
constant aerosol distribution at pre-defined relative humidity levels and seed aerosol
acidities. Two sets of isoprene/NO and butadiene/NO experiments were performed, each
for two different acidities of the seed aerosol (neutral and acidic). Each set involved
several stages between which the humidity level was systematically varied (Tables 6A,
6B, and 7A, 7B). The temperature in all experiments was kept constant between 22—
28 °C. Isoprene and butadiene were obtained from Sigma-Aldrich Chemical Co.

(Milwaukee, W1, USA) at the highest purity and used without further purification.

Figure 10. U.S. EPA indoor smog-chamber system, Research Triangle Park, North
Carolina

Isoprene, butadiene, and nitrogen oxide (NO) were drawn from high-pressure
cylinders and diluted with N». The reactants were added through flow controllers into
the inlet manifold, where they were diluted and mixed prior to the introduction into
the chamber. For the non-acidic seed experiments with isoprene (ER667) and butadiene
(ER666), the seed aerosol was prepared from ammonium sulfate solutions. For the acidic-
seed experiments with isoprene (ER662) and butadiene (ER444), the seed aerosol was
prepared from solutions containing equal masses of ammonium sulfate and sulfuric acid

(H2S0O4). Dilute aqueous solutions of ammonium sulfate, and sulfuric acid were nebulized
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(TSI nebulizer, model 9302, Shoreville, MN) into the chamber as inorganic seed aerosol,
with total sulfate concentration held constant to maintain stable concentrations of
inorganics in the smog chamber (Lewandowski et al., 2015). The seed aerosol stream
passed through a ®Kr neutralizer (TSI, Model 3077, Shoreville, MN) and was
equilibrated at the relative humidity chosen for a particular experiment and controlled by
a computer-operated system.. NO, and total NOx were measured with a Thermo Electron
NOx analyzer (Model 8840, Thermo Environmental, Inc., Franklin, MA, USA). Ozone
formed during the irradiation was measured with a Bendix ozone monitor (Model 8002,
Lewisburg, WV, USA). Temperature and relative humidity were measured with
an Omega Digital Thermo-Hygrometer (Model RH411, Omega Engineering, Inc.,
Stamford, CT, USA). Isoprene and butadiene concentrations were measured on-line
by gas chromatography coupled with flame ionization detection (GC-FID; Hewlett-
Packard, Model 5890 GC). Chamber aerosol samples were collected on 47 mm diameter
glass-fiber filters with an active surface of 17.341 cm? (Pall Gelman Laboratory, Ann
Arbor, MI, USA) for 24 h at the flow rates of 16.7 L min ' or 15 L min"" in ISO and 13BD
experiments, respectively. In all cases, aerosol was collected after the steady-state
condition was achieved.

The concentration of secondary organic carbon (SOC) was the corrected organic
carbon yield (Carbon yield), and AHC was the reacted hydrocarbon mass concentration

(see equation 2 in Chapter 1.1.2).

2.1.1.1 Isoprene SOA

The non-acidic experiment (ER667, Table 6A) was conducted in the presence of
ISO, NOx, and ammonium sulfate as seed aerosol (1 ug m) at five different humidity
levels (9%, 19%, 30%, 39%, and 49%). It served as a base for exploring the changes
and nature of SOA products in the absence of significant aerosol acidity. The acidic
experiment (ER662, Table 6B) was similar but performed in the presence of acidic seed
aerosol at four relative humidity levels (8%, 18%, 28%, and 44%). The acidic experiments
were conducted with inorganic seeds generated from a nebulized solution for which half
of the sulfate mass was derived from sulfuric acid and the other half from ammonium

sulfate (%2 sulfuric acid, and 2 ammonium sulfate; Lewandowski et al., 2015).
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Table 6A. Initial conditions and steady-state reactant concentrations in smog-chamber
experiments on isoprene photooxidation in the presence of non-acidic seed aerosol
(Nestorowicz et al., 2018)

Experiment ER667: Non-acidic seed aerosol (ammonium sulfate)
Stage 1  Stage2 Stage3 Stage4  Stage 5

RH (%) 9 19 30 39 49
Temperature (°C) 28.2 28.5 27.9 27.8 27.6

Initial ISO (ppmC) 8.11 8.29 8.25 8.25 8.19
Initial NO (ppm) 0.347 0.347 0.347 0.347 0.347
Steady-state concentrations and yields

Os (ppm) 0.331 0.305 0.329 0.393 0.281

NOx (ppm) 0260 0247 0241 0229  0.226
AHC (pg m?) 3518 3556 3558 3515 3484

Carbon Yield 0.004 0002 0001 0001  0.001
SOC (ngC m?) 13.3 7.7 4.6 3.2 3.5

Table 6B. Initial conditions and steady-state reactant concentrations in smog-chamber
experiments on isoprene photooxidation in the presence of acidic seed aerosol (ER662)
and observed carbon yields (Nestorowicz et al., 2018)

Experiment ER662: Acidic seed aerosol

(2 ammonium sulfate, %5 sulfuric acid)
Stage 1  Stage2 Stage3 Stage4

RH (%) 8 28 44 18

Temperature (°C) 27.0 27.3 26.9 27.5
Initial Isoprene (ppmC) 6.82 6.92 7.01 7.03
Initial NO (ppm) 0.296 0.296 0.296 0.296
Os (ppm) 0.303 0.292 0.245 0.339
NOx (ppm) 0.220 0.213 0.205 0.234

AHC (pg m?) 3266 3318 3357 3472
Carbon Yield 0.011 0.003 0.001 0.005

SOC (pgC m™) 323 7.9 3.8 15.7
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2.1.1.2 Butadiene SOA

The non-acidic experiment (ER666; Table 7A) was conducted in the presence of
butadiene, NOx, and ammonium sulfate as seed aerosol (1 pug m?) at six different
humidity levels (11%, 20%, 29%, 39%, 49%, and 62%). The acidic experiment (ER444;
Table 7B) was similar but performed in the presence of acidic seed aerosol at four
different relative humidity levels (10%, 31%, 50%, and 62%). The acidic experiments
were conducted with inorganic seed generated from a nebulized solution for which two-
thirds of the sulfate mass was derived from sulfuric acid and the other one-third from
ammonium sulfate (% sulfuric acid, and % ammonium sulfate; Lewandowski et al., 2015).
Table 7A. Initial conditions and steady-state reactant concentrations in smog-chamber

experiments on butadiene photooxidation in the presence of non-acidic seed aerosol
(ER666) and observed carbon yields (Jaoui, Nestorowicz et al., 2023, submitted )

Experiment ER666: Non-acidic seed aerosol (ammonium sulfate)

Stage 1  Stage2 Stage3 Stage4 Stage5 Stage 6
RH (%) 11 20 29 39 49 60
Temperature (°C) 25.3 253 25.1 24.7 25.0 24.7

Initial Isoprene (ppmC) 7.00 7.00 7.09 7.14 7.11 7.13

Initial NO (ppm) - - 0.408 - - -
Steady-state concentrations and yields
Os (ppm) 0.327 0314 0.307 0.290 0.273 0.254
NOx (ppm) 0.242 0.252 0.239 0.231 0.227 0.226
AHC (pg m?) 3099 3077 3085 3030 2968 2917
Carbon Yield 0.016 0.015 0.013 0.010 0.010 0.010
SOC (ugC m™) 45.1 40.9 34.7 27.0 26.4 24.7
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Table 7B. Initial conditions and steady-state reactant concentrations in smog-chamber
experiments on butadiene photooxidation in the presence of acidic seed aerosol (ER444)
and observed carbon yields (Jaoui, Nestorowicz et al., 2023, submitted)

Experiment ER444: Acidic seed aerosol

(s ammonium sulfate, % sulfuric acid)
Stage 1  Stage2 Stage3 Stage4

RH (%) 10 31 50 62
Temperature (°C) 22.4 22.6 222 22.2

Initial Isoprene (ppmC) 6.88 7.02 6.81 6.92

Initial NO (ppm) 0.313 - 0.73 -
Os (ppm) 0313 0259 0256  0.242
NOx (ppm) 0.168 0.150 0.129 0.117
AHC (ug m?) 2842 2848 2640 2611
Carbon Yield 0.024 0016 0014  0.013
SOC (ugC m?) 60.3 41.6 33.7 31.1

2.1.2 Ambient aerosol samples

Twenty ambient PM2.s samples were collected onto prebaked quartz-fiber filters
using high-volume aerosol samplers (DHA-80, Digitel) at four sampling sites (5 filters
from each) that have strong biogenic or anthropogenic emissions (Figure 11):

1) a regional suburban monitoring station in Godow, located in the Silesian
Province in southern Poland (49°55°18’’N 18°28°16’E) in the summer 2014
campaign,

2) a regional background monitoring station in Diabla Goéra, in the Warmia-
Masurian Province in northern Poland (54°07°33°N, 22°02°39°°E), during the
summer 2016 campaign,

3) a regional background monitoring station in Zielonka, in the Kuyavian-
Pomeranian Province in northern Poland (53°39°44°°N, 17°56°05°°E), during
the summer 2016 campaign,

4) the Kaskada city park, Warsaw, Poland, located in the Mazovia Province

(52°16°25°°N, 20°58°20°°E) in the summer 2018 campaign.
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Figure 11. Map of Poland with locations of the monitoring sites where aerosol samples
were collected: (1) Diabla Gora, (2) Zielonka, (3) Kaskada, (4) Godow
(https://www.google.pl/maps/@52.1169345,18.2001338, 7z/data=!4m2!11ml1!3e4)

Diabla Goéra monitoring station belongs to the Institute of Environmental
Protection — National Research Institute in Warsaw, Poland. The station is located in
Puszcza Borecka, a large forest complex with deciduous stands and a significant
admixture of spruce. Forests and agriculture surround the station: around 53% are forests,
20% arable land, 13% are meadows and pastures, and 6% wasteland. In the vicinity of
the station there are a single-family residential complex heated by wood-burning oven.

Zielonka sampling station belongs to the Chief Inspectorate of Environmental
Protection, Poland, and is surrounded by the Bory Tucholskie complex, which is a fresh
mixed coniferous forest. The main tree species are pines, with a slight admixture of birch
and spruce. The undergrowth is primarily black cherry, oak, spruce, linden, hazel,
and juniper. Near the station, there is a single-family residential complex heated by wood-
burning oven.

Kaskada sampling station is located within Warsaw city, close to the small city
park and a frequently used freeway. Therefore, aerosol samples collected in Kaskada are
strongly influenced by anthropogenic sources, especially vehicle exhausts.

Godow sampling site belongs to the Chief Inspectorate of Environmental
Protection, Poland. It is situated near a coal-fired power station in Detmarovice (Czech
Republic) and about 60 km South-West of the major industrial cities of the Silesian region
in Poland, which hosts many coal mines and steelworks. Thus, the aerosol samples

collected in Godow are strongly influenced by anthropogenic sources.
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Ambient air quality measurements at the sampling sites in Poland are regulated
by the Regulation of the Minister of Environment on the evaluation of levels of substances
in ambient air from 2018 (Regulation, 2018). According to this regulation,
the permissible annual PM, s fraction level has been specified at 25 ug m>. However,
according to the updated WHO guideline (WHO guideline, 2021), the annual average
concentrations of PMas should be narrowed to 5 pg m™. Table 8 presents the mean
concentration of fine fraction during the years the samples were collected for this work.

Table 8: The annual mean concentration of PM>s5 at the selected sampling sites
(data source — Panstwowy Monitoring Srodowiska; https://powietrze.gios.gov.pl/)

The annual mean concentration of PM, s

Sampling site (year) 3 Percent of the WHO
pg m ;
recommendation
Diabla Gora (2016) 11.5 230%
Zielonka (2016) 12.2 244%
Warszawa (2018) 24.8 496%
Godow (2014) 40.0 800%

Meteorological data (temperature, relative humidity, atmospheric pressure,
and solar radiation) and several chemical and physical parameters (e.g., SO2, NOx, NO,
and O3 concentrations) measured at the sampling sites are presented in Tables 9 and 10.
Generally, during the sampling periods of interest, the relative humidity levels ranged
between 44.5 — 100%. The highest RH level occurred in Zielonka; however, the highest
mean RH value during investigated period has been noted in Godoéw at 82.5%.
The average temperature during sampling was around 22°C, except for Godow, where
temperatures were below 15°C. All locations were influenced by nitrogen oxides (NOx)
— weakly in Zielonka and Diabla Géra, where the mean levels observed were 2.1 pug m™
and 2.7 pg m>, respectively, whereas highly at Kaskada and Godéw, where the mean
levels were 39.9 pg m™ and 22.0 pg m™, respectively. The mean SO levels ranged from
0.3 pg m™ at Diabla Géra to 3.5 pg m™ at Godéw. The mean NO; levels were small in
Zielonka and Diabla Géra — 1.6 pg m™ and 2.4 ug m, respectively, and considerable in

Kaskada and Godéw — 22.5 pg m™ and 16.6 ug m™, respectively.
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Table 9: Meteorological data at the sampling sites

Mean Mean Mean Mean solar
Sampling Sample relative atmospheric . .
5 temperature g radiation
site name ©C) humidity pressure >
) (hPa) (W/m’)
Godow 1 11.8 76.0 59.1
Godéw 2 11.3 94.5 24.7
Godow* Godoéow 3 11.2 94.5 no data 43.2
Godéw 4 12.9 76.2 50.7
Godéw 5 14.2 71.4 57.2
BO17 234 60.4 996.0 505.7
B018 17.9 85.0 995.5 31.0
Diabla BO19 24.7 59.0 993.8 548.4
Gora
B020 19.7 72.3 994.0 23.9
B021 24.5 58.8 994.0 466.9
L022 24.6 65.0 1000.2 414.8
L023 21.5 78.3 999.7 21.2
Zielonka
L024 25.1 64.5 999.8 355.0
L025 19.3 100.0 1001.3 18.0
L026 23.5 70.9 1000.4 388.8
K8043 24.3 66.3 997.9
K8044 19.3 86.8 998.9
Kaskada** K8045 24.8 51.3 999.0 no data
K8046 18.4 80.9 998.2
K8047 26.4 44.9 997.9
*  data  provided by  the  nearest  monitoring  station — at  Zywiec, Poland

(http://powietrze.katowice.wios.gov.pl/archiwalne-dane-pomiarowe)
** data provided by the nearest monitoring station at Kondratowicza Street, Warsaw, Poland
(adapted from http://powietrze.gios.gov.pl)
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Table 10: Concentrations of air pollutants at the sampling sites

Sampling site  Sample name 502_3 Nox_3 N02_3 25 3
(ng m™) (ng m™) (ng m™) (ng m™)
Godow 1 5.0 17 15 50
Godow 2 3.0 25 22 36
Godow* Godow 3 3.0 19 12 41
Godow 4 4.0 32 20 38
Godow 5 5.0 17 14 65
BO17 0.4 2.5 22 83.1
BO18 0.4 2.2 2.0 49.1
Diabla Gora BO19 0.3 2.4 2.0 85.2
B020 0.2 3.1 3.0 76.5
B021 0.3 3.0 2.6 83.5
L022 1.1 1.5 1.1 65.2
L023 1.4 3.0 2.3 49.7
Ziclonka L024 1.0 2.0 13 70.8
L025 0.6 2.5 1.9 26.3
L026 0.8 1.7 1.3 66.2
K8043 1.1 17.1 13.1 63.4
K8044 0.6 34.4 29.8 28.8
Kaskada** K8045 2.5 113 9.6 86.1
K8046 1.7 124.1 49.9 15.1
K8047 1.5 12.6 103 101.8

* data provided by the nearest monitoring station at Wodzistaw Slgski, Poland (adapted from
http://powietrze.gios.gov.pl)
** data provided by the nearest monitoring station at Kondratowicza Street, Warsaw, Poland
(adapted from http://powietrze.gios.gov.pl)

Figure 12 shows the regional background monitoring stations in Zielonka (A)
and Diabla Gora (B), and a DHA-80 Digitel sampler used for aerosol collection (C).
Depending on the separating head used, the DHA-80 sampler enabled precise sampling
of particulate matter fractions — PMjo, PM2s, or PMj. I collected the PM> s fraction.
The air is drawn through the head (1), where the undesired aerosol fraction is cut off.
The air flows into the chamber (2) and through a 15 cm quartz-fiber filter (3) on which
the particles are deposited. After a sample collection, a filter containing the PM2 s fraction

was wrapped in prebaked aluminum foil, packed in polyethylene (PE) bags, and stored in

a deep freezer at —22°C before further analyses.
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Figure 12. A) Zielonka monitoring station, B) Diabla Gora monitoring station, C) High-
volume aerosol sampler DHA-80, Digitel (http://www.digitel-
ag.com/de/en/products/high-volume-sampler-en/dha-80/)

Quartz-fiber filters with an active surface area specified at 153.938 cm?
(Whatman® QM-A quartz filters, WHA1851150, Sigma-Aldrich) were used for aerosol
collection at all sites. The sampling time was 12 h, except 24 h in God6éw. The sampling

characteristics are summarized in Table 11.
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Table 11: Sampling characteristics of the ambient aerosol collection

Sampling site Sample name Date Sampling time (h) Total airflow (m3)
Godow 1 25.08.2014 24h
Godow 2 26.08.2014 24h
Godow* Godow 3 27.08.2014 24h 935.1
Godow 4 28.08.2014 24h
Godow 5 29.08.2014 24h
BO17 29.05.2016 12h 3715
day
BOI8 29.05.2016 12h 367.1
night
Diabla Géra B019 30.05.2016 12h 372.4
day
B020 30.05.2016 12h 368.8
night
B021 31.05.2016 12h 3724
day
£022 25.07.2016 12h 353.8
day
£023 25.07.2016 12h 350.7
night
Zielonka
024 26.07.2016 12h 280.7
day
L025 26.072016 h 1504
night
L026 27.07.2016 12h 353.8
day
K8043 20.07.2018 12h 366.8
day
K804 20.072018 . 3631
night
Kaskada K8045 21.07.2018 12h 366.7
day
K8046 21.07.2018 12h 362.6
night
8047 22.07.2018 h 3684
day

* average airflow based on data available on https://powietrze.gios.gov.pl/
Data contained in Table 11 were used for the quantitative analyses of SOA
samples. The concentrations of aerosol components (ng m™) detected in the field or smog-

chamber samples were estimated based on equation 3:

(Axtb) VgSp
a

Cx = ———SE (ng m) 3)

Fp
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where Cx is the amount of an analyzed SOA component in 1 m® of air (ng m), Ax is
the chromatogram peak area of that SOA component, a, b are the parameters of
the calibration curves with linear fit: y = ax + b, Vs is the solvent volume used for
reconstitution of dried SOA extracts, Rs is the recovery of a selected standard compound
(%), Sr is an active surface of the whole aerosol filter (cm?), Sp is the surface of a filter

punch (cm?), and F4 is the total volume of air that flew through the filter (m?).

2.1.3 Thermo-optical method for OC/EC determination

The total mass of PM-bound carbonaceous material, i.e., total carbon (TC), can
be divided into three fractions (Watson et al., 2005; JRC report, 2009):

1) inorganic carbon (IC; in the PM2 s fraction detected at negligible levels),

2) organic carbon (OC),

3) elemental carbon (EC) or black carbon (BC) (terms used interchangeably,

depending on the analytical method by which the fraction was analyzed).

In this work, organic and elemental carbon contents were determined by a thermo-optical
method (Birch and Cary, 1996). The values obtained for ambient aerosol samples in
ng m are presented in Chapter 3.4.1 (Table 20).

For determination of organic carbon (OC) and elemental carbon (EC) in the PM2 5
fraction, a thermo-optical analyzer with FID detection, namely 4L Main Oven Assembly
Model, manufactured by Sunset Laboratory Inc. was used. The analysis was carried out
using the EUSAAR_2 protocol (Table 12), which was developed as the standard method
for European monitoring stations under the EUSAAR project (European Supersites for
Atmospheric Aerosol Research; Klejnowski et al., 2017). Ambient aerosol samples were
collected onto quartz-fiber filters, from which a 1.5 cm? punch was cut and subjected to
a two-stage analysis. Firstly, the sample was gradually heated from 200 to 650 °C in
a helium stream to release the OC fraction. Then, the filter punch was heated to 850 °C in
an oxidizing mixture of helium and oxygen to release EC. The compounds were separated
during the heating stages under oxidative conditions and converted stoichiometrically to
CO: in the presence of magnesium oxide. CO, was reduced to methane in the presence
of hydrogen and a nickel catalyst and measured with a flame ionization detector (FID).
OC and EC contents were corrected during the analysis based on the optical measurement
of light transmittance (red laser beam). The last stage of the measurement procedure
included injecting an external reference standard (glucose solution) through a fixed-

volume loop to ensure stable measurement conditions and repeatability of the entire
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analytical method. The high-purity gases from Air Liquide, Poland, were used

in the analyses.

Table 12: OC/EC analysis parameters according to the EUSAAR_2 protocol

Stage / gas flow  Temperature (°C) Time (s)
He 200 120
He 300 150
He 450 180
He 650 180
He/O; 500 120
He/O» 550 120
He/O» 700 80
He/O; 850 70

According to the European Commission JRC report (2009), the thermo-optical
method based on the EUSAAR 2 protocol fulfills the requirements for OC and EC
monitoring in the PMz 5 fraction in Europe. The validation parameters determined for this
measurement are presented in Table 13. OC/EC data obtained with the described thermo-

optical method for collected field samples are presented in Table 14.

Table 13: Validation parameters determined by Eusaar 2 protocol for OC/EC
measurements

Elemental carbon (EC) Organic carbon (OC)
| 50))) LOQ . | 90))) | 5(0]0) .
Uncertain Uncertain
(ngem?)  (pgem?) Y (ugem?)  (ugem?) i
0.1 0.1 5% 0.32 0.64 5%
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Table 14: Organic carbon (OC) and elemental carbon (EC) concentrations (ug cm™)
obtained for the collected ambient aerosol samples

Sample name OC (ug cm) EC (ug cm?) ﬁ
Godow _1 246 +14 40+04 0.86
Godow 2 322+1.8 6.8+0.5 0.82
Godow 3 38.7+2.1 48+04 0.89
Godow 4 38.7+£2.1 5.7+0.5 0.87
Godow_5 33.1+1.9 49+04 0.87

BO17 12.4+0.8 0.5+0.2 0.96
BO18 12.0+0.8 0.4+0.2 0.96
BO19 122 +0.8 0.5+0.2 0.96
B020 9.8+0.7 0.5+0.2 0.95
B021 10.5+0.7 0.4+0.2 0.96
L022 145+0.9 0.8+0.2 0.94
L023 155+1.0 09+0.2 0.95
L024 16.5+1.0 0.3+0.2 0.98
L025 10.2+0.7 0.6+0.2 0.94
L026 8.7+£0.6 0.6+0.2 0.93
K8043 146 +£0.9 1.7+£0.2 0.89
K8044 12.3+0.8 21+03 0.85
K8045 9.2+0.7 0.9+0.2 0.91
K8046 20.0+£1.2 12.1+£0.8 0.62
K8047 124 +£0.8 1.4+0.3 0.90
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2.1.4 Analysis of air mass back trajectories

For all sampling events, the back-trajectories of air masses at the sampling sites
were estimated with the HYSPLIT model (Stein et al., 2015, Ralph et al., 2017), available
on-line at the NOAA Air Resources Laboratory, USA website. The back trajectories were
calculated for 24 h period preceding each sampling event. The calculations started in
the first hour of the aerosol collection on the filter (7:00 AM). The flow of air masses was
modeled at 50 m and 200 m heights above the ground level, respectively. The results are

presented in Chapter 3.4.2 (Figs. 46 —49).

2.1.5 Sample preparation

For the initial analyses, two 1 cm? punches were taken from each filter and
extracted twice for 30 min with 15 mL aliquots of methanol using a Multi-Orbital Shaker
(PSU-20i, BioSan). High-purity methanol (LC-MS Chromasolv grade, Sigma-Aldrich,
PL) was used for the extraction, reconstitution of aerosol extracts, and preparation of
the LC mobile phase. The two extracts were combined and preconcentrated to 1 mL using
a rotary evaporator operated at 28°C and 150 mbar (Rotavapor® R215, Biichi). The
preconcentrated extract was filtered with a 0.2 um PTFE syringe filter and evaporated to
dryness under a gentle stream of nitrogen. High-purity water (resistivity 18.2 MQ cm)
from a Milli-Q Advantage water purification system (Merck, Poland) was used for the
reconstitution of aerosol extracts and preparation of the LC mobile phases. The residues
were reconstituted with 180 pL of 1:1 (v/v) high-purity methanol/water mixture
and agitated for 1 minute. The sample preparation was optimized during the work:

a) the number of punches selected for the extraction were taken according to the

amount of OC/EC measured (more punches for lower OC values),
b) the extraction with Multi-Orbital Shaker was optimized to 60 min with 15 mL
aliquots of methanol, which increased the extraction efficiency of detected
SOA components (qualitative data presented in the Appendix, Table A1),

c) reconstitution technique of dried SOA extracts was optimized according to
Spolnik et al. (2018) by using Milli-Q water only.

Moreover, sample injection repeatability in UPLC-MS analyses was investigated.
Table 15 shows the qualitative results of injection repeatability obtained for selected main
isoprene SOA components found in Godow aerosol extract. Table A2 in the Appendix
shows the qualitative results of injection repeatability obtained for selected surrogate

and authentic standard compounds. Based on data obtained it is worth to note,
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that duplicated injctions of the same sample volume onto the chromatographic column

can generate an error within the range up to 12%.

Table 15: Qualitative comparison of main isoprene SOA components from Godow
ambient aerosol sample (injection repeatability)

L . . I.’eak Are.a . . Average Peak Area
(MW) Inj.1 Inj.2 Inj.3 Inj.4 Inj.5 Inj.6
200 213 231 226 223 235 274 234 +21
212 1149 1201 1110 1188 1143 1156 1158 + 33
214 135 145 140 139 144 139 140 + 4
216 479 504 473 547 476 474 492 £ 29

During the work the homogeneity test of the ambient aerosol filter was also
conducted. The qualitative results obtained for selected tracers of isoprene SOA detected
in ambient aerosol extracts from various parts of quartz-fiber filter are presented in

Table 16.

Table 16: Qualitative comparison of average peak area of isoprene SOA components
from four various parts of Zielonka filter surface (top, center, right side, left side;
homogeneity test)

Organosulfate ?;:::‘sgsflzﬁil;ﬁ:i; Average Peak Area
(MW) Top Center Right Left (the whole filter)
200 88 107 94 95 96 + 8
212 117 148 111 128 126 £ 16
214 142 157 136 171 15216
216 435 479 418 408 435+ 31

Based on the homogeneity test, I could carefully assumed that the mass
and composition distribution across the filters were homogeneous so that the rectangular
punches taken for further UPLC-MS analyses were representative for the whole filter.
The scheme of punches taken from different parts of the filter for the homogeinity test
was presented in the Appendix (Scheme A1). Moreover, Przadka et al. (2012) conducted
gravimetric analyses of the mass deposited on a filter surface. The results revealed that
the deposition is homogenous. The authors showed that the uniformity coefficient values
for rectangular punches (1.5 cm?) depended slightly on their location relative to the filter

center. The smallest values of the uniformity coefficient for rectangular punches were
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obtained for fraction PMzs (about 0.4%). The coefficient value increased slightly as
the distance from the filter center increased, but this dependence was not unambiguous.
Moreover, Widziewicz et al. (2015) determined metals distribution on the quartz-fiber
filters surface coated with PM. The authors assumed that the distribution is uniform when
the concentration from a single punch is within +15% of the avearge concentration over
the whole filter. The authors did not observe statistically significant differences in metals
concentrations between particular punches taken from different parts of the filter.
Performed for this thesis qualitative UPLC-ESI-HRMS analyses of rectangular punches
with PM; s ambient aerosol taken from different parts of the filter confirmed the findings
of Przadka et al. (2012) and Widziewicz et al. (2015) on the homogenous deposition of

aerosol particles on the filter surface.

2.1.6 Preparation of standard solutions and calibration curves for LC-MS analyses

Standard compounds for UPLC-MS analyses were purchased from Sigma
Aldrich, PL at highest available purity: DL-tartaric acid (99%), D-threono-lactone
(>95%), tartronic acid (>97%), DL-malic acid (>99%) and sodium 1-pentyl sulfate
(99%). 0.1 mgmL"! stock solutions of standard compounds were prepared for
the quantitative analyses. The calibration curves were made over wide ranges of
concentrations for the surrogate standard (sodium 1-pentyl sulfate) and authentic
standards (tartronic acid, D-threonic acid, DL-tartaric acid, 3-methyl threonic acid,
malic acid; Figures 13 and 14). The obtained data points (for at least four points) were
within the linear range with a linear fit. Moreover, the SOA compounds detected were
also within the range of a given calibration curve. The injection volumes of analyzed SOA

extracts and standard solutions were the same.

A) B)

Figure 13. Calibration curves of the surrogate standard — pentyl sulfate — with linear
correlation equations and R’ factors over two concentration ranges
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A) B)

) D)

E)

Figure 14. Calibration curves of authentic standard compounds — A) tartronic acid, B)
tartaric acid, C) threonic acid, and D) 3-methyl threonic acid, E) malic acid, with linear
correlation equations and R factors

As  mentioned  previously, organosulfates,  nitrooxy-organosulfates
and nitrosooxy-organosulfates were quantified based on a surrogate standard — sodium
l-pentyl sulfate, for which the recovery was determined. For the quantification
of hydroxy acids of ISO and 13BD SOA, the recovery of authentic standards — tartronic
acid, DL-tartaric acid, D-threonic acid, malic acid, and 3-methyl threonic acid was
determined. Mean values are presented in Table 17. Moreover, LOD (Limit of Detection)
and LOQ (Limit of Quantitation) levels were determined based on equations 4 and 5

presented below:
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3.3xSD

LOD = (ng mL") 4)
10xSD
a

LOQ =

(ng mL™) )

where SD is a Standard Deviation of the standard compound at the lowest concentration

obtained, and a is the slope of the calibration curve with linear fit: y = ax £ b.

Table 17. Retention times, recoveries and LOD, LOQ levels determined for the selected
surrogate and authentic standards

Compound Retention time Mean recovery LOD LOQ
P (min) (%) (gmL')  (ngmL")
pentyl sulfate 5.94 82.1+34 14.7 44.7
3-methyl 0.81 847442 6.7 202
threonic acid
DL-tartaric acid 0.81 85.4+9.1 254 77.0
D-threonic acid 0.87 60.1 +£8.1 40.0 121.3
tartronic acid 0.82 89.0+ 9.7 46.4 140.7
malic acid 0.82 85.8+7.8 15.3 46.3

2.1.7 Qualitative UPLC-MS analyses

Qualitative analyses of SOA extracts were performed using two different
UPLC-MS systems.

First, the extracts were analyzed by UPLC-ESI-QTOF-HRMS (ultrahigh-
performance liquid chromatography-electrospray ionization (ESI)-quadruple time-of-
flight high-resolution mass spectrometry) set consisting of a Waters Acquity UPLC
I-Class chromatograph coupled to a Waters Synapt G2-S high-resolution mass
spectrometer. The chromatographic separations were done using an Acquity HSS T3
column (2.1 mm i.d. x 100 mm, 1.8 um particle size) at room temperature. The mobile
phases consisted of 10 mM ammonium acetate (eluent A) and methanol (eluent B).
To obtain appropriate chromatographic separations and responses, a 13 minutes gradient
elution program was used. The chromatographic run commenced with 100% eluent A for
the first 3 min. Eluent B increased from 0% to 100% from 3 to 8 min, held constant
at 100% from 8 to 10 min, and then decreased from 100% to 0% from 10 to 13 min.
The initial and final flow was 0.35 mL min’!, while the flow from 3 to 10 min was
0.25 mL min!. The injection volume was 0.5-1 pL or 1-5 pL for the survey scans or

MS/MS fragmentation, respectively. The Synapt G2-S spectrometer equipped with
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an ESI source operated in the negative-ion mode. Optimal ESI source conditions were
3 kV capillary voltage with a 20 V sampling cone and full-width-at-half-maximum mass-
resolving power of 20,000. High-resolution mass spectra were recorded from m/z 50
to 600 in the MS or MS/MS modes. All data were recorded and analyzed with the Waters
MassLynx V4.1 software package. During the analyses, the mass spectrometer was
continuously calibrated by injecting the reference compound, leucine encephalin, directly
into the ESI source.

In addition, UPLC-ESI-MS qualitative analyses were done with a Dionex
UltiMate 3000 RSLC system (Thermo Fisher Scientific) coupled to an Orbitrap Fusion
Tribrid mass spectrometer (Thermo Fisher Scientific) equipped with a heated electrospray
ionization source (HESI). Compounds were separated with the same Acquity UPLC HSS
T3 column at 40°C. Water with 10 mM ammonium formate and methanol with 10 mM
ammonium formate were used as solvents A and B, respectively. Samples were loaded
directly onto the analytical column at the flow rate of 0.3 mL min™' of 100% solvent A.
The injection volume was 1 pL or 20 pL for the survey scans or scans with MS/MS
fragmentation, respectively. The compounds were eluted from the column at the flow rate
of 0.3 mL min™! with the following linear gradient: 0 min — 100% A, 3 min — 100% A,
6 min — 100% B, 9 min — 100% B, and 12 min — 100%. The eluted compounds were
ionized in the HESI source, in the negative ion mode with a capillary voltage of 2.5 kV.
The ion source working parameters optimized on the total ion current (TIC) values were:
sheath gas flow — 35 L min™!, auxiliary gas flow — 10 L min™', ion transfer tube temperature
—325°C, and vaporizer temperature — 275°C. Nitrogen was used as sheath and auxiliary
gas. Survey scans were recorded with the Orbitrap mass analyzer at a resolving power of
60,000 in the m/z range of 50 — 300. From each survey scan, the most abundant singly
charged ions were fragmented by higher energy collision-induced dissociation (HCD).
The cycle time was 3 s. The product ions were analyzed with the Orbitrap analyzer
at a resolving power of 15,000. After fragmentation, the masses were excluded for
30 seconds from further fragmentation. Collision energy values were optimized to obtain
appropriate fragmentations of studied compounds. Survey scans and MS/MS spectra were

evaluated manually using Xcalibur 3.0 (Thermo Fisher Scientific).

2.1.8 Quantitative UPLC-MS analyses

The UPLC-ESI-MS/MS quantitative analyses were performed with a 1200
Infinity system coupled with 6540 UHD Accurate-Mass Q-TOF spectrometer
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(Agilent Technologies) equipped with an electrospray ionization source (ESI).
Compounds were separated with the Acquity UPLC HSS T3 column at 40°C. The mobile
phases used for qualitative analyses were: water with 10 mM ammonium formate (solvent
A) and methanol with 10 mM ammonium formate (solvent B). The samples were loaded
directly onto the analytical column at the flow rate of 0.3 mL min™' of 100% solvent A.
The injection volume was 2 pL or 8 pL. for the survey scans or scans with MS/MS
fragmentation, respectively. The compounds were eluted from the column at the flow rate
of 0.3 mL min™' with the same linear gradient as for qualitative analyses conducted with
the Dionex system (see Chapter 2.1.6). The eluted compounds were ionized in
the negative ion mode with a capillary voltage of 2.5 kV in the ESI source. The ion source
working parameters optimized for the total ion current (TIC) values were: drying gas flow
—5 L min’!, gas temperature — 150°C, and sheath gas temperature — 150°C. Nitrogen was
used as sheath and drying gas. Survey scans were recorded with the Q-TOF mass analyzer
at a resolving power of 20,000 in the m/z range of 50 — 500. MS/MS spectra were recorded
in cycle time 3 s. Collision energy values were optimized to obtain good fragmentation
of the studied compounds. Survey scans and MS/MS spectra were evaluated manually
using MassHunter software (Agilent Technologies). All calculations were performed for

deprotonated ions.

2.2 Synthesis of authentic standards

This work is concerned with the formation of highly oxygenated acids, which are
considered tracers of aged isoprene and 1,3-butadiene SOA. The syntheses of those
compounds were carried out to confirm the structures and determine the concentrations
of tentatively identified components of ambient aerosol samples.

To confirm chemical structures of synthesized compounds, 'H and '*C NMR
spectra were acquired with a Bruker 400 MHz instrument equipped with a broadband
probe. The chemical shifts were given in ppm, relative to tetramethylsilane (TMS). The
spectra were calibrated for the shift of deuterium oxide (D20O) used as the solvent, where
the proton shift was 4.80 ppm. The coupling constants (J) were provided in Hz using
the following abbreviations to denote multiplicity: s = singlet, d = doublet, dd = doublet
doublet. Moreover, the structures of synthesized compounds were confirmed with the
low-resolution ESI(-) mass spectra obtained with API 3000 triple-quadrupole mass

spectrometer.

63

http://rcin.org.pl



2.2.1 Isoprene SOA

The syntheses of potassium 2,3,4-trihydroxy-2-methylbutanoate and potassium
2,3,4-trihydroxy-3-methylbutanoate shown in Scheme S were carried out in a two-stage
process. The first step involved cis-dihydroxylation of 4-methyl-2(5H)-furanone or
3-methyl-2(5H)-furanone (TCI Chemicals, >97% purity), respectively, leading to
the corresponding lactone cis-diols (Scheme S5A), whereas a second step was
the hydrolysis of resultant lactone cis-diols under alkaline conditions (Scheme 5B;
Pederson at al. (2009). The synthesis of 2,3-dihydroxy-2-methyl-succinic acid was a one-
step reaction involving 2-methylmaleic acid (Sigma Aldrich, 98% purity) followed by
cis-dihydroxylation of the C=C bond (Scheme 6).

A)

B)

Scheme 5. The reaction protocol developed for synthesizing potassium 2,3,4-trihydroxy-
2-methylbutanoate (2-methylthreonic acid) and potassium 2,3,4-trihydroxy-3-methyl-
butanoate (3-methylthreonic acid)

Scheme 6. The reaction protocol used for synthesizing 2,3-dihydroxy-2-methyl-succinic
acid (2-methyltartaric acid).

Cis-dihydroxylation reaction was performed according to the method
of Fattorusso et al. (2011) with minor modifications. Potassium osmate dihydrate was
added to a solution of the corresponding alkene (5.1 mmol), NMO (1.1 g, 10.5 mmol),
and citric acid (2.0 g, 10.5 mmol) in tert~-BuOH:H>O mixture (20 mL) and stirred
overnight at room temperature. Then the reaction solution was diluted with saturated
aqueous NaxSO3 (15mL) and stirred vigorously for 1 hour. The fert-BuOH was
evaporated, and aqueous layers were extracted with diethyl ether (5 x 15 ml), dried over
anhydrous magnesium sulfate, and evaporated in vacuo. The residue was purified by flash

column chromatography on silica gel 60 (approx. 17 g). The chromatographic conditions
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and analytical data for the structural characterization of all synthesized products are
provided below.

Dihydro-3,4-dihydroxy-4-methylfuran-2-one was isolated after dihydroxylation
of 4-methyl-2(5H)-furanone as a yellowish oil (0.53 g, 3.6 mmol, 60%) after
chromatography on silica gel (DCM/MeOH, 95:5 — 9:1).

"H NMR (400 MHz. D>0) § 4.42 (s. 1H), 4.26 (s. 2H), 1.38 (s. 3H); *C NMR (101 MHz,
D»0) 6 178.71, 76.15, 75.19, 73.50, 19.74.

Dihydro-3,4-dihydroxy-3-methylfuran-2-one was isolated after dihydroxylation
of 3-methyl-2(5H)-furanone as a colorless dense oil (0.56 g, 3.8 mmol, 75%) after
chromatography on silica gel (DCM/MeOH, 95:5 — 9:1).

'"H NMR (400 MHz, D,0) § 4.54 (dd. J = 10.9, 3.7 Hz, 1H), 4.28 (d. J = 0.6 Hz. 1H),
4.19 (s. 1H), 1.41 (s. 3H); '3C NMR (101 MHz, D>0) & 180.79, 74.15, 73.17, 73.07,
20.40.

"H NMR spectra of synthesized dihydro-3,4-dihydroxy-4-methyl-2(3H)-furanone
and dihydro-3,4-dihydroxy-3-methyl-2(3H)-furanone are presented in the Appendix
(Figs. A1-A2), and the low-resolution ESI(-) product ion mass spectra are shown
in Figs. A4-AS.

The isolated dihydroxylactones (Scheme 5B) (10 mg, 0.075 mmol) were
dissolved separately in H>O (1 mL), after which KOH (4.2 mg, 0.075 mmol) was added,
and the suspension was stirred for 10 min at ambient temperature (Pedersen et al., 2009).

HRMS for potassium 2,3,4-trihydroxy-2-methylbutanoate, m/z calculated for
CsHoOs™, [M-H]: 149.0450 Da. Found 149.0454 Da. HRMS for potassium 2,3,4-
trihydroxy-3-methylbutanoate, m/z calculated for CsHoOs, [M-H]: 149.0450 Da.
Found 149.0454 Da.

The synthesis of 2,3-dihydroxy-2-methyl-succinic acid was performed according
to the dihydroxylation protocol described above. The final compound was isolated as
acolorless oil (0.42 g, 2.8 mmol, 55%) after chromatography on silica gel (RP-18,
MeOH/H0, 5:95).

'"H NMR (400 MHz, D,0)  4.50 (s. 1H), 3.00 — 2.79 (dd. 2H), 1.47 (s. 3H), HRMS for
2,3-dihydroxy-2-methyl-succinic acid, m/z calculated for CsH7Os ", [M-H]: 163.0243 Da.
Found 163.0246 Da.

'"H NMR spectrum of 2,3-dihydroxy-2-methyl-succinic acid is presented in

the Appendix (Fig. A3).
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2.2.2 Butadiene SOA

D-threono-lactone (Sigma Aldrich, purity >95%) was subjected to alkaline
hydrolysis described in Chapter 2.2.1 (Scheme 5B). The compound was dissolved in H,O
(1 mL), whereupon KOH (4.2 mg, 0.075 mmol) was added, and the suspension was stirred
for 10 min at ambient temperature to obtain potassium 2,3,4-trihydroxybutanoic acid
(threonic acid). HRMS for potassium 2,3,4-trihydroxybutanoic acid, m/z calculated for
C4H7057, [M-H]: 135.0293 Da. Found 135.0294 Da.
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3. Results

The studies carried out and presented in my Ph.D. dissertation can be divided into five
stages:

1) investigation of the chemical composition of aerosol produced in the smog-

chamber experiments from two precursors — isoprene and 1,3-butadiene — carried
out in the laboratories of the Environmental Protection Agency (EPA) in the U.S.
(Chapter 3.1);

2) determination of the influence of relative humidity and acidity on the formation
of detected ISO and 13BD SOA components (Chapter 3.2);

3) comparison of smog-chamber results with ambient aerosol samples collected in
rural and polluted sites in Poland (Chapter 3.3);

4) proposal of molecular structures for detected novel SOA components based on
product ion mass spectra and high-resolution MS measurements (when authentic
standards were unavailable), and confirmation of other compounds (hydroxy
acids) with commercially available or synthesized standards (Chapter 3.3);

5) quantification of significant and novel components of isoprene and butadiene
SOA in field samples with reference to smog-chamber results on the influence of
RH and acidity on SOA formation in the atmosphere (Chapter 3.4).

Revealing ISO and 13BD SOA composition under laboratory conditions enabled
the firm identification of the complex composition of ambient aerosol. Moreover,
the results presented may fill the gaps in understanding of chemical transformations of
isoprene and butadiene in the atmosphere and the formation of secondary organic aerosol

from those precursors.

3.1 Smog-chamber samples

3.1.1 Identification of isoprene and butadiene SOA components

In this chapter I described ISO and 13BD SOA-bound components selected for
further consideration. All structures proposed for detected OSs, NOSs and NSOSs from
isoprene and 1,3-butadiene are tentative (Tables 18 and 19). Some isoprene SOA
components were previously reported in the references listed. The proposed structures of
newly identified organosulfates, nitrooxy- and nitrosooxy-organosulfates were based on
a detailled interpretation of product ion mass spectra, which were obtained from high-
resolution UPLC-MS measurements. These compounds had reasonable ionization

efficiencies for deprotonated pseudomolecular ions ([M—H]"). In the recorded product
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ion mass spectra, the diagnostic ions, such as bisulfate anions (HSO4 ", m/z 97), bisulfite
anions (HSO3™, m/z 81), and sulfate radical anions (SO3™, m/z 80 and SO4™", m/z 96) have
been observed. The structural elucidation of newly identified compounds was performed
based on accurate mass measurements and the following assumptions:

a) most of the studied compounds retain the same carbon backbone of isoprene
or butane;

b) the presence of the abundant bisulfate ion with m/z 97 (HSOs) indicates
the presence of a hydrogen atom at the carbon atom next to the one bearing
HO-S0,-O- group (Attygalle et al., 2001). However, there are some exceptions to
that rule (see the detailed descriptions of fragmentation pathways proposed);

c) when assumption (b) is not fulfilled, the elimination of sulfur trioxide (SO3)
molecule from the precursor ion [M-H] is likely to occur (Szmigielski, 2013);

d) elimination of the HNO; and HNO3 molecules from the precursor ion indicates
the presence of the nitrous (-ONO) and nitric (-ONQOy) esters, respectively.
A B-hydrogen must be present to enable -elimination;

e) bisulfate ions (HSO4, m/z 97) and sulfate radical ions (SOs3™, m/z 80; SO4™,

m/z 96) were detected for studied compounds.
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Table 18: Organosulfates and other components detected in ISO SOA smog-chamber
experiments

Molecular structure,

chemical name, acronym, References
and molecular weight (g mol™)

, OH

O
HO

OH OH Nestorowicz et al., 2018; Jaoui et al., 2019

2-methylthreonic acid
(2-MTrA)*
MW 150 Da

., OHO

HO
OH

O OH Nestorowicz et al., 2018; Jaoui et al., 2019
2-methyltartaric acid
(2-MTA)
MW 164 Da
Cl) OH

0SO;H
Tao et al., 2014

IEPOX-derived organosulfate
MW 198 Da

HO HO,SQ
I OSO,H | OH
o] 0

Riva et al., 2016b
Cs-alkene triols organosulfate
MW 198 Da
OH
HO OSO;H
%Q/ Surratt et al., 2007a; Gomez-Gonzalez et al.,
o) 2008; Lin et al., 2013; Schindelka et al., 2013;

2-methylglyceric acid organosulfate Shalamzari et al., 2013; Hettiyadura et al., 2015;
(2-MG 0S)* Nestorowicz et al., 2018; Chen et al., 2020
MW 200 Da

% OSO,H Hoss(}ﬁo H
0o 0= g
2(3H)-furanone, dihydro-3,4-dihydroxy-3-methyl

organosulfate )
MW 212 Da Hettiyadura et al., 2015;

HO,SO OSO,H Nestorowicz et al., 2018; Spolnik et al., 2018,

OH HO,
ﬁ ﬁ Chen et al, 2020; Wach et al., 2020
O o (0= 0

2(3H)-furanone, dihydro-3,4-dihydroxy-4-methyl
organosulfate
MW 212 Da

HO OSO;H  HO,S OH
Ho/tg HO—\g Hettiyadura et al., 2015;

Nestorowicz et al., 2018; Spolnik et al., 2018;
2,3,4-furantriol, tetrahydro-3-methyl Chen et al., 2020
organosulfate
MW 214 Da
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HOHOSOE,H HOsS%«H

HO o HO o

2,3 4-furantriol, tetrahydro-4-methyl
organosulfate

MW 214 Da

Hettiyadura et al., 2015;
Nestorowicz et al., 2018; Spolnik et al., 2018;
Chen et al., 2020

% OH
HO :

OSO;H
2-methylthreitol organosulfate
(2-MT OS)*

MW 216 Da

% OH
HO__

0SO,H
2-methylerythritol organosulfate

(2-MT OS)*

MW 216 Da

Surratt et al., 2007a, 2008, 2010;
Gomez-Gonzalez et al., 2008;
Riva et al., 2016b; Nestorowicz et al, 2018;
Spolnik et al., 2018

OH

Lo
HO,SO

OH OH
2-methylthreonic acid organosulfate
(2-MTrA OS)*

MW 230 Da

Nestorowicz et al., 2018

., OH (‘3
H O\’/"S/J\ OH
O OsoH
2-methyltartaric acid organosulfate
(2-MTA OS)*
MW 244 Da

Nestorowicz et al., 2018

OH

HO\K/\ONO

OSOsH
2-methyltetrol nitrosooxy-organosulfate
(2-MT NSOS)*

MW 245 Da

Nestorowicz et al., 2018

OH

HO\XAONO

OSOzH
2-methyltetrol nitrooxy-organosulfate
(2-MT NOS)*

MW 261 Da

2

Surratt et al., 2007a, 2008;
Gomez-Gonzalez et al., 2008;
Nestorowicz et al., 2018

OH

HO_
WONOZ
o)

OSOzH

2-methylthreonic acid nitrooxy-organosulfate

(2-MTrA NOS)*
MW 275 Da

Nestorowicz et al., 2018

* one representative isomer was shown
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Table 19: Organosulfates and other components detected in 13BD SOA smog-chamber
experiments

Molecular structures,

chemical names, References
and molecular weights (g mol™)

o o0
H OMO H
OH
tartronic acid

(TrtA)
MW 120 Da

(0]
HO
Y or
O OH

Jaoui, Nestorowicz et al., 2023, submitted

Jaoui et al., 2014;

malic acid Jaoui, Nestorowicz et al., 2023, submitted
(MA)
MW 134 Da
OH O
oy o
OH OH Angove et al., 2006; Jaoui et al., 2014;

. . Jaoui, Nestorowicz et al., 2023, submitted
threonic acid

(TrA)
MW 136 Da

OH O
HO
MO H
O OH
tartaric acid

(TA)
MW 150 Da

0OSO4H
L
o]

2-butanone, 1,4-dihydroxy- organosulfate
MW 184 Da

OH
HO3SO\/S(O H
(0]

glyceric acid organosulfate

MW 186 Da
HO_  OSOzH

Jaoui et al., 2014;
Jaoui, Nestorowicz et al., 2023, submitted

Jaoui, Nestorowicz et al., 2023, submitted

Jaoui, Nestorowicz et al., 2023, submitted

0™ ™o Jaoui, Nestorowicz et al., 2023, submitted
2(3H)-furanone, dihydro-3,4-dihydroxy- organosulfate*
MW 198 Da
OH

y oA,HVOSO“'
o Jaoui, Nestorowicz et al., 2023, submitted

2-butanone, 1,3,4-trihydroxy- organosulfate*

MW 200 Da
OH OSOH

OH OH Jaoui, Nestorowicz et al., 2023, submitted

1,2,3,4-butanetetrol organosulfate*
MW 202 Da

71

http://rcin.org.pl



HO

.

OH
O  OSOsH
malic acid organosulfate
(MA OS)
MW 214 Da

Jaoui, Nestorowicz et al., 2023, submitted

OH OSO4H
HO

R

O OH Jaoui, Nestorowicz et al., 2023, submitted
threonic acid organosulfate

(TrA OS)*
MW 216 Da

OH OSO3H
ONO

o

Jaoui, Nestorowicz et al., 2023, submitted

1,2,3,4-butanetetrol nitrosooxy-organosulfate*
MW 231 Da

OH OSOzH
0,NO

¢

OH Jaoui, Nestorowicz et al., 2023, submitted

1,2,3,4-butanetetrol nitrooxy-organosulfate*
MW 247 Da

OH ONO,
HO

<

(6] OSO3H

threonic acid nitrooxy-organosulfate
(TrA NOS)*
MW 261 Da

Jaoui, Nestorowicz et al., 2023, submitted

* one representative isomer was shown

The chemical structures proposed for highly oxygenated acids in ISO and 13BD
SOA were based on a detailed interpretation of product ion mass spectra and confirmed
against appropriate synthesized and/or purchased standard compounds.

Components of ISO and 13BD SOA shown in Tables 18 and 19 were selected for
further consideration. The compounds with the butadiene or isoprene skeleton were
identified and characterized in the smog-chamber experiments at various relative
humidity conditions. Chapter 3.2 contains the detailed analysis of the influence of RH

and acidity on the formation of selected ISO and 13BD SOA components.

3.2 Influence of relative humidity and acidity on isoprene and butadiene SOA
formation
3.2.1 Isoprene SOA

Atmospheric organosulfates formed from various precursors are important fine
aerosol-bound components (Surratt et al., 2008; Froyd et al. 2010; Stone et al., 2012;
Tolocka and Turpin, 2012). The most common OSs originated from the oxidation of ISO

and were identified both in smog chamber and field samples. For many of those polar
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oxygenated compounds, chemical structures, fragmentation pathways and formation
mechanisms have been tentatively proposed. The commonly detected of ISO SOA
components had the MWs of: 154, 156, 184, 198, 200, 212, 214, 216, 260, 334, and were
linked to the transformations of ISO oxidation products, such as IEPOX, methacrolein
(MACR) and methyl vinyl ketone (MVK), (Surratt et al., 2007b, 2008, 2010;
Gomez-Gonzalez et al.,, 2008; Kristensen et al., 2011; Zhang et al., 2011;
Shalamzari et al., 2013; Schindelka et al., 2013; Nguyen et al., 2014; Hettiyadura et al.,
2015; Riva et al., 2016a). The mechanisms of 2-methyltetrol OSs formation in
the presence of acidic or non-acidic aerosol seeds were proposed by Kleindienst et al.
(2006) and Riva et al. (2016a,b), respectively. Whereas Kleindienst et al. (2006)
suggested the formation of highly oxygenated products through OH radical oxidation in
the presence of NOx and SO», Riva et al. (2016a,b) proposed a route via acid-catalyzed
oxidation by organic peroxides. Isoprene-derived OSs were also formed in the aqueous-
phase through the photooxidation or dark reactions of ISO in aqueous solutions
containing sulfate and sulfite moieties (Rudzinski et al., 2004, 2009; Noziere et al., 2010).
A detailed mechanism of this transformation has been tentatively proposed based on chain
reactions propagated by sulfate and sulfite radical anions (Rudzinski et al., 2009)
and confirmed by further mass spectrometric studies (Szmigielski, 2016). The acid-
catalyzed formation of ISO SOA components was also suggested in aqueous phase
oxidation of isoprene with H>O (Claeys et al., 2004b).

Figures 15 and 16 compare ISO SOA components from acidic and non-acidic
smog-chamber experiments under various RH conditions determined using semi-
quantitative UPLC-MS measurements. The quantitative responses were based on
a comparison with selected surrogate standard with the chemical structure (sodium
1-pentyl sulfate) closest to the compound identified. Due to high NOx concentration in
smog-chamber experiments, the main compound detected was 2-methyltetrol nitrooxy-
organosulfate (MW 261). However, 2-methylthreitol and 2-methylerythritol
organosulfates (MW 216) and nitrosooxy-organosulfates (MW 245), together with
2(3H)-furanone, dihydro-3,4-dihydroxy-methyl OSs (MW 212), were also the major
components. Those compounds can derive from acid-catalyzed multiphase chemistry of
IEPOX. Their maximal estimated concentrations in acidic seed experiment under low-RH
conditions at 8% exceeded 5000, 1800, 800 and 500 ngm™>, respectively (Fig. 15).
Less abundant products were: methylglyceric acid OS (MW 200), which forms
via MAE/HMML (methacrylic acid epoxide/hydroxymethyl-methyl-a-lactone;
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Surratt et al., 2010; Lin et al., 2012, 2013; Nguyen et al., 2015), and novel methylthreonic
acid OS (MW 230) and NOS (MW 275). In acidic seed experiments, the increased RH
resulted in decreased yields of ISO SOA products. Few compounds were less
RH-dependent, e.g. methylthreonic acid OS and NOS (MW 230; MW 275) and
2-methylglyceric acid OS (MW 200). Consequently, total secondary organic carbon
(SOC) decreased with increasing RH level (Table 6A). The formation of ISO-derived
organosulfates was enhanced under acidic conditions (Surratt et al., 2007 a,b, 2010;

Gomez-Gonzalez et al., 2008; Jaoui et al., 2010; Zhang et al., 2011).

Figure 15. Concentrations of OS and NOS products from the ISO acidic seed experiments
determined using UPLC-MS (ER662; the numerical values are listed in table A3 in the
Appendix).

Among compounds detected in non-acidic seed experiments (Fig. 16), the main
product was 2-methyltetrol nitrooxy-organosulfate (MW 261). However, 2-methyl-
threitol and 2-methylerythritol organosulfates (MW 216), together with 2,3,4-furantriol,
tetrahydro-methyl organosulfate (MW 214) were also the major components.
The maximal estimated product concentrations in non-acidic seed experiments under
low-RH conditions at 8% exceeded 390, 190, and 50 ngm™>, respectively (Fig. 16).
The concentrations of those compounds were approximately 10-fold lower, than in acidic
experiments. A less abundant product was methylglyceric acid organosulfate (MW 200).
Moreover, 2(3H)-furanone, dihydro-3,4-dihydroxy-methyl OSs (MW 212)
and 2-methyltetrol nitrosooxy-organosulfates (MW 245) were found solely at the lowest
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RH of 9%. Methylthreonic acid OS (MW 230) was detected in both sets of experiments,
however only in trace amounts in non-acidic seeds experiments. 2-Methyltartaric acid OS
(MW 244) was detected in both sets of experiments in trace amounts below or at the LOD,
hence it was not shown in Figs. 15 and 16. In most cases, increasing the relative humidity
resulted in decreased yields of the ISO products detected, although some compounds were
observed at a similar concentrations (i.e., MGA OS and IEPOX-derived OS).
Organosulfates have been formed in non-acidic experiments, probably through radical-
initiated reactions in wet aerosol particles containing sulfate moieties
(Noziere et al., 2010; Perri et al., 2010), hence OSs, NOSs and NSOSs detected could
have been formed via such mechanism. The influence of RH on the product yields was
mild, but noticeable. Therefore, the results obtained are not consistent with earlier studies
of Dommen et al. (2006) and Nguyen et al. (2011), who revealed no effect of RH level

on SOA formation in photooxidation of isoprene in the absence of sulfate aerosol seeds.

Figure 16. Concentrations of OS and NOS products from the ISO non-acidic seed

experiments determined using UPLC-MS (ER667; the numerical values are listed in table
A4 in the Appendix)

The effect of RH on the formation of many isoprene SOA components cannot be
easily predicted, although, the concentrations of the majority of compounds containing
sulfate moieties decrease with increasing RH level under both, acidic and non-acidic
conditions. Early smog chamber studies on ISO ozonolysis (Jang et al., 2002;

Czoschke et al., 2003) showed enhanced SOA yields in the presence of acidic aerosol
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seeds. Recent smog chamber results revealed that the acidity of aerosol seeds is crucial
in the reactive uptake of isoprene oxidation products by particle phases
(Paulot et al., 2009; Surratt et al., 2010; Lin et al., 2012; Gaston et al., 2014 a,b;
Riedel et al., 2015). In the smog-chamber experiments, secondary organic carbon (SOC)
produced under acidic conditions was higher, compared to non-acidic conditions under
corresponding RH levels. That difference decreased to a negligible value at the highest
RH level (Tables 6 A-B; 7 A-B). The formation of the individual organic compounds
detected usually followed the same pattern. The amounts of most OSs, NOSs and NSOSs
produced in acidic experiments were the highest at the lowest RH level and decreased
with increasing RH. The effect of relative humidity on ISO SOA formation was
pronounced for acidic seed aerosol, and mild for non-acidic seed aerosol. It is likely that
H>SO4 favors ISO SOA formation.

Figure 17 shows the concentrations of methylthreonic acids (MTrA; MW 150)
and methyltartaric acid (MTA; MW 164) obtained in smog-chamber experiments.
The greatest amounts of MTrA and MTA were found under non-acidic conditions
at RH 19%: 35 and 8 ngm, respectively. The presence of methyltartaric acid was not
confirmed in acidic-seed experiments, and methythreonic acids were not detected in
acidic-seed experiment at the highest RH. Therefore, high RH and high acidity conditions
together with high NOx may hinder the formation of those compounds. The increase of
relative humidity in non-acidic seed experiments did not affect the formation of MTA,
which remained at the same concentration level, whereas the effect on MTrA formation

was modest.

A) B)

Figure 17. Concentrations of organic acids (HOM tracers) from the ISO acidic
(A; ER662) and non-acidic seed experiments (B; ER667), determined using UPLC-MS
(the numerical values are listed in tables A5 — A6 in the Appendix)
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3.2.2 Butadiene SOA

Previous research advanced significantly the identification of 13BD oxidation
products and revealed their role in 13BD SOA formation (Angove et al., 2006;
Berndt and Boge, 2007; Kramp and Paulson, 2000; Liu et al. 1999; Sato, 2008;
Sato et al., 2011, Jaoui et al., 2014). Still, 13BD SOA has not been fully characterized
and large share remained unrevealed. Few smog-chamber studies focused on 13BD SOA
formation (Angove at al., 2006; Sato, 2008; Sato et al., 2011; Jaoui et al., 2014), and only
a limited number investigated the effects of acidity and relative humidity
(Lewandowski et al. 2015). Jaoui et al. (2014) reported a detailed chemical
characterization of gas- and particle-phase products formed through the oxidation of
13BD in the presence and absence of NOx under dry (RH 3%) and relatively humid
(RH 30%) conditions. Here, the investigation of 13BD SOA formation was based on
smog-chamber experiments conducted at different RH levels under acidic and non-acidic
conditions. 13BD can have a significant input into aerosol masses, as some of its
derivatives, e.g., malic acid (MA), threonic acid (TrA), tartaric acid (TA) and a few OSs
were detected in field samples collected at various sampling sites in Poland
(Chapter 3.3.2).

Figures 18 and 19 compares the concentrations of 13BD SOA components from
acidic and non-acidic smog-chamber experiments under various RH conditions,
determined using semi-quantitative UPLC-MS measurements. The quantitative responses
were based on the comparison with selected surrogate standard having the closest
chemical structure (sodium 1-pentyl-sulfate) to the compounds identified in 13BD SOA.
The major components detected in acidic seed experiments were 1,2,3,4-butaneterol NOS
(MW 247), 1,2,3,4-butanetetrol OS (MW 202), glyceric acid OS (MW 186)
and 2-butanone, 1,4-dihydroxy- OS (MW 184). The maximal concentrations of those
compounds were found under low-humidity conditions (RH 10%) and exceeded 3000,

230, 100 and 130 ng m>, respectively (Fig. 18).

77

http://rcin.org.pl



Figure 18. Concentrations of OS and NOS products from the 13BD acidic seed
experiments determined using UPLC-MS (ER444, the numerical values are listed in table
A7 in the Appendix)

The compounds detected in experiments with acidic seed aerosol included:
organosulfates derived from acid-catalyzed multiphase chemistry of BEPOX (1,2,3,4-
butaneterol OS, MW 202; and 1,2,3,4-butanetetrol NOS, MW 247) and acrylic acid
epoxide (AAE; glyceric acid OS, MW 186) (Jaoui et al., 2014). Other compounds, like
2-butanone, 1,4-dihydroxy- organosulfate (MW 184), 1,2,3,4-butanetetrol nitrosooxy-
organosulfate (MW 231), 2(3H)-furanone, dihydro-3.,4-dihydroxy- OS (MW 198)
and 2-butanone, 1,3,4-trithydroxy- OS (MW 200) were less abundant, and their
concentrations decreased with increasing RH level (Fig. 18). Like for the ISO SOA, total
SOC decreased with increasing relative humidity (Table 7A and 7B). Moreover,
the increase of RH resulted in decreased concentrations of most 13BD SOA compounds
detected in acidic seed experiments. However, some compounds did not follow this
pattern  fully, e.g. 2(3H)-furanone, dihydro-3,4-dihydroxy- OS (MW 198)
and 2-butanone, 1,3,4-trihydroxy- OS (MW 200), where measured cocnentrations were
higher for 62% RH than 50%. Moreover, those compounds along with 2-butanone, 1,4-
dihydroxy- OS (MW 184), and 1,2,3,4-butanetetrol NSOS (MW 231) were produced
solely at acidic conditions. Glyceric acid OS (MW 186) was produced both under acidic
and non-acidic conditions. At acidic conditions, the formation decreased with increasing
RH, while at non-acidic conditions, the concentrations of glyceric acid OS showed a weak

maximum at RH 39%. That observation is consistent with RH influence
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on methylglyceric acid OS formation in ISO SOA (Nestorowicz et al., 2018).
1,2,3,4-butanetetrol OS (MW 202) was detected under both types of conditions, but it
was more abundant in the acidic seed experiments with approx. 10-fold higher
concentration at the lowest RH. Malic acid OS (MW 214) and threonic acid OS
(MW 216) were detected in minor amounts in both smog-chamber experiments, however

MA OS was not RH dependent.

Figure 19. Concentrations of OS and NOS products from the 13BD non-acidic seed
experiments determined using UPLC-MS (ER666, the numerical values are listed in table
A8 in the Appendix)

Threonic acid NOS (MW 261) was detected in both kinds of experiments in trace
amounts below the LOD, hence it was not shown in Figs. 18 — 19. The most abundant
compound produced in acidic and non-acidic smog-chamber experiments was 1,2,3,4-
butanetetrol NOS (MW 247). The concentrations of that product were even 10-fold higher
than other 13BD SOA components: for the lowest RH it reached 3200 ng m?
and 450ngm> in acidic and non-acidic seed experiments, respectively.
The concentrations of detected 13BD SOA components are presented in Tables A7-A10
in the Appendix. The formation of 13BD SOA products such as threitol, erythritol,
glyceric acid, threonic acid and tartaric acid has been reported in field samples
and chamber studies under low- and high-NOx conditions by Jaoui et al. (2014).
The formation mechanism under low-NOx conditions has been explained by the reactive

uptake of 2,3-epoxy-1,4-butanediol (BEPOX) onto acidic aerosol seeds, and under
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high-NOx conditions by further oxidation of acryloyl peroxynitrate (APAN) to acrylic
acid epoxide (AAE).

In the smog-chamber experiments, secondary organic carbon (SOC) produced
under acidic conditions was higher compared to non-acidic conditions at corresponding
RH levels. The formation of the individual organic compounds detected usually followed
the same pattern. The highest amounts of most OSs, NOSs and NSOSs were produced
at the lowest RH level in the acidic seed experiments and decreased with increasing RH.
The effect of relative humidity on 13BD SOA formation was pronounced for acidic seed
aerosol, and mild for non-acidic seed aerosol. Those findings may indicate that the acidic

conditions enhance the formation of most 13BD SOA components.

A) B)

Figure 20. Concentrations of organic acids (HOM tracers) from the I13BD acidic
(A; ER444) and non-acidic seed experiments (B; ER666), determined using UPLC-MS
(values are listed in tables A9 - A10 in the Appendix)

In addition, Figure 20 shows that tartronic acid (TrtA; MW 120), malic acid
(MA; MW 134), threonic acid (TrA; MW 136), and tartaric acid (TA; MW 150)
concentrations were greater in non-acidic seed experimnets at the lowest RH level: 20,
300, 180 and 15 ngm >, respectively. Tartaric acid was not detected in acidic seed
experiments, and tartronic acid was not detected in acidic seed experiments at the highest
RH level. Apparently, high relative humidity and acidic conditions may hinder
the formation of those compounds. The increase of relative humidity in both kinds of
smog-chamber experiments did not significantly affect the yields of TrA and MA,
although the maximal concentration of MA was found at RH level of 50% (acidic seeds)
and 49% (non-acidic seeds), respectively. Moreover, for non-acidic seed aerosol slight
RH dependence has been observed for threonic acid (MW 136).

In following sections, I compared the components of smog-chamber aerosol

samples with reference compounds in order to confirm the structures of compounds
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presented in Fig. 20 and tentatively proposed by Jaoui et al. (2014) — tartronic acid
(MW 120), threonic acid (MW 136), malic acid (MW 134) and tartaric acid (MW 150).
Notwithstanding, the high-resolution UPLC-MS analyses focused mainly on
the formation of the variety of organosulfates and nitroxy- and nitrosoxy-organosulfates.
To my best knowledge, OSs and NOSs detected were characterized for the first time as
13BD SOA products present in smog-chamber experiments and ambient aerosol. Several
13BD SOA components identified in field samples prove that 13BD oxidation contributes

to ambient aerosol formation.

3.3 Investigation of isoprene and butadiene SOA compounds in fine aerosol

In my Ph.D. thesis, I focused on the detection of selected ISO and 13BD SOA
components in ambient aerosol samples. Thus, I investigated the chemical composition
of aerosol samples collected in various region of Poland. The Extracted Ion
Chromatograms (EIC) presented in this Chapter compare the SOA components detected
in smog-chamber experiments at the highest RH level with components of ambient
aerosol samples. The experimental and ambient conditions were as similar as possible.
The EIC results for ambient aerosol were presented only when the particular compound
was present in the amounts sufficient for reliable chromatographic responses.
The Chapter contains also data on structural elucidation of novel and previously reported
SOA components based on product ion mass spectra recorded. Moreover, the role of
strictly controlled smog-chamber experiments in revealing the chemistry and composition

of atmospheric aerosol was demonstrated.

3.3.1 Organosulfates formation from isoprene

The smog chamber results were compared to the composition of PMz s samples
collected at two rural sites — Zielonka (influenced mainly by biogenic precursors)
and Godéw (influenced both by biogenic and anthropogenic precursors). To keep
the experimental and ambient conditions as similar as possible, the experiments carried
under the highest relative humidities were selected: ER662 at RH 44% (acidic seeds)
and ER667 at RH 49% (non-acidic seeds). Figures 21-24 show the extracted ion
chromatograms of four ISO SOA components, which were identified previously
(Surratt et al., 2007a, 2008, 2010; Gomez-Gonzalez et al., 2008; Lin et al., 2013;
Schindelka et al., 2013; Shalamzari et al., 2013; Hettiyadura et al., 2015; Riva et al.,
2016b; Spolnik et al., 2018; Wach et al., 2020). They occurred abundantly in ambient

aerosol and smog chamber samples: 2-methylglyceric acid organosulfate (MW 200),
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2(3H)-furanone, dihydro-3,4-dihydroxy-3-methyl-  organosulfate =~ (MW  212),
2,3,4-furantriol, tetrahydro-4-methyl organosulfate (MW 214) and 2-methyltetrol
organosulfate (MW 216). The corresponding Extracted Ion Chromatograms with
recorded product ion mass spectra were presented, without fragmentation schemes, since
the compounds were reported previously. The present findings were consistent with
earlier studies (Surratt et al., 2007a; Gomez-Gonzalez et al., 2008; Lin et al., 2013;
Schindelka et al., 2013; Shalamzari et al., 2013; Hettiyadura et al., 2015; Riva et al.,
2016b; Spolnik et al., 2018, Chen et al, 2020; Wach et al., 2020). For novel compounds
detected, the possible chemical structures with fragmentation pathways were proposed
(Figs. 25 — 28): 2-methylthreonic acid organosulfate (MW 230), 2-methylthreonic acid
nitrooxy-organosulfate (MW 275), 2-methyltartaric acid organosulfate (MW 244).
However, 2-methyltetrol nitrosooxy-organosulfate (MW 245) was detected solely in the
smog chamber SOA (Fig. 29). The comparison of EICs shows that ISO SOA formed in
the presence of acidic seed aerosol and NOx in smog-chamber experiments provide
a reasonable approximation of the ambient aerosol at both sites, even though only Godow
was strongly influenced by anthropogenic pollutants (NOx) from a nearby coal-fired
power station. It appears that even minor amounts of NOx in the ambient atmosphere

are sufficient to produce those compounds.
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Figure 21. Extracted lon Chromatograms (EIC) of 2-methylglyceric acid organosulfate
with MW 200 from field studies and smog-chamber experiments (A) and ESI(-) product

ion mass spectrum at RT = 0.63 min registered for SOA from the ER667 non-acidic seed
aerosol experiment (B)
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Figure 22. Extracted lon Chromatograms (EIC) of 2(3H)-furanone, dihydro-3,4-
dihydroxy-3-methyl- organosulfate with MW 212 from field studies and smog-chamber
experiments (A) and ESI(-) product ion mass spectrum at RT = 0.90 min registered for
SOA from the ER662 acidic seed aerosol experiment (B)
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Figure 23. Extracted lon Chromatograms (EIC) of 2,3,4-furantriol, tetrahydro-3-methyl
organosulfate with MW 214 from field studies and smog-chamber experiments (A)
and ESI(-) product ion mass spectrum at RT = 0.85 min registered for SOA from the
ERG662 acidic seed aerosol experiment (B)
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Figure 24. Extracted lon Chromatograms (EIC) of 2-methyltetrol organosulfate with
MW 216 from field studies and smog-chamber experiments (4) and ESI(-) product ion

mass spectrum at RT = 0.79 min registered for SOA from the ER667 non-acidic seed
aerosol experiment (B)

83

http://rcin.org.pl



A e [ B % 149.0446
) 063 27| ER862 ) 100%

[2227] Godow |~ E

727 Zielonka || 6000

[ 3000

Relative Intensity

g

6 m
0'5?, AN e e 0 229.0011
e : ol 75.0075 ‘

Relative Abundance

T e, S . 96.9591

’ 131.0342
. 1

0% - T T
0.5 1.0 15 2.0 50 100 150 200
Time [min] m/z

)

Figure 25. Extracted lon Chromatograms (EIC) of 3-methylthreonic acid organosulfate
with MW 230 from field studies and smog-chamber experiments (A); ESI(-) product ion
mass spectrum at RT = 0.63 min registered for SOA from the ER667 non-acidic seed
aerosol experiment (B) and proposed fragmentation pathway (C)

Abundant SOA component with m/z 229 was determined in the smog chamber
and fine aerosol samples (Figure 25). This OS has not been reported previously.
The accurate molecular mass of that compound (CsHeOsS: 229.0011 Da; error +0.7 mDa)
was recorded for the Godow sample at RT =0.63 min. It clearly indicated that
the organosulfate formed via a much longer oxidation pathway than 2-methyltetrols OS.
Two partially resolved peaks of the mass spectrometric signature of that organosulfate,
indicate two chiral centers in the molecule (Fig. 25 A). The first eluting diastereoisomer
corresponds to the peak with high abundance, while the second peak is less intensive,
indicating the formation of less hindered compounds both in the chamber experiments
and fine aerosol. A detailed interpretation of the product ion mass spectrum allowed to
recognize the MW 230 compound as 3-methylthreonic acid organosulfate (Fig. 25 B,
only the mass spectrum of the dominating diastereoisomer is shown). The spectrum
reveals abundant fragment ion at m/z 149, which may be explained through the SO3
elimination from the precursor ion [M—H]". Further fragmentation of m/z 149 ion, i.e.,
aneutral loss of H»O, reveals the simultaneous presence of —O—-SOszH and —CO,H

residues in the molecule. However, bisulfate ion (m/z 97) in the product ion mass
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spectrum does not unambiguously reveal the sulfation at a primary hydroxyl group in
the molecule. The proposed fragmentation pathways for the MW 230 organosulfate
is presented in Fig. 25 (panel C).
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Figure 26. Extracted lon Chromatograms (EIC) of 2-methyltetrol nitrooxy-organosulfate
with MW 261 from field studies and smog-chamber experiments (A), ESI(-) product ion
mass spectrum at RT = 2.44 min registered for SOA from the ER662 acidic seed aerosol
experiment (B) and a proposed fragmentation pathway (C)

The most abundant component of ISO SOA was 2-methyltetrol nitrooxy-
organosulfate m/z 260 — the major early eluting compound for the smog chamber
and ambient fine aerosol (Figure 26 A). The minor shifts in RT were mostly caused by
matrix effects (Spolnik et al., 2018). The compound was reported previously (Gomez-
Gonzalez et al., 2008; Surratt et al., 2007a). A detailed interpretation of ESI(-) mass
spectra let propose the structure of 2-methyltetrol nitrooxy-organosulfates bearing
a nitrooxy moiety at the primary hydroxyl group of 2-methyltetrol skeleton and a sulfate
group at the secondary hydroxyl group (Fig. 26 C). The main fragmentation pathways
include a neutral loss of HNO3; moiety, resulting in a m/z 197 base peak, and bisulfate ion
(HSO4, m/z 97) detachment. Another diagnostic ion with m/z 184 can be assigned to

acombined loss of NO; and CHxO fragments, suggesting the presence of
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a hydroxymethyl group in the molecule. That interpretation is consistent with
the presence of m/z 213 and m/z 183 ions. A revised structure for one isomer of
2-methyltetrol NOS with the MW 261 along with the proposed fragmentation pathway
was shown in Fig.26 B and C. The accurate mass data of the deprotonated isomer
(CsH1009SN: 260.0066 Da; error -1.0 mDa) was recorded at RT = 2.44 min in SOA from
the ER662 acidic seed experiment.
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Figure 27. Extracted lon Chromatograms (EIC) of 2-methylthreonic acid nitrooxy-
organosulfate with MW 275 from field studies and smog-chamber experiments (A); ESI(-)
product ion mass spectrum at RT = 0.82 min registered for SOA from Zielonka fine
aerosol (B) and the proposed fragmentation pathway (C)

An ISO-related organosulfate with the MW 275 was detected in noticeable
quantities in the smog chamber and fine ambient aerosol samples (Fig. 27 A).
That compound has not been reported previously, to my best knowledge. The compound
fragmentation has the main transitions of m/z 274 — m/z211 (a loss of HNO3)
and m/z 274 — m/z 97 (a loss of CsH7NOg) which are shown in the product ion mass
spectrum of Zielonka fine aerosol (Fig. 27 C). A detailed explanation of other diagnostic
ions indicated the structure of 2-methylthreonic acid nitrooxy-organosulfate. Further
confirmation of the MW 275 NOS structure comes from the high-resolution mass of its
deprotonated form recorded at RT = 0.83 min (CsH7NO10S: 273.9873 Da, error
+0.4 mDa). Due to its high oxidation state, the MW 275 nitrooxy-organosulfate could
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likely serve as an identifying tracer of highly oxidized isoprene SOA. However, further

study is warranted to rationalize its formation mechanism in the atmosphere.
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Figure 28. Extracted lon Chromatograms (EIC) of 2-methyltartaric acid organosulfate
with MW 244 from field studies and smog-chamber experiments (A); ESI(-)product ion
mass spectrum recorded at RT = 0.58 min peak for SOA from Godow fine aerosol (B);
and the proposed fragmentation pathway (C)

Another ISO-related compound detected in smog chamber and fine aerosol
samples, was the organosulfate with the MW 244 (Fig. 28). That SOA component was
not detected previously. The accurate mass of the deprotonated compound (CsH70oS:
242.9816 Da, error +0.2 mDa) was recorded at RT = 0.58 min in the Godow sample.
Like for the OS with MW 230, a longer oxidation pathway can be suggested for that
unknown organosulfate compared to the formation of sulfated-2-methyltetrols. Two
resolved peaks of identical accurate masses can be noted, indicating the presence of two
chiral centers in the molecule (Fig. 28 B and C). The first eluting diastereoisomer
corresponds to a highly intensive chromatographic peak, while the second one has a trace
intensity, suggesting hindered formation both in the smog-chamber experiments and fine
aerosol. A detailed analysis of the product ion mass spectrum indicated the MW 244
compound was 2-methyltartaric acid organosulfate (Fig. 28 B and C, only the mass
spectrum of the major diastereoisomer is shown). The recorded ESI(-) mass spectrum
shows abundant fragment ions at m/z 163, which may form by the SO3 loss from

the precursor ion. Further fragmentation of m/z 163 ion, i.e., a neutral water loss,
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is followed by decarboxylation to m/z 101. However, the absence of the bisulfate ion in
the product ion mass spectrum indicates a lack of a proton adjacent to the sulfated residue,
and thus suggests the sulfation of a secondary hydroxyl group (Spolnik et al., 2018).
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Figure 29. Extracted Ion Chromatograms (EIC) of 2-methyltetrol nitrosooxy-
organosulfate with MW 245 from smog-chamber experiments (A; not detected in field
samples); ESI(-) product ion mass spectrum at RT = 1.35 min registered for SOA from
the ER662 acidic seed aerosol experiment (B),; and the proposed fragmentation pathway

©

The last compound with MW 245 was detected in smog chamber samples but not
in ambient aerosol (Fig. 29). Probably, that compound was a reactive reaction
intermediate in formation of ISO SOA. Two baseline-resolved peaks with identical
product ion mass spectra can be attributed to diastereoisomers with a retained isoprene
backbone (Fig. 29 A). Surratt and co-workers (2007a) observed the formation of a similar
compound in the isoprene photooxidation experiment under high-NOx conditions and
proposed it was 2-methylglyceric acid nitrooxy-organosulfate. However, the high-
resolution mass data indicate the MW 245 components have a Cs-skeleton and are
2-methyltetrol nitrosooxy-organosulfates (NSOS). The m/z 244 — m/z 226 transition in

the product ion mass spectrum (Fig. 29 B) points to the intact secondary hydroxyl moiety
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of the 2-methyltetrol skeleton. Moreover, the lack of HNO;s; elimination from
the deprotonated precursor ion [M-H]| (m/z 244) clearly excludes the presence of
the nitrooxy group. The abundant m/z 197 ion, which forms through the HNO; loss, can
be associated with the presence of the —O—NO residue in the molecule. The accurate mass
of the deprotonated compound (CsHioNOsS: 244.0123 Da, error -0.4 mDa) was recorded
at RT = 1.35 min for ER662 acidic seed sample. The structure assigned here to
the abundant MW 245 component from ER662 acidic seed experiment along with

proposed fragmentation pathway are presented in Figure 29.

3.3.2 Organosulfates formation from butadiene

The approach to 13BD aerosol was like that for ISO SOA. Samples from smog-
chamber experiments were compared to samples of fine aerosol collected at various sites
— Diabla Goéra and Zielonka (influenced mainly by biogenic precursors) and Godow
(influenced by biogenic and anthropogenic precursors). To keep the experimental
and ambient conditions as similar as possible, the experiments carried under high relative
humidity were selected: ER444 at RH 44% (acidic seeds) and ER666 at RH 49% (non-
acidic seeds). In this Chapter, the Extracted Ion Chromatograms with recorded product
ion mass spectra of novel 13BD SOA components detected in smog-chamber experiments
and fine aerosol were presented (Figs 30 — 35). The fragmentation pathways were also
described. The compounds detected and characterized both in smog chamber and ambient
aerosol were: glyceric acid organosulfate (MW 184), 2(3H)-furanone, dihydro-3,4-
dihydroxy- organosulfate (MW 198), malic acid organosulfate (MW 214), threonic acid
organosulfate (MW 216), 1,2,3,4- butanetetrol nitrooxy-organosulfate (MW 247),
threonic acid nitrooxy-organosulfate (MW 261; trace amounts in Godoéw fine aerosol,
Fig. 35). Some compounds were detected solely in the smog chamber SOA (Figs. 36 —
39). The comparison shows that butadiene SOA from the smog chamber studies in
the presence of acidic seed aerosol and NOX is a reasonable approximation of the ambient
SOA at the sites considered, even though only Godow was significantly influenced by
anthropogenic pollutants (NOx), and Zielonka and Diabla Gora slightly, mostly by
biomass burning and vehicle exhausts. Probably, even small amounts of NOx in
the ambient atmosphere are sufficient for the formation of those compounds, just as for
isoprene SOA. The proposed tentative structures for detected compounds were based on
high-resolution mass data and product ion mass spectra recorded for separated

components. However, some peaks in the Extracted lon Chromatograms may correspond
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to more than one compound, especially in ambient aerosol samples where the co-elution
of ions likely occurrs. Proposed structures for newly identified compounds follow
the assumptions described in Chapter 3.1.1 and Nestorowicz et al. (2018). All data
presented in this Chapter have been included in Jaoui, Nestorowicz et al. (2023,

submitted).
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Figure 30. Extracted Ion Chromatograms (EIC) of glyceric acid organosulfate with
MW 186 from smog-chamber experiments (A);, ESI(-) product ion mass spectrum
recorded at RT = 0.60 min for SOA from the ER444 acidic seed aerosol experiment (B);
and the proposed fragmentation pathway (C)

One of the main and abundant 13BD SOA components was detected at m/z 185
for the smog chamber and fine aerosol samples (Fig. 30 A). To my best knowledge,
this OS with MW 186 has not been detected previously in ambient aerosol. The accurate
mass of the deprotonated component (C3HsO7S: 184.9747 Da; error +0.9 mDa) was
recorded in the ER444 acidic seed experiment at RT = 0.60 min. The corresponding
EIC chromatograms revealed one highly intensive peak. A detailed interpretation of
product ion mass spectrum allowed to propose the MW 186 compound was glyceric acid
organosulfate (Fig. 30 B). The main abundant fragment ion m/z 105 in the mass spectrum
may be explained through the SO; elimination from the precursor [M—H]" ion. The other
abundant fragment ion detected was bisulfate ion with m/z 97 (HSO4"); however it does
not unambiguously indicate the sulfation at a primary hydroxyl group in the molecule.

The proposed fragmentation pathway for the MW 186 organosulfate is presented
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in Fig. 30 C. Moreover, the fragmentation pattern recorded for this 13BD components is
similar to one obtained for methylglyceric acid OS from ISO SOA (compare Fig. 21 in
Chapter 3.3.1).

B)

)

RT = 0.82 min

E)

RT = 0.88 min

Figure 31. Extracted Ion Chromatograms (EIC) of 2(3H)-furanone, dihydro-3,4-
dihydroxy- organosulfate with MW 198 from field studies and smog-chamber
experiments (A); ESI(-) product ion mass spectra recorded at RT = 0.82 min (B) and at
RT= 0.88 min (D) for SOA from ER444 acidic seed aerosol experiment,; and the proposed
fragmentation pathways (C, E)

Other newly identified component of 13BD SOA was 2(3H)-furanone, dihydro-
3,4-dihydroxy- organosulfate with m/z 197. Two baseline-resolved peaks with consistent
MS profiles indicate two different isomeric forms of the MW 198 compound detected in
considerable amounts in the smog chamber and Godoéw ambient fine aerosol samples
(Fig. 31 A). The detailed interpretation of ESI(-) mass spectra for two peaks eluting
at RT = 0.82 min and RT = 0.88 min indicated two 2(3H)-furanone, dihydro-3,4-
dihydroxy- OSs: each bearing a sulfate moiety at the secondary hydroxyl group of
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C4- cyclic lactone (Fig. 31, C and E). The product ion mass spectrum obtained for the
first peak eluting at RT = 0.82 min (Fig. 31 B) shows the main transition of m/z 197 —
m/z 179, which correspond to a neutral loss of H>O moiety from the precursor [M-H] ion.
Besides, a bisulfate ion (HSO4) at m/z 97 was detected. The accurate mass of
the deprotonated component (C4HsO7S: 196.9745 Da; error -1.1 mDa) was recorded in
the ER444 acidic seed sample at RT =0.82 min. The main fragmentation pathway
of the second isomer eluting at RT = 0.87 min (Fig. 32 D and E) corresponds to a neutral
loss of H>O molecule, resulting in m/z 179, followed by SO3 elimination. The product ion
mass spectrum revealed the CO; loss, which corresponds to the transition m/z 197 —
m/z 153. The accurate mass of the deprotonated component (C4HsO7S: 196.9753 Da;
error -0.3 mDa) was recorded for the ER444 acidic seed aerosol at RT = (0.88 min.
The revised structures for both isomers of 2(3H)-furanone, dihydro-3,4-dihydroxy- OS
with the MW 198, along with the proposed fragmentation pathways, were shown
in Fig. 31.

B)

)

Figure 32. Extracted lon Chromatograms (EIC) of malic acid organosulfate with
MW 214 from field studies and smog-chamber experiments (4); ESI(-) product ion mass
spectrum recorded at RT = 0.57 min for SOA from Godow fine aerosol (B); and the
proposed fragmentation pathway (C)

One of the SOA component detected in significant amounts in fine aerosol
and smog chamber samples was determined at m/z 213 (Figure 32 A). One highly
intensive peak at 0.57 min can be assigned to that 13BD component. The accurate mass

of the deprotonated component (C4HsOsS: 212.9717 Da; error -1.2 mDa) was recorded
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for Godow sample at RT = 0.57 min. That compound has not been reported previously
in the literature. High-resolution data strongly suggested long oxidation pathway for this
compound. A detailed interpretation of the product ion mass spectrum allowed to assign
its structure to malic acid organosulfate (Fig. 32 B). The spectrum reveals abundant
fragment m/z 133 ion as the base peak, which may be explained through the SO;
elimination from the precursor [M—H] ion. Further fragmentation of m/z 133 ion, i.e.,
a neutral loss of H>O and CO», reveals the presence of —CO:H residues in the structure.
The proposed fragmentation pathway for the novel malic acid organosulfate is presented

in Fig. 32 C.

B)

)

Figure 33. Extracted lon Chromatograms (EIC) of threonic acid organosulfate with
MW 216 from field studies and smog-chamber experiments (A); ESI(-) product ion mass
spectrum recorded at RT = 0.61 min _for SOA from ER444 acidic seed aerosol experiment
(B); and the proposed fragmentation pathway (C)

Another considerable 13BD SOA component was detected at m/z 215 in the smog
chamber, and in smaller amounts in fine aerosol samples (Fig. 33 A). One highly intensive
peak can be assigned to the unknown MW 216 compound. It has not been reported
previously in the literature. The accurate mass of the deprotonated component (C4H7OsS:
214.9860 Da; error -0.2 mDa), recorded at RT =0.61 min for the ER444 acidic seed
aerosol, indicates long formation pathway of that OS like for malic acid organosulfate.
A detailed interpretation of the product ion mass spectrum allowed to identify the OS
as threonic acid organosulfate (Fig. 33 B). The spectrum reveals an abundant fragment

ion at m/z 135, which may be explained with the SO; elimination from the parent [M—H]
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ion. Further fragmentation of m/z 149 ion, i.e., a neutral loss of H>O, reveals the presence
of —O-SOs3H and —CO;H residues in the MW 216 organosulfate. However, bisulfate ion
(m/z 97) in the product ion mass spectrum does not unambiguously reveal the sulfation at
the primary hydroxyl group in the molecule. The proposed fragmentation pathway
for threonic acid organosulfate is presented in Fig. 33 C. The fragmentation pattern
proposed for that compound is similar to one for 3-methylthreonic acid OS from isoprene

SOA (compare Fig. 25 in Chapter 3.3.1).
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Figure 34. Extracted Ion Chromatograms (EIC) of 1,2,3,4-butanetetrol nitrooxy-
organosulfate with MW 247 from field studies and smog-chamber experiments (4),; ESI(-)
product ion mass spectra recorded at RT = 1.15 min (B) and RT = 1.27 min for SOA from

ER444 acidic seed aerosol experiment (D), and the proposed fragmentation pathways
(C E)
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The most abundant novel component of 13BD SOA generated in smog chamber
was 1,2,3,4-butanetetrol nitrooxy-organosulfate (m/z 246). Two partially resolved peaks
with identical MS profiles indicate two isomeric forms of the MW 247 compound
detected also in ambient fine aerosol in trace amounts (Fig.34 A). The detailed
interpretation of ESI(-) mass spectra recorded for the isomers eluting at RT = 1.15 min
and RT = 1.27 min led to two structures for 1,2,3,4-butanetetrol NOS: bearing a nitrooxy
moiety substituted either at the primary or the secondary hydroxyl group of Cs- skeleton
(Figs. 34 C and E). The product ion mass spectrum (Fig. 32 B) obtained for the first peak
eluting at RT = 1.15 min corresponds to a neutral loss of HNO3 moiety from the precursor
[M-H] ion, resulting in m/z 183 as a base peak, and to a bisulfate ion (HSO4’) at m/z 97.
Another diagnostic ion at m/z 139 can result from a combined loss of C2HsO2 and NO>
moieties. The accurate mass of the deprotonated component (C4HgOoSN: 245.9940 Da;
error -2.0 mDa) was recorded at RT =1.15 min for the ER444 acidic seed aerosol.
The main fragmentation pathway of the second isomer eluting at RT = 1.27 min
(Fig. 34 D and E) corresponds to a neutral loss of HNO3 moiety, resulting in an m/z 183
base peak, and to a bisulfate ion at m/z 97 and sulfate radical anion at m/z 96. Another
diagnostic ion at m/z 170 can be assigned to a combined loss of NO2 and CH>O.
The accurate mass of the deprotonated compound (C4HsOoSN: 245.9902 Da;
error -1.8 mDa) was recorded at RT = 1.27 min for the ER444 acidic seed aerosol.
Figure 34 (panel C and E) shows the revised structures of two isomeric 1,2,3,4-
butanetetrol NOS forms with the MW 247 along with the proposed fragmentation
pathway.

A) B)

95

http://rcin.org.pl



A)

9

Figure 35. Extracted lon Chromatograms (EIC) of threonic acid nitrooxy-organosulfate
with MW 261 from field studies and smog-chamber experiments (A); ESI(-) product ion
mass spectrum recorded at RT = 0.63 min for SOA from ER666 non-acidic seed aerosol
experiment (B); and the proposed fragmentation pathway (C)

Based on the UPLC-MS analyses, the last 13BD-related compound with
the MW 261 detected in noticeable amounts in fine ambient aerosol and smog chamber
samples was identified as threonic acid nitrooxy-organosulfate (Fig. 35 A).
That compound has not been reported previously. It has main fragmentation transitions
of m/z260 — m/z 183 (a combined loss of CH3NO; moiety) and m/z 183 — m/z 139
(aloss of COz) as shown for ER666 non-acidic seed aerosol (Fig. 35 C). The high-
resolution mass for this 13BD SOA component eluting at RT = 0.63 min (C4H7NO10S:
259.9687 Da, error -2.5 mDa) indicates the structure of NOS. Due to its high oxidation
state, threonic acid nitrooxy-organosulfate may serve as a tracer of highly oxidized

butadiene SOA.

B)

)

Figure 36. Extracted Ilon Chromatograms (EIC) 2-butanone, 1,4-dihydroxy-
organosulfate with MW 184 from smog-chamber experiments, not detected in field
samples (4); ESI(-) product ion mass spectrum recorded at RT = 0.85 min for SOA from
ER444 acidic seed aerosol experiment (B), and the proposed fragmentation pathway (C)
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Figure 36 shows that the newly identified 13BD SOA component with MW 184
was not detected in ambient aerosol. The deprotonated compound [M-H] ion associated
with the main chromatographic peak and its accurate mass (C4H706S: 182.9984 Da,
error +2.1 mDa) recorded at RT = 0.85 min for ER444 acidic seed aerosol revealed
the compound had a butane backbone. A detailed interpretation of the product ion mass
spectrum allowed to identify the structure of MW 184 unknown compound as 2-butanone,
1,4-dihydroxy- organosulfate (Fig. 36 B). The main fragment ion at m/z 153 can be
explained through the CH>O elimination from the precursor [M—H] ion. The other
transition of m/z 183 — m/z 139 can be explained by the loss of SO; from the precursor
ion. A bisulfate ion was detected, however, it does not unambiguously reveal the sulfation
at a primary hydroxyl group. The proposed fragmentation pathway for the organosulfate
with MW 184 is presented in Fig. 36 C.

A) B)

O

Figure 37. Extracted Ion Chromatograms (EIC) of 2-butanone, 1,3,4-trihydroxy-
organosulfate with MW 200 from smog-chamber experiments, not detected in field
samples (A); ESI(-) product ion mass spectrum recorded at RT = 0.73 min for SOA from
ER444 acidic seed aerosol experiment (B); and the proposed fragmentation pathway (C)

Figure 37 presents the smog-chamber 13BD SOA component with MW 200
eluting at RT = 0.73 min, which was not detected in ambient aerosol. The accurate mass
of the deprotonated compound (C4H707S: 198.9899 Da, error -1.4 mDa) was recorded
at RT = 0.73 min for ER444 acidic seed aerosol experiment. A detailed interpretation of
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the product ion mass spectrum allowed to identify the MW 200 unknown compound as
2-butanone, 1,3,4-trihydroxy- organosulfate (Fig. 37 B). The proposed fragmentation
pathway is presented in Fig. 37 C. Three main transitions from the precursor ion are:
m/z 199 — m/z 181 (neutral loss of H2O), m/z 199 — m/z 169 (loss of CH20), m/z 199
— m/z 139 (loss of C2H40»). The proposed structure of 2-butanone, 1,3,4-trihydroxy- OS
formed in 13BD SOA was not reported previously. However, Gomez-Gonzalez et al.
(2008) also found an unknown compound with MW 200 in ambient aerosol from
K-Puszta (Hungary) but the main transition they observed was m/z 199 — m/z 155
(loss of C2H40). Based on the low-resolution product ion mass spectrum, they proposed

a tentative 2-hydroxy-1,4-butanedialdehyde structure.

B)

)

Figure 38. Extracted lon Chromatograms (EIC) of 1,2,3,4-butanetetrol organosulfate
with MW 202 from smog-chamber experiments, not detected in field samples (4); ESI(-)
product ion mass spectrum recorded at RT = 0.70 min for SOA from ER444 acidic seed
aerosol experiment (B); and the proposed fragmentation pathway (C)

The second abundant compound detected in 13BD SOA from smog chamber but
not in fine aerosol, was 1,2,3,4-butanetetrol organosulfate with MW 202 (Fig. 38).
The deprotonated compound [M-H] ion associated with the main chromatographic peak
and the accurate mass (C4HoO7S: 201.0065 Da, error -0.4 mDa) recorded at
RT =0.70 min for ER444 acidic seed aerosol revealed the compound had a butane
backbone. The only fragment ion detected found in the recorded product ion mass
spectrum (Fig. 38 B) was the abundant bisulfate ion with m/z 97 (HSO4"). The exact

position of the sulfate group in the Cs- skeleton could not be predicted. In this case,
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bisulfate ion does not unambiguously reveal the sulfation at a primary hydroxyl group in
the molecule. The fragmentation pattern obtained for 1,2,3,4-butanetetrol OS is similar

to that of 2-methyltetrol OS in isoprene SOA (compare Fig. 24 in Chapter 3.3.1).

B)

)

Figure 39. Extracted lon Chromatograms (EIC) of 1,2,3,4- butanetetrol nitrosooxy-
organosulfate with MW 231 from smog-chamber experiments, not detected in field
samples (4); ESI(-) product ion mass spectra recorded at RT = 0.85 min for SOA from
ER444 acidic seed aerosol experiment (B); and the proposed fragmentation pathway (C)

Figure 39 presents the smog chamber-generated 13BD SOA component with the
MW 231, which was not detected in ambient aerosol. Probably, that compound is
areactive reaction intermediate in the formation of 13BD SOA. One sharp
chromatographic peak and the high-resolution mass data indicate the MW 231 unknown
component had a Cs-skeleton of 1,2,3,4- butanetetrol nitrosooxy-organosulfate (NSOS).
The accurate mass (C4HsNOgS: 229.9965 Da, error -0.5 mDa) was recorded at
RT = 0.85 min for ER444 acidic seed experiment. The product ion mass spectrum for
1,2,3,4- butanetetrol NSOS along with proposed fragmentation pathway is presented in
Fig. 39 B and C. The m/z 230 — m/z 212 — m/z 194 transitions indicate the detachment
of two H>O groups from the Cs-skeleton. Moreover, the lack of HNO3 elimination from

the deprotonated precursor [M—H]™ ion (m/z 230) excludes the presence of the nitrooxy
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group in the molecule. The abundant m/z 183 ion, which forms through the HNO: loss,
can be associated with the existence of the -O—-NO residue. The proposed structure of

1,2,3,4- butanetetrol NSOS formed in 13BD SOA was not reported previously.
3.3.3 Organic acids formation from isoprene

Organic acids that originate from the oxidation of biogenic compounds like
isoprene are SOA components with high oxygen to carbon (O/C) ratios serving as highly
oxygenated molecular (HOM) tracers (Noziere et al., 2015). The formation of HOM
tracers with O/C > 1 in ISO SOA has been investigated in the smog-chamber experiments
at high concentration of nitrogen oxides (NOx) run with acidic or non-acidic aerosol
seeds. Organic acids from isoprene were also determined in PMas aerosol samples
collected in various regions of Poland, mainly Zielonka and Godow stations, and analyzed
using Orbitrap UPLC-MS technique (Figures 40 and 41). 2-methyltartaric acid (2-MTA),
2-methylthreonic acid and 3-methylthreonic acids (2-MTrA and 3-MTrA) were detected
both in the smog-chamber and field samples, so they can represent aged ISO SOA.
The proposed structures of both HOM tracers were confirmed with Orbitrap UPLC-MS
analyses by a comparison of the retention times, accurate mass spectral signatures and
product ion mass spectra. Recorded product ion mass spectra of synthesized standards,
including 2-MTrA, 3-MTrA and 2-MTA, have been used for that comparison.
The synthesis procedure involved, i.a. the hydrolysis of appropriate lactone cis-diols
under alkaline conditions to the final products. The complete synthesis procedures were
described in Chapter 2.2.1. Mass spectra of synthesized standard compounds and filter
extracts from smog chamber and ambient aerosol samples were compared in Figures 40

and 41. All data presented in this Chapter were published in Jaoui et al. (2019).
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Figure 40. Extracted lon Chromatograms (EIC) of methyltheonic acids (MTrA; MW 150)
from smog-chamber experiments and filed studies (A) and standard compounds (B);
and ESI(-) product ion mass spectra for SOA from ER667 non-acidic seed aerosol
experiment recorded at RT = 0.88 min (C) and 0.81 min (E) and for the corresponding
standard compounds 3-MTrA and 2-MTrA (D, F, resp.)

Figure 40 shows the Extracted Ion Chromatograms and high-resolution ESI(-)
product ion mass spectra recorded for methylthreonic acids. Panels A and B in Figure 40
compare fine aerosol samples and authentic standards of 2-MTrA and 3-MTrA with
samples from the ER667 non-acidic seed smog-chamber experiment. Panels C and E
show the product ion mass spectra of 3-MTrA and 2-MTrA (MW 150) from the ER667
sample eluting at RT = 0.88 min and RT = 0.81 min, respectively. The accurate mass

of the deprotonated component was CsHoOs: 149.0454 Da, error +0.4 mDa. Panels D
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and F in Fig. 40 show the product ion mass spectra of the synthesized 3-methylthreonic
acid and 2-methylthreonic acid, respectively. The accurate mass of the deprotonated
standard [M-H]" ion was CsHoOs: 149.0454 Da, error +0.4 mDa. Moreover,
the compound with CsHi0Os structure has been observed in other oxidation studies
and field samples, and was suggested the main HOM tracer (Krechmer et al., 2015).
UPLC-MS technique provided highly-reliable mass measurements for the proposed
HOMs. The recorded product ion mass spectra of 2-MTrA and 3-MTrA standard
compounds and analytes detected in the smog chamber are similar. Nevertheless, using
reversed-phase chromatography on HSS T3 C18 column generated a co-elution of signals
of EIC chromatograms obtained for smog-chamber and ambient aerosol samples.
The presence of two asymmetric carbon atoms, and thus two chiral centers in
the structures of identified methylthreonic acids makes each of them a pair of
diastereoisomers. Therefore one chromatographic peak of 2-methylthreonic acid
(2-MTrA) with 2-methylerythronic acid (2-MErA) at RT = 0.77-0.81 min, and one peak
of 3-methylthreonic acid  (3-MTrA) with 3-methylerythronic acid (3-MErA)

at RT = 0.88 min was observed.
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Figure 41. Extracted lon Chromatograms (EIC) of methyltartaric acid (MTA; MW 164)
of smog-chamber samples and field samples (4), and standard compound (B),; and ESI(-)
product ion mass spectra at RT = (.68 min registered for SOA from the ER667 non-acidic
seed aerosol experiment (C) and at RT = 0.69 min for the standard compound (D)
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Figure 41 shows the Extracted Ion Chromatograms with high-resolution ESI(-)
product ion mass spectra recorded for 2-methyltartaric acid. Figures 41 A and B compare
smog-chamber experiments with fine aerosol samples and authentic 2-MTA standard.
The product ion mass spectrum of the compound with MW 164 eluting at RT = 0.69 min
in the ER667 non-acidic seed experiment is shown in Fig. 41 C. The accurate mass of
the deprotonated component [M-H] ion was CsH70s: 163.0247 Da, error +0.4 mDa.
The product ion mass spectrum of the synthesized 2-methyltartaric acid standard is shown
in Fig. 41 D. The accurate mass of the deprotonated standard compound was (CsH7Os:
163.0246 Da, error +0.3 mDa) is consistent with an elemental composition of
the deprotonated CsHgOs with a MW 164. The proposed structure has been confirmed by
comparing the product ion mass spectra of smog-chamber sample with a standard
compound. The slight discrepancies between fragment ions in the product ion mass
spectra can be explained by the coelution of diastereoisomers of 2-methyltartaric acid
during the reversed-phase chromatography on HSS T3 C18 column of the smog chamber
sample, which provided a single peak for two isomers. In addition, 2-methyltartaric acid
OS was also found in Godow and Zielonka fine aerosol (Fig. 28). Product ion mass
spectra of those compounds (2-MTA and its organosulfate) clearly indicate, that both of
them follow a similar fragmentation pattern. Based on that comparison, the recorded
MS/MS spectrum of 2-MTA standard strongly supports the proposed structure of
the organosulfate. The proposed fragmentation pathways for above-mentioned organic
acids: 2-MTrA, 3-MTrA, and 2-MTA were presented in the Appendix (Figs. A6 — A8,
respectively).

Ambient aerosol samples contained trace amounts of 2-MTrA and 3-MTrA
(Fig. 40) and 2-MTA (Fig. 41), which indicates that those compounds form in
the atmosphere inefficiently, convert rapidly to other compounds, or are removed from
the atmosphere by some other mechanism. However, both ISO SOA components were
detected in the field samples from Zielonka and Godow, and smog-chamber experiments.
Notwithstanding, the detection of these oxygenated acids provided evidence for presence
of isoprene HOMs in ambient aerosol and give molecular evidence for ISO aging.
The obtained results are useful for modeling the formation and growth of aerosol particles
influenced by isoprene emissions, including the prediction of the OA particles properties,
and formation of cloud droplets. The chemical composition of ISO SOA has been
reported in several studies, however methylthreonic acids and methyltartaric acid have

not been previously reported as structurally-resolved particle-phase ISO oxidation
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products. Jaoui et al. (2019) were the first to provide the molecular evidence for isoprene

hydroxy carboxylic acids as SOA products formed due to aerosol aging.

3.3.4 Organic acids formation from butadiene

Chapter 3.3.3 showed that organic acids from isoprene can serve as highly
oxygenated molecular (HOM) tracers in fine aerosol. In this Chapter, the formation of
13BD organic acids as HOM tracers in the smog-chamber SOA was investigated in
the presence of high nitrogen oxides (NOx) and acidic and non-acidic aerosol seeds.
To determine the contribution of aged butadiene products to ambient aerosol, PMz s
aerosol samples were collected at various regions of Poland, mainly Zielonka, Diabla
Goéra and Godow monitoring stations, and analyzed with UPLC-MS technique
(Figures 42 — 45). The hydroxy acids from 1,3-butadiene, like tartaric acid (MW 150),
threonic and erythronic acid (MW 136), and malic acid (MW 134), were previously
reported by Jaoui et al. (2014). However, those compounds were identified tentatively.
In this Chapter, I confirmed their formation using the authentic standards. Moreover,
the structure of a novel HOM was revealed, mainly tartronic acid (MW 120), which can
represent aged 13BD SOA, as it occurred in trace amounts both in the smog chamber
and field samples. The proposed structures of HOM tracers were confirmed with
UPLC-MS analyses by comparing the retention times, accurate mass spectral signatures
and product ion mass spectra. The MS/MS spectra of standard compounds have been used
to verify the 13BD HOMs identification. The threonic acid standard was synthesized
based on the hydrolysis of appropriate lactone cis-diol under alkaline conditions.
The detailed description of the synthesis procedure was presented in the Chapter 2.2.2.

Anthropogenic precursors can significantly contribute to atmospheric SOA,
even though they are less numerous and abundant than the biogenic precursors.
The components of smog chamber and ambient samples are compared with standard
compounds in Figures 42 — 45. The -corresponding retention times (RT)
and fragmentation pathways agreed very well. Moreover, proposed fragmentation
pathways of selected organic acids are presented in the Appendix (Figs. A9—A12). All
data presented in this Chapter have been included in Jaoui, Nestorowicz et al. (2023,

submitted).
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Figure 42. Extracted lon Chromatograms (EIC) of tartaric acid (TA; MW 150) from
smog-chamber and field samples (A), and standard compound (B); and ESI(-) product
ion mass spectra at RT = 0.81 min registered for SOA from the ER666 non-acidic seed
aerosol (C), and for the standard compound (D)

Figure 42 shows the Extracted Ion Chromatograms and high-resolution ESI(-)
product ion mass spectra of tartaric acid. It compares a smog chamber sample with fine
aerosol (panel A) and the authentic TA standard (panel B). The product ion mass spectrum
of the MW 150 SOA component from 13BD ER666 smog-chamber experiment
(non-acidic seeds) eluting at RT = 0.81 min is shown in Fig. 42 C. The accurate mass
of the deprotonated component (C4HsOs: 149.0086 Da, error 0.0 mDa) was recorded at
RT = 0.81 min. The product ion mass spectrum of TA standard is shown in Fig. 42 D.
The accurate mass of the deprotonated standard compound [M-H] ion (C4HsOe:
149.0086 Da, error 0.0 mDa) was recorded at the RT = 0.81 min. It is consistent with
the elemental composition of deprotonated ion of C4HsO¢ molecule with MW 150. Based
on that mass-spectrometric consistency, the structure of TA was assigned to the sample
component. Trace amounts of TA were found in fine aerosol collected in Zielonka
and Diabla Gora. Tartaric acid is a well-known tracer in ambient aerosol and was detected

inurban (Kawamura and Ikushima, 1993; Rohrl and Lammel, 2002;), rural
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(Rohrl and Lammel, 2002) and forested areas (Clayes and Maenhaut, 2021). Lately,

it was suggested to occur in SOA from toluene (Lau et al., 2021).
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Figure 43. Extracted lon Chromatograms (EIC) of threonic acid (TrA; MW 136) from
smog-chamber experiments and filed samples (A), and the standard compound (B);
and ESI(-) product ion mass spectra registered at RT = 0.87 min for SOA from the ER666
non-acidic seed aerosol experiment (C), and at RT = (.86 min for the standard compound

(D)

Figure 43 shows the Extracted lon Chromatograms and high-resolution ESI(-)
product ion mass spectra of threonic acid (MW 136). It compares the smog-chamber
sample with the fine aerosol (panel A) and authentic TrA standard (panel B). The product
ion mass spectrum of the MW 136 SOA component from the 13BD ER666 smog-
chamber experiment (non-acidic seeds) eluting at RT = 0.87 min is shown in Fig. 43 C.
The accurate mass of the deprotonated compound [M-H]™ ion (C4H70s: 135.0294 Da,
error +0.1 mDa) was recorded at RT = 0.87 min. The product ion mass spectrum of TrA
standard is shown in Fig. 43 D. The accurate mass of the deprotonated standard [M-H]
ion (C4H70s: 135.0294 Da, error + 0.1 mDa) was recorded at RT = 0.86 min. Based on
the consistency of the product ion mass spectra, the structure of TrA was assigned to
the sample component. Only trace amounts of TrA were found in fine aerosol collected

in Godow, so I suggest that it forms in the atmosphere inefficiently, is a reactive reaction
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intermediate, or it is removed by other mechanisms. It is worth to point out that threonic
acid OS was also found in Godéw fine aerosol (see Fig. 33). The product ion mass spectra
recorded for threonic acid and its organosulfate clearly show, that they follow a similar
fragmentation pattern. Hence, the MS/MS spectrum of TrA standard verifies the proposed
structure of TrA organosulfate (Chapter 3.3.2).
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Figure 44. Extracted Ion Chromatograms (EIC) of tartronic acid (TrtA; MW 120)

for smog-chamber experiments, and field samples (4), and for the standard compound
(B); and ESI(-) product ion mass spectra registered at RT = 0.82 min for SOA from
the ER666 non-acidic seed experiment (C) and the standard compound (D)

Another novel 13BD SOA component found in trace amounts in PM3 5 aerosol
and smog chamber samples was determined at m/z 119 (Figure 44). A single peak was
observed for that component (Fig. 44 A and B). The accurate mass of the deprotonated
[M-H] ion (C3H30s: 118.9981 Da, error 0.0 mDa) was recorded at RT = 0.82 min in
a sample from the ER666 non-acidic seed experiment. The product ion mass spectrum of
TrtA standard is shown in Fig. 44 D. The accurate mass of the standard compound
(C3H30s: 118.9981 Da, error 0.0 mDa) was recorded at RT = 0.82 min and is consistent
with the elemental composition of the deprotonated C3H4Os (MW 120). The proposed
structure has been confirmed by comparing the product ion mass spectra of the smog

chamber sample with that of the standard compound. High-resolution data strongly
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suggested greater oxidation pathway for this compound, as it has high O/C ratio.
Only trace amounts of TrtA were found in fine aerosol collected in Diabla Gora, so
the acid most probably forms in the atmosphere inefficiently, converts rapidly to other
compounds, or is removed by other mechanisms. Tartronic acid has never been reported
in the 13BD SOA context.
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Figure 45. Extracted lon Chromatograms (EIC) of malic acid (MA; MW 134)
for smog-chamber and , field samples (A), and for the standard compound (B); and
the ESI(-) product ion mass spectra registered at RT = 0.82 min for SOA from the ER666
non-acidic seed aerosol experiment (C) and the standard compound (D)

The last organic acid found in reasonable amounts in smog chamber and ambient
aerosol samples was malic acid (MW 134). Figure 45 shows the Extracted lon
Chromatograms and the high-resolution ESI(-) product ion mass spectra and of MA.
Figure 45 compares smog-chamber samples with aerosol samples (panel A) and with
the authentic MA standard (panel B). The product ion mass spectrum of 13BD SOA
component from the smog-chamber experiment ER666 (non-acidic seed) is shown in
Fig. 45 C. The accurate mass of that component (C4HsOs: 133.0150 Da, error -1.3 mDa)
was recorded at RT = 0.82 min. The product ion mass spectrum of MA standard
compound is shown in Fig. 45 D. The accurate mass of the standard compound (C4HsOs:
133.0132 Da, error - 0.5 mDa) was recorded at RT = 0.82 min. The proposed structure

of the SOA component was confirmed against the authentic standard by comparison of
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the product ion mass spectra. Malic acid was highly abundant in fine aerosol collected
at Godow and Zielonka. This may be caused by other possible formation pathways in
the atmosphere. Malic acid is a well-known tracer in AA. It forms by the photooxidation
of semivolatile carboxylic acids emitted during biomass burning, e.g. succinic acid
(Kawamura and Gagosian, 1990; Kawamura and Ikushima, 1993; Kundu et al., 2010).
It was also found in SOA from toluene (Lau et al, 2021). Now, I can conclude that other
considerable source of MA in the atmospheric aerosol is 1,3-butadiene emission. It is
worth to point out that malic acid OS was also found in Godéw and Zielonka fine aerosol
(Fig. 32). The product ion mass spectra recorded for malic acid and its organosulfate
clearly indicate, that both compounds follow a similar fragmentation pattern. Hence,
the MS/MS spectrum of MA standard confirms the proposed structure of MA
organosulfate. In addition, proposed fragmentation pathways for above-mentioned
organic acids: TA, TrA, TrtA and MA were presented in the Appendix (Figs. A9 — A12,
respectively).

The ambient aerosol samples analyzed contained only trace amounts of TrA, TA
and TrtA (Figs. 40 — 42), indicating that those compounds either form in the atmosphere
inefficiently, or convert rapidly to other compounds, or are otherwise removed from AA.
On the contrary, malic acid was detected in significant amounts both in the smog chamber
and ambient aerosol samples. Therefore, those highly oxidized acids may indicate
the 13BD transformation in the atmosphere, including the aging of 13BD aerosol.
That may be useful for better understanding and modelling of atmospheric processes,
including aerosol formation and growth, changing properties OA particles and nucleation
of clouds. The chemical composition of 13BD SOA, including the organic hydroxy acids
formation, has been reported (Jaoui et al., 2014). However, the structures of 13BD SOA
components were identified only tentatively and I confirmed them here using appropriate
authentic standards. The UPLC-MS analyses allowed a more accurate identification
of the organosulfates derived from the acids. Furthermore, one novel compound was
detected — tartronic acid with MW 120, which has not been previously reported as
a particle-phase 13BD oxidation product.

3.4 Ambient fine aerosol

This Chapter describes the semi-quantitative estimation of significant and novel
isoprene and butadiene SOA products in ambient aerosol with reference to the smog-
chamber data on the influence of RH on SOA formation and to the relevant
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physicochemical and meteorological data available for sampling sites. Revealing the ISO
and 13BD SOA composition in the laboratory enabled the identification of many
components of ambient aerosol. The concentrations of identified components were
correlated with organic carbon (OC), elemental carbon (EC), and PM» 5 concentrations.
Besides, the air mass back trajectories were calculated for selected sampling sites to

analyze the possible inflow of PM components.
3.4.1 OC and EC concentrations

Table 20 shows organic carbon (OC), elemental carbon (EC), and PMoa;s
concentrations in the air (ug m>) determined for the collected ambient aerosol samples.
In the Godéw campaign, the average organic carbon (OC) constituted 29.6 % of the PM> s
mass within the 22.8 — 37.5% range. The average elemental carbon (EC) was less than
4.7% within the 3.8 — 5.5% range. In the Diabla Goéra campaign, the average organic
carbon (OC) constituted 41.1% of the PM2 s mass within 36.3 —44.0% range. The average
elemental carbon (EC) was less than 1.7% within the 1.6 — 1.8% range. In the Zielonka
campaign, the average organic carbon (OC) constituted 51.1% of the PM>. s mass within
41.6 — 83.9% range. The average elemental carbon (EC) was 2.5% within the 1.7 — 3.1%
range. In the Kaskada campaign, the average organic carbon (OC) constituted 40.8% of
the PM> 5 mass within the range of 36.8 — 47.8% The elemental carbon (EC) accounted
for 8.9% within the range of 3.9 — 23.1%. Moreover, Table 21 compares PM 5, OC, EC
concentrations in the air for ambient aerosol samples collected at several world sites.

The values at Diabla Gora, Godow, Zielonka, and Kaskada were among the lowest.
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Table 20: Organic carbon (OC), elemental carbon (EC) and PM:s concentrations in the air (ug m>) determined for the collected ambient
aerosol samples

Sampling site Sample name OC/(,PMZ'S EC/:) Vs

(%) (%)

Godow 1 4.0+0.2 0.6+0.1 6.2 17.0 22.8 3.8

Godow 2 53+03 1.1+0.1 4.7 21.0 25.2 5.3

Godow Godéw 3 6.4+0.4 0.8+0.1 8.1 24.0 26.5 33
Godow 4 6.4+0.4 0.9+0.1 6.8 17.0 37.5 5.5

Godéw 5 55+03 0.8+0.1 6.8 15.0 36.3 53

B017 51+03 0.2+0.1 26.8 44.0 1.6

BO18 5.0+0.3 0.2+0.1 26.2 1o 429 1.6

Diabla Géra B019 50+0.3 0.2+0.1 26.3 L 43.0 1.7
B020 4.0+0.3 02+0.1 20.2 36.3 1.8

B021 43+0.3 0.2+0.1 23.8 10.9 39.3 1.7

L022 6.3+0.4 02+0.1 17.0 41.6 2.5

. L023 6.7+£04 0.4+0.1 17.3 > 447 2.6
Zielonka 1024 9.0+ 0.6 0.2+0.1 49.9 83.9 1.7
L025 45£03 0.3+0.1 15.9 106 42.1 2.6

L026 3.8+0.3 0.3+0.1 13.9 8.7 432 3.1

K8043 6.1+0.4 0.7+0.1 8.5 14.5 423 5.0

K8044 52+03 0.9+0.1 5.8 10.9 47.8 8.3

Kaskada K8045 39+03 0.4+0.1 9.9 9.9 38.9 3.9
K8046 8.5+0.5 51+03 1.7 22.3 38.3 23.1

K8047 52+03 0.6+0.1 9.0 14.1 36.8 4.1

* PM 5 concentrations for Kaskada and Godow sampling sites were available on https://powietrze.gios.gov.pl/
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Table 21: Mean concentrations (ug m>) of PM.s, OC and EC observed in this study and at selected worldwide sites
(adapted from Rudzinski et al., 2022)

Rural sites Sub-urban sites Urban sites This study Referances

3 Clements et al., 2016
b Kristensson et al. 2020
© Blaszczyk et al., 2017

9-2479 9 ChooChuay et al., 2020a
25+ 109 ° Hu et al., 2008
_ 4509 , H
1949 28580 | 11.2 + (.4 Diabla Gora b oameta.,
PM:s 33+1390 lonk ) Wang et al., 2017
16-70° 68 +£ 359 m 11.5 + 3.3 Zclonka .
424139 66— 1321 50+ 20 13.5 4 7 3 Kaskada Mikuska et al., 2017
36640 : ) » Salma et al., 2017
102 +74™ K Rudzinski et al., 2022
77 — 183 ) Lewandowska et al., 2018
™ Bootdee et al., 2016
" Feng et al., 2019
° Wang et al., 2019
b Kristensson et al. 2020
° Hu et al., 2008
D Ho et al., 2002
5+29 & Islam et al., 2020
2+£1P 5_70 9+6" 5.5+ 1.0 Godow » Salma et al., 2017
oC 5+£3b ) 7149 4.7 £ (.5 Diabla Gora ¥ Rudzinski et al., 2022
0.1-9.97 18+109 15+89 6.0 + 2.] Zielonka D Lewandowska et al., 2018
13£29 6-18Y 5.8 &+ 1.7 Kaskada P) Laongsri and Harrison, 2013
10+ 19 Y Puxbaum et al., 2007
s) Gatari and Boman, 2003
Y Gao et al., 2020
Y Liu et al., 2019
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Table 21 (continued): Mean concentrations (ug m>) of PM>s, OC and EC observed in this study and at selected worldwide sites
(adapted from Rudzinski et al., 2022)

Rural sites Sub-urban sites Urban sites This study Referances
® Kristensson et al. 2020
< ® Hu et al., 2008
+ i) >
1111 N 8;‘ o D Ho et al., 2002
T el 0.9 + (.2 Godow ® [slam et al., 2020
0.2 =+ (.] Diabla Gora ¥ Salma et al., 2017
+£03"Y -2 +1W . LT
EC 0603 91 N é o 1 N 12 t) 0.3 +0.] Zclonka Y Rudzinski et al., 2022
16V 1.5+ 1.7 Kaskada D Lewandowska et al., 2018

1)
489 qu et al., 2020
W Liu et al., 2019
" ChooChuay et al. (2020b)
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3.4.2 Back trajectories of air masses

The chemical composition of fine aerosol particles strongly depends on the
emission sources, lifetimes of compounds in the atmosphere, which range from minutes
to months, geographical location, and meteorological conditions. Depending on those
variables, the PM> s fraction has a specific chemical composition in various world regions
(Seinfeld and Pandis, 1998; Raes et al., 2000; Poschl, 2005; Juda-Rezler and Toczko,
2016). Isoprene and butadiene are aerosol precursors which react in the atmosphere —
their lifetimes vary from hours to days. Besides, particulate matter originates from sources
that are local or remote to the sampling sites. To find the origin and the path of aerosol
particles inflowing to a sampling site, air mass back trajectories are calculated at given
height and time intervals. In order to determine the origin of air masses inflowing to the
selected sampling points, 24-hour back trajectories of inflowing air masses were
calculated every 4 hours for the exposure period of each aerosol sampling filter. The back
trajectories were calculated at the heights of 50 m and 200 m above ground level. Back
trajectories were calculated with the freely available HY SPLIT model (Stein et al., 2015,
Ralph et al., 2017), available on-line at the NOAA Air Resources Laboratory, USA
website, which simulates the flow of air masses on local to global scales based on
the stored meteorological data. Below are presented backward trajectories to:

(1) Godow; between 25-29 August 2014 for 50 m and 200 m above ground level
and 24 h flow period (Fig. 46);
(2) Diabla Gora; between 29-31 May 2016 for 50 m and 200 m above ground level
and 24 h flow period (Fig. 47);
(3) Zielonka; between 25-27 July 2016 for 50 m and 200 m above ground level
and 24 h flow period (Fig. 48);
(4) Kaskada; between 20-22 July 2018 for 50 m and 200 m above ground level
and 24 h flow period (Fig. 49).
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Godow_1 50 m Godow_1 200 m

25.08.2014
Godow_3 50 m Godow_3 200 m
27.08.2014
Godow_5 50 m Godow_5 200 m
29.08.2014

Figure 46. 24 h back trajectories of air masses to Godow between 25-29.08.2014 at
7:00 AM at 50 m and 200 m above ground level (every 4 h)

The analysis of air masses to Godéw showed that, on a scale of 24 hours and 50 m
above ground level, the major part of air masses drifted at the first day of sampling
(Godow 1) from the west directions (from Germany), and at third and fifth day of
sampling (Godow_3, Godow 5, resp.) the direction of air masses changed to south.
The air flow was mostly from Hungary and Czech Republic. The analysis of 24 h back
trajectories at 200 m above ground level indicated similar air flow direction, however on

29.08.2014 Godow ambient aerosol was also influenced by west air masses.
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B017 50 m B017 200 m

29.05.2016
B019 50 m B019 200 m
30.05.2016
B021 S0 m B021 200 m
31.05.2016

Figure 47. 24 h back trajectories of air masses to Diabla Gora between 29-31.05.2016
at 7:00 AM at 50 m and 200 m above ground level (every 4 h)

The analysis of air masses to Diabla Gora showed that, on a scale of 24 hours,
50 m and 200 m above ground level, the air masses drifted only from the east direction,

mostly from Belarus and Russia.
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L022 50 m L022 200 m

25.07.2016
L024 50 m L024 200 m
26.07.2016
L026 50 m L026 200 m
27.07.2016

Figure 48. 24 h backtrajectories of air masses to Zielonka between 25-27.07.2016 at
7:00 AM at 50 m and 200 m above ground level (every 4 h)

The calculated back trajectories to Zielonka showed that, on a scale of 24 hours,
50 m and 200 m above ground level, the airflow changed dynamically. The major air
masses drifted from the north, northeast and northwest directions, mostly from the Baltic

See and Lithuania.
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K8043 50 m K8043 200 m

20.07.2018
K8045 50 m K8045 200 m
21.07.2018
K8047 50 m K8047 200 m
22.07.2018

Figure 49. 24 h back trajectories of air masses to Kaskada between 20-22.07.2018 at
7:00 AM at 50 m and 200 m above ground level (every 4 h)

The 24-hour back trajectories at 50 m above ground level showed that the major
part of air masses drifted to Kaskada from the north and west directions. The back
trajectories at 200 m above ground level are similar, however the first day of sampling

(K8043) was also influenced by the north inflow.
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3.4.3 Quantitative characterization of ambient aerosol

This Chapter focuses on the quantitative analysis of well-known and novel ISO
and 13BD SOA components in the field aerosol samples, including several
organosulfates. Organosulfates (OSs) have been widely identified in ambient PMas.
These compounds contribute substantially to organic carbon in ambient fine aerosol
(1-17%; Shakya and Peltier, 2013; Shakya and Peltier, 2015, Hettiyadura et al., 2019).
They are associated with secondary organic aerosol (SOA) from both anthropogenic
volatile organic compounds (AVOCs; Riva et al., 2015; Blair et al., 2016) and biogenic
volatile organic compounds (BVOCs; Surratt et al., 2007a, 2008, Chan et al., 2011;
Zhang et al., 2012; Barbosa et al., 2017; Riva et al., 2019). The formation of OSs in fine
aerosol has been explained by several possible formation pathways summarized by
Bruggemann et al. (2020):

(a) acid-catalyzed reactive uptake of epoxides onto acidic aerosol (Ilinuma et al., 2009;
Surratt et al., 2010; Kristensen and Glasius, 2011; Lin et al., 2012; Riva et al., 2016 a,b;
Barbosa et al., 2017; Duporte et al., 2020);

(b) direct sulfate esterification (Ilinuma et al., 2007 a,b; Surratt et al., 2008);

(c¢) nucleophilic substitution and conversion of organonitrates into OSs in the aqueous
phase (Darer et al., 2011; Hu et al., 2011);

(d) sulfoxy-radicals-initiated oxidation of unsaturated compounds in the aqueous phase
(Rudzinski et al., 2009; Noziere et al., 2010; Schindelka et al., 2013; Schone et al., 2014;
Szmigielski, 2016; Wach et al., 2019; Huang et al., 2020);

(e) direct reactions of SO; with unsaturated hydrocarbons (Passananti et al., 2016),

(f) the heterogeneous reaction between SO: and aerosol-phase organic peroxides in
the ozonolysis of unsaturated hydrocarbons at high and low RH levels (Ye et al., 2018;
Wang et al., 2019).

Due to the ready formation in the atmosphere, organosulfates are very important
in the chemistry and transformation of organic aerosols, since they enhance the cloud
condensation nuclei activity (Hansen et al., 2015) and influence aerosol physicochemical
properties, such as morphology, viscosity, acidity (Olson et al., 2019; Riva et al., 2019)
as well as optical properties (Fleming et al., 2019). However, accurate quantification of
OSs and other significant SOA components is still difficult, mostly due to the lack
ofauthentic standards and uniform analytical procedures. Therefore, the results presented
in this Chapter should rather be regarded as a semi-quantitative analysis or first estimation

of the concentrations of individual SOA compounds in ambient aerosol samples —
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organosulfates, nitrooxy- and nitrosooxy- organosulfates. However, the organic acids

found in the field samples were quantified based on authentic standards.

3.4.3.1 Isoprene SOA

The concentrations of isoprene SOA components were measured in samples collected
at the selected sites. Among compounds detected, the most abundant one was
2-methyltetrol nitrooxy-organosulfate (MW 261). Other major components were:
2-methylthreitol and 2-methylerythritol organosulfates (MW 216), together with 2,3,4-
furantriol, tetrahydro-methyl organosulfate (MW 214) and 2(3H)-furanone, dihydro-3,4-
dihydroxy-3-methyl- organosulfate (MW 212). The compounds detected in trace amounts
were: methylthreonic acids (MW 150) and methyltartaric acid (MW 164),
3-methylthreonic acid nitrooxy-organosulfate (MW 275) and 2-methyltartaric acid
organosulfate (MW 244). Trace amounts of 2-methylglyceric acid OS (MW 200) were
found only in Kaskada and Zielonka fine aerosol. In addition, 3-methylthreonic acid
organosulfate (MW 230) was detected in Zielonka and Godoéw samples, however
the concentrations were below the determined Limit of Detection (LOD). Moreover,
2-methyltetrol NSOS with MW 245 was detected at LOD solely in Kaskada fine aerosol.

Table 22 presents the ISO SOA components' mean concentrations (ng m™) at
the selected sampling sites. The highest concentration of isoprene-derived organosulfates
occurred in Zielonka, where the sum of OSs+NOSs was 474.9 + 149.3 ng m™, whereas
the lowest concentration occurred in Godow, where the sum of OSs+NOSs was 87.6 +
46.1 ng m>. Bryant et al. (2020) investigated the chemical composition of highly
anthropogenically influenced ISO SOA in the capital city of China, Beijing, during the
2017 summer campaign. The authors showed that the mean concentrations (ng m) of

3

the sum of ISO SOA components were 82.5 ng m>, ranging from 1.9 ng m> to

718 ngm>.

The authors also analyzed the concentrations of particular ISO SOA
components, including those with MW 200, 212, 214, 216, 230, 244, 245, and 275.
In addition, Bryant et al. (2021) analyzed ISO SOA in Guangzhou, China. Table 23
shows the concentrations (ng m) of selected ISO SOA compounds with reference to
field campaigns from Beijing in 2017 (Bryant et al., 2020) and Guangzhou in 2019
(Bryant et al., 2021). Moreover, Jaoui et al. (2019) showed that concentrations
of methyltartaric acid (MW 164) in Duke Forest, NC, U.S. ambient aerosol collected

during 2003 summer campaign ranged from 1.5 to 6.3 ng m>, and the concentration

of methylthreonic acids (MW 150) ranged from 0.2 to 0.9 ng m™.
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Table 22: Mean concentrations (ng m>) of ISO SOA components in this study and at other sites (Bryant et al., 2020, 2021)

Sampling site MW 200 MW 212 MW 214 MW 216 MW 244 MW 261 MW 275 MW 150 MW 164 X OSs+NOSs

Kaskada 0.7+ 0.6 84.0 £11.7 124+ 4.6 89.7£67.6 0704 159.6+743 32+£22 19+04 18+0.6 350.2+56.1

Zielonka 09=+0.7 135.1+£30.8 50.8+19.8 1262+52.0 41+10 1557+784 20+11 14+£02 28+0.8 4749+1493

Godow <LOD 223+ 13.7 22+22 6.5+6.6 1.5+03 55.0+23.7 <LOD 0.8+0.1 <LOD 87.6 £46.1

Diabla Gora <LOD 69.6 +16.9 28.1+£69 1362+30.1 24 +£05 86.9+26.0 0609 24+05 1603 324.0+76.0

Beijing China 21.5 14.0 10.6 11.8 0.11 12.6 9.17 - - 261.7
Beijing China
. 03-180.5 0.3-136.4 04-1047 0.8-1109 0.0-409 0.1-154.1 0.0-53.8 - - -
(min—-max)
Guangzhou
- 11.8 11.8 11.4 574 1.46 5.21 9.6 - - 205.5
China

< LOD denotes that the compound was not detected in all analyzed samples and/or in trace amounts
ND - not detected
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There are many reports on the quantitative detection of isoprene OSs and NOSs
in ambient aerosol from various sites worldwide. However, most of the studies have been
focused on the main and the most abundant 2-methyltetrol OSs. Chan et al. (2010)
attempted to quantify 2-methyltetrol OSs in fine aerosol collected at two sampling sites
in Atlanta and Yorkville in the southeastern U.S. The concentrations measured with
UPLC-MS ranged between 6.7 — 64.0 ng m™ and 5.1 — 46.0 ng m™, respectively.
Kanellopoulos et al. (2022) measured the concentration of isoprene OSs at two urban sites
in Greece during 2017-2018 campaign. The authors showed that isoprene-epoxydiol
transformations may be a dominant pathway of ISO SOA formation, with the OSs with
MW 212, MW 214 and MW 216 detected as the major ISO products at both sites.
The OSs contribution to PMas aerosol at both sites ranged from 2.5 + 1.2% and from
5.0 +£2.5% for Athens and Patra in summer, respectively. Chen et al. (2021) quantitively
characterized OSs in PMas aerosol samples collected from 20 various sites during
the 2016 summer campaign in the U.S. They found that in the eastern U.S., the mass of
isoprene OSs accounted for 4 + 2% of organic matter (OM) while the mean concentration
was 130 £ 60 ng m>. In the western part of U.S., the mean concentration of isoprene-
derived OSs was 11 ng m and its total mass accounted for 0.5% + 0.3 of OM. The most
abundant ISO-derived organosulfate with MW 216 in summer was 24 £+ 29 ng m™,
Glasius et al. (2018) measured organosulfates concentration in aerosol from an urban
region in central Amazon during wet (February — March) and dry (August — October)
seasons. OSs were dominantly formed from isoprene epoxydiols (IEPOX), averaging to
104 + 73 ng m> (15-328 ng m™) during the wet season, and 610 + 400 ng m™ (86—
1962 ng m™) during the dry season. The ISO-derived organosulfate with MW 216,
constituted about 80% of the total organosulfate mass detected. Its concentration ranged
from 83 + 59 ng m> (11-260 ng m™) during the wet season, and 399 + 308 ng m> (39—
1450 ng m™®) during the dry season. The OSs with the MW 214 occurred at the mean
concentrations of 11.5 + 9.3 (wet season) and 101 = 61 ng m> (dry season).
Organosulfate with the MW 212 was detected only during the wet season at the level
of 1.3 £ 1.5 ng m>. The mean relative humidity was high through the sampling period:
74 £ 15% during the dry season and 81 + 5% during the wet season. Although ISO OSs
formation was enhanced during dry season, the correlation analysis did not confirm, that
relative humidity directly affected their formation. Organosulfates contributed up to

3.5+ 1.9% of aerosol OM during the wet season and 5.1 + 2.5% during the dry season.
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He et al. (2014) analyzed the chemical composition of the Pearl River Delta region in
South China. The authors detected two main isoprene OSs — MW 216 and MW 200,
however, both at the levels close to the LOD: 0.00 — 2.09 ng m™ and 0.00 — 1.06 ng m=,
respectively. Bryant and co-workers (2021) investigated the OSs and NOSs formation
from biogenic precursors influenced by high anthropogenic emissions in Guangzhou,
a southern Chinese megacity in the Pearl River Delta region. They showed that mean
ISO-derived OSs and NOSs concentrations during summer were 181.8 ng m>
and 23.7 ng m™, respectively. Moreover, those authors observed the enhanced formation
of ISO OSs at temperatures above 30°C and in the presence of particulate sulfate (SO42"),
suggesting the dominant formation pathway was heterogeneous reactions of oxidized ISO
compounds. Table 23 presents a comparison of two well-known and widely investigated
ISO-derived OSs — methyltetrol OSs (MW 216) and methylglyceric acid OS (MW 200;
adapted from Bryant et al., 2020).

Table 23: Mean concentrations (ng m>) for two main ISO OSs with the MW 200

and the MW 216 determined in this study and reported in literature (adapted from
Bryant et al., 2020)

Sampling site (year) MW 200 MW 216 Reference
Amazon (2016) - 390 Cui et al. (2018)
Amazon (2014) 0.7 (wet); 30.0 (dry) 83 (wet); 399 (dry) Glasius et al. (2018)

Centreville, U.S. (2013) 10.7 217.0 Riva et al. (2019)
Look Rock, U.S. (2013) 10.0 169.5 Budlisulistiorini et al. (2015)

Atlanta, U.S. (2015) 53 1792 Hettiyadura et al. (2019)

Beijing, China (2016) 3.6 53 Wang et al. (2018)

Beijing, China (2017) 21.5 11.8 Bryant et al. (2020)

Guangzhou, China (2019) ' 13 ((Svgllrrl‘gre)r) e ((Svgfggsr) Bryant et al. (2021)
U.S. (2016) 13 24 Chen et al. (2021)

Birmingham, U.S. (2013) 7.2 164.5 Rattanavaraha et al. (2016)
Zielonka, Poland (2016) 0.9 126.2

Kaskada, Poland (2018) 0.7 89.7

This study
Diabla Goéra, Poland (2016) - 136.2
Godow, Poland (2014) - 6.5
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As table 23 shows, the amount of methylglyceric acid OS (MW 200) was generally
lower than that of methyltetrol OSs (MW 216), with the exception of Guangzhou
and Beijing (Bryant et al. 2020, 2021). It was caused by diminished formation of MAE
and higher concentrations of IEPOX in the atmosphere, especially in forested areas at
higher temperatures (Lin et al., 2013; Worton et al., 2013). Therefore, isoprene SOA
formation via IEPOX pathway is more significant than formation via MAE pathway. In
addition, Hatch et al. (2011) conducted real-time ATOF-MS measurements in the ambient
atmosphere, which revealed that the highest isoprene OSs concentrations occurred at
night under a stable boundary layer. They suggested that gas-to-particle partitioning with
subsequent aqueous-phase processing of the isoprene oxidation products played a key
role in OSs formation. However, ISO OSs concentrations determined for Diabla Gora,
Kaskada and Zielonka field samples with 12-hours day-and-night aerosol collection do
not unequivocally confirm the findings of Hatch et al. (2011). The following figures
and tables present the concentrations of selected isoprene SOA components found in
ambient aerosol samples at those sites correlated with OC concentrations, temperature

and relative humidity (Figs. 50 — 53). In addition, tables 24 — 27 present the sum of OSs

——1temp (*C)
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and NOSs contributions to the PM3 s aerosol and OC.
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Figure 50. Concentrations of selected components of Zielonka ambient aerosol samples
determined using UPLC-MS (the numerical values are listed in table All in
the Appendix)

Samples collected in Zielonka (Bory Tucholskie) were highly influenced by

biogenic aerosol precursors. Figure 50 shows the tendency observed for selected ISO
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SOA components. The increase of NOS with MW 261 and a slight increase of other
compounds detected in L024 day sample may be connected with the increase of NOx
(3.2 pg m>) and SO, (1.4 pg m™) in the atmosphere the night before (see table 10 in
Chapter 2.1.2). Moreover, also OC concentration (9.0 pg m™) for that sample was high.
The notable decrease in concentrations may be related to the increasing RH level (up to
100% for L025 sample), which is consistent with the smog-chamber findings.

Table 24 shows the contribution of detected ISO-derived compounds to OC and PM2 5
masses of Zielonka ambient aerosol. For the analyzed sampling period, the mass share
of ISO-related OSs and NOSs has not exceeded 8.7% of organic carbon, and 6.2% of
PM; s mass.

Table 24: Contribution of ISO-derived compounds to OC and PM: 5 in Zielonka ambient
aerosol samples

(X OSs+NOS) / OC (X OSs+NOS) / PM; 5

Sample (%) (%)
L022 8.7 3.6
L023 7.7 3.5
L024 7.4 6.2
L025 7.2 3.0
L026 8.6 3.7

Average 7.9 4.0

Samples collected in Godéw were highly influenced by biogenic
and anthropogenic aerosol precursors. Figure 51 shows the tendency of observed ISO
SOA components. High concentration of [ISO SOA components in Godow_5 sample may
be connected with relatively low RH level in the atmosphere (94.5% for Godow 3
and 71.4% for Godow_5 sample). In addition, that time a slight increase of SO; in
the atmosphere occurred (up to 5 pg m>; see table 10 in Chapter 2.1.2) with
the simultaneous change of airflow from west to south at 50 m above ground level.

Those variables could influenced the growth of ISO SOA components in Godow samples.

125

http://rcin.org.pl



96 - ——O0C (ugm’)

o
Godow_1 Godow 2 Godow_3 Godow 4 Godow 5

Figure 51. Concentrations of selected components of Godow ambient aerosol samples
determined using UPLC-MS (the numerical values are listed in table AI2 in
the Appendix)

Table 25 shows the contribution of detected ISO-derived organosulfates to OC
and PM2 s masses in Godow ambient aerosol samples. For the analyzed sampling period,
the average mass share of ISO-related OSs and NOSs has not exceeded 3.1% of OC
and 1.1% of PM2 s mass.

Table 25: Contribution of ISO-derived compounds to OC and PM> 5 in Godow ambient
aerosol samples

(X OSs+NOSs) / OC (X OSs+NOSs) / PM: 5

Sample (%) (%)
Godow _1 1.1 0.3
Godow_2 1.6 0.4
Godow 3 1.0 0.3
Godow_4 1.2 0.4
Godow_5 3.1 1.1

Average 1.6 0.5

Samples collected in Kaskada, a small park in northern Warsaw, were highly
influenced by biogenic and anthropogenic aerosol precursors. Figure 52 shows
the tendency of observed ISO SOA components. The total concentration of ISO SOA
components during selected period remained almost at the same level. However,

the chemical composition of the samples changed. The considerable increase
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in 2-methyltetrol NOS (MW 261) formation was observed, followed by the decay of
2-methyltetols OS (MW 216). This particular observation was caused by a significant
increase of the nitrogen oxides (NOx) concentration in the atmosphere, even up to
124.1 ug m> (see table 10 in Chapter 2.1.2), so that the most abundant compound
detected was NOS 261. The second major ISO-derived compound detected was OS with
the MW 212, which concentration remained almost constant during the sampling period.

90+ ——OC {ugm?
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Figure 52. Concentrations of selected components of Kaskada ambient aerosol samples
determined using UPLC-MS (the numerical values are listed in table Al3 in
the Appendix)

Table 26 shows the contribution of detected ISO-derived organosulfates in OC
and PM> s of Kaskada ambient aerosol. For the analyzed sampling period, the average

share of ISO-related OSs and NOSs has not exceeded 8.3% of OC and 3.2% of PM2 s

mass.
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Table 26: Contribution of ISO-derived compounds to OC and PM: s in Kaskada ambient
aerosol samples

Sample (2 OSs+NOSs) / OC (X OSs+NOSs) / PM: 5

(o) (o)

K8043 6.3 2.7
K8044 6.0 2.9
K8045 8.2 32
K8046 3.5 1.4
K8047 8.3 3.1
Average 6.5 2.6

Samples collected in Diabla Gora, a rural forested area, were highly influenced by
biogenic aerosol precursors. Figure 53 shows the tendency of observed ISO SOA

components.
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Figure 53. Concentrations of selected components of Diabla Gora ambient aerosol
samples determined using UPLC-MS (the numerical values are listed in table A14 in
the Appendix)

The total concentration of ISO SOA components mildly increased during the analyzed
period, probably due to the gradually decreasing RH level. In addition, 24-hour air mass
back trajectories indicated a constant airflow to Diabla Goéra from the east direction.
In contrast to other locations, the main isoprene-derived compound found was

2-methyltetrol organosulfate (MW 216).
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Table 27 shows the contribution of detected ISO-derived organosulfates in OC
and PM> 5 of Diabla Gora ambient aerosol. For the analyzed sampling period, the average
share of ISO-related OSs and NOSs has not exceeded 9.6% of OC and 3.8% of PM s
mass.

Table 27: Contribution of ISO-derived compounds to OC and PM>s in Diabla Gora
ambient aerosol samples

Sample (Z OSs+NOSs)/OC (X OSs+NOSs) / PM;s

(%) (%)

B017 4.5 2.0
B018 5.4 23
B019 7.6 3.4
B020 8.4 3.0
B021 9.6 3.8
Average 7.1 2.9

The highest contribution of detected ISO SOA components in OC has been
demonstrated in Zielonka and Diabla Goéra sampling stations (7.9 % and 7.1%,
respectively), where very likely the highest isoprene emission occurred. Moreover, both
sites are forested rural areas, slightly influenced by nitrogen oxides (NOx). Therefore,
the share of nitrooxy-organosulfate with MW 261 formed were lower, comparing to
Godoéw and Kaskada more influenced by anthropogenic emissions. The highest amounts

of ISO SOA were found in Zielonka ambient aerosol.

3.4.3.2 Butadiene SOA

The concentrations of butadiene SOA components in samples from selected
sampling sites were determined. Among compounds detected, the most abundant 13BD-
derived product was malic acid (MW 134) and its organosulfate (MW 214). Other
compounds detected were tartaric acid (MW 150) and threonic acid (MW 136).
1,2,3,4-butanetetrol nitroorganosulfates (MW 247), glyceric acid organosulfate
(MW 186) and 2(3H)-furanone, dihydro-3,4-dihydroxy- organosulfate (MW 198) were
found in trace amounts. Butanetetrol NOS was detected solely in urban and highly
anthropogenically influenced areas — Kaskada and Godéw. Although threonic acid was
detected at Godow, Zielonka and Diaba Gora sampling sites, its OS occurred only in trace

amounts in Zielonka and Godow samples. Moreover, traces of tartronic acid (MW 120)
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were found solely in Diabla Géra samples. At other sampling sites, TrtA was not detected
at all. 13BD components found in smog-chamber experiments, such as 2-butanone, 1,4-
dihydroxy- organosulfate (MW 184), 2-butanone, 1,3,4-trihydroxy- organosulfate
(MW 200), 1,2,3,4-butanetetrol organosulfate (MW 202), 1,2,3,4- butanetetrol
nitrosooxy-organosulfate (MW 231) have not been found in ambient aerosol collected at
the sampling sites.

Table 28 presents the mean concentrations of 13BD SOA components in collected
samples. The highest concentration of butadiene-derived organosulfates was detected in
Zielonka (14.0 £ 5.3 ng m™), whereas the lowest concentration — in Godéw
(5.8 £ 1.0 ng m™). The same dependence was found for organic acids, with the highest
values for Zielonka (105.9 + 38.7 ng m™), and the lowest for Godéw (13.4 + 2.4 ng m™).
In particular, 1,3-butadiene OSs and NOSs were not reported previously.
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Table 28: Mean concentrations (ng m>) determined in this study for 13BD SOA components

Sampling ¥ ¥
site MW 186 MW 198 MW 214 MW 216 MW 247 MW 134 MW 136 0Ss+NOSs acids
Kaskada <LOD ND 6.5+0.7 ND 0.7+£0.9 585+20.7 ND 44+0.2 74+1.5 62.9+20.8
Zielonka 0.6+0.6 ND 13.3+£5.0 <LOD ND 93.7+31.7 69+6.6 52+0.7 14.0+53 105.9+38.7
Godow <LOD <LOD 4.0+0.6 <LOD 1.5+0.3 11.9+£23 <LOD 1.5+0.1 58+1.0 13.4+£24
Diabla
Géra <LOD ND 6.9 £0.7 ND ND 545+13.1 0.7£09 40+0.2 6.9 £0.7 59.1 £13.8

< LOD denotes that the compound was not detected in all analyzed samples and/or in trace amounts
ND — not detected

131

http://rcin.org.pl



MA, TrA and TA were characterized as a biomass burning aerosol components
(Falkovich et al., 2005). Those compounds were observed previously in ambient samples.
MA is considered not to have a primary source and originate from the photooxidation of
dicarboxylic acids, such as succinic acid. Unsaturated hydrocarbons of biogenic
and anthropogenic origin and various fatty acids are considered the MA possible
precursors (Rozaini, 2012; Hu and Yu, 2013). As reported previously by Jaoui et al.
(2014), concentrations of malic acid and threonic acid were determined in ambient
samples from Bakersfield, CA, U.S. during May — June 2010 campaign using a GC-MS
off-line analysis. The amounts of those compounds ranged from 0.0 to 14.1 ng m™ while
the total PM2 s mass varied from 0.06 to 1.17 ug m™. Rohrl and Lammel (2002) observed
TA in ambient aerosol collected during the 1998 campaign in Germany, with the mean
concentration of 5.1 ng m™ (0.2 — 40.0 ng m™). They also detected MA at the average
level of 42 ng m™ (0.5 — 194 ng m™). Fu et al. (2008b) determined the mean concentrations
of MA and TA collected at the Mt. Tai summit in North China Plain: 68.2
and 5.07 pg m>, respectively. Hu and Yu (2013) reported MA concentrations in ambient
aerosol samples collected in Hong Kong, China, and compared them with MA
concentrations at other world sites. Table 29 shows the reported concentrations of malic
acid contained in PM 5 aerosol samples. The values measured in this study are consistent

with the reported ranges.
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Table 29: Mean concentrations of malic acid (ng m>) in PM>s samples (adapted
from Hu and Yu, 2013 and determined in this work)

Sampling site (year) MA Reference
Rondonia, Brazil (1999) 67.3 (12-146) Graham et al., 2002
Tokyo, Japan (1989) 27.3(2.9-99.1) Kawamura and Yasui, 2005
Julich, Germany (2002-2003) 39 (22-62) Kourtchev et al., 2008
K-puszta, Hungary (2003) 40 (16-78) Kourtchev et al., 2009
Mt.Tai, China (2006) 68.2 (10-236) Fuetal., 2008b
Changbai Mt., China (2007) 77 (65-88)
Chongming Island, China (2006) 79 (16-173) Wang et al., 2008
Jiangfenglin, China (2006) 46 (15-122)
Hong Kong, China (2006) 209 (9-662) Hu et al., 2008
Hong Kong, China (2006) 155 (20-179) Hu and Yu, 2013
Zielonka, Poland (2016) 93.7 (53.5-118.5)
Kaskada, Poland (2018) 58.5 (40.0-84.9) This study
Diabla Goéra, Poland (2016) 54.5 (38.9-74.7)
Godow, Poland (2014) 11.9 (9.0-14.7)

The concentrations of selected butadiene secondary organic aerosol components
found in ambient aerosol samples were correlated with OC concentrations, temperature
and relative humidity levels (Figs. 54 — 55, 57 — 58). Tables 30 — 33 present the collective
contribution of 13BD OSs and NOSs to PM» s and OC.

Ambient aerosol samples collected at Godéw sampling site were influenced by
anthropogenic precursors. Therefore, AA contained a variety of compounds originated
from 1,3-butadiene (Fig. 54). The main components detected were: malic acid (MW 134),
its organosulfate (MW 214), tartaric acid (MW 150), and butanetetrol NOS (MW 247).
The highest concentration of 13BD SOA components was observed in Godéw 4 and
Godow_5 samples, which also contained glyceric acid OS (MW 186) and 2(3H)-
furanone, dihydro-3,4-dihydroxy- OS (MW 198). Those two samples could be affected
by the lowest RH level — from 94.5% for Godéw 3 sample to 71.4% for Godow 5
sample. Besides, the airflow from west to south direction might influence the formation

of 13BD SOA in Godéw samples.
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Figure 54. Concentrations of selected components in Godow ambient aerosol samples
determined using UPLC-MS (the numerical values are listed in table AIS5 in
the Appendix)

Table 30 shows the contribution of 13BD-derived organosulfates to OC and PM: s in
Godow samples. The average sum of detected OSs and NOSs constituted 0.11% of OC
(0.08 —0.14%), and 0.03% of PM> 5 mass (0.02 — 0.04%). 13BD SOA constituted around
10-fold less of organic matter and PM> 5 mass, then isoprene-derived components.

Table 30: Contribution of detected 13BD-derived compounds in OC and PM>s (%)
of Godow ambient aerosol

(X OSs+NOSs) / OC (X OSs+NOSs) / PM2 5

Sample (%) (%)
Godow_L1 0.14 0.03
Godow_2 0.08 0.02
Godow_3 0.09 0.03
Godow_4 0.10 0.04
Godow_5 0.12 0.04
Average 0.11 0.03

The samples collected in Zielonka (Bory Tucholskie) were also highly influenced
by anthropogenic aerosol precursors. The most abundant components of ambient aerosol
collected were malic acid (MW 134; 93.7 + 31.7 ng m”) and its organosulfate
(MW 214; 13.3 £ 5.0 ng m™) (Fig 55). Those components may indicate the enhanced
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biomass burning processes in the immediate vicinity of the sampling site. High amount
of 13BD compounds detected in L.024 day sample may be connected to the increase of
NOx (3.2 pg m?) and SOz (1.4 ug m>) in the atmosphere the night before (see table 10
in Chapter 2.1.2). Moreover, the OC concentration in that sample was high (9.0 pg m™).
The notable decrease of components concentration in L025 and L026 samples might

result from the increased RH level (up to 100% for L025 sample).
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Figure 55. Concentrations of selected components of Zielonka ambient aerosol samples
determined using UPLC-MS (the numerical values are listed in table Al16 in the
Appendix)

Table 31 shows the contribution of the 13BD-derived compounds to OC and PM3 s
of Zielonka ambient aerosol samples. The average sum of 13BD-related OSs constituted
0.24% of OC (0.11 — 0.36%), and 0.12% of PM2s mass (0.05 — 0.20%). In Zielonka,
13BD SOA contributed about 30 times less to OC and PMs than the ISO-derived

compounds.
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Table 31: Contribution of 13BD-derived compounds to OC and PM>5 (%) in Zielonka
ambient aerosol

Sample & 0(802)/ ocC & OS(SOL)/)PMZ,S
L022 0.11 0.05
L023 0.19 0.08
L024 0.24 0.20
L025 0.29 0.12
L026 0.36 0.16
Average 0.24 0.12

1,3-butadiene is present in the rural areas like Zielonka surrounded by the Bory
Tucholskie forests. Figure 56 shows 1,3-butadiene concentrations in the atmosphere
determined in Zielonka on the dates preceding and following the sampling period during
2016 summer campaign (unfortunately, the measurements stopped between 22 — 31 July
due to the autosampler failure). Nevertheless, 13BD was unquestionably present in the air

during aerosol sampling.

Figure 56. 1,3-butadiene concentrations in the air at the Zielonka sampling site during
2016 summer campaign
https://powietrze.gios.gov.pl/pjp/current/station_details/archive/232#)

Samples collected in Kaskada were affected by urban anthropogenic precursors.
Figure 57 shows the concentrations of 13BD SOA components in collected aerosol
samples. The total concentration of 13BD SOA components dropped in K8045 sample,
mostly due to decrease in MA content. Moreover, in K8045 — K8047 samples,
a noticeable increase of butanetetrol NOS (MW 247) was observed, which might result

136

http://rcin.org.pl



from the increased concentration of nitrogen oxides (NOx) in the atmosphere (up to
124.1 ug m™). The most abundant compound was malic acid (MW 134). Traces of
glyceric acid organosulfate with MW 186 were found.
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Figure 57. Concentrations of selected components in Kaskada ambient aerosol samples
determined using UPLC-MS (the numerical values are listed in table Al7 in the
Appendix)

Table 32 shows the contribution of detected 13BD-derived components to OC
and PM3 s in Kaskada ambient aerosol. The average sum of OSs and NOSs constituted
0.14% of OC (0.08 — 0.19%), and 0.06% of PM2 s mass (0.03 — 0.07%), which is about

40 times less than the contribution of isoprene-derived components.

Table 32: Contribution of 13BD-derived compounds to OC and PM:5 (%) in Kaskada
ambient aerosol

(X OSs+NOSs) / OC (X OSs+NOSs) / PM; 5

Sample (%) (%)
K8043 0.12 0.05
K8044 0.12 0.06
K8045 0.17 0.07
K8046 0.08 0.03
K8047 0.19 0.07
Average 0.14 0.06
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Figure 58 shows the concentrations of 13BD SOA components in ambient aerosol
from Diabla Goéra. The total concentration of compounds gently decreased during
the analyzed period, in contrary to the increasing isoprene-derived SOA. The main 13BD-
derived compounds found were malic acid (MW 134), its organosulfate (MW 214) and
tartaric acid (MW 150). In the BO17 and BO18 samples, a small amounts of threonic acid
(MW 136) and glyceric acid OS (MW 186) were detected. 24-hour air mass back

trajectories indicated a constant airflow to Diabla Goéra from the east direction.

87 ——OC (ugm’

—temp {°C)
58 -

2] i e
“\/\ S

BO17  BO18  BOI9  BOZ0  BOZ

Figure 58. Concentrations of selected components in Diabla Gora ambient aerosol
samples determined using UPLC-MS (the numerical values are listed in table A18 in the
Appendix)

Table 33 shows the contribution of 13BD-derived organosulfates to OC and PM: s in
Diabla Goéra ambient aerosol. The average sum of ISO-related OSs constituted 0.15%
of OC (0.12 — 0.19%), and 0.06% of PMz.5s mass (0.05 — 0.07%). In Diabla Goéra, 13BD
SOA contributed about 30 times less to OC and PM> s than the ISO-derived compounds.
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Table 33: Contribution of 13BD-derived compounds to OC and PM>.5 (%) in Diabla Gora
ambient aerosol

Sample & O(Sojz)/ ocC & OS(S&)/)PMZ_S
B017 0.12 0.05
B018 0.13 0.05
B019 0.14 0.06
B020 0.17 0.06
B021 0.19 0.07

Average 0.15 0.06

The highest contribution of 13BD SOA components in collected aerosol samples
has been demonstrated at the Zielonka sampling site, with malic acid and its organosulfate
as the most abundant compounds (93.7 and 13.3 pug m™, respectively). The source of those
compounds in the atmosphere are direct emission of 1,3-butadiene and biomass burning
in nearby households. The butadiene SOA was less chemically diverse than the isoprene
SOA. Moreover, the results obtained from the field studies differ from the smog-chamber
experiments. In case of ISO SOA, most of the compounds formed in the smog-chamber
SOA occurred in ambient aerosol samples in high or at least trace amounts. On the
contrary, some compounds derived from butadiene in the smog-chamber experiments
were not detected in ambient aerosol, so they may not form easily in the atmosphere.
The most important difference was the lack of 1,2,3,4-butanetetrol OS (MW 202) in
aerosol samples, while its isoprene-derived analogue, 2-methyltetrol OS (MW 216)
occurred abundantly and was a key tracer of ISO SOA. That comparison suggests that
the dominant formation pathway of 13BD SOA in the atmosphere is rather through
acrylic acid epoxide (AAE; see Scheme 4 in Chapter 1.1.2.2), than 2,3-epoxy-1,4-
butanediol (BEPOX), as additionally confirmed by the detection of glyceric acid OS
(MW 186). The conclusion is also supported by the formation of threonic acid (MW 136)
via AAE (Jaoui et al., 2014), and by the presence of TrA OS (MW 216) and its lactone
form 2(3H)-furanone, dihydro-3,4-dihydroxy- organosulfate (MW 198) in aerosol
samples (Wach et al. 2020).
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4. Summary and conclusions

The research reported in this Ph.D. thesis aimed to thoroughly investigate
the chemical composition of secondary organic aerosol (SOA) formed from two
structurally similar precursors — isoprene and 1,3-butadiene. Although the two
compounds are homologs, they are emitted into the atmosphere from totally different
sources. Isoprene is the most abundant and widely studied biogenic VOC, while
1,3-butadiene is a VOC of the anthropogenic origin. The formation of SOA from ISO
and 13BD was examined in collaboration with the U.S. Environmental Protection Agency
(U.S. EPA) in a series of experiments conducted in an in-door smog chamber. The effect
of relative humidity and acidity of seed aerosol on the formation of ISO and 13BD
components was investigated. Contrary to other studies, the concentrations of
the majority of ISO and 13BD compounds detected and the total yields of secondary
organic carbon (SOC) decreased with increasing RH level, more sharply in experiments
with acidic seed than non-acidic. Thus, the increase of the liquid water content of
an aerosol system did not promote the formation of ISO and 13BD organosulfates,
nitrooxy- and nitrosooxy- organosulfates. Under acidic conditions and low RH levels,
the formation of isoprene and butadiene products containing sulfate moieties was
enhanced, comparing to non-acidic conditions at the same RH level. For instance,
the observed concentrations of NOS with MW 261, OSs with MW 216 and MW 214
(ISO SOA), and NOS with MW 247, OS with MW 202 (13BD SOA) were even 10 times
higher. On the other hand, the formation of ISO and 13BD highly oxygenated acids was
greater in non-acidic seed experiments, without any substantial effect of RH variation.

The observed ISO- and 13BD-derived products were characterized using
UPLC-ESI-HRMS technique followed by a thorough interpretation of obtained analytical
data, including product ion mass spectra with accurate mass measurements. All mass
spectrometric analyses were performed in the negative ion mode, as the investigated
compounds had reasonable ionization efficiencies to deprotonated ions ([M—H]").
The molecular structures of newly identified compounds were elucidated. For OS, NOS,
and NSOS, the proposed structures were tentative, with the diagnostic ions such as
bisulfate anions (HSO4~, m/z 97), bisulfite anions (HSOs™, m/z 81), and sulfate radical
anions (SO3;™, m/z 80 and SO4™, m/z 96) observed in each case. The chemical structures
proposed for highly oxygenated acids formed from isoprene and 1,3-butadiene were

based on the product ion mass spectra and confirmed against appropriate synthesized
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or purchased standard compound. The syntheses of novel ISO organic hydroxy acids —
2-methyltartaric acid and 2- and 3-methylthreonic acids were performed. The compounds
were obtained with high purity (>98%) and good yields (55-75%), and their chemical
structures were confirmed by spectroscopic (NMR) and spectrometric methods (MS).
The ISO-derived organic hydroxy acids were proposed as highly oxygenated molecular
(HOM) tracers of aged isoprene aerosol as they were also found in ambient aerosol
samples in amounts ranging from 0.8 to 2.8 ng m™ on average. Moreover, several novel
SOA components were discovered, i.a. 3-methylthreonic acid organosulfate (MW 230),
2-methylthreonic acid nitrooxy-organosulfate (MW 275) and 2-methyltartaric acid
organosulfate (MW 244) for ISO SOA, and glyceric acid organosulfate (MW 186), malic
acid organosulfate (MW 214), threonic acid organosulfate (MW 216) and 1,2,3.4-
butanetetrol nitrooxy-organosulfate (MW 247) for 13BD SOA, which were also found in
ambient aerosol from trace to substantial amounts.

In order to prove the link between smog-chamber experiments and ambient
atmospheric processes, the UPLC-MS analyses of fine ambient aerosol (PMa5) samples
collected at four various sites in Poland were conducted. High concentrations
and diversity of isoprene SOA components detected in Zielonka (Bory Tucholskie)
and Diabla Gora (Puszcza Borecka) sampling sites revealed a large share of terrestrial
vegetation in local emissions. The total amount of detected ISO OSs and NOS at those
sampling sites were 474.9 = 149.3 ng m™ and 324.0 + 76.0 ng m~, which accounted for
approximately 7.9 % and 7.1 % of the total OC mass, respectively. The most abundant
compounds were NOS (MW 261), OS (MW 216) and OS (MW 212), which contributed
significantly to the chemical composition of ISO SOA. Moreover, Zielonka ambient
aerosol was the richest one in 13BD SOA components, although not as chemically diverse
as in ISO SOA. The total amount of detected OSs and NOS was 14.0 + 5.3 ng m>, which
accounted for 0.24 % of the OC mass. In addition, malic acid, a known secondary organic
aerosol tracer, and its organosulfate (MW 214) were highly abundant 13BD-derived
components at all investigated sites. The greatest amounts of those compounds were
detected in Zielonka: 93.7 =31.7 ngm>and 13.3 = 5.0 ng m>, respectively. Their sources
in the atmosphere could be direct 1,3-butadiene emission and biomass burning in nearby
households. 1,2,3,4-butanetetrol OS (MW 202) was not detected in ambient aerosol,
while its analogue 2-methyltetrol OS (MW 216) formed from isoprene was a highly
abundant key tracer of ISO SOA. That finding proved inconsistent with the initial

hypothesis that both precursors react in the same way in the atmosphere and suggests that
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the dominant formation pathway of 13BD SOA in the atmosphere is rather through acrylic
acid epoxide (AAE), than 2,3-epoxy-1,4-butanediol (BEPOX). Due to the multiplicity of
variables that ultimately affect the chemical composition of SOA in the atmosphere, it is
difficult to unambiguously corelate the meteorological data, air mass back trajectories
and other physicochemical parameters with specific ISO and 13BD SOA compounds
and their yields. Such efforts require a full scale modeling of atmospheric chemistry that
was beyond the scope of this thesis. However, some events were easy to explain, e.g.,
a considerable increase in 2-methyltetrol NOS (MW 261) formation followed by
the decay of 2-methyltetols OS (MW 216) in Kaskada ambient aerosol caused by
the increase of nitrogen oxides (NOx) in the atmosphere.

Organosulfates are expected to enhance the capacity of ambient aerosol as cloud
condensation nuclei (CCN) impacting the air quality as proposed by e.g., Hansen et al.
(2015) and recently by Peng et al. (2021) . The data obtained in this study will pave
the way for better description of the complex and time-varying chemical composition of
secondary organic aerosol and may improve the performance of air quality models.
However, true effects of organosulfates, nitrooxy- and nitrosooxy- organosulfates —
including the components identified in this thesis — on the properties of SOA,
and the possible influence on human health and life remain unknown and warrant further
atmospheric chemical studies.

To sum up, this Ph.D. thesis presents results of the comprehensive studies on
the chemical composition of isoprene and 1,3-butadiene SOA, which forms in
the troposphere, the lower part of the Earth’s atmosphere. Advanced research tools,
including smog chambers and hyphenated mass spectrometry techniques were used for
that purpose. The influence of relative humidity and acidity on the formation of individual
13BD and ISO SOA components was examined. Moreover, several significant and novel
13BD- and ISO-derived components were identified and their concentrations were

measured in both, smog-chamber experiments and ambient fine aerosol.
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6. Appendix
Below are presented data to which I refer in the main text of the Ph.D. thesis.

Table Al: Qualitative comparison of ambient aerosol filter extraction techniques
for selected main isoprene SOA components

Organosulfate Average Peak Area
(MW) 60 min x 15 mL MeOH 30 min x 15 mL MeOH (x2)
200 50+5 307
212 113 £15 66+ 10
214 57+9 44+ 6
216 291 £ 16 293 + 14

Scheme Al. Homogeneity test — scheme of punches taken for UPLC-MS analyses
from Zielonka ambient aerosol filter

Table A2: Qualitative results of sample injection repeatability obtained for authentic
and surrogate standard compounds

Peak A
AT L. e .re.a Average Peak Area
compound inj.3  inj. 4
pentyl sulfate 4249 4222 4260 4067 3944 4267 4168 + 121
3-methyl 9025 11808 8304 10116 11585 9854 10115 £1262
threonic acid
DL-tartaric acid 6122 6205 6342 4882 4488 4759 5466 +768
D-threonic acid 1705 1655 1526 1790 1540 1448 1610 +117
tartronic acid 1943 2258 2260 1728 1744 1685 1936 £242
malic acid 2761 2845 2617 2912 2578 2970 2781 +145
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Figure Al. 'H NMR spectrum of dihydro-3,4-dihydroxy-3-methyl-2(3H)-furanone

Figure A2. 'H NMR spectrum of dihydro-3,4-dihydroxy-4-methyl-2(3H)-furanone

163

http://rcin.org.pl



Figure A3. 'H NMR spectrum of 2-methyltartaric acid (2-MTA)

Figure A4. Direct low-resolution ESI(-) product ion mass spectrum registered for
dihydro-3,4-dihydroxy-3-methyl-2-(3H)-furanone (MW 132) on API 3000 spectrometer
(CE=35¢€V)
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Figure AS. Direct low-resolution ESI(-) product ion mass spectrum registered for
dihydro-3,4-dihydroxy-4-methyl-2-(3H)-furanone (MW 132) on API 3000 spectrometer
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Figure A6. Proposed fragmentation pathway of 2-methylthreonic acid (MW 150) eluting
at RT = 0.77 min based on (-)electrospray product ion mass spectrum registered for
the standard compound after alkaline hydrolysis of dihydro-3,4-dihydroxy-3-methyl-2-

(3H)-furanone
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Figure A7. Proposed fragmentation pathway of 3-methylthreonic acid (MW 150) eluting
at RT = 0.88 min based on (-)electrospray product ion mass spectrum registered for

the standard compound after alkaline hydrolysis of dihydro-3,4-dihydroxy-4-methyl-2-
(3H)-furanone
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Figure A8. Proposed fragmentation pathway of 2-methyltartaric acid (MW 164) eluting

at RT = 0.68 min based on (-)electrospray product ion mass spectrum registered for the
standard compound
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Figure A9. Proposed fragmentation pathway of tartaric acid (MW 150) eluting

at RT = 0.81 min based on (-)electrospray product ion mass spectrum registered for the
standard compound
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Figure Al0. Proposed fragmentation pathway of threonic acid (MW 136) eluting

at RT = 0.87 min based on (-)electrospray product ion mass spectrum registered for
the standard compound after alkaline hydrolysis of D-threono-lactone

166

http://rcin.org.pl



o
H,0 0o

- ~
_ — /C/
_co, OH [f
/ OH ©
o o m/z 75 m/z 57
O/JL\T/JL\OH - CH,0,

OH \ o]
A

m/z 119

O
m/z73

Figure All. Proposed fragmentation pathway of tartronic acid (MW 120) eluting at
RT = 0.82 min based on (-)electrospray product ion mass spectrum registered for
the standard compound
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Figure A12. Proposed fragmentation pathway of malic acid (MW 134) eluting at
RT = 0.82 min based on (-)electrospray product ion mass spectrum registered for
the standard compound
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Table A3: Concentrations (ng m>) of OS, NOS and NSOS products from the ISO acidic-seed experiments determined using UPLC-MS

ER662
RH (8%)
RH (18%)
RH (28%)

RH (44%)

MW 198
2254+59
81.3+£2.7
479+4.0
13.8+2.7

MW 200
18.7+ 0.6
11.5+04
10.6 £1.3
7.9+0.7

MW 212
838.5+4.8
201.7+8.0
147.4+9.4
155.2+£3.0

MW 214 MW 216
456.2+10.1 1850.4+43.1
1225+ 1.7 657.8+£5.8
1353+7.1 306.5+9.0
86.4+6.2 109.9 +3.5

MW 230
17.7+£3.1
11.8+0.4
425+1.9

32.8+2.1

MW 244
5283 +5.6
130.1+2.4
46.7+ 1.4
289+2.1

MW 261
5163.8 £21.0
2574.0+24.9
1014.6 = 14.0
592.2+24.4

MW 275

199+1.1

19.1+1.1

8.0+0.5
4.6+0.8

Table A4: Concentrations (ng m>) of OS, NOS and NSOS products from the ISO non-acidic-seed experiments determined using UPLC-MS

ER667

MW 198

MW 200

MW 212

MW 216

MW 230

MW 244

MW 261

MW 275

RH (9%)
RH (19%)
RH (29%)
RH (39%)
RH (49%)

7.7+0.7
28.8+£3.6
19.1+£0.5
18.1+£0.6
13.5+£2.5

33+0.6
6.2+0.2
54+0.3
9.1+0.7
6.5+04

409 +3.5
ND
ND
ND

ND

542+3.5 191.8 £ 7.7
38.0+2.8 145.5+5.6
23.1+1.6 82.5+6.1
229+1.9 76.0 6.7
248+ 1.3 65.3+4.0

ND
1.9+0.8
ND
1.2+04

ND

74+0.1
ND
ND
ND

ND

3947+4.9
302.0+7.8
1473 +4.7
134.1 £4.8

108.8 £ 1.7

ND

ND

ND

ND

ND

ND — not detected
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Table A5: Concentrations (ng m>) of organic acids from the 1SO Table A6: Concentrations (ng m>) of organic acids from the 1SO

acidic-seed experiments (ER662) determined using UPLC-MS non-acidic-seed experiments (ER667) determined using UPLC-MS
ER662 MW 150 MW 164 ER667 MW 150 MW 164
RH (8%) 7.9+03 ND RH (9%) 14.8+0.6 71402
RH (18%)  3.6+0.2 ND RH (19%)  346+17 7306
RH (28%)  3.4+03 ND RH (29%)  28.2+0.7 6.6+ 0.4
RH (44%) ND ND RH (39%)  163+0.5 6.5+02
ND — not detected RH (49%) 16.6 +0.2 6.3+0.1

Table A7: Concentrations (ng m>) of OS, NOS and NSOS products from the 13BD acidic-seed experiments determined using UPLC-MS

ER444 MW 184 MW 186 MW 198 MW 231 MW 247

RH (10%) 133.7+£3.2 106.3 +3.8 272+0.5 27.7+0.5 230.7x6.1 72+1.0 11.3+£2.0 75.6+4.3 3251.5+£29.5
RH (31%) 80.3+54 90.3+3.8 20.8+0.9 12.8+0.9 112.6 £5.6 6.8+1.2 57+1.9 37.7+£2.8  1969.1 £113.5
RH (50%) 48.7+2.2 529+29 4.8+0.1 7.2+£0.6 570+£23 52+1.7 2.7+£0.7 259+3.5 1293.7+24.4

RH (62%) 355+14 348+1.9 94+1.6 8.0+£0.8 51.2+3.1 ND ND 252+1.6 957.3+£26.7
ND — not detected
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Table A8: Concentrations (ng m>) of OS, NOS and NSOS products from the 13BD non-acidic-seed experiments determined using UPLC-MS

ER666 MW 184 MW 186 MW 198 MW 200 MW 202 MW 214 MW 216 MW 231 MW 247
RH (11%) 3.0+£0.5 649+29 ND ND 120+ 1.5 1.8+£0.3 22+04 ND 455.1+£6.0
RH (20%) ND 70.9+0.5 ND ND 7.8+0.8 2.8+0.5 1.1+04 ND 4445+2.8
RH (29%) ND 74.8+4.9 ND ND 29+04 2.1+£0.3 0.1+04 ND 349.4+2.0
RH (39%) ND 859+3.2 ND ND 2.0+0.6 45+0.8 1.0+ 0.5 ND 291.9+1.7
RH (49%) ND 82.8+2.0 ND ND 2.7+03 43+0.6 22+0.6 ND 361.2+2.4
RH (60%) ND 59.4+25 ND ND 1.1+£0.3 1.7+0.3 0.7+£0.3 ND 186.0 + 4.9

ND — not detected
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Table A9: Concentrations (ng m) of organic acids from the 13BD Table A10: Concentrations (ng m™) of organic acids from the 13BD

acidic-seed experiments (ER444) determined using UPLC-MS non-acidic-seed experiments (ER666) determined using UPLC-MS
ER444 MW 120 MW 134 MW 136 MW 150 ER666 MW 120 MW 134 MW 136 MW 150
RH (10%) 16.1 £2.7 85.6+£1.6 91.1+10.5 ND RH (11%) 17.5+2.7 282.6+52 172.7+4.1 13.6 £0.6
RH@31%) 17.1+1.7 894425  56.6+3.1 ND RH (20%)  19.8+3.6 298.5+45 167.1+3.1  13.0£0.8
RH (50%) 17.8+22 103.5+43 914+35 ND RH (29%) 194+12 2999+10.1 139.6+4.6 122+0.2
RH (62%) ND 87.7+44  748+52 ND RH(39%)  11.7£12 271.6+80 108071  9.8=1.1
ND — not detected RH (49%) 128+0.8  3489+88 1345+40 10.7+0.6

RH (60%) 23.2+0.7 2883+10.6 102.5+10.3 89+04

Table A11: Concentrations (ng m) of ISO products from Zielonka ambient aerosol determined using UPLC-MS

Zielonka MW 200 MW 212 MW 214 MW 216 MW 244 MW 261 MW 275 MW 150 MW 164
L022 0.7+0.5 1452+6.9 79.1+ 1.8 1942+5.4 32+0.6 125.8+3.9 0.3+0.2 1.3+0.1 33+£0.5
L023 14+0.2 149.5+4.0 56.2=+1.1 155.8+4.7 52+1.5 149.5+3.9 2.8+0.7 1.3+0.2 32+0.1
L024 1.9+0.5 173.6+1.9 55.2+3.1 131.0+3.4 52+09 291.7+4.2 3.0+0.6 1.8+0.3 34+£03
L025 0.6+0.2 107.6 £5.5 322+27 76.0+2.2 33+0.5 973+4.1 25+09 1.2+0.3 1.9+£0.1
L026 ND 99.9+25 314+ 1.0 73.7+2.2 3.6+1.3 1142 +3.1 1.5+0.2 1.4+0.1 1.8+ 0.1

ND — not detected
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Table A12: Concentrations (ng m) of ISO products from Godoéw ambient aerosol determined using UPLC-MS

Godéw MW 200 MW 212 MW 214 MW 216 MW 244 MW 261 MW 275 MW 150 MW 164
Godow _1 ND 9.7+ 0.9 1.3+0.1 3.1+04 1.3+£0.1 30.2+0.1 ND 0.7+0.1 ND
Godow_2 ND 21.6+1.2 1.8+0.5 4.1=x0.6 1.1+0.5 559+20 ND 0.7+0.1 ND
Godow_3 ND 13.7+1.2 0.6+0.1 1.6 £0.2 1.5+0.1 48.0+0.9 ND 0.7+£0.2 04+0.1
Godow_4 ND 21.6 +0.2 1.3+0.2 5.7+0.7 1.5+0.2 46.9+3.3 ND 0.9+0.1 0.5+0.1
Godow_5 0.6+0.2 45.1+14 6.1+04 179+0.3 1.9+04 94.0+1.9 0.8+0.2 0.7+£0.2 0.5+0.1

ND — not detected

Table A13: Concentrations (ng m) of ISO products from Kaskada ambient aerosol determined using UPLC-MS

Kaskada MW 200 MW 212 MW 214 MW 216 MW 244 MW 261 MW 275 MW 150 MW 164
K8043 0.5+0.1 91.0+54 16.8+ 1.4 184.4+2.8 0.8+0.3 91.4+0.9 0.4+0.3 1.4+0.1 2.6+0.1
K8044 04+0.2 71.4+£23 172+ 0.6 138.6+7.1 0.5+0.2 84.7+3.3 1.3+03 1.7+£0.2 2.1+£0.3
K8045 ND 77.3+1.9 7.6+ 0.6 40.5+2.8 0.5+0.2 186.5+ 2.8 5.0+ 1.0 2.0+0.1 1.1+£0.2
K8046 09+04 79.6 £3.0 8.1+1.2 38813 0.2+0.2 170.8 + 1.1 3.6+ 0.8 22+£0.2 1.3+£0.3
K8047 1.6+ 0.7 100.6 £2.3 122+2.2 46.2 £ 3.1 1.3+0.4 264.4+£5.6 32+0.3 24+£0.2 1.7+ 0.1

ND — not detected
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Table A14: Concentrations (ng m) of ISO products from Diabla Géra ambient aerosol determined using UPLC-MS

Diabla Géora MW 200 MW 212 MW 214 MW 216 MW 244 MW 261 MW 275
B017 ND 473+4.1 20.3+2.0 107.2+5.1 1.5+0.2 512+3.7 ND
B018 ND 574+1.7 22.0+04 104.4+7.6 2.9+£0.5 80.1+4.9 ND
B019 03+0.2 75.1+4.2 30,024 1582+7.0 2.7+0.1 111.5+1.5 1.7+£0.1
B020 ND 79.1£4.5 33.1+3.0 1393 +6.3 22+0.5 83.7+1.9 ND
B021 04+0.3 89.1+1.1 36.2+3.2 171.8 +4.8 26+1.0 108.2+ 0.8 14+0.8

1.5+£0.2

29+0.2
2.7+£0.2
22+0.1
2.6+£0.2

2.1£0.1
1.3+£0.1
1.5+0.1
1.4+0.3
1.6 £0.1

ND — not detected

Table A15: Concentrations (ng m™) of 13BD products from Zielonka ambient aerosol determined using UPLC-MS

Zielonka MW 186 MW 214 MW 216 MW 134 MW 136 MW 150
L022 0.9+0.6 7.1+£0.6 ND 112.9+2.0 10.7+4.3 59+1.1
L023 04+0.1 122+1.7 04+03 118.4+2.7 14.7+5.7 5.6+0.7
L024 14+0.5 212+ 14 ND 118.5+8.9 9.3+£53 5.8+0.2
L025 ND 126+14 0.3+0.2 654+2.2 ND 47+£0.8
L026 ND 134+24 ND 53.5+1.1 ND 43=+0.2

ND — not detected
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Table A16: Concentrations (ng m) of 13BD products from Godéw ambient aerosol determined using UPLC-MS

Godéw MW 186 MW 198 MW 214 MW 247 MW 134 MW 150
Godow _1 ND ND 4.6+0.2 1.3+£0.2 9.0+0.1 14+0.1
Godow_2 ND ND 3.0+04 1.1+0.2 10.3+0.3 1.4+0.1
Godow_3 ND ND 45+0.6 1.5+04 12.4 £ 0.8 1.5+0.1
Godow_4 ND 0.9+0.2 3.8+0.5 1.5+£0.2 13.0+0.7 1.5+0.1
Godow_5 03=+0.2 03+0.2 42+0.7 1.9+0.3 14.7+0.8 1.7+£0.1

ND — not detected

Table A17: Concentrations (ng m) of 13BD products from Kaskada ambient aerosol determined using UPLC-MS

Kaskada MW 186 MW 214 MW 247 MW 134 MW 150
K8043 0.2+0.2 7.1+1.1 ND 84.8+14 47+£0.3
K8044 ND 6.0£1.3 ND 76.5+2.2 45+0.3
K8045 0.1+0.2 6.0+1.3 0.5+0.6 40.0+2.1 43+0.6
K8046 ND 6.1+1.4 1.0+1.2 43.1+24 43+£04
K8047 0.3+0.2 74+£1.6 22+£22 48.1+0.9 44+0.6

ND — not detected
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Table A18: Concentrations (ng m) of 13BD products from Diabla Géra ambient aerosol determined using UPLC-MS

Diabla Géra MW 186 MW 214 MW 134 MW 136 MW 150
B017 0.9+0.3 6.2+0.1 74.7+2.2 1.8+1.2 43+03
B018 ND 6.3+£0.3 50.0+2.7 1.6+1.4 42+0.1
B019 0.5+0.3 7.0+£04 57.0+1.2 ND 4.0=+0.2
B020 02+0.3 7.0+£0.7 38.9+£0.8 ND 3.8+£0.2
B021 ND 8.0+ 0.1 51.7+1.5 ND 3.8+04

ND — not detected
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