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Réle de la réactivité des déchets organiques dans la formation

d’aérosols organiques secondaires

Résumé

Le recyclage des produits résiduaires organiques (PRO) en tant qu'engrais agricoles se développe
aujourd’hui comme une approche plus durable et plus écologique par rapport aux méthodes
traditionnelles d'élimination des déchets. Cependant, I'épandage des déchets organiques pourrait libérer
divers polluants tels que des composés organiques volatils (COV). Ces derniers présentent des effets
néfastes sur I'écosystéeme et la santé humaine liés a la production d'ozone et peuvent servir comme
précurseurs critiques d'aérosols organiques secondaires (AOS) dans I'atmosphére. La mesure des COV
émis par les PRO est donc indispensable pour évaluer leur impact sur I'environnement et la santé
humaine, ainsi que pour comprendre les mécanismes de formation des AOS associés, qui sont jusqu'a
ce jour peu documentés.

Nous avons étudié les émissions de COV de divers échantillons : des boues d'épuration, du
fumier animal (vache, cheval, mouton et chévre), des digestats de biodéchets ainsi que leurs produits
d'oxydation en phase gazeuse dus aux réactions d'ozonolyse. Cette étude a été faite grace au
développement d'un dispositif expérimental, composé de chambres de simulation atmosphérique
combinées a des techniques de spectrométrie de masse telles que : la spectrométrie de masse a temps
de vol par réaction de transfert de protons (PTR-QIiTOF-MS) et de désorption thermique -
chromatographie en phase gazeuse - spectrométrie de masse (TD-GC-MS) pour identifier et quantifier
les émissions de COV de chaque échantillon. L'étude de la composition chimique des AOS a été
effectuée en utilisant la spectrométrie de masse laser a deux étapes (L2MS).

Nos résultats ont montré que les échantillons de boues d'épuration, de fumier animal et de
biodéchets digérés émettent une large gamme de COV, avec plusieurs centaines de composés détectés
et quantifiés. Les COV identifiés ont été classés en différentes familles chimiques : hydrocarbures,
composés oxygénés, soufrés, azotés et "autres" (contenant des hétéroatomes distincts dans la formule
moléculaire). Les échantillons de boues d'épuration ont émis un flux élevé d'hydrocarbures tels que les
composés aromatiques (phénol, indoles et skatole), et les terpénes (isopréne, D-limonene,
sesquiterpénes, etc.). Les composés oxygénés (par exemple, I'éthanol, la butanone, le crésol, l'acide
acétique, le phénol) ont été fortement émis par les digestats de biodéchets et les échantillons de fumier.
Des composés azotés (ammoniac, triméthylamine, scatole, etc.) et des composés soufrés (méthanethiol,
DMS, DMDS, etc.) ont également été trouvés dans ce travail.

Des émissions significatives de scatole ont été estimées a partir des boues d’épuration et de
digestat. Le mécanisme de formation de nouvelles particules a été démontré. Nos résultats impliquent
que pendant 1’épandage des PRO, le scatole est un important contributeur potentiel a la formation de
nouvelles particules dans des conditions atmosphériques pertinentes. Les résultats de ce travail
contribuent a faire progresser nos connaissances sur les COV et leur rdle dans la formation des AOS.
Ils pourraient également étre utiles pour mieux comprendre les caractéristiques des émissions des PRO,
concevoir des stratégies de contrdle de ces émissions.

Mots clés: émissions agricoles, produits résiduels organiques, composés organiques volatils, aérosols
organiques secondaires, ozonolyse, précurseurs d'aérosols, spectrométrie de masse.
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Abstract

Recycling of organic waste products (OWP) as agricultural fertilizers is nowadays expanding as a more
sustainable and eco-friendly approach compared to the traditional methods of waste disposal. However,
OWP spreading may release various pollutants such as volatile organic compounds (VOC), which
adversely affect the ecosystem and human health through ozone production and may serve as critical
precursors of atmospheric secondary organic aerosols (SOA). The measurement of VOCs emitted by
OWPs is therefore essential to assess their environmental and human health impact and, furthermore,
to fundamentally understand the associated SOA formation mechanisms, which remain to date poorly
documented.

With this aim, we studied the VOC emissions from various sewage sludge (SS) samples, animal
manure (cow, horse, sheep and goat) and digestate biowastes, along with their gas-phase oxidation
products due to ozonolysis reactions. With the development of an experimental set-up consisting of
atmospheric simulation chambers combined with mass spectrometric techniques, it has become possible
to characterize the VOC emissions and follow the process of new particle formation (NPF) upon
ozonolysis. We used proton transfer reaction quadrupole-ion-guide time-of-flight mass spectrometry
(PTR-QiTOF-MS) and thermal desorption - gas chromatography - mass spectrometry (TD-GC-MS)
techniques to identify and quantify the VOC emissions from each sample. In addition, we studied the
chemical composition of SOA using two-step laser mass spectrometry (L2MS).

Our results showed that sewage sludge, animal manure and digestate biowaste samples emitted
a large spectrum of VOCs where 380, 385 and 221 compounds were detected and quantified,
respectively. The assigned VOCs were classified into different chemical families: hydrocarbons,
oxygenated, sulphuric, nitrogenated, and “other” compounds (containing distinct heteroatoms in the
molecular formula). Sewage sludge samples were characterized by high emission flux of hydrocarbons
such as aromatic compounds (phenol, indoles and skatole), terpenes (isoprene, D-limonene,
sesquiterpenes, etc.). Oxygenated compounds (e.g., ethanol, butanone, cresol, acetic acid, phenol) were
highly emitted from digestate biowastes and manure samples. Nitrogenated compounds (ammonia,
trimethylamine, skatole, etc.) and sulphur compounds (methanethiol, DMS, DMDS, etc.) were also
found in this work.

Significant skatole emissions were estimated from undigested SS and digestate biowastes. The
ozonolysis of skatole resulted in the formation of 2-acetyl phenyl formamide identified as the main
skatole ozonolysis product. The NPF mechanism was demonstrated. Our findings imply that during
OWPs spreading, skatole is an important potential contributor to the formation of new particles under
atmospherically relevant conditions. The results of this work would advance our knowledge of VOCs
and their impact on SOA formation and would be helpful in understanding the OWP emission
characteristics and designing effective emission control strategies.

Keywords: agricultural emissions, organic waste products, volatile organic compounds, secondary
organic aerosols, ozonolysis, aerosol precursors, mass spectrometry.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1. Context of the study
The studies performed during this PhD thesis were carried out as a collaboration between

research groups from three research labs:

-ECOSYS : Ecologie fonctionnelle et écotoxicologie des agroécosystémes, Thiverval-Grignon,
UMR 1402, AgroParisTech, University of Paris-Saclay, & INRAE — the French national

research institute for agriculture, food and the environment;

-PhLAM : Physique des Lasers, Atomes et Molécules, Villeneuve d’Ascq, UMR 8523,
Université de Lille & CNRS;

-PC2A : Physico-Chimie des Processus de Combustion et de 1’Atmosphére, Villeneuve
d’Ascq, UMR 8522, Université de Lille & CNRS;

This PhD thesis is a part of the ANR project SOFORA (Secondary Organic aerosol Formation
by Organic waste Recycling in Agriculture), which aims to investigate secondary organic
aerosol formation and fate in real atmospheric and in controlled simulation chamber conditions
by two different organic waste products: urban waste application (sewage sludge or green waste

composts) and livestock manure.

The volatile organic compound emissions from agricultural activities appear to be at
the center of current scientific research and agricultural challenges that are in direct contact
with the global changes (climate and environmental pollution) and the ecological transition
initiated in agricultural areas. Accurate and precise information on volatile organic compound
emissions is crucial for their control. In addition, their emission inventory is considered as a
significant input parameter for the air quality models to simulate their variations and relative
impacts on the secondary pollutants. In addition, emission inventories provide critical
information for understanding the emission characteristics and designing effective emission

control strategies.

This introductory Chapter presents a scientific overview on the volatile organic
compounds, atmospheric aerosols and organic waste products and the state of the art on the
subject of the thesis. Finally, the main scientific objectives of the thesis and the structure of

this dissertation are outlined.
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1.2.  Volatile organic compounds (VOCs)

1.2.1. VOCs definition, sources and impacts

Organic compounds include at least one carbon and one hydrogen atoms in the molecular
structure. They can be classified into various categories, which include volatile organic
compounds (VOCs), semi-volatile organic compounds (SVOCs) and non-volatile organic
compounds (NVOCs). The term VOC in the United States is defined in the Code of Federal
Regulations 40 CFR 51.100(s): ‘(VOC) means any compound of carbon, excluding carbon
monoxide, carbon dioxide, carbonic acid, metallic carbides or carbonates and ammonium
carbonate, which participates in atmospheric photochemical reactions’’. VOCs are a mixture
of gaseous species that have high vapour pressures in the atmosphere (Anand et al., 2014;
Ciganek & Neca, 2008). VOCs are molecules containing atoms of carbon and hydrogen, often
bonded with halogens, oxygen, sulphur, phosphorous and nitrogen. VOCs without methane are
termed as non-methane VOCs (NMVOCs). VOCs include a large number of families such as
ketones, aldehydes, alcohols, esters, ethers, nitriles, aliphatic hydrocarbons, aromatic
hydrocarbons, diols, etc. (Anand et al., 2014).

Atmospheric VOC emissions originate from natural biogenic and anthropogenic
sources. Natural sources of VOCs include soil, oceans, vegetation, forest fires, etc. (Liu et al.,
2018). Anthropogenic emissions such as those from vehicles (Gentner et al., 2013), industries
(Zheng et al., 2017), secondary formation due to oxidation (Spaulding et al., 2003), combustion
sources, fuel storage and transport, etc. (Placet et al., 2000). About 90% of the total VOC
emissions result from terrestrial vegetation (Guenther et al., 1995). Throughout the European
Union EU-28 area, VOCs are emitted by various sources (Figure 1.1). About two third of the
total EU-28 emissions result from industrial and commercial (50%), institutional and
household fuel consumption (16%), while the contribution of agriculture to VOC emissions is
11%, according to Air Quality in Europe — EEA Report, (2017).

Biogenic VOC (BVOC) emissions represent the largest VOC source with an estimated
annual emission amount of 760 Tg (carbon) yr (Sindelarova et al., 2014). BVOCs contribute
up to 5-10% of the total net carbon exchange between the biosphere and the atmosphere
(Sindelarova et al., 2014). The contribution of forest is 55% of the total BVOC emissions while
that of crops is around 27% in Europe (Karl et al., 2009).
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Figure 1.1 VOC emission sources in the EU-28 area (Air Quality in Europe — EEA Report,
2017).

VOCs include a wide range of common atmospheric organic chemicals and can cause
acute or chronic health effects. Moreover, VOCs can have different toxicity due to their
difference in the physical and chemical properties (Cicolella, 2008). These properties in
addition to the smaller molecular size and lack of charge enable the inhalation of VOCs and
their absorption across the lungs, gastrointestinal tract and skin. VOCs affect health at
concentrations above thresholds as other aerial pollutants. Several symptoms are associated
with exposure to some VOCs that have adverse effects for humans and animals such as
conjunctive irritation, nose and throat discomfort, headache, allergic skin reaction, nausea,
epistaxis, fatigue and dizziness (Jones, 1999). Exposure to VOCs during normal indoor
activities has been linked to lifetime cancer risks (Guo et al., 2004). Little is known about the
health risks that could be associated with some volatile compounds detected in indoor and

outdoor samples from the animal farms (Ciganek & Neca, 2008).

1.2.2. VOCs measurement

The wide range of molecules with different functional groups makes the ensemble of VOCs
difficult to be fully detected and identified (Harrison et al., 2006). Indeed, a large number of
VOCs have not been identified yet. In addition, the large number of different compounds is
associated with a number of problems such as the sampling and analysis techniques,
understanding the biological metabolisms, the biological emission and deposition regulations,
the exchange description and modelling as well as the atmospheric chemistry of all compounds.
Thus, a better knowledge concerning the exchange processes on local and regional scales is
needed to address the production and fate of VOCs. Moreover, a better understanding of the
factors influencing the VOC emissions from different biogenic and anthropogenic sources is

necessary to implement suitable strategies for air pollution abatement as VOCs are responsible
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for malodor and environmental hazards. There are large uncertainties associated with the VOC

emissions, chemical processing and sinks of atmospheric VOCs (Chen et al., 2019).

The measurements of VOCs in the atmosphere have been widely performed by using
gas chromatographic (GC) analysis. The air can be sampled either by using canisters or
adsorbents. Such measurements are characterized by high sensitivity and giving a high degree
of chemical detail, where tens of VOCs with a detection limit of 0.1 pptv can be determined in
the sample. However, those methods have several disadvantages such as the sampling time of
several minutes needed to get enough sample material on the adsorbent. This limits the GC
measurements which is not able to follow the changes in the atmospheric conditions with the
necessary response time, as for, e.g., the sampling close to emission source. The use of canister
samples that can be filled within few seconds could be a solution to this disadvantage while the
acquisition and analysis of canister samples is time consuming and labor intensive. Thus the
amount of data acquired is limited. Therefore, GC measurements allow the detailed snapshots
of the atmospheric VOCs, but are too slow to suit the rapid changes in air mass composition
(de Gouw & Warneke, 2007). Proton-transfer-reaction mass spectrometry (PTR-MS) has been
widely applied for the measurements of atmospheric VOCs since 1998. A detailed description

of this technique and its application is given in Chapter 2 of the manuscript.

1.2.3. Atmospheric interactions of VOCs

Emissions of nitrogen oxides, VOCs and sulphur compounds (including SO2) can lead to a
complex series of chemical and physical transformation. Such transformations can contribute
to ozone formation, acid deposition and secondary particulate matter formation through
gas/particle partitioning of both emitted chemical compounds and the atmospheric reaction
products of VOCs, NOx, SO and organosulphur compounds (Atkinson, 2000). VOCs are
considered as major air pollutants due to their hazardous, malodorous and reactivity in
atmosphere (Chen et al., 2019). Recently, VOCs gained much attention due to their pivotal role
in climate changes. The aim of this paragraph is to describe the different cycles and atmospheric

transformations that involve VOCs and contribute to harmful air pollutants such as ozone.

1.2.3.1. Oxidation reactions of VOCs

In the atmosphere, VOCs are removed or transformed by various physical and chemical
processes. Physical removal of VOCs may occur by deposition at the Earth’s surface either
directly (dry deposition) or by uptake in rain droplets (wet deposition). Such phenomena have
been widely described elsewhere (Wesely & Hicks, 2000). In this paragraph, we will focus on
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the chemical processes (i.e. photo-oxidation) that leads to the atmospheric degradation of
VOC:s resulting in two important byproducts in the atmosphere: ozone and organic aerosol,

both having significant impacts on air quality and climate (de Gouw & Warneke, 2007).

The photochemical processes vary from minutes to months (Atkinson & Arey, 2003).
VOCs such as isoprene, terpenes, alkanes, alkenes, alcohols, esters, carbonyls and acids play a
significant role in both atmospheric photochemistry and pollution and contribute indirectly to
global warming. They can interact with other atmospheric trace compounds, thus affecting the
distributions of secondary air pollutants such as ozone and particles. VOCs are transformed by
the chemical process of photolysis, various oxidation reactions with ozone, hydroxyl radicals
(during the daylight hours) or with nitrate radicals (during the nighttime) or reaction with ClI
atoms in coastal and marine regions (at dawn) (Atkinson & Arey, 2003, 2007). The atmospheric
transformation of VOCs in the troposphere occurs at a level ranging from part per trillion (ppt,
101?) to several part per billion (ppb, 10°) (Kesselmeier & Staudt, 1999). Table 1.1 reports
the lifetime of the some VOCs in the atmosphere due to the reaction with OH, NOz and Oz and
as a result of photolysis. Isoprene, monoterpenes and some other VOCs can be reactive under
atmospheric conditions due to their short chemical lifetimes that range between minutes and
hours. Acetone and methanol are quite stable with regards to reaction with OH, NO3 and O3
(Guenther et al., 2006; Sindelarova et al., 2014).

Table 1.1 Lifetime of some VOCs in the atmosphere reacting with OH radical, NOz radical
and O3z and due to photolysis. NA = not available, sd = standard deviation (Atkinson, 2000;
Guenther et al., 2006; Sindelarova et al., 2014).

Life time of some biogenic VOCs

VOCs Biogenic emissions OH! NO3z? O3? Photolysis*
TgCyrt+sd
Isoprene 594 + 34 1.4h 50 min 1.3 day -
Monoterpenes 95+3 2.7h 5 min 1.9h -
Acetone 371 53 days >11 NA ~ 60 days
years
Acetaldehyde 19+1 8.8h 17 days >4.5 years 6 days
Methanol 130+ 4 12 days 1 year - -

 For a 12-h daytime average OH radical concentration of 2 * 10° molecule cm
2For a 12-h daytime average NOj; radical concentration of 5 * 108 molecule cm™®
% For a 12-h daytime average Os concentration of 7 * 10** molecule cm

“For overhead sun
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Where no lifetime is given, this is because the process is too slow to be measured and is not expected to be significant.

Biogenic VOCs and their reaction products interfere in the tropospheric chemistry and affect
directly or indirectly the production of air pollutants and GHG as well as the formation of
atmospheric aerosols (Andreae & Crutzen, 1997). A study was performed to determine the
reactivity of VOCs emitted from six concentrated animal feeding operation sites (Yuan et al.,
2017). The reactivity was studied toward photo-oxidants (OH and NOz radicals) (Figure 1.2).
The results of this work showed that alcohols and carboxylic acids were highly reactive toward
OH radicals among the detected VOCs, while phenolic compounds followed by sulphur

compounds showed the highest reactivity toward NOgz radicals.

(a) OH reactivity (s?) (b) NO; reactivity (102 s1)
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Figure 1.2 (a) OH reactivity and (b) NOsz reactivity for the six investigated concentrated animal

feeding operation sites (Yuan et al., 2017).

1.2.3.2. Role of VOCs in O3 formation

Hydroxyl radical (OH) is the key reactive and the primary oxidizing species in the troposphere.
The OH radical is involved in the formation of Oz by reacting with VOCs. Oz is formed by two
possible pathways: the NOx reactions with Ox and the NOx reaction with Oy in the presence of
VOCs. Figure 1.3 shows both pathways that lead to Oz formation. The degradation reactions
of VOC:s start with the oxidation of VOCs by OH radical, leading to the formation of RO> and
HO2 radicals as intermediate products (Figure 1.3, B). The intermediate products ROz and HO>
convert NO in NO; and result in the net formation of Oz as represented in Figure 1.3, A
(Atkinson, 2000).
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Figure 1.3 Schematic representation of the reactions involved in NO-to-NO- conversions and
ozone formation in (A) NO-NO2-O3 systems in the absence of VOCs, and (B) NO-NO2-O3
systems in the presence of VOCs (Atkinson, 2000).

In the following sub-Chapter, we briefly review the fundamental concepts of atmospheric
aerosols, their formation pathways, chemical composition and sources, and their multiple roles
in climate and impacts on human health. The current understanding on the new particle
formation, in particular secondary organic aerosol (SOA) from precursor gases (i.e. VOCs), is

discussed.

1.3. Atmospheric aerosols

1.3.1. Formation pathways, sources and chemical composition

Atmospheric aerosols are an important component of the climate system. They are defined as
liquid or solid particles (particulate matter — PM) suspended in the atmosphere and have
profound impacts on the Earth-atmosphere system. The particle size may span from a few
nanometers to a few micrometers and the bulk / surface chemical composition exhibit a huge
variety, reflecting diverse origins and atmospheric processing (Wang, 2016). Understanding
the sources, properties and evolution of these particles in the atmosphere is one of the major
challenges in environmental research today. Significant progress has been made over the past
two decades in understanding atmospheric aerosol chemistry and its connections to climate.
Advances in technology for characterizing aerosol chemical composition and physical
properties have enabled rapid discovery in this area. McNeill, (2017) has reviewed the

fundamental concepts and recent developments on ambient aerosols, their chemical
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composition and sources, light-absorbing aerosols, aerosols and cloud formation, and aerosol-

based solar radiation management (also known as solar geoengineering).

Atmospheric aerosols are classified in two categories according to their formation
pathways: primary or secondary (McNeill, 2017). Primary aerosols are emitted directly into
the atmosphere in solid or liquid forms by processes such as bulk-to-particle conversion (e.g.,
wind-blown dust from arid regions), liquid-to-particle conversion (e.g., sea-salt aerosols),
emissions of pollen and spores by vegetation, combustion processes (e.g., carbon particles
emitted during wild fires) and volcanic eruptions (e.g., volcanic ash). Inorganic primary
aerosols have short atmospheric lifetimes, typically only a few days. Secondary aerosols are
formed by the chemical and physical processing of gas-phase precursors in the atmosphere
(McNeill, 2017). Secondary aerosols are small; they range from a few nanometers up to 1 um
and have lifetimes of days to weeks. They consist of mixtures of compounds; the main
components are sulphate, nitrate and organic carbon (McNeill, 2017). Sulphate aerosols are
formed by the oxidation of SO, gas that may be neutralized by the uptake of NHs (Silvern et
al., 2016).

According to their size, particles are classified into three categories: ultrafine particles
(with aerodynamic diameter less than 0.1 um), fine particles in the fine more or those with in

the PM2.5 fraction. Coarse particles: fraction of the measured particle mass concentration

The chemical composition of aerosols varies widely based on their diverse sources,
natural or anthropogenic (Table 1.2). Some aerosols have mainly natural origins (e.g., dust,
sea salt, volcanic ash and volcanic sulphates), while other result from human activities (e.g.,
carbonaceous particles, ammonium sulphate and ammonium nitrate). Natural aerosols account
for the largest aerosol mass in the atmosphere since they have relatively large dimensions (e.g.,
mineral dust and sea salt) and are considered in the coarse size range (> 2.5 um in diameter).
The concentration of anthropogenic aerosols in the atmosphere significantly increased from the
start of the industrial revolution (Hinds, 1999). They exhibit on average a smaller size and thus
show a lower global mass emission rate compared to natural aerosols (Table 1.2) (McNeill,
2017).

Table 1.2 Sources of atmospheric aerosols with an estimation of their magnitudes (with ranges,
where available)(reviewed by (McNeill, 2017)).
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Source Magnitude (Tg yr?)
Secondary inorganic (anthropogenic sulphates, nitrates) 69.9
Mineral dust (natural) 1000
Sea salt 1-3 x 10
Black carbon 7.5 (2-29)
Primary organic aerosol 33.9 (17-77)
Secondary organic aerosol 140 (50-380)

1.3.2. New particle formation: secondary organic aerosol

New particle formation (NPF) represents the first step in the complex processes leading to
formation of cloud condensation nuclei in the atmosphere. NPF is characterized by a sudden
burst of high concentrations of subnanometer-sized particles (1-3 nm) in the atmosphere
followed by their growth. This represents the major source of the tropospheric aerosol
population. Several NPF events have been observed under several environmental conditions
such as urban locations, marine/coastal regions and forested areas (Lee et al., 2019). NPF has
been shown to produce a large number of nanoparticles that go into submicron-sized particles
(e.g., cloud condensation nuclei “CCN” size) even under polluted environments (Guo et al.,
2014).

Secondary organic aerosols (SOA) are one of the main sources of uncertainty in the
current understanding of the Earth’s climate. SOA form by two major pathways:
condensational and aqueous phase. Condensational SOA formation involves the
thermodynamically driven partitioning of organic gases (for instance lower volatile species
formed by the oxidation of VOCs) onto existing aerosol particles (Donahue et al., 2011). The
VVOCs emitted into the atmosphere from various anthropogenic and biogenic sources or formed
in situ as products of atmospheric transformations of other VOCs are of great interest as they
contribute significantly to atmospheric photochemical reactions mentioned in Section 1.2.3.
The aqueous SOA formation involves the uptake of water-soluble VOCs by aqueous aerosols,
cloud droplets or fog water that is followed by aqueous chemistry to form the lower-volatile
SOA (McNeill, 2015).

The atmospheric formation of SOA is illustrated in Figure 1.4. The tropospheric
oxidation of VOCs by photo-oxidants (such as Os, NOx and OH radicals) leads to the formation
of lower volatility organic products (Atkinson, 2000; McNeill, 2017). The addition of oxygen
and nitrogen to organic compounds reduces their volatility to several orders of magnitude
(Atkinson, 2000; Lee et al., 2006). These SVOCs can efficiently initiate particle formation (Lee

9



Chapter 1. Introduction

et al., 2006) (Figure 1.4). The ability of a VOC to form SOA depends on its concentration in
the atmosphere, its chemical structure, chemical reactivity and on the volatility of its oxidation
products (Williams, 1995).

VOLATILE =
ORGANIC Gas — Phase Oxidation OXIDATION Pr9ducts that remain
COMPOUNDS hv, NO,, O, PRODUCTS in the gas phase
(high VP)
“Semi — Volatile”
Products
Nucleation
Gas - Particle
Partitioning
Inorganic/
Atmospheric Evolution Organic/
Water
Primary

Particles

Figure 1.4 Formation of secondary organic aerosols (Seinfeld & Pankow, 2003).

The mechanism of the nucleation leading to the NPF remains not well understood (Bianchini
et al., 2016). The oxidation products of VOCs are important for SOA formation and growth.
However, their role in the particle nucleation or growth has remained unclear. It was thought
that sulphuric acid is essential to initiate most of particle formation in the atmosphere and that
ions have a relatively minor role. Some laboratory studies have reported the formation of
organic particle from oxidized organic molecules, highly oxidized biogenic vapours or ion-
induced nucleation of pure organic particles (Cappa, 2016; Kirkby et al., 2016). The latest
studies together report that the highly oxidized multifunctional organic compounds represent
the key players in SOA formation. Measurement studies have quantified the formation of these
compounds from ozonolysis of monoterpenes in measurement chambers (Ehn et al., 2014) and
modelling studies have quantified the formation of these compounds in the atmosphere and
their role in air quality (Chrit et al., 2017). Furthermore, all these processes receive an increased
attention since field observations revealed that aerosol properties can be significantly modified
during atmospheric fate. In spite of significant instrumentation progress, our understanding of
the processes of formation and aging of organic aerosol is still limited but entirely necessary to

improve the robustness of these models.
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1.3.3. Atmospheric aerosol impact on climate and health

Due to their small size, atmospheric particles have little inertia, and thus they may stay airborne
for several days after their emission or formation in the atmosphere (McNeill, 2017).
Accordingly, during their atmospheric lifetime, aerosols may be transported long distances
and participate in atmospheric chemical reactions that impact human health, environmental
quality and climate (McNeill, 2017). Even though atmospheric aerosols have relatively short
atmospheric lifetime, ranging from a few days to a few weeks in contrast to greenhouse gases
(GHG) with lifetimes up to a century or more, they can still contribute significantly to the
radiative forcing, and thus influence the weather and climate (McNeill, 2017). As a direct
effect, aerosols scatter and/or absorb solar radiation, referred to as direct radiative forcing. This
effect, commonly referred to aerosol-radiation interaction, can contribute significantly to
cooling (by scattering) or warming (by absorption) in the atmosphere (McNeill, 2017). A large
concentration of inorganic aerosols will tend to scatter sunlight back into space (e.g., sulphate
and nitrate aerosols), hereby preventing the direct radiation from reaching the surface, which
induces cooling of the Earth-atmosphere system. Such an increase in the reflected solar
radiation at the top of the atmosphere is nearly identical to the reduction in the solar radiation
at the surface. While the direct radiation is prevented from reaching the surface, more scattered
light is available which can affect the photosynthesis process, and thus improve plant
productivity (Hinds, 1999).

As an indirect effect, aerosols in the lower atmosphere can modify the size of cloud
particles, changing how clouds reflect and absorb solar radiation, and thus modify the Earth’s
energy budget (indirect radiative forcing). Cloud formation would not be possible without
aerosols serving as CCN thus cloud droplets require an initial “seed” to start the concentration
of water which is provided by aerosols (McNeill, 2017). Changes in aerosol characteristics can
therefore lead to changes in cloud properties. The increase in aerosol concentrations due to
human activities lead to an increase in cloud droplet numbers and smaller cloud droplets, which
makes the clouds more reflective (McNeill, 2017). In addition, it is also believed that such
clouds have a longer atmospheric lifetime (Rotstayn, 1999). For instance, sulphate aerosols can
cause the augmentation in the number of cloud droplets while also reducing their size. The
resulting clouds reflect more sunlight than they would have reflected without the presence of
these aerosols (Rotstayn, 1999).

Besides their effects on climate, aerosols have also an impact on human health. Every

year, about 7 million people die from air pollution-related illness, such as heart diseases,
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respiratory illness and cancer according to a recent World Health Organization (WHO) report
(World Health Organization, 2014). The size of the PM determines how the human body is
affected by the pollutant. For instance, particles > 100 um are usually too large to be inhaled.
Aerosols with a diameter ranging from 10 to 100 pum usually get processed by the mucus
membranes in the respiratory system - defence mechanisms of the body. Particles with size
between 2.5 and 10 um (coarse mode) are frequently deposited in the nose, pharynx and larynx.
Fine aerosols (i.e. PM smaller than 2.5 um or PMa2s) are singled out as being the most
hazardous portion of the aerosol population as they have a high chance of penetrating deep into
the lungs, reaching bronchioles and alveoli (Carvalho et al., 2011; Sankhe et al., 2019). More
than 3 million premature deaths worldwide have been estimated due to exposure to PM3 s, thus

representing one of the public health concerns (Lim et al., 2012).

1.4. Organic waste products (OWPs)
1.4.1. Types of OWPs

The wide increase in global population accompanied with urbanization and industrial progress
has increased the generation of complex solid waste (Singh et al., 2011). Around 55% of all
world population lives in urban areas. According to the estimated world population of 7.7
billion in 2019, the world population is estimated to increase to 8.51 billion in 2030 to 9.69
billion in 2050 and 10.36 billion in 2100 (World Bank, 2019). This leads to increasing demand
for food production and thus yielding a proportional increase in agricultural wastes (Gontard
et al., 2018). Agroecosystems are sources of pollution through their gaseous (e.g., ammonia,
VOCs and GHG) and PM (Aneja et al., 2009) emissions. Air quality in agricultural areas is
usually endangered by local emissions related to different activities like harvesting, soil
cultivation, pesticides usage, livestock sector, soil dust particle emissions or organic waste

products spreading.

Organic waste products (OWPs) are defined as the exogenous organic matter applied
to the soil as substituent to mineral fertilizers. OWPs are classified according to their source:
animal-based organic wastes (e.g., manure), plant wastes (e.g., green waste and garden wastes),
urban wastes (e.g., sewage sludge and municipal solid wastes) and agricultural wastes which
are defined as plant or animal residues that are not further processed into food. OWPs are
classified as solid organic wastes compromising of organic biodegradable fraction with a
moisture content below 85-90%. In Europe, about 1.6 million tons of OWPs are generated
every year, where 61% comes from animal wastes, 25% comes from crop residues, 7% comes

from municipal wastes and finally 7% comes from industrial wastes (ADEME, 2011). In
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France, animal manure is considered the major source of OWPs annual production and 50% of
this production is returned to soil (ADEME, 2011). France produces about 32 Mt of municipal
and industrial OWPs where 40% of this are recycled as OWPs amendments to soil (ADEME,
2011). In the following, we give a brief description of sewage sludge, food biowaste and animal

manure which are the main subjects of study throughout this thesis.

1.4.1.1. Urban waste products

The overall global waste generation is expected to become 3.4 billion tons by 2050 compared
to 2.01 billion tons in 2016 (World Bank, 2019). Urban wastes include liquid waste (e.g.,
wastewater), solid waste (e.g., municipal solid waste), plastic waste, paper waste, metals,
ceramics, organic household wastes (e.g., sewage sludge, food and kitchen biowastes, etc.),

radioactive waste, recyclable waste, sanitary waste, hazardous and non-hazardous wastes, etc.

1.41.1.1. Sewage sludge

In developing countries, the generation of wastewater increases significantly. Around 90% of
wastewater is left untreated into lakes, rivers and oceans (Khan et al., 2019). Wastewater
treatment plants (WWTPs) collect a large amount of domestic waste, industrial waste,
agricultural waste and waste from commercial spaces and provide treatment. This involves
primary, secondary and tertiary treatment of wastewater that uses physical, biological and
chemical means to purify the wastewater. Sewage sludge (SS) refers to the residual, solid,
semisolid or liquid material that is generated at WWTPs as treatment by-products of
wastewaters released from various sources (e.g., homes, industries, medical facilities, street
runoff, etc.) (Christodoulou & Stamatelatou, 2016; Harrison et al., 2006). SS has potential
fertilizer properties due to high nitrogen, phosphorous and organic matter content (Annabi et
al., 2011; Diacono & Montemurro, 2010). It is composed of organic and inorganic materials,
heavy metals and other hazardous materials. Therefore, it is extremely important to properly
process SS in order to minimize its environmental repercussions (lIticescu et al., 2018). The
amount of SS produced in European and developing countries is growing due to the increased
demand for wastewater treatment. The average SS production in the top 13 European producing
countries between 2010 and 2017 ranged between 181 and 1850 Gg DS year?, resulting in an
average specific production of 21 + 4 kg DS person™ year? (DS = dry solid, see Table 1.3).
The increasing production of SS results in higher costs for pre-treatment, transportation and
disposal. Nowadays, SS treatment and management have become practical issues due to the

massive increase of population in urban areas and to the constant changes in living standards.
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SS production increased by 50% annually in European countries from 1992 to 2005 and
further increase of the total sludge production being expected in the coming years (Bianchini
et al., 2016). The main disposal routes of SS are landfilling, recycling as building materials,
elimination through thermal processing or use in agriculture (Table 1.3).

Table 1.3 SS production and disposal methods in European countries between 2010 and 2017.
DS: Dry Solid (Eurostat. SS Production and Disposal, 2020).

SS production Specific SS production SS disposal method (%)
-1 -1 -1
(GEDS year' ) (kg D5 peEson’ year") Agricultural use  Composting Incineration Landfill + other
Germany [0 1850 [ 27.1 145 588 | 0.1
United Kingdom L 1278 [ 79.5 n.a. [ 19.8
Spain B 44 B 7.5 na. | 44
Italy B 1103 | EXR na. | 38
France B 1060 BB 304 F] 192
Poland E 550 [ 20.1 63 [ 128
The Netherlands | | 348 0 02 994
Austria I 252 [ 16.8 18.7 B 487
Czech Republic | 227 B 40 26 |1 5o
Sweden | 203 [ 28.5 Bl | 1.4
Switzerland | 195 0 0 o6
Hungary | 186 9.8 461 || 220
Portugal ] 181 436 n.a. 0

n.a. = not available

The traditional disposal methods of sludge have been incineration, dumping in rivers or oceans
or depositing in landfills. However, these methods are costly and cause environmental pollution
(Jamil Khan et al., 2006). For instance, sea dumping is banned in many countries due to its
pollution to sea incurred by heavy metals, oil and microorganisms (Tay et al., 2001). Since SS
is a good source of organic matter and plant nutrients, the most feasible ways to reduce the
sludge quantities is their recycling and use as fertilizer (Iticescu et al., 2018). Thus the
agricultural application of biosolid can represent an interesting strategy to improve crops
productivity by increasing soil organic matter content, nutrients (e.g., N, P, K, Cu, Fe, Mn, etc)
and soil fertility (Christodoulou & Stamatelatou, 2016). Moreover, the use of sludge on land,
compared to incineration or sanitary landfill, has lower costs. The agricultural reuse of SS
should be prioritized as recommended by the European Commission in the Circular Economy
Action Plan (Collivignarelli et al., 2019). This use of SS has been preferred in France where
nearly 44% of SS is applied to soil as organic fertilizer (Table 1.3). In addition, SS should be
treated prior its agricultural application such as by anaerobic digestion, composting or chemical
treatment to reduce its fermentability and the health hazards (Christodoulou & Stamatelatou,
2016; Collivignarelli et al., 2019).
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14.1.1.2. Food biowaste

Food processing waste is derived from the processing of biological materials and it is
biodegradable. Biowaste is defined in the landfill directive as “waste capable of anaerobic or
aerobic decomposition such as food and garden waste, paper and cardboard” (Waldron, 2007).
In addition, biowastes include organic food wastes originated from restaurants, supermarkets,
commercial facilities, institutions and source separated organic waste collected form residences
(Waldron, 2007). Food waste contains carbohydrates (starch, cellulose, etc.), proteins, lignin,
fat and a high amount of moisture (Chojnacka et al., 2020). Fertilizers can be produced from
food waste by anaerobic digestion, aerobic composting and chemical hydrolysis (Chojnacka et
al., 2020). In the European Union, between 118 and 138 Mt of biowaste are produced annually.
Around 40% of biowaste are effectively recycled into high-quality compost and digestate.
Germany is considered the leading country in the biowaste management as it has the highest
population in Europe. It collects more than 14 Mt of biowaste every year, followed by the UK
with 8.9 Mt, Italy with 6.5 Mt and France 4.6 Mt of biowaste. Composting is a main treatment
process of biowaste in Denmark and Sweden, while in Italy, anaerobic digestion is usually
combined with a post-composting step (Siebert et al., 2019).

1.4.1.2. Animal manure

Animal products can be divided into two types: (1) valuable products, which are the conversion
of feeds into meat, milk, eggs and wool; (ii) unavoidable products i.e. animal wastes (Mackie
et al., 1998). Animal wastes (feces, urine and respiration and fermentation gases) are excreted
in solid, liquid and gaseous forms. After excretion, solid and liquid animal wastes are subjected
to microbial conversion (mainly anaerobic and aerobic), that converts organic substrates into
microbial biomass and soluble and gaseous products (Williams, 1995). Animal manure is a
complex mixture of undigested dietary residues, endogenous secretions and bacterial cells and
their metabolic end points. It can have considerable values in agriculture if properly utilized
(Mackie et al., 1998). Common forms of animal manure include farmyard manure (FYM) or
farm slurry (liquid manure). FYM contains plant material (often straw), which has been used
as bedding for animals and has absorbed the feces and urine (Dittmar et al., 2009). Agricultural
manure in liquid form, known as slurry, is produced by more intensive livestock rearing

systems where concrete or slats are used, instead of straw bedding (Liu et al., 2018).

Historically, manure has been valued based on the macronutrients N, P, K, S and
organic matter (OM) content. The nutrients vary considerably in the excreted manure due to

the feed composition, feed intake, animal type and production levels (Safley et al., 1986). The
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concentrations of nutrients in manure are affected by the type of housing, manure management
system, bedding and timing of manure removal, storage conditions and storage duration
(Higgins et al., 2004). The carbon content of manure helps increase microbial biomass and soil
respiration rates by acting as a feed source for native soil microorganisms (Dittmar et al., 2009).
Manure from different animals has different qualities and requires different application rate
when used as agricultural fertilizer. For instance, sheep manure contains high amounts of
nitrogen and phosphorous, while pig manure is relatively low in both. Cattle manure is a good
source of nitrogen and organic carbon (Bernal et al., 2009; Dittmar et al., 2009). Thus the
nutrient composition of different manures varies greatly with the type of animal (omnivores,
ruminant, etc), sex, age and diet fed to the animal, as well as geographical and climate
conditions (Liu et al., 2013). High amounts of manure residue are produced in regions devoted
to animal breeding. This results in intensive odours and bacteria contamination, high

greenhouse gas emissions and high organic matter and nutrient loads (Gontard et al., 2018).

1.4.2. Organic waste management

The production of solid waste is characterized by poor handling and management and lack of
proper disposal facilities (Ngoc & Schnitzer, 2009). The inadequate organic waste management
like open burning and open dumping creates various problems such as environmental pollution,
eutrophication, GHG emissions and effects on human health. Open waste dumps increase the
risk of soil pollution in dumping areas as a result of leaching of heavy metals and other
contaminants (Ngoc & Schnitzer, 2009). Other disposal methods such as burning or
incineration of solid waste like municipal solid waste releases polychlorinated dibenzo-p-
dioxins, dibenzofurans and toxic gases in addition to GHG emissions (e.g., CHs and COy) that
cause air pollution and global warming (Vaish et al., 2019). The traditional disposal methods
of wastes not only poses a grave threat to environmental quality and public health but also
results in loss of nutrients presents in the waste and therefore of the economic value of wastes.
In addition, development of technologies that convert the waste into fuel has been enhanced to
reduce the emissions result from organic waste disposal (Pagliano et al., 2017).

Recently, agricultural recycling of OWPs becomes a more sustainable and eco-friendly
approach than the traditional methods of waste disposal (Sharma et al., 2017). Through OWP
recycling methods, organic wastes are decomposed and stabilized in terms of their volume,
mass, pathogenic content and malodorous compound emissions (Diacono & Montemurro,
2010). OWPs recycling constitutes an alternative method to waste management via landfilling

or incineration. The conversion (such as by composting and vermicomposting) and the use of
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organic waste for agricultural purposes have several advantages on soil, such as it increases the
soil organic matter (Peltre et al., 2012) by improving the soil chemical fertility, simulating

microbial activity and increasing water retention (Diacono & Montemurro, 2010).

In the following two Sections, we briefly describe composting and vermicomposting,
while focusing more on the anaerobic digestion processes applied on wastes for agricultural
purposes, as anaerobically digested samples are analyzed during this PhD thesis (anaerobically

digested SS and digestate biowastes).

1.4.2.1. Composting

Composting techniques for different organic solid wastes has become an environmentally
friendly and efficient alternative for landfilling and other disposal methods. Composting is a
natural process of biochemical conversion of heterogeneous solid organic waste (e.g., SS, crop
residue, food and kitchen waste, garden waste, wood, paper, etc.) into humus-like substances.
The decomposition of organic matter to a nutrient-rich end-product by microorganisms like
bacteria and fungi occurs under controlled conditions of moisture, temperature, aeration and

other controlling factors (Atalia et al., 2015).

Despite the advantage of composting as a proper waste and digestate management, it is
considered a potential source of air and odor pollution (Zhu et al., 2016a). Composting is
known to emit considerable amounts of gases such as CO2, N2O and CHa. The gas emissions
such as NHs, sulphur compounds, most VOCs and semi-VOCs associated with composting
process commonly contribute to considerable odor nuisance and to adverse health and
environmental impacts (Scaglia et al., 2011). The VOCs emitted from composting plants are
mostly biodegradable due to their biological origin and are released due to the aerobic,
anaerobic and anoxic metabolic reactions of organic matter (Zhu et al., 2016a). Moreover,
VVOCs have properties of water solubility and adsorption potential. Based on the raw material
and the operational conditions, a wide range of VOCs are being emitted. Yard waste
composting is characterized by terpene emissions as well as alcohols, ketones and benzene as
a result of biological breakdown. Composting of municipal solid waste is characterized by the
emissions of organic acids, alcohols and sulphides (Buyuksénmez & Evans, 2007; Eitzer,
1995). Thus, the chemical composition of the gas emissions from composting depends on the

substrate nature and operational conditions used as reported in Rincon et al., (2019).

Vermicomposting is another biological process using earthworms and microbial

activity under controlled environmental conditions to convert organic waste materials into
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vermicompost. Vermicompost is considered as an excellent, nutrient-rich organic fertilizer and
soil conditioner (Yadav & Garg, 2011).

The recycling of organic waste as compost or vermicompost have several advantages,
such as (a) reducing the size and mass of organic solid waste and resulting in a
compost/vermicompost efficient for agricultural purposes (Dhamodharan et al., 2019), (b)
reducing the air and water pollution and being very efficient in terms of economy compared to
other treatment technologies if operated under suitable parameters, (c) reducing the GHG
emissions, and (d) improving the soil nutrient profile and structure and reducing soil erosion
(Colon et al., 2012). Apart from the listed advantages, the recycling of organic waste is also
associated with some risk such as food contamination due to the presence of toxic heavy metals
(Cr, Cd, Pb, Hg, Zn, Ni, etc.) (Sharma et al., 2019) and other hazardous organic contaminants
such as polycyclic aromatic hydrocarbons, polychlorinated biphenyl, etc. Such contaminants
can cause diseases like skin allergies, cancer, disorders in central nervous system, etc. (Clarke
& Smith, 2011). Therefore, the compost/vermicompost should be properly tested before their
agricultural application to avoid soil and food contamination. In addition, the over application
of organic waste can pose several problems such as nutrient loss which necessitates to take the

nutrient and soil demands into account before the application (Schulz & Rémheld, 1997).

1.4.2.2. Anaerobic digestion

Anaerobic digestion is well adopted as an effective mean of organic waste treatment. It is a
promising management technique involving simultaneous stabilization of organic waste and
energy recovery due to several advantages in being able to handle large amounts of raw
materials, simple process, high efficiency and production of renewable energy. Anaerobic
digestion is a widely used biological process in which the organic matter is converted by
microbial degradation into energy-rich biogas (~70% CH4 and 30% CO>) and a nutrient-rich
residue called digestate (Appels et al., 2011). The resulting biogas can be used for producing
heat, electric power and vehicle fuel. Thus this process has the potential to significantly
contribute to a shift from fossil to renewable energy (Insam et al., 2015). Digestate is the by-
product of anaerobic digestion process and has different properties from the undigested
material (Appels et al., 2011). This process is widely used in municipal wastewater biosolids
treatment for stabilization and production of methane gas. Anaerobic digestion has been widely
used for biodegradable wastes treatment due to the increasing demand on renewable energy
and the energy-efficiency of this process (lacovidou et al., 2012). It is considered as an

important method to reduce the quantity of organic wastes by their use for energy and heat
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production. Different types of organic material such as organic municipal waste, sewage sludge
from wastewater treatment, waste from food processing industries and agricultural wastes (e.g.,
animal manure, biowastes, plants and crop residues) can undergo anaerobic digestion and are
suitable feedstock for this process (Appels et al., 2011; lacovidou et al., 2012). The anaerobic
digestion of food wastes is considered as one of the effective methods of waste management
(lacovidou et al., 2012). The suitable treatments, disposal and proper reuse of the digested
material help to avoid any negative environmental impacts (Abubaker et al., 2012). Moreover,
the digestate can be utilized as a fertilizer for agricultural lands since it allows the recycling of
plant nutrients and improves the structure of the soil as it contributes to soil organic matter
influencing the biological chemical and physical soil characteristics as a soil amendment
(Nkoa, 2014). This reduces the need of fossil fuel-dependent mineral fertilizers (Holm-Nielsen
et al., 2009). Land application of digestate has become a common practice in several countries
as it has been shown to improve the soil properties (Nkoa, 2014). Recently, anaerobic digestion
process has attracted interest due to its multi-functionality and resulted in an increasing number
of biogas plants and increasing production of renewable energy in Europe. Consequently the
amounts of digestate have also increased (Weiland, 2010). The quality of the digestate and its
composition of macronutrients, micronutrients and OM depend on the digestion process used
and the composition of the raw material used, thus this impacts its agricultural application
(Kumar, 2012).

Anaerobic digestion of animal manure before its agricultural use has positive impacts
as the obtained digestate contains higher proportion of mineralized plant-available nutrients
than the untreated manure. Moreover, anaerobic digestion results in a significant decrease in
the odour and is able to decrease the pathogenic content at the common digestion temperature
of 39 °C and even more if the thermophilic digestion temperature of 55 °C is applied (Franke-
Whittle et al., 2014). Compared to mineral fertilization and undigested manure, the digestate
enhances the microbial activity and biomass because they contain more mineral N and less
organic C (Insam et al., 2015). The post-treatment of digestate, like solid-liquid separation or
composting have been emphasized even though the anaerobic digestion does not have negative
impacts on the soil organic C. This allows the retaining of the organic matter in soil (Insam et
al., 2015). Abubaker et al., (2012) found that the use of digestate as organic amendments had
positive impacts on wheat crop yields and soil microbial activity compared to mineral

fertilizers.
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1.4.3. Application of OWPs in agricultural lands
1.4.3.1. Impacts of OWP application on soil

The quality of soil has been described based on its physical and chemical properties; however,
soil health widely depends on the soil organisms. The magnitude of nutrient accumulation and
its distribution in the soil profile depends on several factors, like soil type, the climate, the
frequency of application, and the properties of the digestate (Stinner et al., 2008). Moreover,
OWPs enhance the nutrient recycling and thus decrease the use of mineral fertilizers (Gutser
et al., 2005). Some studies suggested several positive impacts of the manure amendments on
soil, such as the increase in microbial biomass that enhances soil bacteria, fungi and high
microbial activity. Soil microbial activity is considered as a crucial factor for nutrient cycling,
which should be considered to improve soil heath and crop growth. Manure application to
cropland enhances the soil carbon content as the microbial activity promotes aggregate stability
an soil fertility (Menta & Remelli, 2020). In addition, the application of organic fertilizers
improves the soil quality by changing the structure and the diversity of soil microbial
communities. Several advantages arise from the organic amendments on soil structure, water-
holding capacity and microbial activity (Arthurson, 2009). Figure 1.5 shows the benefits and
risks associated with OWP recycling (Atalia et al., 2015). Beside the positive impacts of OWP
recycling and agricultural application, it can have different health and environmental risks. For
instance, some contaminants can accumulate in the soil, degrade water quality or be emitted

into the atmosphere (Houot et al., 2002).

Decreasing organic matter content in agricultural soil has become a global concern due
to its direct impacts on soil fertility and agricultural yield. As a result of increasing global
population, the food security can be ensured by recycling of organic wastes, which is a
sustainable solution to enhance the quality of the soil ecosystem degraded by the over use of
chemical fertilizers and other agrochemicals in the past (Eden et al., 2017). The agricultural
utilization of organic wastes represents a dual opportunity of soil conditioning and sustainable
organic waste management that reduces the environmental deterioration due to their random

disposal (Diacono & Montemurro, 2010).
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Figure 1.5 Agricultural recycling of OWPs and their associated advantages and disadvantages
(Atalia et al., 2015).

1.4.3.2. Methods to reduce OWP emissions

In Europe, new legislation on environmental protection requires methods to reduce odour and
ammonia emissions as a result of land application of OWPs. Several methods have been
proposed to reduce emissions, among them, OWP treatment by anaerobic digestion (Feilberg
et al., 2015) and the direct injection of digestate into the soil are considered as successful
practices (Christodoulou & Stamatelatou, 2016; Collivignarelli et al., 2019; Feilberg et al.,
2011; Orzi et al., 2018). The land application of OWPs can be done either by surface spreading
or rapid mixing with soil after their spreading.

Regarding the other urban wastes such as green waste, the amount disposed in landfills
will decrease by 50% before 2050 due to their increased use in agricultural crops (Kumar et
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al., 2011). A study was performed to assess the advantages and disadvantages of the soil
amendments of different organic wastes by Alvarenga et al., (2015). The authors characterized
8 different types of OWPs: (1) organic waste mixed with municipal solid waste compost, (2)
municipal sewage sludge, (3) agricultural waste compost, (4) compost produced from
agricultural waste and sewage sludge, (5) agro-industrial sludge, (6) municipal slaughterhouse
sludge, (7) pig slurry digestate, and (8) paper mill wastes. The results of the study showed the
positive impacts of the use of these organic waste amendments as they have high organic matter
and nutrient (N, P and K) contents. Several risks have been proposed in this work (Alvarenga
et al., 2015), such as the increase in soil salinity especially from the use of pig slurry, paper
mill wastes and some compost samples; due to high electrical conductivity. In addition, SS has
high concentrations of N-NHs" leading to ammonia emissions and pathogenic microbes.
Moreover, groundwater contamination due to the leaching of N-NOs™ from soil due to its high
concentration in pig slurry digestate and high heavy metals except in compost produced from
agricultural wastes and SS. Alvarenga et al., (2015) has recommended the SS composting due

to its stabilization, sanitization and low metal content.

Land application of animal manure is a major source of odour emissions (Parker et al.,
2013). Odour emissions constitute a problem as they affect the public health due to the
diffusion of diseases and nuisance to the surrounding population. Different methods can be
used for manure application on agricultural fields. Parker et al., (2013) performed a study to
compare the VOC emissions using three application methods of swine manure (surface
application, incorporation by disking 24 h following surface application and injection). The
results showed that the injection of swine manure decreased the odorous aromatic compounds
flux by 80 - 95% and the VOC flux decreased rapidly following the land application of swine
manure. A new study has been performed to evaluate the impact of diet, land application
method (surface-applied or incorporated), soil water conditions (saturated or wet), and time
since manure application on VOC emissions from beef cattle manure (Woodbury et al., 2022).
The results of this work showed that heptanoic acid, aromatics, indole and skatole contributed
significantly to total odor activity value. In addition, the VOC emission fluxes were higher
when the manure was surface-applied on the plots compared to its incorporation into the soil.
This study highlighted the efficiency of incorporation of the manure soon after land application.
Moreover, the authors suggested to delay land application when there is a high probability of

rainfall for reducing the VOC emissions (Woodbury et al., 2022).
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1.5. VOC emissions and new particle formation from OWPs

1.5.1. VOC emissions from agricultural recycling of OWPs

Agricultural practices are associated with considerable environmental burdens that affect the
air quality, soil and water quality, directly or indirectly. Agriculture is considered as a major
ground-level Oz sink (Vuolo et al., 2017). VOCs emitted from terrestrial ecosystems have
received much attention due to their contribution in atmospheric chemistry, soil processes and
biotic interactions in soil. Several studies have been conducted to identify the sources and
quantify the VOCs emitted from terrestrial ecosystems (Pefiuelas et al., 2014; Singh et al.,
2011). Most of these studies have focused on the natural ecosystem such as forest, grassland,
wetland, etc.; and less attention has been paid on the VOC emissions from agricultural
ecosystem. The global agricultural land area is around 4912 million hectares, comprising
37.4% of the global land area (FAO, 2013). Agricultural lands emit a large variety and amounts
of VOCs (Leff & Fierer, 2008; Wang et al., 2015).

Agricultural activities such as the use of pesticides, fertilizer, machinery operation and
livestock manure spreading emit a wide variety of pollutants such as ammonia, GHGs and
VOCs. Previous studies have been performed to identify the atmospheric VOC emissions from
fertilizers by performing laboratory studies and wind tunnel experiments (Kumar et al., 2011;
Liu et al., 2018; Potard et al., 2017). The chemistry of some VOCs is less known compared to
other agricultural pollutants, like ammonia and hydrogen sulphide (Feilberg et al., 2017; Ni et
al., 2012). Several families of VOCs have been detected in OWP samples, such as
organosulphur compounds (e.g., dimethyl and diethyl sulphide) (Bylinski et al., 2019; Feilberg
et al., 2015; Haider et al., 2022), terpenes (e.g., a-pinene, limonene) (Haider et al., 2022;
Rincén et al., 2019), nitrogenated compounds (indoles), ketones and aldehydes (Haider et al.,
2022; Sanchez-Monedero et al., 2018), and aromatic compounds (Abis et al., 2018; Haider et
al., 2022; Nie et al., 2019).

While emission of nitrogen compounds from OWP is relatively well documented, there
has been much less work on other VOC emissions. Recent measurements were performed in
order to characterize VOC emissions from soil amended with different OWPs, such as
municipal solid waste compost, green waste and sludge co-compost, bio-waste compost and
farmyard manure (Abis et al., 2018). 21 VOCs that could be used to define emission profiles
of different OWP treatments were isolated and can be considered as good markers of soil
biological functioning. The results suggested that OWPs in soil affect the VOC emissions and

the total flux was influenced by the quantity of organic matter and pH of the soil (Abis et al.,
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2018). Potard et al., (2017) studied whether the amendments of pig slurry and methanized pig
slurry affect the active bacterial communities and change the diversity and fluxes of VOCs
emitted by soil. The results showed that the digested pig slurry reduces the VOC fluxes
compared to the unamended plot and the pig slurry showed double fluxes due to high emissions
of methanol. The results suggested that soil fluxes can be affected by additional fertilization

and manure management in agriculture (Potard et al., 2017).

Rincon et al., (2019) has conducted an accurate and comprehensive study on gas
emissions and odors from aerobic treatment of various organic matrices. The authors
characterized the VOC and odour emissions upon composting of different digestates and solid
waste. The identified VOCs belong to different chemical families of compounds that
contributed differently to the overall cumulative mass of VOCs as illustrated in Figure 1.6.
The chemical contribution of the identified chemical families is represented as “PCi” which is
calculated based on a percentage basis, the cumulative mass production of a VOC or family of
VOCs over the total production of VOCs (Rincon et al., 2019). For instance, substrates with a
reduced vegetal content such as sewage sludge and agricultural waste like pig slurry and turkey
manure showed low terpene emissions (PCi 0.07 — 21% of the total mass emissions). However,
terpene showed elevated emissions (PCi 21-90%) from biowaste compost, green waste and the
organic fraction of municipal solid waste. The main constituents of those samples were fruits,
vegetables, leaves and food waste. Therefore, the high terpene emissions from the
lignocellulosic material is explained by the decaying process of vegetable material and
bacterial degradation of lignin and cellulose (Eitzer, 1995). Nitrogenated compounds and
ammonia constituted the main emitted compounds from agricultural wastes, digestates and SS.
SS was also dominated by the emissions of sulphide compounds (Figure 1.6) (Rincdn et al.,
2019). These VOCs are precursors of SOA and tropospheric Os, resulting in environmental
issues of air quality and climate (Atkinson, 2000). The composting emissions from food wastes
and green wastes were dominated by terpenes, ketones, esters and alcohols (Figure 1.6)
(Rincon et al., 2019).
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Figure 1.6 Chemical contribution PCi (%) of identified chemical families during the

composting process of solid waste and digestates (Rincén et al., 2019).

In the following two Sections, we will present an accurate bibliographic overview on the VOC
emissions from SS and animal manure, as those OWPs will be the core subjects of this PhD
thesis (Chapters 3 and 4). Additional literature details will be also given and discussed in
Chapters 3 and 4.

1.5.1.1. VOC emissions from sewage sludge
The main organic compounds reported in the literature related to VOC emissions from SS are
volatile sulphur compounds, volatile fatty acids, alcohols, aldehydes, ketones, alkanes, alkenes,
terpenes and aromatics (Bylinski et al., 2019; Fisher et al., 2017; Haider et al., 2022; Harrison
etal., 2006; Nie et al., 2019; Rincén et al., 2019; Zhu et al., 2016a). There are very few studies
quantifying the gaseous compounds emitted from SS, and those studies primarily address their
odorant properties for identifying suitable odour abatement techniques (Bylinski et al., 2019;
Mustafa et al., 2017; Nie et al., 2018; Rincdn et al., 2019). VOCs such as trimethylamine, acetic
acid, limonene and ethylbenzene were identified at high levels in anaerobically stabilized
sludge (Fisher et al., 2017). Oxygenated VOCs showed the highest concentration levels and
acetone was the major species at the level of SS composting plant (Bylinski et al., 2019).
Several studies performed on SS samples or SS compost showed the presence of
different inorganic and sulphur organic compounds (hydrogen sulphide, methyl mercaptan,
DMS, DMDS, carbon disulphide) produced by anaerobic microorganisms. Sulphur compounds
are also produced by bacteria through the reduction of sulphate- and S-containing amino acids

(Higgins et al., 2006; Zhu et al., 2016). These amino acids are monomers of protein extracted
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from activated sludge and anaerobically digested sludge. Organic sulphur compounds from
dewatered biosolids can be generated by the degradation of sulphur-containing amino acids
and the methylation of sulphide and methanethiol. Furthermore, thermal treatment of SS leads
to the emission of pollutants in the form of sulphur dioxide (SO2) (Zhu et al., 2016), and SS
can contain high concentrations of sulphur compounds, resulting in high emissions of SO>
(Bylinski et al., 2019; Ciuraru et al., 2021; Fisher et al., 2017; Haider et al., 2022; Nie et al.,
2019; Rincon et al., 2019).

A recent study has been conducted to qualify and quantify the VOC emissions from
different types of SS taken at different stages of treatment (Haider et al., 2022). The analyzed
samples were collected from a WWTP located in France. This study revealed that SS samples
emitted a large spectrum of VOCs where 380 compounds were detected, quantified and
classified into different chemical groups. The identified chemical groups include:
hydrocarbons, nitrogenated, oxygenated and organosulphur compounds. Several aromatic
compounds and indoles (e.g. skatole) were emitted significantly from the undigested SS. Some
of these VOCs can serve as precursor gases for atmospheric aerosol formation. The results of

this work are described in details in Chapter 3 of the manuscript.

1.5.1.2. VOC emissions from animal manure

New data and knowledge were obtained from experiments under laboratory and field
conditions on VOC emissions from land application of animal manure (Ciganek & Neca, 2008;
Feilberg et al., 2010, 2011, 2015; Ni et al., 2012; Ni et al., 2015; Woodbury et al., 2014, 2022).
Ngwabie et al., (2008) have performed a 2-week measurement period in a large cowshed in
Germany. The authors reported that the cowshed VOC emissions are dominated by OVOCs,
such as methanol, ethanol, acetone, acetaldehyde and acetic acid. Other VOCs such as dimethyl
disulphide (DMDS), cresol and trimethyl amine have been reported in manure samples (Beck
et al., 2007; Feilberg et al., 2010, 2015; Filipy et al., 2006; Kammer et al., 2020; Rabaud et al.,
2003). Filipy et al., (2006) identified the VOCs released in a lactating cow open stall and from
a slurry wastewater lagoon using GC-MS. Results showed the identification of 82 VOCs at a
lactating cow open stall and 73 were detected from a slurry wastewater lagoon. The emitted
VVOCs belong to different chemical classes such as alcohols, aldehydes, ketones, esters, ethers,
aromatic hydrocarbons, halogenated hydrocarbons, terpenes, other hydrocarbons, amines,
other nitrogen-containing compounds and sulphur-containing compounds. In this work, the
emission rates of ethanol and dimethyl sulphide (DMS) were measured from the lactating stall

area using an atmospheric tracer method. Also the emission rates of acetone, 2-butanone,
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methyl isobutyl ketone, 2-methyl-3-butanone, DMS and DMDS were measured from the slurry

waste lagoon using laboratory emission chambers (Filipy et al., 2006).

Several research investigated the effects of land application of liquid dairy and swine
manure on odor emissions (Liu et al., 2018; Parker et al., 2013). Parker et al., (2013) used a
small wind tunnel to investigate emissions of odorous VOC from land application of pig
manure slurry. The detected VOCs included 8 volatile fatty acids (VFA), 5 aromatics and 2
sulphur compounds. The VOC flux versus time relationships for the 24 h period following land
application followed the first order exponential decay model. The authors considered their
measurement technique to have limited time resolution and did not include two potential key
odor compounds, H.S and methanethiol. Moreover, Feilberg et al., (2011) used a static
chamber to investigate odorant emissions from field application of pig manure and found
several potential key odorants (e.g., methanethiol, H>S and 4-methylphenol), but also identified
shortcomings of the static chamber (e.g., compound instabilities in the chamber). Feilberg et
al., (2010) used PTR-MS to study the odorant emissions from intensive pig production
facilities. The VOC emissions included carboxylic acids, alcohols, carbonyls, phenols, sulphur
and nitrogenated compounds (Feilberg et al., 2010). Such VOCs can contribute to unpleasant
odor problems, O3 formation and fine particles affecting the regional air quality (Kammer et
al., 2020; Nie et al., 2019; Yuan et al., 2017). Much of the previous research has focused on
the odor characterization and VOCs emission rates from animal feeding operations. For
instance, several studies were performed on the emissions from concentrated animal feeding
operations (CAFOs) (Filipy et al., 2006; Ni et al., 2012; Sun et al., 2008; Yuan et al., 2017).
Ngwabie et al., (2007, 2008) reported that VOC concentrations in dairy, sheep and pig CAFOs
were the highest during animal waste removal and feeding, indicating that large emissions were
related to these activities. While the contributions of different sources to individual VOC
emissions from a facility are not accurately known (Ngwabie et al., 2008), a study was
performed to characterize the chemical composition of VOC emissions and explore different
sources within the facilities that contribute to VOC emissions (Yuan et al., 2017). Additionally,
in this study, the reactivity of emitted VOCs toward photo-oxidants (OH and NO3) has been
studied (Figure 1.7). The results of this work showed that alcohols and carboxylic acids

dominated the VOC concentrations and sulphur compounds showed the highest contributions.
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Figure 1.7 (a) The fractional contributions of different VOC classes to the (a) total VOC
concentrations and (b) odour activity value for the six concentrated animal feeding operation
sites (Yuan et al., 2017).

A recent field measurement campaign was conducted by Kammer et al., (2020) to
characterize the gaseous and particulate emissions from an experimental farm in France
containing a sheep pen and a dairy stable. The authors characterized more than 400 VOCs using
the online and offline mass spectrometric techniques. The results showed that the diary stable
emitted more VOCs than the sheep pen, with a maximum emissions of oxygenated compounds
and hydrocarbons. The authors identified emission tracers for each pen and highlighted the
sources of VOC emissions by correlation analysis. This was the first study that evaluated the
emission rates for most of the identified VOCs with an overestimation by one order of

magnitude.

1.5.2. New particle formation from OWPs

The measurements of VOCs from livestock fertilizers (Feilberg et al., 2015) or urban waste
products (Nie et al., 2018) represent an essential data to better understand the formation and
fate of SOA from agricultural practices. A recent study testing reduction scenarios of
agricultural emissions, showed that agricultural practices such as livestock production and the
use of nitrogen fertilizers impact near-surface air quality (Bauer et al., 2016). The authors
showed that in many densely populated areas, aerosols formed from gases that are released by
fertilizer application and animal husbandry can dominate over the combined contributions from
all other anthropogenic pollution. The same modeling study showed that there are three regions
in the world where agriculture represents a significant source of PM2.s5, namely Europe, North
America and China (Bauer et al., 2016).
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The regional observations of NPF processes are still little known. In agricultural areas,
we have a limited understanding of the biosphere-atmosphere exchange of agriculturally
emitted trace gases other than NHs, and their contribution to SOA is missing (Aneja et al.,
2009). It is recognized that agriculture contributes to primary aerosol emissions (Aneja et al.,
2009) but to date there is only one estimate for the SOA formation from the precursor gases
emitted from agricultural areas (Ciuraru et al., 2021). The importance of the effect of
agriculture on atmospheric NPF is expected to vary regionally, as well as over the course of
the year. In France, agriculture is estimated to generate around one-third of annual particle
emissions (e.g., from livestock housing and tilling activities), but this estimate remains highly
uncertain (Fabureé et al., 2011). Agriculture has a remarkably large impact on PM2 s but is again
highly uncertain both in terms of processes and quantification (Bauer et al., 2016). In areas
with intense agricultural activity, the formation of SOA from precursors emitted by agricultural
activities can dominate the other anthropogenic sources. However, the current knowledge

mainly account for the effect of NHz on PM formation.

Feilberg et al., (2015) provided a time resolved data for a range of VOCs, NHz and H>S.
By performing ozonolysis experiments of manure slurry, the authors showed a consumption of
trimethylamine emitted by manure due to its reaction with Oz. Murphy et al., (2007) reported
that the ozonolysis of trimethylamine represents a significant source of SOA. Trimethylamine
may be involved in the nucleation of new particles (Bergman et al., 2015). Different VOCs
have been identified in OWPs (Section 1.5.1). Those VOCs represent SOA precursors;
however, the chemical mechanisms in producing SOA from OWP samples and their chemical
composition are not well understood. Moreover, our understanding of NPF is based mostly on
measurements of particle size distribution with time, these measurements giving no
information on the chemical mechanisms involving the particle nucleation and growth (Bzdek
& Johnston, 2010).

Lelieveld et al., (2015), using an atmospheric chemistry model to investigate the link
between premature mortality and emission source categories in urban and rural environments
showed that agriculture has an impact on PM and, in many European countries, its contribution
to PM2s is 40% or higher. In these modeled agricultural emissions, the authors only consider
the ammonia emissions that form inorganic PM2s. However, SOA formation from precursor
VOCs emitted by agriculture was not estimated. This makes a part of the gap between the
modeled and measured aerosols. The authors explained this by the underestimated agricultural

sources (Lelieveld et al., 2015). Recently, we have conducted an accurate and comprehensive
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study to identify the molecules that form new particles from SS in Ciuraru et al., (2021). In this
study we suggested a detailed chemical mechanism underlying the particle formation and their
initial growth. In addition, we reported the atmospheric particle formation solely from oxidized
organic molecules and SO, both emitted from SS samples. To the best of our knowledge, this
is the first time this aerosol formation phenomenon has been observed and quantified in an
agricultural system (Ciuraru et al., 2021). Skatole or 3-methyl indole was demonstrated to be
the key precursor gas that reacts with ozone and contributes to NPF in the presence of SO..
Skatole belongs to an important class of atmospheric VOCs with high atmospheric emissions
from land spreading of OWPs and contributes to odour nuisance (Feilberg et al., 2015; Liu et

al., 2018). Our results of Ciuraru et al., (2021) are developed in Chapter 5 of the manuscript.

1.6. Objectives and structure of PhD thesis
1.6.1. Obijectives of the study

During these three years, this work has focused on different OWPs that serve as a source of
VOC emissions and their role in new atmospheric secondary aerosols formation. This will
provide new insights on the role of VOCs emitted by agricultural practices in the formation of
SOA. The PhD objectives were hence constructed around three main scientific questions:

a. What are the VOCs emitted from treated and untreated sewage sludge samples? What
are the effects of the treatment stage on the VOC composition and emission fluxes?

b. What are the chemical characteristics, composition, and emissions fluxes of the VOCs
emitted from different animal manure samples?

c. How do different OWPs react toward ozone under controlled laboratory measurements
and what are the key VOCs that serve as gas precursors and contribute to new particle

formation?

Based on these, we studied the VOC emissions and their gas-phase oxidation products as a
result of ozonolysis reactions from different organic waste samples (such as sewage sludge,
animal manure and food biowaste) using proton transfer reaction quadrupole-ion-guide time-
of-flight mass spectrometry (PTR-QiTOF-MS) and/or thermal desorption - gas
chromatography - mass spectrometry (TD-GC-MS), and characterize the chemical composition
of the newly formed aerosols by two-step laser mass spectrometry (L2MS) and Time-OF-Flight
Secondary lon Mass Spectrometry (TOF-SIMS).
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1.6.2. Structure of the manuscript

The dissertation is structured into 6 Chapters. The current (first) Chapter presents the
practical and scientific context of the work conducted during my PhD thesis. The definition of
VOCs, their sources and atmospheric roles are briefly reminded. In addition, the role of VOCs
in aerosol formation is introduced. A detailed bibliographic study is presented for the use of
OWSPs in agricultural fields and the previous works performed on the VOC emissions from

different organic wastes.

The second Chapter gives an overview of the experimental techniques and set-ups
employed in this work. A detailed description of the analyzed OWPs samples, along with the
simulation chambers and analytical instruments used for the experiments is provided.
Moreover, the methodology developed during this PhD thesis for mass spectrometric data

analysis and used for the interpretation of experimental data is fully described in this Chapter.

The third Chapter presents a comprehensive study to qualify and quantify the VOC
emissions from sewage sludge. In addition, we present the emission flux calculation for VOCs
identified in sewage sludge samples. The Chapter ends with the discussion about the different
identified chemical families of VOCs, with their atmospheric implications. Moreover, the
impact of the treatment stage on the VOC composition and emissions has been discussed in
this Chapter. The results provided in this Chapter have been recently published in Science of
the Total Environment (Haider et al., 2022).

The online and offline characterization of VOCs emitted by animal manure is the
subject of the fourth Chapter. Different animal manure samples collected from a farm located
in Grignon, France were analyzed. The detailed chemical identification of VOCs emitted from
each manure is possible by analysing the emitted gas phase using offline TD-GC-MS analysis.
The discussion part of this Chapter includes each chemical family of compounds and focuses
on some VOCs that are significant to atmospheric photochemistry. This Chapter ends with the
statistical analysis performed on mass spectrometric data to unveil the similarities and
differences between the manure samples. A scientific article including the results provided in
this Chapter is under preparation.

The fifth Chapter is dedicated to study the reactivity of the emitted VOCs from
different OWPs (sewage sludge, animal manure and food biowaste) toward ozone, potentially
leading to new particle formation. In case of NPF, the newly formed aerosols were collected

onto quartz fiber filters and their chemical composition was analyzed using the laser-based
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mass spectrometric technique. The results in this Chapter cover NPF from undigested SS
(already published in npj Climate and Atmospheric Science (Ciuraru et al., 2021)) and from

biowaste (article in preparation).

The sixth and final Chapter proposes a general discussion, where we tried to gather
all our results in a unique dataset, in order to derive the main conclusions and advances related
to this PhD thesis. Special attention was paid to emission flux calculations. Finally, several

perspectives related to the main outcomes of the thesis are proposed for future investigations.
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Chapter 2

Materials and Methods

This Chapter provides a description of the experimental setup designed to study the emissions
of volatile organic compounds and new particle formation upon ozonolysis of OWP samples.
Various analytical mass spectrometric techniques were utilized to provide detailed information
concerning the gas and particle phase compositions. The developed data processing
methodology is described in details in this Chapter.

2.1. Sample description

2.1.1. Sewage sludge

The sewage sludge (SS) samples were taken from a wastewater treatment plant in France at the
end of the following treatment stages: thickening (undigested SS — UDSS), anaerobic digestion
(digested SS — DSS) and dewatering (samples with 30% and 60% of dryness - SS 30% and SS
60%, respectively) (Figure 2.1).

Municipal wastewater

v /9 .Q% ‘S\C .Qoﬁ
) R\ Q )
/9 > & &> &
g ‘ & & & >
3 ' Sewage ™\ &Y 4 b&? Q“vé S 60% &
2 shudge U“d'sg;s“‘d D'gse;“'d 30% of
] ! ‘ (SS) dryness

l l I }{ Wastewater

treatment plant

Figure 2.1 Description of the SS samples collected from a wastewater treatment plant in

France at different treatment stages.

Sludge is formed during the biological treatment of wastewater, and then it is subjected to
specific treatments to reduce its quantity and fermentability: thickening (undigested SS,
UDSS), anaerobic digestion (digested SS, DSS) and dewatering which allows reaching up to
30% and 60% of dryness (SS 30% and SS 60%, respectively). The properties of bulk SS
samples used in this study are listed in Table 2.1.
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Table 2.1 Physico-chemical properties of SS samples.

Parameter (unit) Bulk sewage sludge

UDSS DSS SS 30% SS 60%
pH 8.4 8.5 6.1 7.3
Humidity (%) 96.3 97.1 80.6 15.6
Dry matter (%) 3.7 2.9 194 84.4
Organic matter (kg t?) 26.0 19.0 126.0 604.0
Mineral material (kg t?) 10.7 9.7 67.5 240.2
Organic nitrogen (g kg™ 2.53 2.19 9.86 51.4
Total nitrogen (N) (g kg™l) 2.95 2.8 10.3 52.3
Organic carbon (kg t?) 13.1 9.7 63.2 301.9
Sulphur trioxide (SOs) (g kg?) 0.84 0.78 5.7 23
Density (kg m™®) 1030 970 990 410
Ammoniacal nitrogen (N-NH4") (g kg?) 0.424 0.612 0.437 0.952

2.1.2. Animal manure

Four animal manure samples (horse, cow, sheep and goat manure) mixed with straw (shown in
Figure 2.2) were collected from a farm located in Grignon, France (35 km west of Paris,
48050°28.89"" N, 1056°56.03"" E, altitude: 131 m above sea level) in December 2019 and
analyzed.

horse manure COwW manure sheep manure goat manure

Figure 2.2 Animal manure samples spread on a stainless steel and placed in the simulation

chamber.

2.1.3. Other organic waste products (OWPs)

Different types of OWPs (food waste compost, digestate biowastes, cow manure, green waste
compost and human urine) were analyzed. Food waste compost was collected from a company
specialized in biowaste composting using an electromechanical machine. This compost was a

result of 15 days of composting in the electromechanical apparatus followed by roughly 8
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weeks of maturation on an open platform. The feedstocks were used as a ratio of 5:1 (w/w) of
food waste (restaurants leftovers) and hardwood pellets. Digestate biowastes from restaurants
food waste and supermarket leftovers were collected from a company located in France
specialized in the collection and sorting of wastes. The digestate resulting from anaerobic
digestion was pasteurized at 70°C for about 1 hour before collection. Green waste compost was
supplied from a local farmer (Ferme Martiniére, Saclay) specialized in composting of green
wastes from his farm and neighboring territories. The green wastes include grass or flower
cuttings, hedge trimmings and brush. Human urine originated from a tank of a university
building (Ecole des Ponts, Champs sur Marne) using a waterless male urinal for separated

collection of urine. It was stored for roughly 2 years in the airtight tank.

A field campaign was done in Grignon on May 2021 where the samples were spread
uniformly on 1 m? of soil cultivated with tomato (Figure 2.3). Following the spreading, the
gas phase was sampled in bottles already put under vacuum. After that the collected gas phase
was analyzed using a proton transfer reaction quadrupole-ion-guide time-of-flight mass

spectrometer.

Figure 2.3 Pictures of the field campaign performed in Grignon. The bottles used for gas phase

sampling are shown. The spreading of each organic waste product sample on soil is illustrated.

Those samples were also analyzed under controlled laboratory conditions. Each type of OWP

was spread uniformly on a soil surface placed in an atmospheric simulation chamber. The
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amounts of samples used in the chamber were estimated based on a given amount of OWP

applied in agricultural fields (Table 2.2).

Table 2.2 Real amounts of OWPs applied in the agricultural fields. The amounts used for
chamber experiments were calculated relative to the surface area of the plate to spread the

sample on (0.14 m?).

OWP type Real amounts used unit Amounts used in the unit
agricultural fields chamber experiments
Green waste 20to 30 tha' 350 gm?
Cow manure 30 tha' 420 gm?
Food biowaste compost 20 thal 280 gm?
Digestate biowastes 20to0 40 m? ha't 420 ml m2
Human urine 15to 30 m? ha't 350 ml m-2

2.2. Chamber experiments

The experiments described in this work were performed in the ECOSYS laboratory using
poly(methyl methacrylate) chambers with Teflon walls in a temperature-controlled laboratory.
atmospheric-simulation-chambers- In this study, two chambers were used: a 0.03 m*® (0.2 m
height, 0.27 m width, 0.55 m length) and a 0.18 m*® (0.57 m height, 0.57 m width, 0.57 m
length). The sample to be analyzed (e.g., SS, animal manure, biowaste, etc.) was uniformly
spread on a stainless steel plate with an area of 0.14 m? and 0.32 m? for the 0.03 m® and 0.18

m? chambers, respectively.

During the experiments, the chamber was first purged with purified dry air. The high
purity dry air was obtained either from Air Liquide bottle or air generator “F-DGSi Ultra Zero
Air Total Gas Generator” (Ultra Zero Air Total Gas Generator) operating at 50 L min™. The
dry air was passed through two Restek Super-Clean Gas Filter kits to ensure 99.9% pure gas
for the experiments (Restek™ Super-Clean™ Gas Filters). The first (Restek, 22020) was used
for hydrocarbons, moisture and oxygen impurities removal; while the second (Restek, 21991)
ensured an additional hydrocarbon trap. The flow rate of the dry air into the chamber was 6 L
mint and 8.6 - 10 L min for the 0.03 m® and 0.18 m? chambers, respectively. The residence
time or the cycle duration of the dry air in the 0.03 m® and 0.18 m® chambers was 5 min and
~18 - 20 min, respectively (see Annex 1, Table A.1). The time of the sample introduction into

the chamber has been chosen as the initial time of the experiment. Accordingly, after three
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cycles of dry air inside the chamber, specific concentrations of ozone were introduced into the

chamber.

Figure 2.4 shows the experimental setup designed to study the gas and particle phases
of one sample. At the inlet of the chamber, the dry air or Oz were introduced. At the outlet of
the chamber, the gas and particle phases were continuously sampled and analyzed. The gas
phase analysis was performed using mass spectrometric techniques such as a proton-transfer-
reaction quadrupole-ion-guide time-of-flight mass spectrometer (PTR-QiTOF-MS) and
thermal desorption gas chromatography with mass spectrometry (TD-GC-MS). In addition, the
amounts of SOz, CO2, H20, NHs, NOx and Oz at the entrance or exit of the chamber were
monitored. The principle of operation of each instrument is described in the following Sections.
The flow rate toward each instrument is given in Figure 2.4. In order to overcome the problem
of overpressure inside the chamber, one Teflon tube was connected at the exit of the chamber
(labelled as “Exhaust” in Figure 2.4). Besides our experiments, blank tests (i.e. without
sample) were performed for both chambers to determine the background signals of the
instrument (details in Annex 1).
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Figure 2.4 Schematic representation of the experimental setup designed for the gas and
particle phase analyses of a sample. The sampling can be done with or without O3 addition
into the simulation chamber. For some experiments, the hydrogen sulphide (H2S) emitted from
the samples has been measured using H.S sensor placed inside the chamber. The flow rate

toward each instrument is given in parentheses.
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2.2.1. SO2 measurements

The sulphur dioxide (SO2) emitted from the samples was measured using SO2 analyzer (model
43C, Thermo Environmental Instrument). The measurement is based on fluorescence, where a
ultraviolet (UV) light at a given wavelength is absorbed by the SO2 molecules, which then
decay to a lower energy state by emitting UV light at a longer wavelength (2.1). The emitted
light is proportional to the concentration of SO in the optical cell. The SO, measurement is
performed at 1s time resolution in units of ppbv in ambient air (Sulphur Dioxide Monitor
Instrument Handbook, 2016).

SO + hvs — SO2* — SOz + hvy (2.1)

2.2.2. Ozone production

Ozone (O3) obtained by UV Ozone Generator (OSG-1, UVP) was injected into the chamber
using purified dry air as a carrier gas. UV light in the spectral range 160 - 240 nm creates Oz
from the photolysis of the oxygen molecule (O2). This photolysis (usually at 185 nm)
dissociates the molecule (O2) and creates oxygen atoms (O) that will then attach to any
individual O to create O3z (Daumont et al., 1992).

2.2.3. Ozone measurements

A continuous monitoring of the mixing ratio (ppbv) of O3 at the entrance and exit of the
chamber was performed. This is based on the analytical technique known as UV absorption
spectrophotometry by measuring the radiation emitted by a mercury lamp. The maximum
absorption of Os is at a wavelength A = 254 nm, which corresponds to the main emission line
of mercury. Absorbance was measured alternately in a measuring cell (where Oz circulates)
and a reference cell (without O3). The Oz mixing ratio was calculated using the basic principle

of Beer-Lambert law expressed in equation (2.2) (Trost & Fremgen, 2016):

L= exp(—o L C) (2.2)

Io

where | and lo are the light intensities measured in the measuring cell and the reference cell,
respectively. o is the absorption cross Section of Oz at 254 nm (114.7 * 101° cm?, (Daumont
etal., 1992)), L is the optical path of the cell (in cm) and C is the Oz concentration (in molecule

cm3). The mixing ratio of O3 (43 in ppbv) is expressed using equation 2.3.

I _ _9LPNalos
Io exp( 10-°RT ) (2:3)
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where N,= Avogadro’s number (6.02 * 102 molecule mol™) and R is the ideal gas constant
(8.314 m®* Pamol™ K1). P (in Pa) and T (in K) are the pressure and temperature in the reference

cell.

2.2.4. NOx and NH3 measurements

The Picarro G2103 gas concentration analyzer was used for some of our experiments. The
instrument provides ultra-precise, real-time and stable measurement of ammonia (NHz) and
water (H20) vapour in parts-per-trillion (ppt) sensitivity. It incorporates coated (SilicoNert®)
components in the critical gas pathway that reduce the propensity of NHz molecules to adsorb
onto the pathway surfaces. This improves the measurement response time and eliminates
measurement biases (PICARRO G2103 Ammonia Analyzer, Ambient, 2012).

In CRDS - Cavity Ring-Down Spectroscopy, the beam from a single-frequency laser
diode enters a cavity defined by two or more high reflectivity mirrors. The Picarro analyzer
uses a three-mirror cavity to support continuous travelling light wave. When the laser is on, the
cavity quickly fills with circulating laser light. A fast photodetector senses the small amount of
light leaking through one of the mirrors to produce a signal that is directly proportional to the
light intensity in the cavity. When the photodetector signal reaches a threshold level (in a few
tens of microseconds), the continuous wave (CW) laser is abruptly turned off. The light already
within the cavity continues to bounce between the mirrors (about 100,000 times), but because
the mirrors have slightly less than 100% reflectivity (99.999%), the light intensity inside the
cavity steadily leaks out and decays exponentially to zero. This decay, or "ring down", is
measured in real-time by the photodetector, and the time it takes for the ring down to happen
is determined solely by the reflectivity of the mirrors (for an empty cavity). Consider that for a
Picarro cavity of only 25 cm in length, the effective path length within the cavity can be over
20 km.

If a gas species that absorbs the laser light is introduced into the cavity, a second loss
mechanism within the cavity (absorption) is now introduced. This accelerates the ring down
compared to a cavity without any additional absorption due to a targeted gas species (e.g.,
NHz). Picarro instruments automatically and continuously calculate and compare the ring down
time of the cavity with and without absorption due to the target gas species (PICARRO G2103
Ammonia Analyzer, Ambient, 2012).

For some experiments, we used Chemiluminescence Ammonia and nitrogen oxides

analyzer (Envea, air quality monitoring systems). The AC32e-CNH3 consists of two
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associated modules: the CNH3 module that allows the external NHz — NO thermal converter
(measured parameter NHs) plus the AC32e* chemiluminescence analyzer (measured
parameters NO, NO, and NOy) for stable and repeatable multi-gas measurements at very low
levels. Chemiluminescence sensing is a light-based technology ideal for the measurement of
ammonia, NO, NO; and total oxides of nitrogen (NOy) in a wide range of combustion and
emissions monitoring applications. Chemiluminescence detectors take advantage of NO and
NO:z chemical reactions that emit light. A volume of air is sent to a reaction chamber where Os.
In the chamber, NO reacts with Oz and leads to the formation of NO: in a state excited which
then emits energy in the form of light (photons) according to the following equations:
NO+0O3 — NO;" + O, (2.4)
NO;" — NO2 + hv (2.5)
The quantity of photons thus produced is measured by a chemiluminescence detector (CLD).
Chemiluminescence analyzers use a thermally stabilized photodiode to measure the intensity
of the light produced by the reaction of NO with Os. The intensity is directly proportional to
the concentration of NO that was converted to NO: by the reaction. By converting NO: in the
gas stream to NO, then reacting it with Oz, the total NOx value can be calculated, allowing
speciation of NO, NO: and total NOx with a single analyzer (NOx = NO + NO3)
(Chemiluminescence Ammonia and Nitrogen Oxides Analyzer).

2.2.5. Particle number concentration and size distribution

Particle mobility size spectrometers often referred to as Scanning Mobility Particle Sizers
(model SMPS 3938, TSI) have found a wide application in atmospheric aerosol research. The
number size distribution of atmospheric aerosol is a basic, but essential parameter required in
calculations of the effects of aerosol on climate, human health and ecosystem (Wiedensohler
et al., 2010). SMPS is based on the principle of the mobility of a charged particle in an electric

field and used to measure the particle number concentration and size distribution.

The utilized SMPS combines a differential mobility analyzer (DMA; TSI 3085) and a
condensation particle counter (CPC; TSI 3788). DMA allows the separation of particles
according to electrical mobility, with only particles of a narrow range of mobility exiting
through the output slit (Wiedensohler et al., 2010). Before the particles enter the DMA, they
are brought to a bipolar charge equilibrium using a bipolar charger. Positive and negative ions
are produced continuously in this charger by soft X-ray technique which generates the bipolar
ions needed to achieve a steady-state charge distribution. The Model 3088 Advanced Aerosol
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Neutralizer uses a low-energy (< 9.5 keV) soft X-ray source to generate high concentrations of
ions with positive and negative polarity. The charged particles are then injected into the DMA
and then laminarly merged with the particle-free sheath airflow. In the DMA, charged particles
are separated as a result of the applied electrical field, giving the particles different trajectories
according to their size. Only particles with a specific diameter are selected at a given electric
field and then the particles are sent to the CPC (Wiedensohler et al., 2010). CPC determines
the particle concentration at that size. Since the sampled particles are too small for detection,
their size is increased by condensing water vapour. Then a photodiode can detect particles that

diffuse radiation emitted by a laser.

The quality of mobility spectrometer measurements depends essentially on the stability
of the aerosol and sheath flow rates, as well as the performance of the CPC. An error in the
sheath flow rate of 1% corresponds to a shift of 1% in the selected electrical particle mobility.
For the typical ratio of sample to sheath flow rates, 1:10, a leak in the loop of the sheath flow
of 1% would cause a 10% error in the aerosol flow rate. Thus, the precision of the instrument
is in the order of 1% on the number of particles and 10 % on the size. In this work, the sample
flow rate was fixed at 0.6 L min"* and sheath flow at 6 L min™ to ensure a ratio 1:10 between
aerosol and sheath flows in the DMA. This provides the measurements of the particle number
and size distribution between 2.64 and 100 nm electrical mobility diameter. In the present
study, it was assumed that the wall loss rate was constant during the experiments. Moreover,

the possibility of particle loss in the tubing was considered.

2.2.6. Humidity and CO2 measurements

Humidity and CO2 mixing ratios were measured using a LICOR (L1-840A) instrument. The
LI-840A CO2/H.O Gas Analyzer is an absolute, non-dispersive, infrared gas analyzer based
upon a single path, dual wavelength and infrared detection system. The CO. and H2O
measurements are a function of the absorption of IR energy as it travels through the optical
path. Concentration measurements are based on the difference in the IR absorption between
reference and sample signal. Reference and sample channels measure infrared gas absorption
in a single path using narrow band optical filters with selected bands. The CO2 sample channel
uses an optical filter centered at 4.26 um, corresponding to an absorption band of CO2. The
reference channel for CO2 has an optical filter centered at 3.95 um, where CO2 has no
absorption. The H20 sample channel uses an optical filter centered at 2.595 pum, corresponding
to an absorption band of H2O. The reference channel for H>O has an optical filter centered at

2.35 um, which is a non-absorbing spectral region for H,O. Data output is provided in a digital
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format through an RS-232 interface that supports connection to an external computer with a
time resolution of 1s (LI-840A CO2/H20 Analyzer, 2016).

2.2.7. Particle sampling for off-line analysis

For particle phase analysis, the particle number concentration and size distribution was
monitored using a scanning mobility particle sizer (SMPS). In the experiments where particle
formation was observed, the freshly formed aerosols were collected onto quartz fiber filters
(QFF, Pall Tissuquartz 2500 QAT-UP, cut to 14 mm diameter) using special pumps with
specific flow rates (2-6 L min™). Blank QFFs were also prepared and stored in the same
conditions as other samples, to be used as reference samples during the chemical analysis. The
formed aerosols are chemically characterized using laser-based and secondary ions mass

spectrometric techniques (see below).

2.3.  Volatile organic compounds analysis

The analyses of VOCs emitted from the samples were performed using mass spectrometry —
an analytical technique used to identify unknown compounds within a sample, thus helping to
identify its chemical composition. Mass spectrometry has been developed and advanced during
the last 50 years, and becoming the analytical method of choice in many scientific fields. The
general principle of mass spectrometry is to create gas-phase ions, separate them in space or
time based on their mass-to-charge ratio (m/z) and then measure their relative abundances
(intensities). The gas phase ions are generated by a wide variety of suitable ionization methods
such as electron impact, chemical ionization, thermal ionization, laser ionization, etc (Gross
JH., 2004). Despite the large number of ionization methods and types of mass analyzers in use,
all mass spectrometers follow the same basic scheme: they comprise of an ion source, a mass
analyzer and a detector, which are operated under high vacuum conditions (Gross JH., 2004).
The online gas analysis based on mass spectrometry using electron impact (EI) ionization
suffers from the strong fragmentation of molecular ionic species. This fragmentation may
complicate the quantitative analysis of the components present in a mixture of organic
compounds under analysis (Hansel et al., 1995). Chemical ionization (Cl) technique, first
introduced by (Munson & Field, 1966), is based on the ionization of neutral molecules by

chemical reactions in the gas phase.

Several approaches and tools can be used to detect VOC emissions in a laboratory
system. Gas chromatography coupled with mass spectrometry (GC-MS) and proton transfer

reaction mass spectrometry (PTR-MS) are the most frequent devices used to detect VOC
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emissions. A flame ionization detector (GC-FID), a mass spectrometer (GC-MS) and a flame
photometric detector (GC-FPD) can all be coupled with gas chromatography. These methods
require VOC pre-concentration in absorption traps (e.g., solid phase micro-extraction-SPME)
and they are time-consuming. PTR-MS, on the other hand, enables for real-time measurements

of VOCs emitted from samples.

In the present study, VOC emissions from OWP samples were detected and quantified
using a proton transfer reaction quadrupole-ion-guide time-of-flight mass spectrometer (PTR-
QITOF-MS). For some experiments, the gas phase was trapped on Tenax TA or carbotrap
cartridges and analyzed by thermal desorption gas chromatography with mass spectrometry
(TD-GC-MS)

2.3.1. Online VOC analyses by PTR-QiTOF-MS

A proton-transfer-reaction mass spectrometer (PTR-MS) system has been developed as a new
method for quantitative trace gas analysis in the 1990s by Lindinger et al., (1998) at the Institut
fiir lonenphysik in Innsbruck. The first versions were based on quadrupole mass analyzers and
furthermore, PTR-MS coupled with a time of flight detector was developed (Jordan et al.,
2009). TOF mass analyzers typically provide high mass resolution and acquire the entire mass
spectrum for every package of ions that is injected into the flight path (Jordan et al., 2009).
High-resolution proton transfer reaction quadrupole-ion-guide time-of-flight mass
spectrometry (HR-PTR-QiTOF-MS, lonicon Analytik GmbH) is an online technique
characterized by high sensitivity, selectivity and fast time response. It is mostly used for real
time measurements and monitoring of VOCs at low detection limit (5 pptv) in gaseous samples
(Hewitt et al., 2003; Jordan et al., 2009; Sulzer et al., 2014). This technique is widely invested
for atmospheric research where significant advances occur concerning its specificity and the
instrument response through the analysis of different atmospheric air samples (Edelenbos et
al., 2012; Feilberg et al., 2010, 2011; Hewitt et al., 2003; Liu et al., 2018). Figure 2.5 shows a
schematic representation of the PTR-QiTOF-MS technique.

PTR-QiTOF-MS is composed of four main parts (Figure 2.5). The first is the hollow
cathode ion source where the reagent ions (HsO™ in this case) are produced from water vapour
using a hollow cathode discharge (illustrated in Figure 2.6). NO*and O." can be also produced
but are considered as impurities (Jordan et al., 2009; Sulzer et al., 2014). H;O™ are transported
into the drift tube reaction chamber where the sampled gas phase is also introduced (via a gas
inlet system with adjustable flow of 0.8 L min).
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Figure 2.5 Scheme of the PTR-QiTOF-MS technique that shows the four main parts of the
technique. The transfer of protonated VOCs through the instrument is illustrated in yellow
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Figure 2.6 Generation of reagent ions HzO™ in the hollow cathode ion source.

PTR-QiTOF-MS uses low-energy soft chemical ionization, where the gas phase molecules are
ionized by gentle proton transfer from the protonated water molecules (HsO™) into the molecule
of interest (Hewitt et al., 2003). This low energy ionization results in relatively low levels of
molecular fragmentation. This ionization happens in the drift tube (Figure 2.5). The main
condition of this chemical ionization reaction to occur is that the compound must have a proton
affinity (PA) greater than that of the water (i.e. ~ 697 kJ mol™ or 7.22 eV) (Hansel et al., 1995;
Hewitt et al., 2003). PA of a neutral atom or molecule is the negative of the enthalpy change in
the gas phase reaction between a proton and the chemical species, usually electrically neutral
species (Muller, 1994). H3O" is the most suitable proton donor used in the analysis of air
samples containing a wide variety of VOC traces for many advantages. First, HsO* does not
react with any of the natural components of air since they all have PA lower than H.O
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molecules (Hansel et al., 1995). Second, most of the organic compounds, including alcohols,
aldehydes, aromatics, ketones, alkenes, amines, nitriles, sulphides and acids, have PA (> 700
kJ mol™?) large enough (Figure 2.7) and therefore proton transfer occurs on every collision with
rate constant (k) (typical values 1.5 * 10° cm3 st <k <4 * 10° cm? s1) (Hansel et al., 1995).
Moreover, many of the proton-transfer processes are non-dissociative so that only one product
ion species occurs for each neutral reactant as described in equation 2.6. The molecule resulting
from this interaction is positively charged with the mass of the parent ion, plus an additional
proton (VOCH™).

Hs;0* + VOC —  VOCH" +H0 (2.6)

where H3O" is the hydronium ion produced in the ion source, VOC is the compound emitted
by our samples and introduced into the drift tube, and VOCH™ is the product ion. NO" and O2*
can react with organic compounds which would interfere with the results so their
concentrations in the drift tube are kept under 0.05% and 5% of H3O", respectively (Yafez-
Serrano et al., 2021).

The drift tube is made of stainless steel rings separated by Teflon rings to isolate them
electrically and coupled by a resistor chain to create an electric field. This electric field
enhances the kinetic energy of the ions, causing hydrated ions to dissolve when they collide
with the air. The water vapour present in the drift tube can bind with the hydronium ions (HsO™)
and the product (VOCH™) to form water clusters H3O*(H20)n and VOCH*(H20)n, respectively,

where n is an integer.
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Figure 2.7 Proton affinities of some common VOCs. Compounds having higher proton affinity
than water undergo proton transfer reaction with HsO™ and are detectable in real-time with

PTR-MS (Cappellin, 2018).
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Water clusters are the compounds that have bonded with a water molecule upon protonation.
The formation of water cluster depends strongly on the drift tube pressure and electric field.
To prevent the clustering and thus simplifying the mass spectrum, the reaction chemistry is
performed in a drift tube so the cluster concentrations are reduced to a minimum by collision
induced dissociation with air molecules in the drift tube. Drift tube reaction dynamics are
characterized by the ratio of the electric field “E” (volts per centimeter) over the number density
of gas “N” (cm™) in the drift tube according to equation (2.7). The units of this ratio are
expressed in Townsend (Td), where 1 Td is equal to 10" V cm?,

Drift field strength = = (V cm?) (2.7)

Temperature and pressure in the drift tube affect the number density of air. Increased electric
field (higher Td) results in more energetic collisions and less clustering. Moreover, it causes
greater degree of dissociative protonation and the creation of organic fragment ions. Such
fragmentation is not desirable since the interpretation of the PTR-QiTOF mass spectrum relies
upon its presentation as a simple M+H"* mass spectrum where M is the molecular weight of a
VOC.

In this work, PTR-QiTOF-MS was operated in standard conditions, where the pressure
in the drift tube was tuned to 4 mbar, the temperature to 80 °C and the drift voltage to 1000 V,
while the extraction voltage at the end of the drift tube (Udx) was set to 44 V. These conditions
were set to ensure a constant E/N ratio at 132 Td. This value of E/N ratio limits fragmentation
and lowers the sensitivity of the protonation rate to variations in relative humidity (Abis et al.,
2018; Sulzer et al., 2014). All the above parameters were controlled in order to maintain

constant ionization conditions within the drift tube.

Once the VOCs are ionized, they are accelerated in the drift tube and then injected into
the quadrupole ion guide and electromagnetic lenses (i.e. a transfer region between the drift
tube and the TOF mass spectrometer). This provides more effective transfer of the ions into the
TOF analyzer. Quadrupole ion guides (and other means of transporting ions, such as ion funnel)
are well known in mass spectrometers with atmospheric pressure ion source (Covey et al.,
2009). The electromagnetic lenses focus the ions in the TOF mass spectrometer analyzer. The
latter separates the ionized VOCs by inertia before their detection (Abis et al., 2018; Sulzer et
al., 2014). The TOF tube is equipped with a V-shape reflectron where an electric field is
applied. The applied electric field leads to the change in the trajectory of the ions by first

slowing them down and then re-accelerating them toward the detector. This effectively

43



Chapter 2. Materials and Methods

compresses the ion packets of the same mass to charge ratio (m/z) and improves mass resolution
(over 4000 m/Am). The overall instrument mass resolution is defined as the peak m/z divided
by the peak width at the half-maximum (FWHM) (Abis et al., 2018; Sulzer et al., 2014). Figure
2.8 shows an example of an ion peak at m/z 132.08 detected by PTR-QiTOF-MS with its
Gaussian fitting profile. The obtained value of the mass resolution (peak m/z / FWHM) is 4780
m/Am for this peak.

The setup of the time of flight timing was: TOF extraction period 40000 ns, pulse width
2000 ns, trigger delay 100 ns. The number of channels was 240. This will end in a mass range
measurement m/z 10 - 510. The time resolution is 1s. The m/z ratios of the ions are determined
from the measured flight times and each extraction pulse generates a complete mass spectrum
for the time interval (mass range m/z 10-510) chosen. lons are detected with a multi-channel-
plate (MCP) detector and a time-to-digital converter (Burle Industries Inc., Lancaster, PA,
USA). The measurement period was set to 1 s, which means that each mass spectrum up to m/z
510 was recorded every one second. Raw PTR-QiTOF-MS data were recorded by TofDaq
software (TofWerk AG, Switzerland). The methodology of processing the PTR mass spectra

will be described in Section 2.5.
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Figure 2.8 Raw signal of an ion peak at m/z 132.08 detected by PTR-QITOF-MS (black
profile). The red profile corresponds to the Gaussian fitting of this peak. The center of the peak
and the FWHM are calculated.
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The main advantages of PTR-TOF-MS are: (1) no sample preparation is needed, (2)
high sensitivity for real-time VOC research, (3) high mass resolution, and (4) low limit of
detection. In addition, some disadvantages are reported (1) events like fragmentation can occur
as a result of the collision of the molecules within the drift tube (assumed negligible in our
work), (2) the method requires calibration with gas standards for quantitative analysis, (3) the
switching of the reagent ions is not straightforward and requires a stabilization period of several
minutes, unlike selected ion flow tube-mass spectrometry (where the switching occurs within
seconds), and (4) the instrument is not able to separate isomers and thus gives the concentration
of all compounds of the same molecular weight. For this reason, PTR-MS is often coupled with

a gas chromatographic analysis (Materi¢ et al., 2015; Nie et al., 2019; Sulzer et al., 2014).

2.3.2. Off-line VOC analyses by TD-GC-MS

Gas chromatography-mass spectrometry (GC-MS) is an analytical method that combines the
gas chromatography and mass spectrometry to identify different substances within a sample.
GC-MS has been widely applied for drug detection, environmental analysis, biological and
pesticides detection, petrochemical and hydrocarbons analysis and industrial applications (Al-
Rubaye et al., 2017). In this work, off-line analyses were performed to obtain a more complete
picture of the VOC emissions. The emitted VOCs were measured by Thermal Desorption - Gas
Chromatography - Mass Spectrometry (TD-GC-MS) analysis. A schematic representation of
TD-GC-MS instrument illustrated in Figure 2.9 shows the different parts of the technique.
Thermal desorption is a sample introduction technique for GC-MS where compounds of
interest are thermally desorbed, over several minutes, and then retrapped on a cold trap in the
thermal desorption instrument. The cold trap is a tube that contains packing material. It is
rapidly heated and the VOCs are released and transferred through a heated transfer line to the
GC (Materi¢ et al., 2015).

The GC instrument includes a temperature-controlled oven (Materi¢ et al., 2015) and
an inert gas (e.g., He, N2 or Hz) flowing through a capillary column (Al-Rubaye et al., 2017;
David Sparkman et al., 2011). The capillary column is a very narrow tube with the stationary
phase i.e. the film coating the inner wall of the tube. The properties of the capillary column
such as its length, internal diameter and film thickness in addition to the type of the stationary
phase (e.g., 5% phenyl polysiloxane) may alter the selectivity in GC analysis. The capillary
column is the core of the GC system, where the separation of sample components takes place
(Materi¢ et al., 2015). The differential chemical mobility of the sample components is the basis

of the separation process. Very similar chemical compounds such as isomers (e.g., a- and p-
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pinene) interact differently with the stationary phase. Then those compounds elute from the

column at different times which is called the retention time “RT” (Materi¢ et al., 2015).

When GC is coupled to a mass spectrometer, the compounds that elute from the GC
column are ionized using electrons (El, electron ionization) or a chemical reagent (CI, chemical
ionization) (Rockwood et al., 2018). The most useful ionization method is El, in which the
molecules are bombarded with free electrons that cause their fragmentation. This results in
creating fragments of low m/z. The molecular fragmentation depends on the electron energy
(typically 70 eV). The use of 70 eV facilitates the comparison of generated spectra with library
spectra using software developed by the National Institute of Standards and Technology
(NIST) (Materi¢ et al., 2015). The ionized fragments are focused and accelerated into the mass
analyzer, which is typically a quadrupole. Fragments with different m/z ratios will generate
different signals, so any compound that produces ions within the mass range of the mass
analyzer will be detected (Materi¢ et al., 2015; Rockwood et al., 2018).
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oven ionization source
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Figure 2.9 Thermal desorption-gas chromatograph-mass spectrometer. The emitted VOCs
were trapped on tubes are introduced into the autosampler. The autosampler collects a tube
and heats it up according to the setup. Then the VOCs are retrapped onto material in the cold
trap. The cold trap heats up rapidly and after that the VOCs are introduced into the GC column.
Inside the GC column, the VOCs are separated and elute the column at different retention

times. Following this, the VOCs are detected by a mass analyzer (Materi¢ et al., 2015).
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During this PhD thesis, a series of analysis was performed to analyze the VOCs emitted
from animal manure samples (described in Section 2.1.2). The emitted VOCs were trapped on
Tenax TA cartridges, with a sampling time around 60-90 minutes at 0.5 L min‘!, and regulated
with a mass flow controller (Bronkhorst). Before the experiment, the tubes were pre-
conditioned by heating at 280 °C under a helium stream of 60 mL min™ for 6 hours. After
sampling, the cartridges were stored in the dark at 4 °C until their analysis. Tubes were desorbed
using a thermo-desorption unit (Thermal Desorption Unit, TDU, Gerstel), which was
programmed to desorb the tubes from 50 to 280 °C for 6 min at a rate of 60 °C min*. VOCs
were cryo-focused in the Programmable Temperature Vapourization (PTV) at 5 °C using a
Tenax liner. The separation of VOCs was carried out using an Agilent 7890B gas
chromatograph on a capillary column (60 m length, 0.25 mm internal diameter, 1 um film
thickness). The oven temperature was initially set at 40 °C for 5 min, then heated to 60 °C at a
rate of 11 °C min*. Helium was used as carrier gas. The detection of VOCs was done using an
Agilent 5977A mass spectrometric detector. The EI mode was at +70 eV and the monitoring
was from m/z 20 to 470. The ion source and quadrupole analyzer temperature were set at 230
and 150 °C, respectively.

The RT of compounds from the same chemical group were compared, to ensure that
compounds with low boiling points were not eluted later than compounds with high boiling
points. An example of the comparison between two compounds belonging to the ketone family
is acetone CsHsO (m/z 58.0418, boiling point 55 °C), which is eluted in the minute 3.321, while
2-Tridecanone Ci3H260 (m/z 198.1983, boiling point 263 °C) is eluted after 31.165 min.
Rabaud et al., (2003) used two types of sorbent tubes: Carboxen and Tenax TA tubes that have
different affinities and sorbed different types of compounds. Carboxen tubes sorbed
compounds of low molecular weight and high volatility, while Tenax TA tubes captured larger
compounds of intermediate volatility. Tenax TA has been determined to be a not suitable
adsorbent for very VOCs (0 < boiling point < 50-100 °C) (Gallego et al., 2010). This is due to
the displacement of the adsorbed volatile and polar compounds for non-polar high molecular
weight pollutants (Zieba-Palus & Borusiewicz, 2006). However, Tenax TA tubes are
considered one of the most widely used adsorbents for the preconcentration of VOCs (Ras et
al., 2009).

TD-GC-MS data were processed by MassHunter (B.07.04.5560) software (Agilent
Technologies Inc.). Automatic peak detection and mass spectrum deconvolution were

performed using the Unknowns Analysis (B.06.00) module. Each compound was accompanied
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by a deconvoluted spectrum, which was compared to the NIST (National Institute of Standards
and Technology, 2011) mass spectra database to allow its identification. A minimum match
factor of 70% between the observed and the reference mass spectra was required. Each
compound was then manually scrutinized to confirm the proposed formula. For each proposed
compound, the RT was analysed regarding its physico-chemical properties (e.g., boiling point).
Identification of individual components was based on the comparison of calculated retention

times with those of computer matching with commercial mass spectral library.

2.4. Aerosol characterization by off-line analysis

The chemical composition of the newly formed aerosols was studied using off-line mass
spectrometric techniques: two-step laser mass spectrometry (L2MS) and Time-Of-Flight
Secondary lon Mass Spectrometry (TOF-SIMS).

2.4.1. Two-step laser mass spectrometry

The two-step Laser Mass Spectrometry (L2MS) couples three stages: laser desorption (LD),
laser ionization (L), and time-of-flight mass spectrometry (TOF-MS) (see Figure 2.10 and
Figure 2.11). This technique has been implemented at PhALAM laboratory for more than 15
years, and extensively used to characterize combustion products due to its high sensitivity and
selectivity (Faccinetto et al., 2011; Mihesan et al., 2006). This technique has been thoroughly
described elsewhere (Duca et al., 2019; Faccinetto et al., 2011). The following Sections

describe briefly the principle of operation of L2ZMS.

2.4.1.1. Laser desorption

The transfer of molecules and atoms from a solid sample surface to the gas phase is done by a
pulsed laser. Thermal desorption of neutral species occurs from the sample as a result of
induced local heating. The fluence of the laser is defined as the pulse energy per unit of
irradiated area. Depending on the fluence of the laser, “soft desorption” (represents the removal
of only a fraction of the first monolayer from the sample surface) or “laser ablation” (refers to
the removal of a sample micro-volume, leading to a crater formation) can occur. This parameter
can be controlled to avoid fragmentation of molecules during the desorption process. Several
parameters such as the sample properties (homogeneity, optical absorption coefficient, etc.)

and the laser wavelength can influence the desorption process.

Prior to the analysis of the samples by L2MS, the collected filters were cut so that only
a small piece was analyzed by L2MS and the other piece was kept in fridge at - 60 °C. The

samples were then introduced into the transfer chamber (load-lock) connected to the analysis
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chamber of the mass spectrometer. Throughout the experiment, the sample holder was cooled
by liquid nitrogen to — 40 °C. This was done to avoid the sublimation of volatile compounds
under vacuum (10° mbar) in the analysis chamber. We used in this study the 4™ harmonic (A=
266 nm) of an Nd:YAG laser (Quantel Brilliant, 4 ns pulse duration, 10 Hz repetition rate and
beam diameter 530 um) as desorption wavelength. Following the desorption step, the desorbed
species expand in the vacuum orthogonal to the sample and form a “desorption plume”. For
the soft desorption used here, this plume is composed of neutral species, which must be ionized
prior their separation and detection by the mass spectrometer.

2.4.1.2. Laser ionization

The expanded plume is orthogonally irradiated by another UV laser (Nd:YAG, Quantel
Brilliant, A= 266 nm, 4 ns pulse duration, 10 Hz repetition rate and 0.2 cm beam diameter)
(Figure 2.10). The delay between the desorption and ionization laser pulses is set to 4 us. The
energy of a 266 nm photon is 4.66 eV, thus a multi-photon ionization mechanism is used to

generate the positive ions in this study (Duca et al., 2019).
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Figure 2.10 Three stages involved in the L2ZMS technique: first, the sample is being irradiated
with a desorption laser (first step), which allows the energy transfer to the sample surface and
ejection of the molecules, which are then ionized by the ionization laser orthogonal to the
desorption laser beam (second step), and finally, extraction of ions (positive or negative) is

performed, in view of their m/z separation and detection in the TOF-MS.
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2.4.1.3. Time of flight mass spectrometer (TOF-MS)

The generated ions are then radio-frequency guided to a Helium (He) collision cell for
thermalization, and then analyzed in the time-of-flight mass spectrometer. As described for
PTR-QITOF-MS, the principle of the TOF method is to separate ions of different mass to
charge ratios during their flight in a free path of known length. An ion mirror (reflectron) slows
the ions down and changes their trajectory towards the detector. The reflectron is used to
improve the resolution by “compressing” ion packets of the same m/z ratio. The time passed in
the reflectron compensates the time of flight difference of ions having the same m/z. The ions
are spread with different kinetic energies at the ion source exit. This is the effect of initial
position and velocity distribution, which are related to desorption and ionization events. The
combination of collisional ion cooling, Radio Frequency (RF) trapping and Reflectron-TOF
analyzer provides a mass resolution m/Am of ~ 15000 (Duca et al., 2019). The path of ions

through the instrument is illustrated in Figure 2.11.
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Figure 2.11 Schematic representation of the L2MS set-up at PhLAM laboratory. The path of
ions through the instrument is schematically illustrated by the orange dashed line. Time of

flight mass spectrometer (TOF-MS).
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2.4.2. Time-of-flight secondary ion mass spectrometry

Time-of-Flight Secondary lon Mass Spectrometry (TOF-SIMS) is a widely used technique for
material characterization with high sensitivity to most elements of the periodic table. It has
been widely used in several fields, such as material science, bioscience, industrial applications,
etc. In this work, TOF-SIMS analysis is performed on a commercial TOF.SIMS 5 (Pidgeon et
al., 2013) instrument produced by ION-TOF GmbH, available at the Regional Platform of
Surface Analysis, University of Lille. For this instrument, the sample is attached to a sample
holder and introduced through a load-lock into the analysis chamber with the residual pressure
of ~ 107 mbar. The sample, placed on a mobile stage, can be visualized with an optical camera

which allows the selection of the zone for the analysis.

The principle of operation of this technique is illustrated in Figure 2.12. Secondary
ions are ejected from the sample surface by primary-ion bombardment in an ultrahigh vacuum
environment. The ejected secondary ions are individually detected and recorded as a function
of their m/z. The high sensitivity attainable by individual ion detection, and the high depth
resolution are the principal attributes of SIMS.

SIMS can be operated in two working modes: static and dynamic. The static mode is
used for the surface analysis (secondary ions originate from the top one or two monolayers of
the sample), while the dynamic mode is used for the in-depth distribution analysis of trace
elements (from few nm to few pm depth). In this study, we used the static mode which provides
positive and negative mass spectra of the sample, to obtain the maximum amount of
information on the sample. Bis" was chosen as primary ion source, since it has high ionization
efficiency for organic species and a lower fragmentation probability of parent molecules. The
energy of the primary ions is 25 keV with a current intensity of 0.3 pA (Irimiea et al., 2018,
2019).

secondary

Bis" ions analyzed with th
T yzed with the
’ - r{:;]tee(r:ted mass._s.gectrometer

Figure 2.12 SIMS working principle.
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The primary ions bombarded the selected surface and their energy is transferred to the atoms
of the sample. The energy transfer initiates a cascade of collisions and results in the emission
of sample atoms and molecules (sputtering). A small fraction of atoms and molecules are
ionized and form the secondary ion beam, Figure 2.12. Secondary ions from the sputtered
region are then extracted and accelerated toward the mass analyzer — a TOF-MS (V-mode,
average resolution m/Am ~ 4000-6000) (Irimiea et al., 2018, 2019). The obtained spectrum as
calibrated using several known secondary ions (at least four ions evenly distributed across the
whole mass range) using Surface Lab Software with at least five ions is used to convert the
time-of-flight scale to mass scale. For this technique, the mass resolution is critically dependent
on the roughness of the sample surface, i.e., low surface roughness is required in order to obtain
high mass resolution (Irimiea et al., 2018). A mass spectrum obtained in this mode reveals
characteristic molecular fragmentation patterns that help identify the chemical composition of
the sample.

2.5. Data processing methodology of PTR mass spectra

Raw PTR-QiTOF-MS data were stored as hdf5 files that can be opened in PTR viewer 3.2.12
software (lonicon analytik GmbH). During this PhD thesis, we developed a detailed
methodology for PTR-TOF mass spectra data treatment, summarized in Figure 2.13. It can be
applied directly to standard PTR-TOF mass spectra generated from commercial instruments,
i.e. from raw spectra to data visualization/exploration and application of up-to-date data
mining. For each step (Figure 2.13) we displayed the input data and the software used for
analysis. It starts with the internal calibration of PTR-TOF-MS spectral data, followed by data
pre-processing, such as de-noising and defining the regions of interest. Following these steps,
we applied several procedures to acquire the qualitative and quantitative information of one
sample. Advanced multivariate analysis were also applied to reveal the “hidden” trends among
the analyzed samples. The following Sections will describe the methodology starting from
mass calibration, assignment of mass peaks, concentration and emission flux calculation and

statistical procedures.
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Figure 2.13 Schematic representation of the data processing methodology developed to treat
the raw data acquired by PTR-QIiTOF-MS. Each part (column) of this methodology is detailed
in the subSections (2.5.1 — 2.5.4) below.

2.5.1. Mass calibration
The fundamental issues in mass spectrometry are mass calibration and mass accuracy. Indeed,
through them the observed mass spectrometric peaks can be identified with the help of mass-

to-charge ratios (m/z), isotope ratios and fragmentation pattern.

A TOF mass spectrum is composed of a series of peaks that correspond to the ion
impacts on the detector. In TOF Mass Spectrometry, the mass-to-charge (m/z) of an ion is
determined by measuring its time of flight (TOF). In a first step, the TOF information has to
be converted into mass information. The relation between the m/z of an ion and the time it

needs to arrive at the detector (TOF) is quadratic (Herbig et al., 2009):
m/z = A (t — to)? (2.8)

where A and t, are parameters that only depend on the experimental conditions. In PTR-TOF-
MS, single charge ions are detected (M*) and all the detected ions are protonated (MH)* due to

the soft chemical ionization occurring in the drift tube.
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Mass accuracy of PTR-TOF-MS raw data is limited to external calibration that refers
to fixing a proper set of calibration coefficients, which are employed during the entire duration
of mass spectra acquisition. However, due to a lack of stability in instrumental parameters,
external calibration in the commercial PTR-TOF-MS instrument does not guarantee mass
accuracy for a sufficiently long time. A common solution to this problem is the use of internal

calibrations based on the known exact mass of selected ions present in all mass spectra.

In the case of PTR-MS useful choices are, for instance, oxygen isotope of the ion source
Hs'®0* (m/z 21.022) and protonated acetone, CsHsO-H* (m/z 59.0449) which are always
present at reasonable concentrations. Another internal standard calibrant PerMaSCAL (CsHal2,
1,3-diiodobenzene, Permeation add-on for Mass Scale Calibration of PTR-MS, IONICON)
was used for calibrations. This compound gives two peaks at m/z 330.848 (CgHal2-H")
corresponding to the parent molecule and m/z 203.943 (CsHal-H") corresponding to a fragment
(= ). Thus, we chose four peaks at masses 21.0220, 59.0449, 203.943 and 330.848 as
calibration peaks in the calibration of the dataset. The internal calibration then proceeds
straightforwardly using the above formula to fit theoretical m/z values versus the measured

TOF of the selected calibration peaks (illustrated in Figure 2.14).

The internal calibration of our data begins with the determination of the calibration peak
centroids. TOF values are estimated by determined peak centroid using for example a Gaussian
function to fit the peak shape. The selection of calibration peaks is very accurate such that it is
important to avoid saturated peaks and low intensity peaks, for which the centroids cannot be
properly determined. In practice, we consider only well-separated peaks of which the
maximum height lies in the 10 - 1000 cps range in order to limit errors due to asymmetry in
the peak shape. This ensures that the peak centroid can be properly estimated. In other words,
to perform correct calibration, the peak height must be large enough for the peak to be well
shaped and small enough to avoid saturation effects (Cappellin et al., 2011). Calibration peak
centroids give the (uncalibrated) TOF values to be used together with the exact m/z values, to

fit the parameters of the above equation (2.8).
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Figure 2.14 The four calibration peaks at nominal masses 21, 59, 204 and 331 used for the
calibration of the PTR-MS dataset. The black curve shows the average of 10 consecutive
spectra; the Gaussian fit of each peak is illustrated in red. The peak centroid is displayed using

the green line.

The accuracy and mass resolution of the recorded spectrum can be affected by the
electronic jitter — small fluctuations in the voltage of the accelerating electrodes causing a linear
shift of the recorded spectrum. If the jitter effect is not taken into account, this will lead to an
artificial increase in peak width and decrease of the mass resolution. In order to obtain a higher
mass resolution, the shift induced by the electronic jitter must be eliminated before the
calibration, effectively aligning all the spectra. The signal can be noisy and the peaks in a single
spectrum might be poorly defined. The mass calibration algorithm needs well-defined peaks in
order to work correctly. Using PTR viewer 3.2.12 software (lonicon analytik GmbH), we have
the possibility to let the software take an average of the spectra of a certain number of
consecutive cycles. Thus, the random noise is reduced and the quality of the signal is improved
by simply averaging over the spectra. However, the averaging procedure is appropriate only if
the spectra are properly aligned on the TOF scale (Cappellin et al., 2011). Accordingly, before
applying the mass calibration procedure described above, the alignment of the spectra was
checked between 10 individual spectra and there was no shift between them. Thus, the mass
calibration was made using an average of 10 successive spectra (in this work) in order to

improve the signal-to-noise (S/N) ratio using the PTR viewer 3.2.12 software.
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After mass calibration, the regions of interest (in the time evolution of the signals
monitored throughout the experiment) were defined. In this study, we are interested in two
regions (an example is illustrated in Figure 2.15): the first one is before Oz addition into the
chamber (denoted as R1). To define this region, the signal of a particular ion was monitored
until it reached a steady state (usually after 3 cycles of dry air in the chamber, around 20 min),
Figure 2.15. The second region is after Oz addition into the chamber (denoted as R2) in Figure
2.15. This region is usually selected after 20 min of O3 addition. Following this step, two
averaged mass spectra (average of 120 mass spectra) were extracted from R1 and R2. The same

procedure was applied for the three replicates performed for each sample.
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Figure 2.15 Temporal variation of the signal at m/z 132.08 assigned as CoHgNH™. The x-axis
represents the time of the experiment and the y-axis represents the normalized signal of the m/z
132.08 peak relative to H3O™. The time of Oz addition is indicated using red arrow. The blue
box represents the defined region of interest (R1) chosen when the signal reached a steady
state (before ozone addition). The green box represents the defined region of interest (R2)

chosen after around 20 min of Oz addition.

2.5.2. Assignment of mass peaks

An example of PTR-QITOF mass spectrum is illustrated in Figure 2.16. The peak position is
determined by the m/z value of the VOCH™. To identify the emitted VOCs, the three averaged
mass spectra exported before the Oz addition (R1, Figure 2.15) from the three replicates of one
sample were used. A peak table was created for each sample using the mMass software

(Strohalm et al., 2010) by selecting the peaks with a S/N > 3.0 one by one from the three
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averaged spectra. The mass range chosen for analysis was between m/z 31 and 400. Signals
identified as instrumental background or related to water clusters such as m/z 37.03, m/z 38.03,
m/z 39.03 and m/z 55.03 were excluded from the data analysis. By the end of this step, separate

peak tables were created for each type of analyzed samples.

Once the peak list of masses for each sample was ready, the “Spectra Analyzer” tool
within the PTR viewer 3.2.12 software (lonicon, Analytik GmbH) was subsequently used to
identify the chemical molecular formula corresponding to each protonated molecular ion in the
peak lists. By using this tool, we manually selected the peak chosen for identification. The
identification of the molecular formula corresponding to each ion peak was performed by
searching for the possible combination of elements that led to the closest molecular weight.
We selected the following elements for the whole set of peaks: C, H, O, N, S and CI.
Subsequently, we got a list of proposed molecular formulas that best matched the selected exact

m/z.
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Figure 2.16 Example of a PTR-QITOF mass spectrum obtained from biowaste sample.

In this work, we assigned each detected peak to a single compound. The molecular
formula assignment of detected peaks (with S/N > 3.0) was selected based on several criteria.
First, the exact m/z value which is represented by the uncertainty of assignments (in ppm). This
uncertainty was calculated as the difference between the mass of the proposed formula and
exact mass of the peak to be assigned. Second, the theoretical isotopic distribution of the
associated molecular formula was checked. Third, the coherence of atoms contained in each
proposed molecular formula, with respect to chemical rules such as valence of atoms, was
crosschecked against NIST Webbook (Yéafiez-Serrano et al., 2021). For some ions, we assigned
the molecular formulas based on literature. Moreover, compound cross-validation with other
available techniques such as TD-GC-MS would thus remain important to confirm that the mass
monitored with PTR-MS corresponds to the reported compound. However, there are cases
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where literature or offline analysis are not available, such as for compounds that have not been
reported previously. In such cases, assignments of mass peaks were performed with high care

trying to fit the four previously described criteria.

To illustrate the above criteria, we chose a multi-peak at nominal m/z 95 (example in
Figure 2.17). The first peak corresponds to m/z 94.99 and the second one to m/z 95.04. To find
the best molecular formula which corresponds to m/z 94.99, we checked its matching with three
protonated ions (C2H302CIH*, CsH2SH™ and CoHsS2H™).

—— PTR-QiTOF mass spectrum m/z [94.05-97.5]
Peak corresponds to C,H¢S, (H+) formula
Peak corresponds to C,H;0,Cl (H+) formula
B Peak corresponds to CsH,S (H+) formula
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Figure 2.17 Example of a PTR-QiTOF mass spectrum at the mass range [94.5-97.5] (shown
in black). The isotopic pattern of each proposed protonated molecular formula is shown using

colours (see the legend).

For C2H302CI(H") (green peak, Figure 2.17), the major isotopic peak (at m/z 94.99) shows
matching between its exact mass and the peak to be assigned (m/z 94.99). However, the exact
mass of the isotopic peak at m/z 96.99 is 24% of the main peak (m/z 94.99). This does not
match with the peak to be assigned. For CsH>S(H™) (blue peak, Figure 2.17), it does not show
isotopic agreement (in terms of intensities) with the peak to be assigned. The last formula
C2HeS2(H™) (red peak, Figure 2.17) shows perfect matching in its exact mass and isotopic
distribution (of the major and minor abundant isotopes). Moreover, this compound has been

widely reported in literature to be one of the major emitted VOCs from agricultural wastes
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(odorous compound). Accordingly, the ion which corresponds to m/z 94.99 has been assigned
as C2HeS2(H"). Another example is given for a peak at m/z 95.04 that has been assigned to
CsHeO(H™) (pink peak, Figure 2.17). Following this procedure, the vast majority of the
detected peaks (> 90%) were assigned to a suitable molecular formula and only a few were
unassigned. In this work, the average mass uncertainty of the assignments was better than 20
ppm. By PTR-QIiTOF-MS, a wide range of compounds was monitored, however, the detected
signals were chemically assigned instead of actual identification because this technique is mass
selective and isomers cannot be separated.

2.5.3. Mixing ratio, mass concentration and emission flux calculations

Beside the identification of compounds by their molecular formula, PTR-QIiTOF-MS allows
for the quantification of the compounds emitted from the samples. In order to calculate the
mixing ratio of gases that enter the PTR in parts per billion by volume (ppbv), a series of
calculations were performed. They were based on the well-known conditions in the drift tube
such as pressure, temperature, voltages, length and protonation reaction constant. The mixing
ratio of detected ions was calculated using the integrated peak area and applying the equation
(2.9) described in (Abis et al., 2018; Cappellin et al., 2011; Lindinger et al., 1998) :

. . _ %1 A-11 « Udrift [V]Tdrift?[K] = Raw signal of VOCH* = TR(H30%)
Mlxmg ratio (ppr) =1.6575799*10 k pdrift?[mbar] * Raw signal of H30% * TR(VOCHY) (29)

where 1.657 * 10! is a constant (see Annex 2, Figure A.3), Ugrir is the voltage of the drift
tube (1000 V), Taritt is the temperature in the drift tube (353 K), paritt is the pressure in the drift
tube (4 mbar). k is the protonation rate constant (2 * 10° cm? s assumed equal for all
compounds). The raw signals of H3zO* and VOCH® represent the integrated peak area,

calculated using Python 3.9, of H;O"and VOCH™ peaks, respectively.

TRuso0+ and TRvoch+ are the transmission factors for protonated ion of H3O* and
VOCH?, respectively. The raw signal (cps) of a compound estimates the number of ions
detected by MCP. This raw signal must be corrected to transmission in order to calculate the
number of ions generated in the drift tube. The obtained value is called “corrected raw signal”.
This approach is accurate since not all ions are transported through the lens system and ion
extractor with the same efficiency. The transmission curve is constructed by analyzing gas
standard containing compounds with varying mass ranges in order to calculate the “absolute”
transmission of each standard. After that, we can calculate the relative transmission to the
standard with highest absolute transmission. However, a bottle with many standards is not

available; accordingly, we used the initial lonicon transmission curve (exported from PTR
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viewer 3.2.12 software) (Figure 2.18, a). To calculate the transmission of all detected ions, we
fit this curve to nonlinear regression Exponential plateau (Figure 2.18, b). We chose this kind
of fitting since we have a dataset with X (m/z) and Y (transmission) values. Transmission
plateaus at a certain value Y=1 which means that for m/z >181 the transmission is 1. Thus, all
the VOCH™ of m/z > 181 generated in the drift tube are detected by MCP detector. The equation

of transmission as a function of m/z of detected ion was applied for all the masses inserted in

the peak list.
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Figure 2.18 (a) IONICON data for transmission and (b) nonlinear regression exponential

plateau of the transmission function. The equation of transmission as a function of m/z is given.

In order to account for the normal loss in sensitivity of PTR-QiTOF-MS, due to the
MCP degradation over time, the change of H3'®0" produced in the drift tube, or other factors,
we used a calibration procedure to determine the uncertainty associated with concentration
calculations. This calibration was performed using a standard bottle containing benzene,
toluene, ethylbenzene and xylene (BTEX) as reference compounds. The mixing ratio of these
compounds was modulated using a dilution system with a standard cylinder containing 102
ppbv of benzene, 96 ppbv of toluene and 336v ppb of ethylbenzene (BTEX, Messer®). We
used the same synthetic air for the dilution system as the one used for chamber experiments.
This dilution was performed to obtain different concentrations of standard compounds. The
correction factor for mixing ratio was calculated as the slope of the regression between
measured mixing ratio with the standard transmission provided by lonicon and theoretical

mixing ratio, and forcing a zero intercept (Figure 2.19). This calibration coefficient obtained
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was then used to correct the VOCH™ mixing ratios measured during the experiments. This
calibration has been performed regularly to ensure the stability of the instrument. The
procedure was applied for the three compounds cited above for the calibration. We found that
the correction factor was 2.4 + 0.02. This correction was applied to all masses in the peak list
created for each sample. Finally, we chose the signal of toluene for this correction factor
calculation since this compound is neither fragmented nor overlapped with other compounds.
The signal of toluene is isolated unlike that at m/z 107 where it corresponds to ethylbenzene
and xylene; in addition, ethyl benzene is totally fragmented to give benzene. In PTR-MS, the
measurement accuracy in mixing ratio is determined by propagating the errors from all
parameters used in the calculation, which usually comes out to about 30-50% (de Gouw et al.,
2003).

30

y= 2.4x

20+ R2=0.99

Theoretical mixing ratio of
Toluene (ppbv)

0 1 I 1 1 I
0 2 4 6 8 10

Measured mixing ratio of Toluene by PTR-QiTOF-MS
(ppbv)
Figure 2.19 The theoretical mixing ratio of toluene as a function of its measured mixing ratio
by PTR-QIiTOF-MS (forcing a zero intercept).

The concentration of a species in atmosphere is expressed either as number
concentration (Ci or [i] in molecule cm™), or mixing ratio (ri, % or ppm or ppb or ppt) or mass
concentration (Cmi in g m). To convert the mixing ratio (ri, ppb) of a given compound to

mass concentration (Cmi in pg m3) the following rule was applied:

rvoc = 10~%x Cair * MVOC = 10°
Cmvoc = x 10° (2.10)

Na
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where, Cmvoc is the mass concentration of the VOC of interest (in pg m), rvoc is the mixing
ratio of VOC (measured by PTR-QiTOF-MS), Mvoc is the molar mass of VOC in g mol?, Cair
is the concentration of air at STP (To = 25°C and P=101325 Pa), Na is the Avogadro’s number
(6.02*%10% molecule mol™). Cairis calculated from ideal gas law PV=nRT using P=101325 Pa,
T=298 K which gives Cair = 2.5%10'° molecule cm™. Then,

rvoc = 10~2 « 2.5 « MVOC *10°

6
507105 *10 (2.11)

Cmvoc (ug m3) =
Finally, the mass concentration of each assigned VOC as follows:

Cmvoc (ug m3) = 0.0415 * rvoc* Mvoc (2.12)

The comparison between samples was based on the emission fluxes of the compounds. In order
to calculate the emission flux, the emission surface was taken into account, as well as the
airflow rate through the chamber and the mass concentration of the emitted VOC. The emission

flux of each VOC was calculated using the following equation:
Fvoc = Q/A * Cvoc (2.13)

where F (ug m?min) is the flux of the assigned VOC, Q (m®min™) is the air flow rate through
the chamber, and A (m?) is the geometric surface area of the plate where the sample is placed.
Cvoc (Hg m™) is the averaged mass concentration of a VOC obtained from the three replicates
performed for each sample.

As we have three replicates for each sample, we calculated the average mixing ratio,
average mass concentration and average emission flux of each detected compound. Multiple
data (average of 120 mass spectra) were recorded and all were considered for calculating the
precision (degree of repeatability). This precision contains the error due to samples
(heterogeneity of the samples, distribution on surface, amounts used, etc), the uncertainty due
to concentration calculation (e.g., uncertainty in reaction rate constant used for the PTR
reactions assumed equal for all compounds), and the systematic error. Systematic errors show
the minimum error that will be involved in every measurement due to uncertainty in calibration,
instrumental response and loss in sampling line. All the error bars reported in the figures show
precision i.e. the total uncertainty or the standard deviation of the outputs obtained from the
three replicates of each sample such as mass concentration and emission fluxes. The
comparison between samples was done using the emission flux despite the difference in the

samples’ quantities, where this parameter was not considered for flux calculation. Experiments
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were performed (not shown here) to determine the impact of the sample surface and its quantity
on the emission flux of compounds. Several quantities of the sample were used and spread on
the same surface area for analysis. The results showed that the emission flux of the compounds
depends on the geometric surface of the sample but not on the quantity used for the
experiments. Accordingly, the emission flux of the compounds were used to compare between
samples even though the quantity of the sample used was not taken into account for this

calculation.

2.5.4. Statistical procedures

The analysis of mass spectrometric data requires an appropriate technique based on the
structure of mass spectrometric database. The latter is composed of a number of mass spectra
each containing up to thousands of peaks. Statistical tools, such as multivariate analysis, can
be used in this case to reduce the dimensionality of the data and organize it into several clusters
containing similar spectra or mass peaks (Duca et al., 2019). In this Section, statistical
techniques that have been adopted by the ANATRAC group (PhLAM laboratory) for the
analysis of mass spectrometric data, allowing us to identify convoluted patterns and extract

“hidden” relationships, are described.

2.5.4.1. Principal Component Analysis

The mass spectra of gas-phase analyzed by chemical ionization reaction mass spectrometers
(PTR-MS) feature hundreds of mass peaks, which complicate their interpretation. PTR-MS
spectra are high-dimensional vectors that can be more efficiently analyzed if the dimensionality
is reduced by suitable data compression methods such as principal component analysis (PCA)
(Aprea et al., 2006). Data compression is useful in comparing multiple mass spectra while
retaining the majority of the original information. PCA is a powerful statistical tool for
classifying samples and revealing trends and patterns in databases. It is also used to improve
the readability of very complex data (Abdi & Williams, 2010; Adam et al., 2007; Tanaka,
1988).

In this work, PCA was performed on a matrix containing the integrated peak areas
(variables) against the mass spectra of the samples. A special preparation procedure was
applied on mass spectrometric data prior applying PCA (Tanaka, 1988): calibration of mass
scale, baseline removal, construction of a peak list, peak area integration and normalization.
All mass spectra were normalized relative to the total ion count (TIC). All mass peaks that have
S/N > 3 are considered and then the areas are integrated. The variance of the integrated area
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usually has a L-shape distribution, caused by a big difference in signal intensities of mass
peaks, which is unacceptable for any statistical analysis techniques (Bradley, 1982). A suitable
method for converting the data to a bell-shaped distribution is by calculating the decimal
logarithm of the data set, a procedure that preserves all the information about the covariance

between mass peaks (Francois Vermeulen, 2020).

Principal components are calculated using the covariance matrix of initial variables
(Tanaka, 1988). The eigenvectors of this matrix represent the directions of the axes with the
largest variance (i.e. directions of PCs). Eigenvalues are the coefficients attached to
eigenvectors that give the amount of variance carried by each component. Given a data set X
with p observations and n variables, the first principal component PC1 is represented by the

linear combination of the original variables X1, Xo, . ., Xn:
PCl = 011 X1 + 012Xz + ... + ©1nXn (2.14)

where w1]j are the elements of the first eigenvector and can be used to interpret the meaning of
the PC. Most of the time, the interpretation of PCs is instead performed with loadings, as their
magnitude is representative of the covariances /correlations observed between the initial

variables:

loadings = eigenvectors - /eigenvalues (2.15)

The variables (i.e. mass peaks) that have the largest effect on each PC are identified using a
loadings plot, which depicts the loading of all the initial variables (Figure 2.20). A higher
loading indicates that the variable strongly influences the PC. Moreover, the sign of the loading

IS important as it shows the correlation among variables.

The number of PCs represents the number of variables in the data. PCs are ranked in
accordance with their significance (i.e. the first PC accounts for the largest possible variance
in the data set). Therefore, selecting only the first m components allows to reduce the
dimensionality of the data set while still preserving the majority of the variance (i.e.
information). Thus, it is important to properly choose the number of PCs that are considered.
A common practice in determining the optimal number of PCs is to use the scree plot, which
represents the percentages of explained variance by each PC (proportional to its eigenvalue),
ordered from the largest to the smallest, and to identify the point where the slope significantly
changes. Only the components before the change point (called ’elbow*) are considered (Abdi

& Williams, 2010; Peres-Neto et al., 2005). Example of a scree plot (obtained from our data)

64



Chapter 2. Materials and Methods

is illustrated in Figure 2.21. For this particular scree plot, we have two elbows (the point where
the slope changes). Considering the last elbow, the first three PCs are located before the

“elbow” and, therefore contain the majority of meaningful data.
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Figure 2.20 Example of a loadings plot showing the contribution of each mass peak to the
value of the (a) first and the (b) second PCs. The contribution of hydrocarbons and oxygenated
species are shown in different colours. The physical meaning of each principal component can

be determined based on the loadings plot (Irimiea et al., 2019).
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Figure 2.21 Example of a typical scree plot showing the contribution of each PC and the
cumulative contribution of all PCs to the explained variance. The trend line of the components

is shown in green with “elbow’ point highlighted.
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By projecting all the observations onto the low-dimensional (two or three dimensions)
sub-space and plotting the results, it is possible to visualize the structure of the investigated
data set. The coordinates of the observations (mass spectra in our case) on this plane are called
scores, and hence the plotting of such a projected configuration is known as a score plot (Figure
2.22). The combination of the score and loadings plots allows to determine the contribution of
initial variables (i.e. mass peaks) to all the observations (i.e. mass spectra) (Abdi & Williams,
2010; Peres-Neto et al., 2005).
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Figure 2.22 Example of a score plot showing the projection of the observations (mass spectra)
on the first two principal components. The observations (spectra) can be easily grouped into
three distinct clusters (C1, C2 and C3) (Duca et al., 2019).

2.5.4.2. Volcano plot

When comparing only two sample-sets (e.g., two samples), not all species will have a
significant enough variation. For datasets characterized by a large number of variables
(detected masses) and a relatively small number of observations (samples, mass spectra) it is
important to choose a proper method of identifying variables that are the most different
between two observations, i.e., that contribute the most to their “differential expression”. The
two usual methods of identifying the most different variables within a data set are the fold-
change and the t-statistics, each one with its own advantages and drawbacks. The fold-change
represents the magnitude of the change in the signal of the same variable between two different
observations: FC1-2 = S2/S1 (e.g., the signal of an organic compound emitted from a sample

2 to that of sample 1). The fold-change, however, does not take into account the noise often
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present in mass spectra; moreover, its value becomes less important with the increasing
variance. Even though the t-statistics take into account the noise, less reliability is expected for
small datasets. To obtain a robust visualization of the “differential expression” of two
observations (e.g., with/without O3), a combination of the two methods can be used, leading to
a volcano plot. In statistics, a volcano plot is a kind of scatter plot that is applied to quickly
seek out changes in large data sets composed of replicate data. It plots fold-change versus
significance on the x and y-axes, respectively. A volcano plot combines a measure of statistical
significance from a statistical test (e.g., a p value from an ANOVA model) with the magnitude
changes, enabling quick visual determination of these data-points that represent large
magnitude changes that are also statistically significant. To improve the readability of the plot
when the variance in the data set is rather high, the fold-change (FC) can be replaced by its
logarithm (logz (FC)).

A volcano plot consists of three main regions (Figure 2.23): i) the region where the
data-points have either a small magnitude of change (< 1) or are not statistically significant (p-
value > 0.05 or —logio(p-value) > 1.3) — usually displayed in grey, ii) data-points with high
contribution to the first sample with a high statistical significance, iii) data-points with high
contribution to the second sample with a high statistical significance. Since only the last two
regions (ii and iii) contain statistically significant information, they need to be used for making

meaningful conclusions about the mass spectrometric data.
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Figure 2.23 Example of a volcano plot illustrating the three main regions: (i) points with either
a small fold change or statistical significance — grey markers, (ii) with high contribution to the
sample 1 with a high statistical significance — green markers, and (iii) points with high

contribution to the sample 2 with a high statistical significance — red markers.
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2.5.5. Double Bond Equivalent

In the analysis of the molecular formula of organic molecules, the degree of unsaturation also
known as the index of hydrogen deficiency (IHD) or double bond equivalent (DBE) or
unsaturation index, is a calculation that determines the total number of rings and = bonds. A
formula is used in organic chemistry to obtain possible molecular structure assignments. The
DBE method is used in several fields, as in petroleomics to separate and sort petroleum
components (Dobbins et al., 1998). The DBE value of CcHhNnOoSs is calculated as follows:

DBE =c - h/2 +n/2 +1 (2.16)

where ¢, h and n are the number of carbon, hydrogen and nitrogen atoms inside the molecular
formula. DBE is independent of the number of oxygen and sulphur atoms in the molecules
(Sabbah et al., 2021). DBE represents the level of unsaturation of the molecules that determines
the total number of rings and double or triple bonds (n-bonds) involving carbon atoms (because
each ring or double bond results in a loss of two hydrogen atoms) (Dobbins et al., 1998). As
the number of H atoms in a molecule decreases, the level of unsaturation increases and hence
leads to higher DBE values. By using the DBE method, several classes of hydrocarbons are
obtained (illustrated in Figure 2.24). DBE versus C number plot is used in mass spectrometry

to simplify the visualization and for understanding of complex HC mixture.
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Figure 2.24 Sub-classification of hydrocarbons. Example of each subclass is shown with the

value of its corresponding double bond equivalent value (DBE).

In Figure 2.25, Sabbah et al., (2017) represented the DBE versus C number for the detected
species. Several series of compounds are aligned horizontally and spaced by one or n carbon

numbers. A homologous series of compounds with different degrees of alkylation (substitution
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of peripheral H by CHs groups leading to no change in the DBE) has constant DBE value but
different carbon numbers. This type of series is illustrated in Figure 2.25 by dashed lines. In
this work, DBE method was applied to our PTR-QiTOF mass spectra rich in hydrocarbons.
After identifying the masses by their molecular formula, we calculated the DBE value for each
molecule with chemical formula CxHy. Several classes of hydrocarbons were illustrated in
OWP samples. Therefore, DBE representation can be used to simplify the analysis of a

complex mixture through classification.
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Figure 2.25 DBE vs. carbon number plot showing the polycyclic aromatic hydrocarbons
(PAHSs) detected in a meteorite and their related products. Dashed lines on the diagram display
species having the same DBE value and differing in the alkylation degree (substitution of H
atom by CH3) (Sabbah et al., 2017).
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Chapter 3. Sewage sludge emissions

Chapter 3

Chemical identification and quantification of volatile organic
compounds emitted by sewage sludge

3.1. Introduction
Sewage sludge (SS) refers to the residual, solid, semi-solid or liquid material that is generated
at wastewater treatment plants (WWTPs) as treatment by-products of wastewaters released
from various sources (e.g., homes, industries, medical facilities, street runoff, etc.)
(Christodoulou & Stamatelatou, 2016; Harrison et al., 2006). In Europe, investments in
municipal wastewater treatment have been very important in the last decade, but this increasing
number in WWTPs arises secondary environmental concerns due to the accumulation of sludge
resulting from wastewater treatment processes. SS treatment in WWTPs usually includes
thickening, digestion and dewatering, which separate the solid and liquid components of the
sludge to be easily handled for final disposal (Hall, 1995; Iticescu et al., 2018; Jamil Khan et
al., 2006). The SS that leaves the WWTPs has a high content of water (up to 90%) (Gomez-
Rico et al., 2008). Thus, sludge treatment is focused on minimizing its weight and volume to
reduce transportation and disposal costs, and on reducing potential health risks of disposal
options. Thickening is often the first step in a sludge treatment process. Sludge is stirred to
form larger and more rapidly settling aggregates. In general, this operation is performed by
simple decantation or flotation, or by dewatering and centrifugation, which allows reaching a
dryness of 1 to 10%. Many sludge are treated using a variety of digestion techniques, the
purpose of which is to reduce the amount of organic matter and the number of disease-causing
microorganisms present in the solids. The most common treatment options include anaerobic
digestion, aerobic digestion and composting. Sludge digestion offers significant cost
advantages by reducing sludge quantity by nearly 50% and providing biogas (like methane) as
a valuable energy source. Anaerobic digestion is a biological process of sludge stabilization
carried out in the absence of oxygen. This treatment leads to the transformation of organic
matter into water, CO2 and CH4 by anaerobic microorganisms (Hall, 1995; Iticescu et al., 2018;
Jamil Khan et al., 2006). Thermal drying of sludge is a necessary intermediate common to all
disposal methods, as it makes it possible to stabilize the sludge, reduce its volume and
hygienize the product (Gross, 1993; Gomez-Rico et al., 2008).

The agricultural reuse of SS should be prioritized as recommended by the European

Commission in the Circular Economy Action Plan (Collivignarelli et al., 2019). This use of SS
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has been preferred in France where nearly 60% of SS is applied to soil as organic fertilizer
providing nutrients for crops, soil buffer and soil amendment (Milieu et al., 2010). SS should
be treated prior its agricultural application such as by anaerobic digestion, composting or
chemical treatment (Christodoulou & Stamatelatou, 2016; Collivignarelli et al., 2019). The
composition of anaerobically digested sludge increases its potential as soil amendment and/or
fertilizer. For this reason, in Europe, particularly in the Mediterranean region where the high
summer temperatures combined with the intensive cultivation practices promote a constant
decrease in the soil organic matter, 40% of SS is used as a soil organic amendment due to its
high organic matter content (Lamastra et al., 2018). The use of SS in agriculture has been
disciplined as each European member state has issued a national legislation based on the
European directive 86/278/EEC (Collivignarelli et al., 2019; Capua et al., 2020). Nowadays
42% of the annual production of the urban sludge is spread on agriculture land without prior
treatments and 30% after composting (Houot et al., 2014). The characteristics of SS play a
significant role when considering the ultimate land application. There are different methods for
SS application on soils depending on the total solid content of SS. For instance, liquid or low-
solid sludge can be generally injected into the soil to provide better aesthetics. On the contrary,
dewatered or semisolid sludge can be spread on the surface and subsequently plowed into the
soil (Iticescu et al., 2018). Moreover, the spreading occurs at different climatic condition (e.g.,
temperature and humidity) and on different types of soils (e.g., soil pH, texture and carbon
content) (Colén et al., 2014).

Within certain limits, SS may play a role of pH regulator (Iticescu et al., 2018). While
the use of SS to bring nutrients and organic matter could be beneficial for the soil, it also
represents a risk due to the content of contaminants like heavy metals, organic compounds and
pathogens. Moreover, SS emits large amounts of H>S and NHz and volatile organic compounds
(VOCs) into the atmosphere that are generally associated with odorous nuisance and health
risks (Mustafa et al., 2017; Nie et al., 2019). VOCs and semi-VOCs contained in SS may have
a harmful impact on the natural environment and human health (Kotowska et al., 2012). Some
of those compounds undergo biodegradation during the process of wastewater treatment; others
remain in the SS in an unchanged form. A large number of VOCs are formed during metabolic
activity of the bacteria that decompose the sludge organic matter in the processes performed at
WWTPs and appear as intermediates metabolites (Gomez-Rico et al., 2008). Due to their
volatile character, some of these compounds escape to the atmosphere during the SS treatment

processes (Kotowska et al., 2012).
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In the literature on the subject, only a small number of research papers have been
devoted to characterizing the VOCs from SS (Abis et al., 2018, Kotowska et al., 2012; Rincon
et al., 2019). Generally, most of the studies related to VOCs emitted from SS are focused on
its composting (Shen et al., 2012; Zhang et al., 2013; Zhu et al., 2016) or at the level of WWTPs
(Nie etal., 2019; Widiana et al., 2019). In addition, some studies have been performed to study
the emission characteristics of VOCs during thermal drying of sludge (Deng et al., 2009;
Gomez-Rico et al., 2008). For instance, Gomez-Rico et al., (2008) have studied the impacts of
drying temperature on the total number of identified compounds and total yield of VOCs. The
authors reported that the drying temperature slightly affects the yield of some individual
compounds (such as dimethyl tetrasulphide and propylchlorotoluene). Other studies were
related to the emissions during dewatering processes, although the temperature is lower than
for thermal drying and thus the emissions of VOCs due to vapourization during the drying are
supposedly lower (Gomez-Rico et al., 2008). However, detailed researches on the species and
emission characteristics of VOCs from sludge with different degrees of dryness were not
investigated yet and these characteristics may have significant agricultural purposes.

To date, there is only one estimation of secondary aerosol formation from precursor
gases emitted from the agricultural sector (Ciuraru et al., 2021). This recent study performed
on undigested SS samples showed atmospheric particle formation from oxidized organic
molecules and SO, which are both emitted by SS (Ciuraru et al., 2021). These SOA are readily
formed from ozonolysis of skatole emitted by the SS. The authors suggest that this additional
VOC source (e.g., skatole) may have a significant influence on atmospheric particle formation
during the spreading periods as a high nucleation rate can locally and briefly induce the
formation of a significant annual source of particles (Ciuraru et al., 2021).

There is an urgent need for more comprehensive quantitative information on VOCs
emitted by SS as aerosol precursors and their comparability at different treatment stages. This
comparability would help to identify the impact of sludge treatment on VOC emissions and
thus reducing the environmental risk of land applied sludge. The present study extensively
characterized the volatile organic compound emissions upon thickening, anaerobic digestion
and dewatering of SS and compared them with undigested samples. The results of this study
provide an accurate inventory reference for the VOC emissions from SS samples and specific

tracers for each type of treatment.
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3.2. Materials and methods
The materials and methods were presented in Chapter 2, only a brief reminder is presented

here on specific details related to the studies described in this Chapter.

3.2.1. Sample description

The SS samples were taken from a wastewater treatment plant in France at the end of the
following treatment stages: thickening (undigested SS — UDSS), anaerobic digestion (digested
SS — DSS) and dewatering (samples with 30% and 60% of dryness - SS 30% and SS 60%,
respectively) (Figure 2.1). The main physicochemical properties of the bulk SS samples used
in this study are listed in Table 2.1. The samples were stored at 4 °C before the experiments.
For the experiments, 500 g of the solid samples (SS 30% and SS 60%), 500 mL of DSS and 1
L of UDSS were used.

3.2.1. Chamber experiments

Experiments were performed in poly(methyl methacrylate) chambers with Teflon walls in a
temperature-controlled room. The experimental setup designed for those experiments is
illustrated in Figure 2.4. In this work, two chambers were used: a 0.03 m® and a 0.18 m3. The
sample was uniformly spread on a stainless steel plate with an area of 0.14 m? and 0.32 m? for
the 0.03 m® and 0.18 m® chambers, respectively. The thickness of the spread sample was 3-4
mm. Three replicates were performed for each sample under the same experimental conditions.
During the experiments, the chamber was purged with purified dry air at 6 L min™t and 8.6 L
mint flow rates for the 0.03 m® and 0.18 m® chambers, respectively. The cycle of the dry air
or its residence time in the 0.03 m® and 0.18 m® chambers was 5 min and ~20 min, respectively
(see Annex 1, Table A.1). The VOCs were analyzed online using a proton transfer reaction
mass spectrometer. In addition, the amount of SOz, CO2 and H20 emitted from the sample was
continuously monitored. Ammonia was measured only for one experiment due to the
availability of the equipment. Blank tests (i.e. without sample) were performed for both

chambers (Annex 1).

3.2.2. PTR-Qi-TOF-MS measurements

The emitted VOCs were measured in real-time using online proton transfer reaction
quadrupole-ion-guide time-of-flight mass spectrometry (PTR-Qi-TOF-MS, lonicon Analytic
GmbH). In this work, the PTR-Qi-TOF-MS was operated under the standard conditions
described in Section 2.3.1. The measurement period was set to 1s, which means that one mass

spectrum of range m/z 10-510 was recorded every second. Raw PTR-Qi-TOF-MS data were
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recorded by TOFDagq software (TOFWerk AG, Switzerland). PTR-Qi-TOF mass spectra were
processed using the PTR viewer 3.2.12 (lonicon analytik GmbH) and the mMass software
(Strohalm et al., 2010). Mass calibrations were performed following the procedure described
in Section 2.5.1. In PTR-Qi-TOF-MS, single charge ions are detected and all the detected ions

are protonated (MH)™ due to the proton transfer reaction occurring in the drift tube.

The signal of a particular ion was monitored until it reached a steady state (usually after
3 cycles of dry air in the chamber) then 120 mass spectra were extracted from the region where

the signal was stable (e.g., Figure 3.1). The same procedure was applied for the three replicates.
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Figure 3.1 Example of a temporal variation of an ion signal corresponding to m/z 109.06
assigned as C7HgOH™ (protonated cresol). The region marked in blue box corresponds to 120

mass spectra chosen for further data analysis.

To identify the emitted VOCs, a peak table was created for each sample using the mMass
software (Strohalm et al., 2010) by selecting the peaks with a S/N > 3.0 from the three averaged
spectra. The mass range chosen for analysis was between m/z 31 and 400. Signals identified as
instrumental background or related to water clusters such as m/z 37.03, m/z 38.03, m/z 39.03
and m/z 55.03 were excluded from the data analysis. The PTR viewer 3.2.12 software (lonicon
analytik GmbH) was subsequently used to identify the chemical molecular formula
corresponding to each protonated molecular ion in the peak lists following the procedure
described in Section 2.5.2. Following this step, the averaged mass spectra were used to
calculate the average mass concentration and emission flux of the emitted compounds (details
in Section 2.5.3). The comparison between samples was based on the emission fluxes of the

compounds, which was calculated taking into account the emission surface, airflow rate

74



Chapter 3. Sewage sludge emissions

through the chamber and the mass concentration of the emitted VOC. Even though the
quantities of the samples were different as a function of their degree of dryness, this parameter

was not used to calculate the fluxes.

3.2.3. Statistical analysis

Statistical analysis of the emitted VOCs was performed to identify the chemical compounds
that characterize the differences between the samples and mark each treatment step. In this
work, PCA was performed with a matrix containing the integrated peak areas (variables)
against the mass spectra (observations). The volcano plot was performed for identifying the
chemical compounds that contribute to the diversity between two samples. Python and R
software (R Studio version 4.0.3) were used to perform PCA and volcano plot, respectively.

For more details on statistical analysis, see Section 2.5.4.

3.3. Results

3.3.1. VOCs emitted by the different samples
An example of a PTR-QIi-TOF average mass spectrum for each sample is given in Figure 3.2.
The molecular formula assignment of detected peaks (for S/N > 3.0) was selected based on the

criteria described in Section 2.5.2.

Following this procedure, the vast majority of the detected peaks (> 90%) were assigned
to a suitable molecular formula and only a few were unassigned (Table 3.1). PTR-QiTOF-MS
does not allow unambiguous recognition of the compounds, such as isomers. However, for the
assignments under discussion, we tentatively identified the structural formula based on the
literature (Bylinski et al., 2019; Fisher et al., 2017; Harrison et al., 2006; Kotowska & Isidorov,
2012; Mustafa et al., 2017; Nie et al., 2018; Rincon et al., 2019). The average mass uncertainty
of the assignments was less than 20 ppm. The assigned peaks correspond to either a VOC or
its 3C-containing isotopic peak. The total number of assigned VOCs in UDSS, DSS, SS 30%
and SS 60% were 233, 193, 192 and 186, respectively. A total of 380 distinct compounds were
detected and quantified in all SS samples using PTR-QiTOF-MS, with 81 compounds
commonly found in all samples. The list of assigned 380 VOCs detected in all SS samples is
given in Annex 3, Table A.2. Among all samples, UDSS was the largest emitter (233 VOCs)
with 93 compounds specific for this sample. The number of compounds emitted exclusively
from DSS, SS 30%, and SS 60% was 30, 22 and 32, respectively (Table 3.1). These compounds

may hence be specific tracers for each type of SS emissions and are listed in Table A.2.
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Figure 3.2 PTR-QIiTOF average mass spectrum for each sample and the chemical assignments

of some protonated mass peaks. All the assigned molecular formulas are protonated (VOCH™).

Table 3.1 PTR-QITOF-MS results for SS samples analysis. The numbers in bold correspond to

the total number of assigned VOCs in each sample.

Sample # of # of # of # of peaks # of peaks # of
name detected assigned unassigned corresponding corresponding emission
peaks peaks peaks to VOCs to 13C isotopes tracers

UDSS 305 285 20 233 52 93

DSS 287 259 28 193 66 30

SS 30% 331 286 45 192 94 22

SS 60% 303 275 28 186 89 32

The assigned VOCs were classified into the following chemical groups: Hydrocarbons (HC),
Oxygenated compounds (O-compounds), Sulphur compounds (S-compounds), Nitrogenated
compounds (N-compounds), and Other compounds (Others: chemical compounds containing
more than one heteroatom in their molecular formula, e.g., CsH7NO, C3H7NO,, CsHeOS,

C9H17NS, CsH7NOS, etc.). The number of compounds assigned to each chemical group is
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shown in Figure 3.3. The speciation of VOCs varied among the analyzed samples. For
instance, the DSS showed more HC and fewer O-compounds and N-compounds compared to
UDSS. The dewatering step increased the number of HC; about half of the assigned molecular
formulas in SS 30% and SS 60% being HC.

UDSS (233)  DSS(193)  SS 30% (192) SS 60% (186)

W HC B O-compounds B N-compounds Bl S-compounds B Others

Figure 3.3 The number of compounds assigned for each chemical group in each sample. The

total number of assigned VOCs in each SS is given in parentheses.

3.3.2. Emission characteristics of VOCs

The mass concentration of the assigned VOCs was estimated based on their mixing ratio and
considering the molecular weight of the compound. The total mass concentration of each
chemical group was calculated by summing the concentrations of the individual compounds in
each chemical group. The chemical groups contributed to a different extent to the total
concentration of VOCs (Figure 3.4). HC was the chemical group with the highest
concentration in all samples. The second most abundant group in SS 60% and DSS was O-
compounds (1425 + 739 and 511 + 171 pg m3, respectively). In contrast, in UDSS and SS
30%, S-compounds represented the second most abundant group (1038 + 448 and 372 + 131
ug m=3, respectively). The concentrations of other compounds containing more than one
heteroatom in their molecular formulas were the lowest in all samples (less than 300 pug m)

and their contribution to total concentration was less than 20%.

The emission fluxes of VOCs and the total emission flux of each chemical group are
shown in Table 3.2. The highest VOC emission fluxes were observed in the SS 60% with 328
+ 65 pg m2 min?, followed by SS 30%, UDSS and DSS samples with 168 + 39, 94 + 21 and
69 + 25 ug m2min, respectively. Compounds having the highest emission flux in all samples
were HC. The emission fluxes of O-compounds followed the trend: SS 60% > SS 30% > DSS
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> UDSS. The compounds designated as others were highly emitted from DSS (12 + 3 pug m

mint), compared to the other samples.

UDSS (3550 + 796 pg m*) DSS (1602 + 584 pg m*) SS 30% (3910 + 909 pug m*) SS 60% (7660 + 1525 pg m*)

. ‘ l . ‘

W HC W O-compounds B N-compounds Bl S-compounds B Others

Figure 3.4 Percentage contribution of each chemical group to the total mass concentration of
assigned VOCs. The total concentration of VOCs obtained in each sample is given in

parenthesis.

Table 3.2 Total emission flux of each chemical group found in SS samples. The standard
deviation of the average emission flux obtained from the three replicates of each sample is

displayed.
Sample Total Total emission flux of each chemical group (ug m2 min?)
name  emission flux HC O- N- S- Other
of VOCs (ug compounds compounds compounds  compounds
m2 min™)
UDSS 94 +21 36+1 19+6 477 £1.47 28+ 12 7.37+£0.59
DSS 69 £ 25 31+14 22+ 7 208+062 1.2+03 12.48 +3.04
SS 30% 168 + 39 128 + 27 16+5 2.12+0.35 16+6 6.01 +£0.65

SS 60% 328 + 65 256 + 32 61 + 32 1.87+039 20x0.2 7.06 £0.77

The emission flux of each sulphuric and nitrogenated compound is illustrated in Figure 3.5.
Comparable emission fluxes of N-compounds were found in DSS, SS 30% and SS 60%, while
they showed the highest in UDSS (4.77 + 1.47 pg m2 mint). This was explained by a high
contribution of an ion corresponding to m/z 132.08 and assigned as CoHgNH™, with an emission
flux 2 + 1 pg m2min™. The highest emission fluxes of S-compounds were observed in UDSS
(28 + 12 pug m2mint); this was attributed to the strong emissions of CH4S, C2HsS and C2HeS..
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Figure 3.5 (a) Emission fluxes of sulphur compounds emitted from SS samples. The zoomed
inset to the right shows sulphur compounds with fluxes < 1 ug m2 min™. (b) Emission fluxes

of nitrogenated compounds emitted from SS samples.

3.3.3. Classification of HC by the double bond equivalent method

DBE analysis was performed on the HC emitted from all samples in this work. A detailed
description of this method is provided in Section 2.5.5. The obtained DBE values ranged from
1 to 8 with six sub-classes of HC: aliphatic (linear alkenes or alkynes), alicyclic (cycloalkanes,
cycloalkenes, or cycloalkynes), aromatic (benzene and its derivatives), terpenes and polycyclic
aromatic hydrocarbons (PAHSs). In this work, 95 compounds were assigned as HC in all
samples. The DBE value of each HC was calculated (listed in Annex 3, Table A.3). The DBE
versus the C number of all assigned HC is illustrated in Figure 3.6. DBE value increased with
the decreasing number of H atoms in the molecular formula (from CnH2n to CrH2n-12).

A homologous series of compounds with different degrees of alkylation (substitution of
peripheral H by CHs groups leading to no change in the DBE) had constant DBE value but
different C numbers. For each series, the proposed general molecular formula and the
corresponding DBE value is indicated in Figure 3.6. The emitted HC were either cyclic,
include m-bonds or both (see Figure 2.24). Several aliphatic and alicyclic compounds with 1 <
DBE < 3 were found. Such compounds might be alkenes, alkynes, dienes, cycloalkanes,
cycloalkenes, cycloalkynes or polyenes. Peaks at m/z 69.06, 137.13 and 205.19 were assigned
to CsHgH™, C1oH1sH™ and CisH24H*, respectively and identified as terpenes (situated on the
dashed line in Figure 3.6). In this study, 47 compounds of the emitted HC were aromatic with

4<DBE <38.
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Figure 3.6 DBE vs. the number of carbon (C) atoms plot for the HC emitted from all SS. The
proposed molecular formula of the compounds having the same DBE and differing by one C
number is shown to the right with the possible sub-class(es) name. Compounds identified as

terpenes are highlighted by a dashed line on the diagram.

The bar graph representation of the HC sub-classes identified using DBE analysis is displayed
in Figure 3.7 (a).
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Figure 3.7 (a) Classification of HC detected in each SS using the DBE method. The total
emission flux of HC sub-classes in each sample is illustrated. The error bars shown in the
figure represent the standard deviation of the average emission flux obtained from the three
replicates of each sample. (b) Total emission flux of VOCs emitted from each SS versus the dry
matter content of the sample.
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The total emission fluxes of HC sub-classes are displayed. Aromatic compounds dominated
the emissions among the HC from UDSS (31.96 + 0.55 pug m? min). The emissions of
aromatic compounds were the highest for UDSS, followed by SS 60%, SS 30% and DSS. DBE
= 2 compounds were emitted dominantly from SS 60% (76.58 + 10.77 pug m2min™). SS 30%
was characterized by the high emissions of HC with DBE = 3 (49.68 + 11.59 pug m2 min™).
Terpenes showed the highest emissions from SS 60% (24.37 + 3.74 pg m? min™). Their
emission flux was about the half in SS 30% (12.73 + 3.17 pg m2 min™) and lower in DSS and
UDSS (2.53 + 1.34 and 0.55 + 0.04 ug m2min‘, respectively). The total emission flux of HC
emitted from each sample decreased with the decrease in its dry matter content (Table 3.2).
Similarly, the total emission flux of VOCs decreased as the dry matter content of the SS sample

decreased (Figure 3.7, b).

3.3.4. Sample comparison

To better uncover the similarities and differences between analyzed SS, PCA was performed
based on the samples’ mass spectra. The first three principal components, PC1, PC2 and PC3,
comprised 71.30%, 17.17% and 9% of data variation, respectively. Together they accounted
for 97% of the total variance and were enough to discriminate between the samples. Thus, PC1,
PC2, and PC3 were considered for data interpretation. The four samples were well separated
in the PC2 vs. PC1 and PC3 vs. PC1 score plots illustrated in Figure 3.8.
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Figure 3.8 Score plots of (a) PC2 vs. PC1 and (b) PC3 vs. PC1 for SS samples. The percentage
contribution of each PC to total variance is given in parenthesis. The ellipses highlight data

points coming from the same SS and are added for visual purposes only.

Positive PC2 separated DSS from the other samples (Figure 3.8). The corresponding
loading plot (Figure 3.9, b) suggested that DSS was highly influenced by N&O-compounds
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and oxygenated VOC (OVOC) emissions. The negative value of PC2 separated UDSS from
the other samples. The loading plot (Figure 3.9, b) showed that UDSS was characterized by
S-compounds. Thiazole compounds such as C3HsNS, CsH7NS, CsH7NS, CioH7NS and
CgH7NS> showed high contribution in UDSS. Dewatered samples (SS 30% and SS 60%) were
separated from UDSS and DSS by PC1. Based on the loading plots (Figure 3.9, a), SS 60%
and SS 30% were associated with HC, O-compounds and S-compounds. PC3 (~9%) allowed
for better discrimination between SS 60% and SS 30% than PC1 and PC2. From PC3 loading
plot (Figure 3.9, c), SS 60% received a high contribution from OVOCs while SS 30% was

dominated by S-compounds.

In order to determine how the treatment stage affects the profile of VOC emissions, the
samples collected at consecutive treatment steps were compared: DSS versus UDSS to identify
the impact of anaerobic digestion and SS 30% and SS 60% versus DSS to uncover the impact
of the dewatering step. The results are illustrated by volcano plots in Figure 3.10. The
assignments of detected ions having high statistical significance and logarithm of fold change
> +1 (red circles) or < -1 (green circles) are provided in Annex 3, Table A.4. UDSS was
characterized by S-compounds while DSS was associated with OVOCs (Figure 3.10, a). This
supported the PCA results. In addition, three compounds showed high significance and fold
change in UDSS compared with DSS: C7Hg, CoHgN and C7HgO. The comparison between
dewatered sludge and DSS is illustrated in Figure 3.10 (b and c). SS 30% was dominated by
S-compounds and HC compared with DSS, while SS 60% was influenced by O-compounds
and HC. The dewatered samples were also compared to determine the impact of dry matter on
VOC emissions (Figure 3.10, d). The results show that SS 30% was characterized by high S-
compound emissions; while SS 60% was influenced by OVOCs.
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containing (yellow) and other compounds containing more than one heteroatom in the
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Figure 3.10 Volcano plots showing the «differential expression» of detected chemical
compounds in (a) UDSS and DSS (b) SS 30% and DSS, (c) SS 60% and DSS, and (d) SS 30%
and SS 60%. Grey points correspond to chemical species that have either a low statistical
significance or low fold change, and thus do not contribute to the separation between the two
samples. The chemical assignments of protonated molecules (VOCH™) are shown. Red circles
represent the significant mass peaks with logarithm of fold change > +1 and green circles

represent the significant peaks with logarithm of fold change <-1.

3.4. Discussion

Table 3.3 summarizes the main characteristics of each SS sample. The assigned VOCs were
classified into five major chemical groups (1) HC, (2) S-compounds, (3) O-compounds, (4) N-
compounds and (5) other compounds. In the following Sections, the results of this study were

discussed by the chemical group and based on comparison with the literature.
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Table 3.3 Characteristics of the analyzed SS samples. The total number of VOCs, number of
emission tracers, total mass concentration, and total emission fluxes as well as the percentage

of dry matter in each SS are displayed. The uncertainty in the calculation is given next to each

value.

Sample  Number of Number Total mass Total emission  Dry matter

name assigned of concentration of flux of assigned (%)

VOCs emission assigned VOCs VOCs (ug m
tracers (ug m3) min?t)

UDSS 233 93 3550 + 796 94+21 3.7

DSS 193 30 1602 + 584 69 + 25 2.9

SS 30% 192 22 3910 + 909 168 + 39 19.4

SS 60% 186 32 7660 + 1525 328+ 65 84.4

3.4.1. Hydrocarbons

Compounds assigned as HC had the highest emission fluxes in all samples. PTR-Qi-TOF-MS
helps to determine the molecular formula of a compound but not its chemical structure. Such
identification is possible by combining complementary analytical techniques, such as GC-MS
(Ni et al., 2012). In this work, the DBE method was applied to classify the assigned HC into
smaller sub-classes of compounds with the same DBE value but different degree of alkylation.
To our knowledge, DBE analysis is performed here for the first time on PTR-Qi-TOF-MS data.
In this study, no linear alkanes with DBE = 0 were found. This could be explained by their PA
lower than that of water, therefore the proton transfer reaction with HsO" is not an effective
ionization mechanism for their detection (Amador-Mufioz et al., 2016). However, this does not
exclude their emissions from our samples as several linear alkanes were detected in SS using
GC-MS (Fisher et al., 2017; Kotowska & Isidorov, 2012; Nie et al., 2018). Mustafa et al.,
(2017) related the presence of alkanes to the decomposition of organic matter in SS. Our results
showed that for example the aliphatic and alicyclic compounds showed highest emission flux
in digested samples compared to undigested samples while aromatic compounds showed the
highest emission flux in UDSS. Moreover, the increased number of assigned HC in the
dewatered sludge compared to the UDSS and DSS can be explained by the much higher organic

matter content of the dewatered samples (Table 2.1).

3.4.1.1. Aliphatic and alicyclic compounds
A group of 16 aliphatic compounds (Cs - C1s) with DBE = 1 (alkenes or cycloalkanes) were
found in all samples. SS 60% showed the highest emission flux (50.93 * 5.64 pug m2 min™)
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compared to 12.93 + 1.83, 3.95 + 2.08, 0.35 + 0.03 pug m2mint from SS 30%, DSS and UDSS,
respectively. This variation was mainly attributed to a compound detected at m/z 57.06 and
assigned as C4HgH", comprising 34% of the total aliphatic compound emission flux in SS 60%.
Other aliphatic compounds with high emission fluxes in SS 60% were C3Hs, CsH1oand CeH1o.
Compounds assigned as CgHis and CoH1s were identified as ethyl cyclohexane and propyl
cyclohexane, respectively, in anaerobically stabilized biosolids subjected to aging by Fisher et
al., (2017). These compounds were highly emitted from SS 60% compared to the other
samples. Compounds such as CioHz20, C11H22 and Ci2H24 identified as pentyl cyclopentane,
pentyl cyclohexane and hexyl cyclohexane, respectively, were found in SS from municipal
WWTPs (Kotowska & Isidorov, 2012).

Fifteen compounds with DBE = 2 that were alkynes, dienes or cycloalkenes were found
in all samples. These compounds showed high emissions from SS 60% (76.58 + 10.77 pg m™
mint), this was attributed to the high emissions of compounds CsHas, C7H12, C4Hs, CeH10, CsH14
and CgHss, contributing to 85% of the total emissions of compounds with DBE = 2 from SS
60%. CgHi14 and CoHie were identified as 1-methyl-2-methylenecyclohexane and methyl-
(methylethylidene) cyclohexane, respectively (Fisher et al., 2017). 15 compounds having DBE
= 3 (cycloalkynes or polyenes) with the highest emissions from SS 60% of 73.81 + 8.83
ug m2 min? were also detected. Therefore, SS 60% showed the maximum emission flux of
aliphatic or alicyclic compounds compared to the other three samples.

3.4.1.2. Terpenes

Three ions at m/z 69.07, 137.13 and 205.19 assigned as CsHsH*, CioH16H™ and CisHa4H",
respectively were emitted from all SS samples. These compounds were identified as terpenes,
a class of compounds with the formula (CsHs),, which are typical unsaturated HC and
frequently attributed to biogenic origin. SS 60% showed the highest emission flux of terpenes
(24.37 + 3.73 ug m? min'Y), Figure 3.7 (a). Terpenes such as isoprene (CsHs), monoterpenes
(C10H16) and sesquiterpenes (CisH24) were identified in SS samples (Bylinski et al., 2019;
Fisher et al., 2017; Nie et al., 2018; Kotowska & Isidorov, 2012). The use of fragrant aromatic
detergents and green waste were considered potential sources of terpenes and HC (Mustafa et
al., 2017). Several studies showed terpenes and aromatic compounds emission from SS samples
and composting processes (Schiavon et al., 2017; Tsai et al., 2008; Zhang et al., 2013; Zhu et
al., 2016). In this work, terpenes contributed slightly to the total mass concentration of VOCs,
ranging from 0.58% - 7.42% for different samples. This is consistent with the results reported

by Rincodn et al., (2019), where terpenes emission varied from 0.07% - 21% of the total mass
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concentration from samples characterized by a reduced content of vegetal materials, such as
pig slurry, turkey manure and solid fraction of anaerobically digested pig slurry and SS. High
terpenes emission (21-90%) was observed from samples with lignocellulosic content such as
biowastes and green wastes (Rincon et al., 2019). The decaying process of vegetable material,
bacterial degradation of lignin and cellulose and aerobic degradation of organic matter resulted
in high terpene emissions (Eitzer, 1995; Moreno et al., 2014; Schiavon et al., 2017). Their
organic matrices were mainly constituted of fruits, vegetables, leaves, brush and food waste
(Eitzer, 1995). CioH1e was identified as limonene (cyclic monoterpenes) in SS at different
processing units of the composting plant (dewatering room, dewatered sludge, blender room,
fermentation workshop and product) with measured concentrations of 5.2 = 0.5, 23.0 + 4.4,
290.1 + 109.1, 252.6 + 120.9, and 27.9 + 6.2 ug m3, respectively (Nie et al., 2018). In this
work, C1oH1e was emitted from all SS samples. Concentrations measured at SS 60% and SS
30% gas phase emissions were 28.29 + 13.09 and 6.83 + 0.52 pug m, respectively. They were
relatively higher than the concentrations of dewatered sludge measured by Nie et al., (2018).
The composition of composting materials and the deodorants used in the composting plant
were considered the main origin of limonene in the composting plant (Nie et al., 2018).

3.4.1.3. Aromatic compounds

Most of the detected HC (37 compounds) were aromatic with 4 < DBE < 6. Those compounds
had at least one aromatic ring and suffered from extensive dehydrogenation as revealed by the
group of peaks illustrated in Figure 3.6. In contrast to aliphatic and alicyclic compounds,
aromatic compounds showed the highest emission flux in UDSS (31.72 + 0.55 pug m? min™?)
followed by SS 60%, SS 30% and DSS. The high emissions of aromatic compounds from
UDSS were attributed to a compound C7HsH™ detected at m/z 93.07 with a concentration of
981 + 5 ug m3. It constituted 82% of the total aromatic compound emissions from UDSS. C7Hs
was identified as toluene in SS (Bylinski et al., 2019; Fisher et al., 2017; Harrison et al., 2006;
Kotowska & Isidorov, 2012; Nie et al., 2018). Toluene dominated the aromatic compounds
emitted from SS analyzed at different processing units of the composting plant (dewatering
room, dewatered sludge, blender room, fermentation workshop and product) (Nie et al., 2019).
The measured concentrations of toluene were 262 + 116, 118 + 12, and 57 + 15 pg m 2 in the
fermentation workshop, dewatered sludge and dewatering room, respectively (Nie et al., 2019).
The amount of toluene emitted from UDSS exceeded the values reported by Bylinski et al.,
(2019). The authors showed a fluctuation in toluene mixing ratios between 1 ppb and 27 ppb

during the measurement period of samples collected from WWTPs in Poland (Bylinski et al.,
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2019). Toluene is widely used in industrial environments and it can be easily biodegraded under
aerobic conditions (Wilson et al., 1994). This might explain the high emissions of toluene from
UDSS. In addition, the very high concentration of toluene might be associated with a specific
industrial discharge to these WWTPs. Moreover, Chiriac et al., (2011) reported that spices and

other household products are the main sources of toluene.

Other compounds such as C1oH12, C10H14, C1sHz22, C16H26 and C17H2s were emitted from
all samples. Such compounds were reported in SS samples (Bylinski et al., 2019; Fisher et al.,
2017; Kotowska & Isidorov, 2012; Nie et al., 2018; Nie et al., 2019, Rincon et al., 2019).
Benzene and its derivatives (e.g., CsHio and CgHz2), identified in SS using off-line GC-MS
measurements (Fisher et al., 2017; Kotowska & Isidorov, 2012), were found in our samples.
Toluene, benzene, ethylbenzene and xylene (BTEX) have been widely found in the gas-phase
emissions from SS (Wilson et al., 1994; Zhu et al., 2016). BTEX and CyH12, found in all our
samples, were frequently attributed to anthropogenic sources and reported inside farm
buildings (Ciganek & Neca, 2008; Kammer et al., 2020). BTEX was produced in large
quantities and is extensively employed in a broad spectrum of industrial applications, primarily
as solvents, components of gasoline, and in the production of other chemicals. For example,
toluene is present in many consumer products, including household aerosols, paints, varnishes,
adhesives and glues (Mrowiec et al., 2005). Five PAHs with 7 < DBE < 8 showed the lowest
emission fluxes among all HC. Among all PAHSs, only C1sH1s was identified in SS samples as
1,6-dimethyl-4-(1-metyhylethyl) naphthalene (Kotowska & Isidorov, 2012).

3.4.2. Volatile organic sulphur compounds (VOSCs)

Sulphur in the sludge mainly exists in the form of organic sulphur or sulphur oxides, such as
thioamino acids, sulphonic acids and sulphate (Xue et al., 2021). The emission of sulphur
compounds could be associated with the biodegradation of sulphur-containing amino acids
such as methionine and cysteine (Higgins et al., 2003; Mackie et al., 1998; Schiavon et al.,
2017). This conversion leads to the formation of volatile organic sulphur compounds VOSCs
and H.S under anaerobic conditions (Du & Parker, 2012). In this work, twenty-five detected
peaks were assigned as VOSCs. UDSS and SS 30% showed higher emission fluxes of VOSCs
compared to the other samples (Table 3.2).

A compound detected at m/z 63.02 was assigned to the protonated form of CoHsSH™.
C2HeS was emitted from all samples except SS 60%. It was identified as dimethyl sulphide
(DMS) and the most abundant VOSC in UDSS (604 + 311 pg m3) and SS 30% (241 + 109 ug

m~3). CH4S was emitted from all samples and identified as methanethiol (or mercaptan) in SS
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(Bylinski et al., 2019; Fisher et al., 2017; Nie et al., 2018). It was the second most abundant
VOSC in UDSS (304 + 112 pg m3). CH.S; and C2HsS2 were emitted from UDSS and SS 30%.
C2HeS2, identified as dimethyl disulphide (DMDS) in SS (Bylinski et al., 2019; Fisher et al.,
2017), was measured in this work with an average concentration of 72 + 18 and 57 + 12 ug m3
in UDSS and SS 30%, respectively. It was around half the average concentration measured by
Nie et al., (2019); 144 + 37 ug m2. This difference might be related to the high photochemical
reactivity of DMDS, thus it would be expected that most of DMDS could be lost prior to sample
introduction into the chamber. In addition, DMDS was found to be the dominant pollutant in
other studies (Ding et al., 2015; Duan et al., 2014). C2HeS3 and CH403S, identified as dimethyl
trisulphide (DMTS) and methane sulphonic acid, respectively in SS (Fisher et al., 2017), were
emitted from UDSS and SS 30%. Yao et al., (2019) reported the dominance of methanethiol
and DMS among the sulphur compounds in municipal solid waste disposal plants. In the current
study, CH4S (methanethiol), C2HsS (DMS), CH.S> and C2HeS2 (DMDS) constituted 96% and
91% of total VOSC emission flux in UDSS and SS 30%, respectively. These VOSCs have been
selected as core indicators for odour nuisance in SS (Bylinski et al., 2019; Fisher et al., 2017;
Nie et al., 2018). This might explain the intense odour of UDSS sample as those compounds

were highly emitted from this sample.

3.4.3. Oxygenated volatile organic compounds (OVOCs)

In this work, 104 VOCs were assigned as OVOCs. Their highest emission flux was observed
in SS 60%, followed by DSS, UDSS and SS 30% (Table 3.2). Among OVOCs, 59% of
compounds contained one O atom, 30% contained two O atoms and 6% and 5% included three
and four O atoms, respectively. This indicated that the emitted OVOCs were not highly
oxidized. Accordingly, OVOCs were classified into different groups based on the number of
O atoms in the molecular formula. The first group of compounds having the molecular formula
CnH2nO and characterized by CH. repetitive unit was tentatively identified as carbonyl
compounds (i.e. aldehydes or ketones). The second group included compounds with molecular
formula CnH2n-2O and were either unsaturated or cyclic carbonyl compounds. The last group

of compounds (CnH2nO2) were either carboxylic acids or esters.

A compound detected at m/z 45.03 was assigned as C,H4OH™. C2H10 was emitted from
all samples with high emissions from SS 60% (14.87 + 8.35 ug m2min‘t). This compound was
identified in stabilized dewatered sludge and anaerobically stabilized biosolids as acetaldehyde
(Bylinski et al., 2019; Fisher et al., 2017). Two compounds at m/z 33.03 and m/z 47.05 were
assigned as CH4OH™ and CoHsOH", respectively. CH1O was emitted from all samples except
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SS 30%. It showed a relatively high emission flux from SS 60% (7.42 + 4.19 pg m 2 min™)
when compared with DSS and SS 60%. C2HeO was only emitted from DSS and SS 60%. CH4O
and C,HsO were identified in SS as methanol and ethanol, respectively (Bylinski et al., 2019;
Fisher et al., 2017; Kotowska & Isidorov, 2012). Methanol and ethanol were the end products
of various organic metabolic processes (Kotowska & Isidorov, 2012). Methanol was found in
green waste as the most relevant alcohol and it was an intermediate product of microbial
metabolism of wood and plants (Rincén et al., 2019). C3sHeO (m/z 59.05) was emitted from all
samples and identified as acetone. It was reported to be the most abundant OVOC in SS
samples (Bylinski et al., 2019; Fisher et al., 2017; Kotowska & Isidorov, 2012; Nie et al., 2018).
Another compound CsHgO (m/z 73.06) was emitted from all our samples and identified as 2-
butanone (Bylinski et al., 2019; Fisher et al., 2017; Harrison et al., 2006; Nie et al., 2018). The
concentrations of C4HsO in this work were comparable with that measured in SS analyzed at
different processing units of the composting plant (< 200 ng m~3) (Nie et al., 2019). C2H402
(m/z 61.03) was emitted from all samples and it was identified as acetic acid in SS samples
(Bylinski et al., 2019; Fisher et al., 2017). Acetic acid was one of the main VOC contributors
in composting gas emissions of SS and it could be associated with anoxic conditions and partial
anaerobic organic matter degradation (Bylinski et al., 2019). The emission of OVOCs is
primarily caused by the breakdown of lipids and proteins during composting (Mackie et al.,
1998). In addition, the decomposition by-products of easily degradable organic matter in waste
were the potential sources of OVOCs (Scaglia et al., 2011). In the current study, the highest
OVOC emission fluxes were found in SS 60%, collected at the last step of SS treatment. Our
findings agreed with other studies, where the OVOCs dominated the emissions during waste
maturation and from sludge obtained at the last steps of treatment (Davoli et al., 2003; Nie et
al., 2019).

Three ions detected at m/z 95.05, 123.08 and 109.06 were assigned as CsHsOH",
CsH10OH™ and C7HsOH™, respectively. Those compounds (CsHsO, CgH100 and C7HgO) were
emitted from UDSS. C7HsO was identified as 3-methylphenol (Harrison et al., 2006; Kotowska
& Isidorov, 2012) or cresol (Mackie et al., 1998). CeHsO and CgH100 were identified as phenol
and 2-ethylphenol, respectively (Mackie et al., 1998). Cresol, phenol and 2-ethylphenol were
known to be associated with urea and feces as a result of the metabolic degradation of aromatic
amino acid tyrosine (Chen et al., 2004; Mackie et al., 1998). Thus, the three compounds were

of identical biological origin. This could explain the exclusive emissions of CsHsO along with
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C7HgO and CgH100 from UDSS. Therefore, these compounds could be considered as emission
tracers for UDSS.

3.4.4. Nitrogenated organic compounds

Thirty-six nitrogenated compounds were found in this study (Figure 3.5, b). Among them,
only one compound was emitted from all samples (CoH11N, m/z 134.10) and 26 compounds
were emitted only from UDSS. The maximum emission fluxes of N-compounds were observed
in UDSS (4.77 + 1.47 ug m 2 min) and the other samples showed almost the same levels
(Table 3.2). CsHgN (m/z 60.08) was emitted from all samples except UDSS. This compound
showed the maximum emission flux in SS 60% at 0.398 + 0.215 pg m 2 min*t. C3HgN was
identified in SS samples as trimethyl amine (TMA) by TD-GC-MS (Fisher et al., 2017;
Kotowska & Isidorov, 2012). Rosenfeld et al., (2001) reported that TMA was produced from
the biological degradation of proteins and emitted from land application of dewatered sludge.
This is consistent with our results as TMA showed higher emissions from SS 60% compared
to SS 30% and DSS. The presence of TMA in sludge subjected to dewatering might be due to
the degradation of polymers used in this process as suggested by Fisher et al., (2017). In
addition, animal excrements such as feces and urine released large amounts of TMA into the

atmosphere (Sintermann et al., 2014).

Several N-compounds were tentatively identified as small amines such as CzHsN,
C2H7N and CzHgN. Others were associated with one or more aromatic rings and belong to
indoles, pyridine, quinolone, etc (e.g., C7HoN, CoH1uiN, CsHsN and CisHi3N). The ions
C2H3NH", CsHsNH™ and C7HsNH* were assigned to acetonitrile, pyridine and benzonitrile,
respectively (Bylinski, et al., 2019; Fisher et al., 2017). Two volatile organic aromatic
compounds assigned to the protonated form of CogHgNH* (m/z 132.08) and CgH7NH* (m/z
118.06) were emitted from all samples except DSS. The highest emission flux of these two
compounds was in UDSS. CgH7N and CeHgN were identified as indole and skatole (3-mehyl
indole), respectively (Ciuraru et al., 2021; Gebicki et al., 2016; Mackie et al., 1998; Ni et al.,
2012). Indole and skatole were the major end-products of tryptophan metabolism (Mackie et
al., 1998). They have been selected as major malodorous compounds that contributed to the
strong odour nuisance in animal waste facilities and SS treatment plants (Gebicki et al., 2016;
Ni et al., 2012).
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3.4.5. Other gas phase emissions

Several compounds containing more than one heteroatom in their molecular formula were
found in this work. Among these, significant concentrations of compounds containing both N
and O atoms (N&O-compounds) were detected. The emission fluxes of N&O-compounds were
the highest in DSS (11.54 + 2.85 pg m2min), followed by SS 60% (5.63 + 0.68 pg m 2 min-
1), UDSS (5.60 + 0.4 ug m2min) and SS 30% (5.48 + 0.59 pg m2min). CeH11NO (m/z
114.09) was identified as caprolactam, which is a cyclic amide of caproic acid (Kotowska &
Isidorov, 2012). It was emitted from DSS only with a concentration of 3.71 + 0.89 ug m™>.
C12H15N306 was emitted from all samples with emission flux < 0.5 ug m~2min* and identified

as a fragrance material (Harrison et al., 2006).

In addition to VOC measurements, the mixing ratio of SO, emitted from each sample
was measured. The results showed that UDSS was characterized by the highest SO, emissions
(4.5 ppb), which was almost double compared to DSS (2.6 ppb), SS 30% (2.6 ppb) and SS 60%
(2.1 ppb). Moreover, in our study, NHz emissions were measured only for DSS. The average
mixing ratio of NHz emitted from DSS was 3239 ppm. Lim et al., (2018) reported NHs as one

of the main odour compounds.

3.4.6. Impact of treatment stage on VOC emissions

The impact of SS treatment at the level of the WWTP is illustrated in Table 3.4. Our results
showed that the anaerobic digestion decreased the total nhumber of emitted VOCs and the
dewatering step had little impact. This impact was also observed on the number of emission
tracers, where UDSS showed the maximum number (93) compared with the anaerobically
digested and dewatered samples. Chen et al., (2014) studied the impact of the SS drying process
on odour and VOC emissions. The authors illustrated that the total organic compounds in the
sludge were significantly lower after drying. In this work, the total emission flux of VOCs
increased with the increase in the dry matter content. For instance, DSS had the lowest dry
matter content (2.3%) and showed the lowest emission flux of VOCs. However, after
dewatering to reach 60% of dryness, the emission flux of VOCs was the highest. This was
interrelated to the highest organic matter content in this sample (60.4%) (Table 3.3). The HC

emission flux increased with the increase in the dry matter of the sample (Table 3.2).

92



Chapter 3. Sewage sludge emissions

Table 3.4 The tendency of VOC variation based on the treatment step and dry matter content.

Number Number of Total emission VOC chemical class
of VOCs emission flux of VOCs

tracers
Anaerobic digestion ! ! - | Aromatics, | VOSC,
-ovocC
Dewatering to 30% - - 1 1 Aromatics, T VOSC,
dryness -0OvOoC
Dewatering to 60% - - 1 1 Aromatics, | VOSC,
dryness 1 OVOC
Dry matter content (1) ! l 1 1 Aromatics, | VOSC,
1 0VOC

(}): decrease, (1) increase, (-) no or little impact.

The emissions of aromatic HC were comparable between UDSS and dewatered sludge, while
in DSS it was almost one-third lower. This indicated that anaerobic digestion reduced the
aromatic compound emissions, while dewatering had a lower impact. This reduction could
result from their biodegradation during the treatment process. Anaerobic digestion uses the
process of fermentation to break down organic matter from SS in order to produce biogas. The
anaerobic digestion leads finally to Hz, CH4 and CO2 as the desired products, while organic
acids, NHs, H2S are intermediate products. It starts with hydrolysis, follows with acidogenesis
and acetogenesis, and finishes with methanogenesis (Du & Parker, 2012). These processes
might produce HC either by the reduction of CO: or by the reduction of organic acids. During
hydrolysis the complex organic compounds are solubilized and converted into smaller size
organic compounds (Di Capua et al., 2020). These processes break down the chemical

compounds to produce HC.

Anaerobic digestion decreased the VOSC emissions by 96%. The reduction in VOSC
emissions could be explained either by their loss during the anaerobic digestion treatment
process or their degradation by bacterial action. The emissions of VOSCs from SS 30%
increased by 92% then decreased (in SS 60%). Sulphur compounds might not totally be lost
but incorporated in the sludge by bacterial action during anaerobic digestion.

The impact of dry matter was illustrated upon a comparison between dewatered
samples. SS 30% showed higher emissions of VOSCs compared to SS 60%. Gomez-Rico et
al., (2008) have reported that the temperature does not have a significant effect on the number
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of identified compounds nor on the total yield of VOCs found. This is consistent with our
results as both dewatered sludge showed comparable total number of emitted VOCs.
Moreover, Gomez-Rico et al., (2008) reported the impact of the temperature on the yield of
individual compounds such as sulphur compounds. The emission of sulphur compounds
increased with the increase in the temperature during SS treatment (Mrowiec et al., 2005). This
phenomenon has also been explained by Ding et al., (2015) who studied the effect of thermal
drying temperature and processing time on VOC emissions from sludge. This study revealed
that higher emissions of pollutants and VOSCs were observed at higher drying temperatures.
In addition, the concentration of odours, total VOCs and amines changed with the drying
temperature (Ding et al., 2015). A similar aspect was also reported by Deng et al., (2009) where
the authors investigated the VOCs released during the sludge drying process under 140 — 170
°C. Consequently, the higher drying temperature leads to higher emissions of pollutants and
odorants. This agrees with our results as SS 30% showed higher VOSC emissions than SS 60%.
SS 30% might be subjected to lower drying temperature compared to SS 60%, which resulted
in higher emissions of VOSCs from SS 60% during the dewatering step. Both samples emitted
lower sulphur compounds with respect to UDSS. This indicated that a big part of soluble
fractions of sulphur form was separated from the sludge during dewatering, thus dewatered

sludge contained less sulphur than the raw sludge.

The high contribution of OVOCs in SS 60% could be explained by more heterogeneous
oxidation reactions occurring at the sample surface. Thus, the composition of gas-phase
emissions from dewatered sludge was affected by the sludge characteristics, moisture content,
and drying conditions, such as temperature, time and drying process type. The thermal drying
of SS could involve the release of VOCs that were contained in the sludge and evaporated due
to thermal effect (Anderson et al., 2002; C. Gross, 1993; Gomez-Rico et al., 2008). Several
studies investigated the gas-phase emissions during the thermal drying process (Anderson et
al., 2002; Deng et al., 2009; Ding et al., 2015; Gomez-Rico et al., 2008), but to our knowledge,
detailed quantitative and qualitative research on the VOC emissions from sludge subjected to
dewatering treatment have not been investigated yet. Such characteristics may be important for
agricultural purposes. The four types of analyzed SS can be applied in agricultural field,
however the way and amounts of applied sludge depends on the soil, crop, local conditions and

government regulations.
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3.5.  Conclusions and environmental implications

This study gives comprehensive qualitative and quantitative information on VOCs emitted by
SS. We showed that SS samples emitted a large spectrum of VOCs. In this work, 380
compounds were detected and quantified, with 81 compounds commonly found in all samples.
The assigned VOCs were classified into the following chemical groups: hydrocarbons,
oxygenated, sulphuric, nitrogenated and “other” compounds (containing distinct heteroatoms
in the molecular formula). Different sub-classes of HC were identified using the DBE method,
which is applied for the first time on PTR mass spectra. Some aliphatic and alicyclic
compounds, many aromatic HC and terpenes were found. From the DBE analysis, the
efficiency of this method to simplify the analysis of a complex mixture through classification
was illustrated. HC showed maximum emissions among all VOCs in all samples. OVOCs were

dominant in SS 60% while VOSC showed elevated emissions from UDSS.

The total VOC emissions increased with the increase in the dry matter and organic
matter contents of SS samples. Several sulphur compounds found in our samples (e.g., DMS,
DMDS, methanethiol, etc) can participate in the (photo)chemical reactions in the atmosphere
(Shon et al., 2005). The emissions of sulphur compounds were reduced after the anaerobic
digestion and dewatering to higher degrees of dryness (60%). The results showed that
anaerobic digestion and dewatering had positive impacts in decreasing the potential emissions
of VOSC and aromatic compounds that can serve as SOA precursors and affect the atmospheric
chemistry. For example, terpenes such as limonene were found in this work. Limonene, which
has a high level of chemical reactivity (Ni et al., 2015; Nie et al., 2019), contributes to the
atmospheric reactivity of VOCs and contributes to ozone and aerosol formation in atmosphere
(Ni et al., 2015; Nie et al., 2019). Moreover, amines (TMA), indoles and skatole can be
important species for atmospheric chemistry, as they can lead to secondary organic aerosol
formation (Ciuraru et al., 2021; Yao et al., 2018; Yu et al., 2012). Recently, skatole emitted
from UDSS at emission flux of 50 pg m2min™ was demonstrated as a key gas-phase precursor
for SOA formation in the presence of ozone and SO (Ciuraru et al., 2021). Accordingly, the
significant emissions of skatole from UDSS can contribute to particle formation in the presence
of photo-oxidants (such as ozone) as this sample also emitted significant amount of SO»
compared to the other three samples.

Laboratory measurements using atmospheric simulation chambers can provide
information to support field measurements and recommendations for VOC abatement in

WWTPs. The results of this work provide an accurate inventory reference for the VOC
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emissions from SS samples. The comparability of SS emissions at different treatment stages
helps identify the impact of sludge treatment at WWTPs on VOC emissions. The
environmental risk of land-applied sludge might be reduced upon treatment due to the decrease
of individual VOC emissions.
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Chapter 4

Online and offline chemical characterization of volatile organic
compounds emitted by animal manure

4.1. Introduction

Manure is an organic matter that is used as organic fertilizer and soil conditioner in agriculture
(Tester, 1990). High attention has been raised on the odorous gases produced from animal
manure due to the increasing number in animal husbandries (Woodbury et al., 2014). Common
forms of animal manure include farmyard manure (FYM) or farm slurry (liquid manure).
Agricultural manure in liquid form, known as slurry, is produced by more intensive livestock

rearing systems where concrete or slats are used, instead of straw bedding (Liu et al., 2018).

Land application of animal manure is a source of very complex mixtures of pollutants
such as dust, bacteria, mold, endotoxins, GHG, NHs and PM that can affect air quality on local
and regional scales (Woodbury et al., 2014). Methane (CHa4) and nitrogen oxides (NOy) are the
major products resulting from manure degradation, while methane contributes to the
accumulation of GHG in troposphere (Mackie et al., 1998). Livestock is also a strong emitter
of carbon dioxide (COz) (Hempel et al., 2016) and NH3z (Schmithausen et al., 2018; Yao et al.,
2018). Zhang et al., (2017) suggested that manure nitrogen production at a global scale is
expected to increase due to the growing demand of livestock population with a high impact on
GHG balance in terrestrial ecosystems. In Europe, agriculture contributes to more than 90% of
total nitrogen emissions, with animal manure constituting the main source of NHz (EEA, 2008).
NHs from agricultural activities has become a public concern as it impacts health and can cause
acidity of the natural environment and formation of atmospheric aerosols (Atkinson, 2000;
Kammer et al., 2020; Mackie et al., 1998). Animals consume considerable amounts of protein
and other nitrogenated compounds with their feed. A portion of this protein is deposited into
the body or secreted in milk, meat or eggs. However, the conversion of feed to animal product
is often inefficient, with 50 - 80% of the nitrogen being excreted in animal feces and urine
(Mackie et al., 1998). Nitrogen excreted in feces originated from feed and endogenous sources.
The nitrogen excreted from undigested feed or endogenous sources is mainly in the form of
protein (amino acids). The fecal nitrogen is 50% organic nitrogen and 50% NHs. After
excretion, nitrogenated compounds in the mixture of feces and urine undergo degradation by
bacterial effect (Mackie et al., 1998).
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Beside the valuable use of manure as fertilizer, in the last decades, animal manure has
been considered as a pollutant and a nuisance as a result of intensive animal production and the
diversity in the composition of manure (Williams, 1995). Environmental pollution from animal
manure has become a global concern and is much serious in countries having a high number
of animals with a limited land base for manure disposal. Land application of excessive
quantities of nutrients affects negatively on air and water contaminations. For instance, N
leaching is a major N pollution concern on livestock farms and P entering surface waters from
land application of animal manure can stimulate the growth of algae and aquatic plants (Mackie
etal., 1998).

In Europe, agriculture contributes to more than 90% of total nitrogen emissions, with
animal manure constituting the main source of ammonia (European Environment Agency
(EEA), 2008). NHs from agricultural activities has become a public concern as it impacts health
and can cause acidity of the natural environment and formation of atmospheric aerosols
(Atkinson, 2000; Kammer et al., 2020; Mackie et al., 1998). In addition to ammonia,
application of manure is a source of odor nuisance and several techniques, such as direct slurry
injection into the soil have been introduced to reduce the odorant emissions (Feilberg et al.,
2010). When manure undergoing degradation has a surface exposed to atmosphere, volatile
products and intermediates are emitted into the environment (Mackie et al., 1998). The odors
generated from manure and its decomposition during collection, handling, and storage and
spreading are considered offensive. Under moisture and temperature conditions, manure is
subjected to anaerobic digestion and results in the generation of odorous volatile compounds
(Mackie et al., 1998). Anaerobic digestion of animal manure before its use as a fertilizer has
positive impact, as the obtained digestate has higher proportions of mineralized plant-available
nutrients than untreated manure. Moreover, digestion results in a significant odor reduction as

reviewed by Insam et al., (2015).

The odorant emissions consist of a complex mixture of VOCs and hydrogen sulphide
(H2S), which adversely affect air quality and health risks (Ciganek & Neca, 2008; Feilberg et
al., 2010; Woodbury et al., 2014). Mackie et al., (1998) has reported that the incomplete
anaerobic fermentation of waste by bacteria is the main source of odorant VOC emissions. The
emitted VOCs belong to six major chemical groups: VFA, volatile amines, indoles, phenols
and sulphur compounds (Feilberg et al., 2010, 2011; Mackie et al., 1998; Woodbury et al.,

2014, 2022). Increasing and significant progress has been made in recent years in research of
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VOC emissions from livestock production. Several technologies were developed and applied

for more efficient VOC sampling and measurements.

To achieve a complete screening of VOCs, it is recommended to conduct studies
combining both on-line (PTR-MS) and off-line (GC-MS) techniques (Ni et al., 2012). VOCs
emissions from intensive pig production have been investigated using the combination of on-
line and off-line techniques, but the range of detected compounds was limited due to the use of
a quadrupole PTR-MS (Feilberg et al., 2010). A complete VOC identification list was proposed
in few studies (Ciganek & Neca, 2008; Schiffman et al., 2001; Yuan et al., 2017) and there are
also a limited number of investigations on the VOC emission factors and fluxes from farm
buildings and animal manure samples under laboratory conditions. Most of the reported studies
to date have dealt with pig, dairy or poultry farming, but little is known about other livestock.
Ni et al., (2012) reviewed 100 studies of VOC emissions at swine facilities and there are three
studies dealing with VOC emissions from sheep farming (Kammer et al., 2020; Ngwabie et al.,
2007; Yuan et al., 2017). In a recent field measurement campaign, more than 400 VOCs were
characterized using the online and offline mass spectrometric techniques (Kammer et al.,
2020). The results showed that the diary stable emitted more VOCs than the sheep pen, with a
maximum emission of oxygenated compounds and hydrocarbons. The authors identified
emission tracers for each pen and highlighted the sources of VOC emissions by correlation
analysis. This was the first study that evaluated the emission rates for most of the identified
VOCs, and the authors suggested more studies in different periods and farms about emissions
(Kammer et al., 2020). Beside the full scale field trials, emissions can be studied at laboratory
scale using small model systems with an artificial air exchange that can be designed to simulate
ambient conditions as far as possible (Dorno et al., 2013). This is useful for investigating
emission fluxes under controlled laboratory conditions and obtaining qualitative and
quantitative data for gaseous emissions from animal manure. This detailed chemical analysis
IS necessary to assess suitable odor abatement technologies and to study the atmospheric
reactivity of the VOCs. This can be developed from more knowledge regarding the chemical
characterisation of VOCs emitted from manure and their reactivity with photo-oxidants (e.g.,
OH radicals and O3).

In this context, an experimental study was performed on different types of animal
manure samples (cow, horse, sheep and goat) in order to assess an inventory of VOCs produced
by these animal manures. The aim of our laboratory study was to thoroughly investigate,

identify and quantify the VOCs emitted by the samples. The chemical composition of VOCs
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using atmospheric simulation chambers under controlled laboratory conditions combined to
on-line (Proton Transfer Reaction-Quadrupole ion guide-Time of Flight Mass Spectrometry,
PTR-QITOF-MS) and off-line (Thermal Desorption-Gas Chromatography-Mass
Spectrometry, TD-GC-MS) measurements were explored.

4.2. Materials and Methods

Four animal manure samples (horse, cow, sheep and goat manures) shown in Figure 2.2
collected from a farm located in Grignon, France were analyzed. The samples were stored at
4 °C before the experiments. The samples were analyzed using the two chambers described in
Section 2.2: 0.03 m® and 0.18 m®. Three replicates were performed for each sample. Two
experiments were in the 0.18 m* chamber with 1 kg of the sample spread uniformly on 0.32 m?
surface area. The third experiment was performed in the 0.03 m® chamber with 500 g of sample
spread on 0.14 m? surface area. The thickness of the spread sample was 3-4 mm. The
experiments were performed using the same protocol described in Section 2.2. The emitted
VOCs were analyzed online by PTR-QiTOF-MS and were also trapped on Tenax TA cartridges
(at 0.5 L min! for 60 — 90 minutes) for offline TD-GC-MS analysis. The principles of operation
of these mass spectrometric techniques were described in Section 2.3. In parallel to these
experiments, we regularly performed blank tests without sample and blank cartridges were
analyzed using TD-GC-MS to check the impurities. The amounts of SOz (model 43C, Thermo
Environmental Instruments) and NHz (Picarro G2103) emitted by the sample and the relative
humidity (RH) were monitored. The principle of operation of each instrument is described in
Section 2.2.

In this work, the PTR-QiTOF-MS was operated under standard drift tube conditions (4
mbar and 80 °C) using a drift voltage of 1000 V, which gives an E/N number of 132 Td. Raw
PTR-QiTOF-MS data were processed using the methodology described in Section 2.5. From
each experiment, a mass spectrum (average of 120 mass spectra) was extracted from the region
where the signal was stable (e.g., Figure 2.15). The same procedure was applied for the three
replicates. The S/N > 3.0 peak list was constructed using the mMass software (Strohalm et al.,
2010). The mass range chosen for analysis was between m/z 31 and 400. Signals identified as
instrumental background or related to water clusters such as m/z 37.03, m/z 38.03, m/z 39.03
and m/z 55.03 were excluded from the data analysis. The PTR viewer 3.2.12 software (lonicon
analytik GmbH) was used to identify the chemical molecular formula corresponding to each
protonated molecular ion in the peak lists following the procedure described in Section 2.5.2.
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Following this step, the averaged mass spectra were used to calculate the average mass

concentration and emission flux of the emitted compounds (details in Section 2.5.3).

The PTR-QITOF mass spectra were compared using principal component analysis.
Statistical analysis of the emitted VOCs were performed to identify the chemical compounds
that characterize the differences between the samples and mark the chemical compounds for
each manure type. In this work, PCA was performed with a matrix containing the integrated
peak areas (variables) against the mass spectra (observations) using Python. For more details

on statistical analysis, see Section 2.5.4.

4.3. Results
4.3.1. Detection of VOCs by PTR-QiTOF-MS

A dataset consisting of gas-phase emissions as a function of time was obtained for each type
of manure by PTR-QiTOF-MS. An example of PTR-QiTOF mass spectrum for each sample is
illustrated in Figure 4.1. The x-axis is the detected protonated m/z and the y-axis represents the
signal in counts per second (cps). The mass range shown is from m/z 40 to 250, since most of

the assigned VOCs belong to this region.

Following the procedure described in Section 2.5.2, the vast majority of the detected
peaks (> 90%) were assigned to a suitable molecular formula and only a few were unassigned
(Table 4.1). For instance, the peak list corresponding to cow manure included 255 mass peaks.
Among those, 233 mass peaks were assigned based on the criteria described in Section 2.5.2.
The assigned peaks corresponded to either a VOC (224 VOCs) or its °C isotopic peak (9
peaks). For cow manure, only 22 mass peaks were unassigned to a molecular formula and
designated as unknown compounds. The average mass uncertainty of all assignments among
the four samples was less than 30 ppm. The total number of assigned VOCs in cow, horse, goat
and sheep manures were 224, 233, 254 and 257, respectively. Only the assigned VOCs were
considered for further data analysis, which includes chemical classification, quantification and

statistical analysis.
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Figure 4.1 PTR-QIiTOF average mass spectrum for (a) cow, (b) horse, (c) goat and (d) sheep
manures. The m/z [40-250] range is shown. A zoomed in portion for mass range m/z 80-200 is
illustrated for each spectrum for better representation. All the assigned molecular formulas

are protonated VOCH™. The average mass resolution for each spectrum is shown.

Table 4.1 PTR-QiTOF-MS results for animal manure samples analysis. The numbers in bold

correspond to the total number of assigned VOCs in each sample.

Manure # of # of # of # of peaks # of peaks Average
type detected assigned unassigned corresponding corresponding mass
peaks peaks peaks to VOCs to 13C isotope  uncertainty

(ppm)
Cow 255 233 22 224 9 ~29
Horse 243 235 8 233 2 ~13
Goat 274 258 16 254 4 ~ 16
Sheep 276 262 14 257 5 ~17

The bar graph illustrated in Figure 4.2 shows the total number of VOCs detected and quantified

using PTR-QITOF-MS as well as the number of compounds exclusively emitted by every
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manure sample. In this work, 385 compounds were detected and quantified in all samples using
PTR-QIiTOF-MS, with 115 compounds commonly found in all samples. The list of assigned
385 VOCs detected in all samples is given in Annex 4, Table A.5. Among all samples, sheep
manure showed the highest number of VOCs (257 VOCs) with 25 compounds specific for this
sample. Comparable emissions with sheep manure were observed from goat manure, with 254
VOCs and 21 specific compounds. Cow manure emitted 224 compounds and showed the
highest number of emission tracers (57 VOCs, Figure 4.2). 22 VOCs were specific for horse
manure emissions among the 233 assigned VOCs. Compounds that were exclusively emitted
by one sample could be interpreted as its emission tracers and are listed in Table A.5.
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animal manure sample

Figure 4.2 Bar graph showing the number of emission tracers for each sample detected and

quantified using PTR-QIiTOF-MS. The exact number with the sample name are displayed.

The assigned VOCs detected by PTR-QiTOF-MS were classified based on their
corresponding chemical group: hydrocarbons (HC), oxygenated compounds (O-compounds),
nitrogenated compounds (N-compounds), sulphur compounds (S-compounds), halogenated
compounds (including at least one halogen atom) and others (containing distinct heteroatoms
in their molecular formula). The number of compounds assigned to each chemical group is
illustrated in Figure 4.3. The distribution of the chemical families of VOCs varied among the
analyzed samples. Among all assigned VOCs, oxygenated compounds (or OVOCs) were the
dominant in all samples. The maximum number of emitted OVOCs was in sheep manure (90),
followed by goat, horse and cow manures, respectively. The number of assigned HC was

almost the same in all samples. The highest number of N-compounds was in goat manure. Cow
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manure showed the maximum number of S-compounds. A few number of halogenated

compounds was also found (< 1% of the assigned molecular formula).

Cow manure (224) Horse manure (233)  Goat manure (254)  Sheep manure (257)

0 HC B O-compounds Ml N-compounds Bl S-compounds [l Halogenated compounds Il Others

Figure 4.3 The number of compounds assigned for each chemical group in each sample using
PTR-QiTOF-MS. The total number of assigned VOCs is given in parentheses.

4.3.2. ldentification of VOCs by TD-GC-MS

The assignments of detected ions by PTR-QIiTOF-MS were based on TD-GC-MS
measurements performed for each sample and on the existing knowledge on emissions from
manure samples and livestock production from the literature. An example of gas chromatogram
obtained from TD-GC-MS analysis of the four manure samples is illustrated in Figure 4.4. In
this work, we used Tenax tubes for VOC trapping and all the detected compounds were in the
m/z range 40-500 except the two masses below m/z 40, represented by m/z 30 and 34 for

formaldehyde and hydrogen sulphide, respectively.

The TD-GC-MS results are given in Table 4.2. Using offline measurements, the VOCs
were identified based on their physico-chemical properties (e.g., boiling point), thus the
number of identified compounds was usually higher than the number of detected masses.
Accordingly, for each detected mass we could have different structural formula known as
isomers, i.e. compounds having the same molecular formula but different structural formula.
For instance, in sheep manure, 224 masses were detected which corresponded to 304 chemical
compounds. One example could be given for a mass 156.1514u with molecular formula
C10H200 corresponding to 3 isomers (2-decanone, 3-decanone, decanal). The total number of
identified compounds in cow, horse, goat and sheep manures were 307, 290, 300 and 304,
respectively.
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Figure 4.4 Gas chromatogram obtained from offline TD-GC-MS for (a) cow, (b) horse, (c)
goat, and (d) sheep manures. The x-axis represents the retention time (minutes) and the y-axis
represents the intensity (counts). Some chemical compounds identified based on their retention

time are displayed.

Table 4.2 The number of detected masses and identified compounds by TD-GC-MS analysis of

animal manure samples.

Manure type # of detected masses # of identified compounds
Cow 214 307
Horse 212 290
Goat 200 300
Sheep 224 304

Compounds identified in each sample using TD-GC-MS were classified based on their
chemical group, Figure 4.5. Similar chemical groups of compounds obtained for the assigned
VOCs by the PTR-QIiTOF-MS technique were found using TD-GC-MS analysis. The
distributions of the chemical families of identified compounds were roughly similar in the horse
and sheep manures, and slightly different from the other two samples. OVOCs dominated the
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identified compounds in all samples. Those OVOCs were identified as alcohol, ketone,
aldehyde, carboxylic acid, ester, etc. Comparable number of identified HC was found in horse,

goat and sheep manures and it was higher than that identified in cow manure.

Cow manure (307) Horse manure (290) Goat manure (300) Sheep manure (304)

I HC B O-compounds B N-compounds EE S-compounds BB Halogenated compounds BB Others

Figure 4.5 The distribution of compounds identified by TD-GC-MS among the chemical

groups. The total number of identified compounds is given in parentheses.

4.3.3. Comparison between measurement techniques

The combination between the PTR-QIiTOF-MS and TD-GC-MS techniques helped for
supplementary screening of VOC emitted from manure samples. The number of detected
masses in both techniques (Table 4.3) underlined the consistency of the identification process
considering that these measurement techniques are independent. For instance, using PTR-
QITOF-MS, 224 molecular formulas were successfully attributed in cow manure. 70 molecular
formulas among 224 detected by PTR-QiTOF-MS were also identified using off-line TD-GC-
MS. Note that according to TD-GC-MS, some molecular formulas identified with the PTR-
QITOF-MS corresponded to several compounds. For instance, the ion corresponding to m/z
127.112 was assigned to emission of CgH140 using PTR-QiTOF-MS. By TD-GC-MS analysis,
4 isomers were identified for this formula (6-methyl-5-hepten-2-one, 2,2,5-trimethyl-
cyclopentanone, 2-methyl-cycloheptanone and 3-methyl-3-hepten-2-one,). Thus, there were
certainly more compounds than the number of molecular formulas assigned with the PTR-
QIiTOF-MS.
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Table 4.3 Comparison between PTR-QiTOF-MS and TD-GC-MS techniques. The numbers of
masses and identified compounds by each technique are shown. The number of common masses

detected by both techniques is displayed.

Manure PTR-QiTOF-MS TD-GC-MS PTR-QiTOF-MS & TD-
type GC-MS
# of # of # of # of # of masses detected by
detected assigned detected identified both techniques
masses VOCs masses compounds
Cow 255 224 214 307 70
Horse 243 233 212 290 64
Goat 274 254 200 300 65
Sheep 276 257 224 304 66

4.3.4. Comparison between samples

The gas phase emissions from all samples measured by PTR-QiTOF-MS were compared using
PCA in order to classify the samples and uncover the similarities and differences between them.
Once the chemical formulas have been assigned and identified based on TD-GC-MS results,
the contribution of each compound, or group of highly correlated species, could be determined
with PCA. The majority of the variance within the data set is explained by only a few principal
components (PC) (compared to hundreds of initial variables), in this case the first two PCs
accounted for ~ 89% of the variance and were enough to discriminate between the four manure
types. Thus, the number of dimensions of the original data was reduced to two. The score plot
that represents the first PC (PC1) and second PC (PC2) is illustrated in Figure 4.6.

PC1 contributed to ~ 82% of the total dataset variability, thus it was able, on its own,
to separate all the samples. From the score plot, cow manure was isolated from other manures
and separated by PC1. However, PC2 separated horse and sheep manures from goat manure.
The contribution of mass peaks to each PC was represented by their loadings. Therefore, the
meaning of each component could be inferred from its corresponding loadings plot shown in
Figure 4.7 (PC1 — blue line, PC2 — brown line).
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Figure 4.6 Score plot of PC2 vs. PC1 for animal manure samples. The percentage contribution
of each PC to the total variance is given in parenthesis. The points of the same colour

correspond to data recorded for the same sample.

The positive value of PC1 (Figure 4.7, a) was associated primarily with the contribution of
oxygenated compounds “CxHyO” (e.g., alcohols, phenols, ketones, aldehydes) and
nitrogenated compounds “CxHyN” (e.g., trimethyl amine “CsHoN” and 3-methylindole -
skatole “CgoHoN"). PC1 received a high negative contribution from two sulphur compounds
(methanethiol “CH4S” and dimethyl sulphide “C2HsS”’). PC2 accounted only for 7% of the
variance and it received very small contribution of oxygenated and nitrogenated compounds.
The positive value of PC2 (Figure 4.7, b) was determined by the contribution of nitrogen- and
oxygen-containing compounds of molecular formula “ChHmOpNo” and sulphur compounds
“CxHyS;”. The negative value of PC2 was dominated by oxygenated and nitrogenated

compounds which showed high contribution to positive value of PC2.
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Figure 4.7 Loading plots for the (a) PC1 and (b) PC2 obtained from the PTR mass spectra of
animal manure samples. Chemical compounds contributing to positive and negative values of
each PC are shown. The protonated molecules (VOCH™) contributing to positive and negative
values of each PC are shown. Hydrocarbons (light red), oxygenated compounds (dark grey),
nitrogenated compounds (green), sulphur compounds (blue) and nitrogen- and oxygen-

containing compounds (pink) are displayed.

4.3.5. VOC emission characteristics

The mass concentration of the assigned VOCs was estimated based on their mixing ratio
obtained from PTR-QITOF-MS and considering the molecular weight of the compound. The
total mass concentration of each chemical group was calculated by summing the concentrations

of the individual compounds in each chemical group. The chemical groups contributed to a
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different extent to the total concentration of VOCs (Figure 4.8). The maximum concentrated
chemical group in all samples corresponded to OVOCs. The second most abundant group in
all samples corresponded to compounds that include distinct heteroatoms in their molecular
formula (other compounds). Comparable concentrations of HC and N-compounds were

observed in each sample.
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Figure 4.8 Mass concentration of each chemical group of compounds in each sample. The
error bars shown in the figure represent the standard deviation of the average mass

concentration obtained from the three replicates of each sample.

The total emission flux of all assigned VOCs was calculated. The highest VOC emission fluxes
were observed for the cow manure with 66 + 26 pg m2 min, followed by goat, sheep and
horse manures with 32 + 5, 31 + 11, and 25 + 5 ug m2min, respectively. Table 4.4 shows the
total emission flux of each chemical group. Cow manure showed higher emission fluxes of
VOCs compared with other samples; specifically, OVOCs and HC showed maximum
emissions from cow manure (36 + 19 ug m2min*tand 10 + 2 ug m2min, respectively), and
their emissions from the other samples were comparable. The emission flux of N-compounds
was as follows: cow > goat > horse or sheep manures. The compounds designated as others
were highly emitted from cow manure (12.59 + 2.18 pg m min), compared to the other
samples. Little emissions of sulphur and halogenated compounds were observed from all

samples.

110



Chapter 4. Animal manure emissions

Table 4.4 Total emission flux of each chemical group found in manure samples. The standard

deviation of the average emission flux obtained from the three replicates of each sample is

displayed.
Manure Total emission flux of each chemical group (ug m? min-t)
type
HC O- N- S- Other Halogenated
compounds compounds compounds  compounds  compounds
Cow 102 36+19 721+184 086+0.12 1259+218 0.28+0.05

Horse 4.29+0.21 11+3 280+047 086+0.12 6.30+1.09 0.34+0.05
Sheep 4.62 +1.63 12+5 293+106 086+0.12 951+321 0.21+0.07
Goat 4.92 +0.66 13+2 441+063 033+014 864+136 0.28+0.05

The assigned OVOCs were further sub-classified by the number of oxygen atoms in the
molecular formula. Around half of the assigned OVOCs in horse, sheep and goat manures
contained one oxygen atom with molecular formula CxHyO; however, they constituted 77% in
the cow manure. The percentage contribution of each OVOC class was calculated and is
displayed in Figure 4.9.
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Figure 4.9 Contribution of each OVOC sub-class to total OVOC emission flux from each
sample. The legend shows the colour used for each subclass represented by a general

molecular formula.

Cow manure showed different distribution of OVOCs by their number of oxygen atoms

compared to the other three samples. Compounds containing one oxygen atom with molecular
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formula CxHyO showed maximum emission flux from cow manure, while its contribution to
OVOCs in the other three samples was comparable. Compounds with two oxygen atoms with
molecular formula CxHyO2 showed similar contribution to OVOC emission fluxes in horse,
sheep and goat manures. Very low contribution from compounds containing more than two

oxygen atoms were observed in samples.

4.4. Discussion

The gas phase was analyzed using PTR-QiTOF-MS and TD-GC-MS. The TD-GC-MS data
was mainly used for the assignment of m/z values detected in PTR-QiTOF-MS to specific
compounds and to provide additional chemical identification of the VOCs. The detected VOCs
were classified into six chemical groups (1) HC, (2) Oxygenated, (3) Nitrogenated, (4) Sulphur
(5) Halogenated and (6) Other compounds. Beside VOCs analysis, other gas phase
measurements, for instance SO, H20 and NH3z emissions, were also performed for each sample
(Table 4.5). In the following Sections, the results are discussed based on the chemical family
of VOCs with more focus on some compounds that are considered characteristic emissions
from manure and important for atmospheric chemistry. The results under discussion were

compared with the literature.

Table 4.5 Average RH, NHz and SO, emission concentrations for each manure sample.

Manure type RH (%) NHs (ppb) SO: (ppb)
Cow 2.02 7093 3.84
Horse 1.75 6352 1.02
Sheep 1.59 18278 1.28
Goat 1.59 10225 9.45

4.4.1. Hydrocarbons

A total of 88 HC have been detected using online and/or offline methods in animal manure
samples. Among the 88 HC, 27 compounds were detected using PTR-QIiTOF-MS, 34
compounds were identified by TD-GC-MS and 27 compounds were detected using both
techniques. The DBE analysis described in Section 2.5.5 was performed on the 88 HC found
in this work. For each HC, the DBE value was calculated and the plot DBE versus the number
of carbon atoms is illustrated in Figure 4.10. The obtained DBE values ranged from 0 to 10.
HC with DBE = 0 are identified using TD-GC-MS as linear alkanes. Examples such as 3-
methyl hexane (C7H16), 3-methyl pentane (CsHai4), 6-methyl tridecane (Ci4Hso), hexadecane
(C16Hs34), pentadecane (CisHs2), etc. were detected using TD-GC-MS analysis. Those
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compounds which were not detected using PTR-QIiTOF-MS as linear alkanes (with high
masses) have lower PA than water. This explained their detection only using TD-GC-MS
which is based on the physical properties of a compound (i.e. boiling point) and not their PAs,
which is the main condition for the proton transfer reaction to occur in the drift tube.
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Figure 4.10 DBE vs. the number of carbon atoms plot for the HC emitted from manure samples

and detected using PTR-QIiTOF-MS (blue circles), TD-GC-MS (green squares) and both

techniques (red triangles).

Using DBE analysis, HC were classified into different sub-classes with the same DBE value
but different alkylation degree (compounds situated in the same straight line in Figure 4.10).
Compounds with DBE=1 were either alkenes or cycloalkanes such as 10-methyl-3-undecene
(C12H24) and 1,5-dimethyl cyclooctane (Ci0H20). Other compounds with DBE=2 were either
alkynes, cycloalkenes or dienes such as 1,3-octadiene (CgHis). Cycloalkynes or polyenes
having DBE=3 such as 6-butyl-1,4-cycloheptadiene (C11Hig) and 3-ethylidenecyclohexene
(CeH12). Most of the detected HC in this work were aromatics with DBE > 4. Moreover, 4
compounds identified as terpenes were emitted from all manure samples and identified using

both online and offline analysis.
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The emission fluxes of the assigned HC detected using PTR-QIiTOF-MS were
estimated. Figure 4.11 shows the bar graph representation of the HC sub-classes identified
using DBE analysis. HC detected using PTR-QIiTOF-MS belong to five sub-classes: aliphatic
(linear alkenes or alkynes), alicyclic (cycloalkanes, cycloalkenes, or cycloalkynes), aromatic
(benzene and its derivatives) and terpenes. The total emission fluxes of HC sub-classes are
displayed. Aromatic compounds dominated the emissions among the HC in all samples. The
emissions of compounds with DBE = 3 arouse dominantly from cow manure (2.8 + 0.6 pg
m2min™t). Moreover, cow manure was characterized by elevated emissions of terpenes (1.71
+ 0.36 pg m?mint) while they were comparable in the other samples. Comparable numbers
of VOCs were assigned as HC in all samples (Figure 4.3). The highest emission flux of HC
was observed for cow manure at 10 + 2 ug m? min™. The emission flux of HC in the other

three samples were comparable (Table 4.4).
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Figure 4.11 Classification of HC detected by PTR-QiTOF-MS in each manure sample using
the DBE method. The total emission flux of each sub-class is illustrated. The error bars shown
in the figure represent the standard deviation of the average emission flux obtained from the

three replicates of each sample.

The fluxes of BTEX and terpene compounds emitted from the four samples are

illustrated in Figure 4.12. Benzene (CsHs, m/z 79.05), toluene (C7Hs, m/z 93.07), ethylbenzene
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and xylene (CgH1o, m/z 107.09) were emitted from the four samples and detected using PTR-
QITOF-MS and TD-GC-MS. lons corresponding to m/z 69.07, 137.12, 205.19 and 273.26 were
assigned as CsHgH™ (isoprene), C1oHiH™ (monoterpenes, D-limonene and 3-carene), C1sHasH™
(sesquiterpenes) and CoHz2H™ (diterpenes). Based on TD-GC-MS, more than 20 compounds

were identified as sesquiterpene isomers.
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Figure 4.12 Emission flux of (a) BTEX and (b) terpene compounds emitted from manure

samples. The error bars represent the standard deviation of the three replicates.

Benzene showed the maximum emissions from goat manure, while sheep manure was
characterized by the highest emissions of toluene. Ethylbenzene and xylene showed the highest
emissions in cow manure, while they were equally emitted from the other three samples. BTEX
was already reported inside farm buildings (Ciganek & Neca, 2008). Kammer et al., (2020)

reported the emissions of markers of anthropogenic combustion tracers such as BTEX,
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trimethyl benzene, propyl benzene and NOx from dairy stable and sheep pen. The authors found
no correlation between NOx and BTEX and thus they assumed that BTEX compounds were
originated from the sheep pen. The emissions of BTEX compounds in our work are considered
low compared to those reported by Kammer et al., (2020). This difference could be explained
by the conditions of the study, as Kammer et al., (2020) performed field experiments, while we
performed chamber experiments. Kammer et al., (2020) assumed that anthropogenic sources
such as farming activities inside the farm buildings are the main sources of BTEX compounds
(Kammer et al., 2020).

Terpenes are usually attributed to biogenic emissions (Blyuksonmez & Evans, 2007;
Kumar et al., 2011; Sanchez-Monedero et al., 2018). Terpene emissions dominated the total
concentrations of emitted VOCs (about 50% of the total amount of VOC) in a composting pile
at different stages of the process (Sanchez-Monedero et al., 2018). Terpene emissions were
lower than 1 ug m2 mintin our samples (Figure 4.12). They showed the highest emissions
from cow manure, followed by goat, horse and sheep manures. Terpenes were emitted from
yard waste compost and are considered the natural compounds released from the feedstock
(Eitzer, 1995). Moreover, Blylksénmez & Evans, (2007) showed terpenes as the single most
important compounds emitted from the feedstock tested in the study. In this work, the
contribution of terpenes to the total flux of VOCs was 2.6%, 2.5%, 1% and 2.8% in cow, horse,
sheep and goat manures, respectively. This contribution is very low compared to the
contribution of terpenes to total flux of VOCs emitted from green waste compost piles of
different ages (10%) (Kumar et al., 2011). Knowing that the analyzed manure samples were
mixed with straw, this difference is related to the type of the emitter, as straw (of plant origin)
is not considered to be a strong terpene emitter, as shown by Beck et al., (2007). Sesquiterpenes
were the 2" highest emitted compounds from sheep and goat manure, while their rank was 6%

and 10" in cow and horse manures, respectively.

4.4.2. Oxygenated compounds

In this work, the highest number of VOCs was assigned as OVOCs in the four samples. OVOCs
showed the maximum emission fluxes among the identified chemical families of compounds.
The highest emission flux was observed in cow manure at 36 + 19 pg m min™. The OVOCs
emission fluxes in horse, sheep and goat manures were comparable at 11 + 3, 12 £ 5and 13 +
2 ug m2 min, respectively. In this work, the detected OVOCs contained from one to four
oxygen atoms, this indicated that the emitted OVOCs were not highly oxidized. A vast majority
of the assigned OVOCs by PTR-QiTOF-MS were identified using TD-GC-MS analysis. Based
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on the two instruments, we observed many characteristic groups of OVOCs in significant
proportion in cow manure: alcohols, carboxylic acids, carbonyls (ketones and aldehydes),
ethers and esters. Several studies have shown that OVOCs, such as methanol, ethanol, acetone,
and acetic acid dominate dairy cattle emissions (Ngwabie et al., 2008; Sun et al., 2008). Yuan
et al., (2017) reported the dominant contribution of oxygenated compounds such as alcohols
and carbonyls to the total concentration of emitted VOCs from different concentrated animal
feeding operation sites (Figure 1.2). Moreover, Zhang et al., (2019) showed the dominance of
OVOCs such as ethanol, acetone and 2-butanone among the VOC emissions from swine
manure biogas digestate storage. Ngwabie et al., (2007) have identified methanol,
acetaldehyde, ethanol, acetone and isopropanol in sheep house at a mixing ratio > 14 ppb with

the highest amount of ethanol at 6571 ppb.

4.4.2.1. Emissions of alcohols and carbonyl compounds

Compounds assigned as CxHyO contributed to 89%, 62%, 55% and 56% to the total emission
flux of OVOCs in cow, horse, sheep and goat manure. Cow manure showed the highest
emission flux of CxH,O at 31.80 + 18.59 pg m2 min* due to the high emissions of three
compounds C3HeO (m/z 59.04), C4HsO (m/z 73.06) and C7HsO (m/z 109.07). Those compounds
were identified by TD-GC-MS as follows: C3HsO (acetone), C4HgO (butanal and 2-butanone)
and C7HsgO (anisole, p-cresol and benzyl alcohols) and contributed alone to 58% of the total
CxHyO emissions flux. C7HgO was identified as 4-methylphenol in sheep house at a mixing
ratio of 3.9 ppb (Ngwabie et al., 2007). Butanal and butanone were classified as the 2" most
emitted VOCs from cow manure. C4HgO was identified in the dwelling houses and stables of
dairy and cattle farms in Northern Germany (Beck et al., 2007). Animal exhalation is the main

emission source of this compound.

The highest emissions of acetone were observed from cow (1% most emitted), followed
by horse, goat and sheep manures. Acetone, butanal and butanone were emitted from all
samples. Kammer et al., (2020) have reported that acetone and trimethylamine were the most
emitted VOCs after ethanol and methanol in sheep pen. This order of emissions was not the
same in sheep manure in this work. This difference can be related to several factors such as (i)
the measurement conditions, field or laboratory study, (ii) the different approached in emission
flux calculations, and (iii) the sources of emitted VOCs as some emissions are correlated to
respiration (acetone), agricultural practices, animal and excreta emissions (Kammer et al.,
2020; Ngwabie et al., 2008).

117



Chapter 4. Animal manure emissions

Methanol (CH4O, m/z 33.03) was emitted from all samples except the cow manure. It
was the most emitted VOC in horse and goat manures (2.13 + 0.26 and 2.61 + 0.38 pg m™
min’t, respectively). Our values were almost double compared to those reported by Liu et al.,
(2018), 1.2 ug m2 mint, emitted following the land application of pig manure. Acetaldehyde
(C2H40, m/z 45.03) was emitted from all samples. It was the 1% most emitted compound from
sheep manure. Acetaldehyde showed almost the same emission fluxes at 0.8 + 0.5 pg m
mintin horse and sheep manures, while in cow manure its emission flux was 0.3 + 0.2 ug m
mint. The lowest emission flux of 0.063 + 0.006 pg m2 min was observed in goat manure.
The low emissions of acetaldehyde are consistent with other studies where this compound was
not reported as the one of the most important VOCs (Filipy et al., 2006; Ngwabie et al., 2008;
Sun et al., 2008). However, acetaldehyde emissions were higher from pig manure land
application (16.7 pg m2 min™) (Liu et al., 2018). Very low emission flux (< 0.01 pug m
mint) of ethanol (C2HsO, m/z 47.05) was found in the four samples. An ion corresponding to
m/z 87.08 assigned as CsH10OH™ has been found in all samples using PTR-QiTOF-MS. Several
candidates for CsH100 were identified using TD-GC-MS such as 3-methyl butanal, 3-methyl-
2-butanone, 2-pentanone, pentanal and 3-pentanone. These compounds were also reported in
lactating cow open stall, cattle farms and intensive pig production (Beck et al., 2007; Feilberg
et al., 2015; Filipy et al., 2006).

4.4.2.2. Emissions of carboxylic acids and esters

Compounds assigned as CxHyO- showed comparable contributions to total emission flux of
OVOCs in horse, sheep and goat manures (33%, 36% and 39%, respectively). The lowest was
observed in cow manure at 3.02 + 0.65 pug m2 mint. CxHyO. were identified as carboxylic
acids, esters or ethers by TD-GC-MS analysis. CH20, (m/z 47.02) identified as formic acid
(Feilberg et al., 2015) was emitted from all samples with the same emission flux of 0.02 ug
m2min. Acetic acid (protonated ion C,H402H*, m/z 61.03) was emitted from all samples. The
highest emission flux of acetic acid was observed in cow manure at 0.0989 + 0.0548 pg m
min, which is very low compared with its emission from swine manure slurry (3 - 24 ug m
mint) (Parker et al., 2013). This compound has been proposed as cowshed emission tracer in
(Feilberg et al., 2015; Rabaud et al., 2003). Acetic acid was the 3 most concentrated VOC in
the dairy stable, sheep pen and outdoor according to Kammer et al., (2020). Moreover, acetic
acid was characterized by high fluxes from the waste of lactating cows as reported by (Shaw
etal., 2007). C3HsO2 (m/z 75.04) was identified as propanoic acid and 1-hydroxy-2-propanone

by TD-GC-MS analysis. These compounds were emitted from all samples, with the highest
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emission flux in cow manure (0.07 + 0.06 pg m min). Propanoic acid was reported in the
literature as characteristic compound of cow and sheep pen emissions (Ngwabie et al., 2007,
2008). Liu et al., (2018) reported very high emission flux of propanoic acid (1012 pg m
mint) during the 37 h application of pig manure slurry. However, this compound showed little
emissions (~ 9 ug m2 mint) after swine manure slurry application (Parker et al., 2013). The
higher emissions, compared with our values, could be related to the type of the manure and the
field measurement compared to our controlled laboratory experiments. This compound was
also reported in swine slurry emissions with an average emission flux of 2.6 pg m2 min during
4 weeks of swine slurry application (Parker et al., 2013). Benzoic acid (protonated ion
C7HsO2H*, m/z 123.05) was emitted from all samples except cow manure. This compound
results from the metabolic degradation of an amino acid phenylalanine as reported by Mackie
etal., (1998).

Volatile fatty acids (VFA) such as heptanoic acid (C7H1402), hexanoic acid (CeH1202),
isobutyric acid (C4HsO2) and isovaleric acid (CsH1002) were found in this work. These VFAs
were reported by Woodbury et al., (2022) to show notable contributions to total odor activity
value. Heptanoic acid and hexanoic acid were emitted from all samples except cow manure.

Isobutyric acid and isovaleric acid were emitted from all samples.

4.4.2.3. Emissions of phenols

The emission flux of 3 phenols identified in manure samples is illustrated in Figure 4.13.
C7HsO was found in all samples except sheep manure using PTR-QiTOF-MS. C7HgO was
detected by the TD-GC-MS analysis as p-cresol and anisole in all samples.

C7HsO showed the highest emission flux in cow manure at 1.39 + 1.35 pg m? min'
and it was the 3@ most emitted VOC from this sample. An ion corresponding to m/z 95.08 was
assigned to CeHsO emissions from all samples, with different fluxes. The highest emission flux
of phenol was observed in cow manure at 0.525 + 0.189 pg m min. Horse and sheep manures
showed the same emission flux of phenol (0.02 + 0.01 pug m2 min't), while goat manure showed
the lowest emission flux (0.127 + 0.009 pug m min). Phenol was emitted from surface-
application or injection of swine manure slurry into soil in a study performed by Parker et al.,
(2013) at an emission flux of 4.02 and 0.86 pug m min, respectively. Mackie et al., (1998)
explained that cresol is produced during the microbial degradation of tyrosine (amino acid) and

associated with the production of phenol. Consequently, phenol and cresol emissions show
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strong correlation. Based on this, we can explain the relatively high emission fluxes of phenol

and cresol from the manure samples under study.
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Figure 4.13 Emission flux of phenols identified in manure samples.

Another phenolic compound detected at m/z 123.08 was assigned to the protonated form
of CgH100 and identified in cow and sheep manures as 1-methoxy-4-methyl-benzene and 4-
ethylphenol. Phenolic species were demonstrated by Yuan et al., (2017) to dominate the
reactivity of emitted VOCs to NO3 radicals (Figure 1.2). This compound constituted only a
few percentage of emissions from CAFOs (Yuan et al., 2017). Phenols content increases with
the increasing amount of the dietary protein of cows. An ion detected at m/z 123.08 was
assigned as being the protonated form of CgH10O. This compound was emitted from cow and
sheep manure at emission fluxes 0.12 + 0.02 and 0.039 + 0.016 pug m2 min, respectively. TD-
GC-MS identified two compounds corresponding to CgH100, 1-methoxy-4methyl-benzene and

3-ethylphenol.

4.4.3. Nitrogenated compounds
Several nitrogenated compounds were found in animal manure samples. Based on emission
flux calculations, nitrogenated compounds showed the maximum emission flux in cow manure

at 7.21 + 1.87 ug m2 mint, followed by goat, sheep and horse manures (Table 4.4).

4.4.3.1. Emissions of ammonia, dimethylamine and trimethylamine
NHz was by so far the most abundant gaseous compound measured in the emissions from the

manure application (Williams, 1995). NHz is an important end product of the biological and
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chemical breakdown of manure protein, uric acid and urea decomposition (Mackie et al., 1998).
NHs can volatilize into the atmosphere depending on the pH, temperature and moisture. This
enhances the deposition of sulfate and nitrate, leading to acid rain that acidifies the soil
(Atkinson, 2000).

Quantitative analysis of NH3 using the H3O" ionization mode in PTR-QiTOF-MS is
difficult due to its interaction with the surface of many materials and the high water solubility
of NH3 which promotes the back reactions of NH4" to NHs (Norman et al., 2009). A modified
approach of PTR-MS to measure NHs has been presented by Norman et al., (2007). This
approach is based on the chemical ionization of NH3 using oxygen (O.) as a source gas to
produce O;" as ionizing reagent instead of H3O". The O2" ions react with the NHz molecules
through the electron transfer reaction O2" + NHz — NHs" + O». For this ionization mode the
corrected term of the instrument is ETR-MS (Electron Transfer Reaction Mass Spectrometer)
as it uses electron transfer instead of proton transfer. The use of O,* for chemical ionization
allows for fast, highly sensitive and specific measurements of gas-phase NHz (Norman et al.,
2007). This approach was not applied in our work and the HsO" was used as ionizing reagent
for the purposes described in Section 2.3.1. Moreover, the objective of this work was to
chemically characterize the VOC emissions from manure samples, where most of VOCs of
interest can be measured using the proton transfer approach of the instrument. In this study,
NHz was measured by the Picarro instrument. The results showed the highest emission of NH3
from sheep manure (18278 ppb), followed by goat, cow and horse manures at 10225, 7093,
and 6352 ppb, respectively.

The signal at m/z 18 was assigned to NHz (NH4" ion), thus the temporal evolution of
NH3 could be followed using PTR-QiTOF-NMS to compare the trend of emissions to that
obtained by Picarro measurements. An example of the temporal evolution of NH3 measured in
the four manure samples by PTR-QiTOF-MS is illustrated in Figure 4.14 (a). The y-axis
represents the signal of NHs (normalized relative to HzO" counts per second) and the x-axis
represents the time of the experiment. According to PTR-QiTOF-MS results, cow manure
showed the highest normalized signal of NHs. The temporal variation of NHsz mixing ratio
measured by Picarro was also illustrated for the four samples in Figure 4.14 (b). The y-axis
represents the mixing ratio of NHz (ppb) and the x-axis represents the time of the experiment.
Although PTR-MS is not quantitative for NHs, the temporal evolution of its signal can be
followed and compared to that obtained by Picarro. Similar trends of NHz emissions were

observed using PTR-MS and Picarro as shown in Figure 4.14.
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Figure 4.14 (a) Temporal evolution of NH3 signal measured using PTR-QiTOF-MS and (b)

temporal evolution of NH3 mixing ratio measured by Picarro, for the four manure samples.

An ion corresponding to m/z 46.06 was assigned to the protonated form CoH;NH* of
dimethylamine (DMA) (Kammer et al., 2020). This compound was emitted from all samples
except horse manure. A multipeak at the nominal mass m/z 60 was also detected. The first ion
signal at m/z 60.05 corresponded to *3C isotope of protonated acetone (CsHsOH*, m/z 59.04).
The second signal at m/z 60.08 was assigned to CsHoNH™. Feilberg et al., (2015) applied a
correction of the signal of CsHsNH™ to the 3C isotopomer of acetone since the PTR-MS with
a quadrupole mass analyzer was used, with lower resolution than the instrument used in our
work. The average resolution of PTR-MS instrument used in our study was estimated to ~5000,
which was enough to separate the two compounds, as in the case of the multipeak at nominal
mass 60. CsHgN has been identified as trimethylamine (TMA) in (Beck et al., 2007; Feilberg
et al., 2015). In this work, TMA was only detected by PTR-MS and not detected in TD-GC-
MS. This phenomenon has been explained by Feilberg et al., (2015) as TMA only elutes from
the specific GC column in the first few runs of a column. The maximum emission flux of TMA
was observed in cow manure at 0.3 + 0.2 pg m2 min* followed in sheep, goat and horse
manures at 0.043 + 0.017, 0.018 + 0.007 and 0.008 + 0.002 pg m? mint. TMA was also
observed by Liu et al., (2018) after land application of pig manure slurry with an emission flux
of 8.9 ug m2 min. This emission is relatively high compared to our samples emissions. This

can be related to the type of manure, concept of the study and emission fluxes calculations.
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Sintermann et al., (2014) showed that dairy excreta (urine + feces) are the main source
of NH3z, DMA and TMA in dairy farming. TMA is a volatile aliphatic amine species, released
from agricultural activities, and has been found to be the dominant gas-phase aliphatic amine
(compared to methylamine and DMA) at agricultural sites (Sintermann et al., 2014). Gas-phase
DMA and TMA participate in nucleation, have high potential efficiency for secondary particle
formation and can undergo condensation onto existing aerosol particles (Lee et al., 2019;
Sintermann et al., 2014).

4.4.3.2. Emissions of indoles

Two aromatic nitrogenated compounds, with protonated ions CgH;NH* (m/z 118.06) and
CoHgNH™ (m/z 132.08) detected by PTR-MS, were found in the four samples (Figure 4.15).
Using TD-GC-MS data, CgH7N was identified as indole in all samples. CoHgN was identified
as 4-methylindole in cow, horse and goat manure, while in sheep manure it was identified as
6-methylindole. The emission flux of indole was almost the same in all sample (~ 0.96 = 0.01
ug m2 min). 4-methylindole showed the highest emission flux in cow manure at 1.3 + 0.4 ug
m2 min, followed by sheep and horse manures at 0.11 + 0.03 and 0.098 + 0.017 pg m
min, respectively. 4-methylindole was the 4™ most emitted compound from cow manure. 6-
methylindole was emitted only from sheep manure, thus it can be considered as emission tracer
of this manure. Indole (CgH7N) was emitted at an emission flux of 2.3 pg m? min? after the
land application of pig slurry manure (Liu et al., 2018). This emission flux was lower, 0.564
and 0.035 pg m2 min, after surface-application or injection of swine manure slurry into soil,

respectively (Parker et al., 2013).

Several indoles were widely reported in the literature and are considered odorant
compounds emitted from livestock production and after the land application of different animal
manure types (Feilberg et al., 2010, 2011; Liu et al., 2018; Ni et al., 2012; Parker et al., 2013;
Woodbury et al., 2022). Indole and skatole are the principal end-products of tryptophan
metabolism (Mackie et al., 1998). Cresol, indoles and phenols have high odor activity value
and are reported as strong odorant compounds that contribute to odor nuisance (Feilberg et al.,
2010, 2011; Kammer et al., 2020; Mackie et al., 1998). Moreover, indole and skatole were
reported as the main aromatic compounds and contributed significantly, 14.7% and 8.84%,
respectively, to odor activity values from land application of beef cattle manure (Woodbury et
al., 2022). A recent study showed the new particle formation from skatole ozonolysis in the

presence of SO, which are both emitted by sludge samples (Ciuraru et al., 2021). The authors
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suggested skatole as an additional VOC source that may have a significant influence on

atmospheric particle formation during the spreading periods of sludge (Ciuraru et al., 2021).
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Figure 4.15 Emission flux of indoles identified in manure samples.

4.4.4. Sulphur compounds

A total of 12 sulphur compounds were found in manure samples using PTR-QiTOF-MS.
Sulphur compounds were emitted in relatively low amounts from the analyzed manure samples.
Equal total emission flux of these compounds were found in cow, horse and sheep manures,
while a lower flux was emitted from the goat manure (Table 4.4). The emission flux of each
sulphur compound in manure samples is displayed in Figure 4.16. Sulphur compounds are a
part of the essential amino acids methionine, cysteine, homocysteine and taurine that come
from the proteins livestock are fed with (Higgins et al., 2004; Zhu et al., 2016).

Two sulphur compounds were detected in the emissions of all samples at m/z 49.01 and
63.02 as CH4SH™ and C2HsSH™ ions, respectively. CHaS was identified as methanethiol by TD-
GC-MS and showed the lowest emission flux in cow manure (0.047 + 0.023 pg m? mint). Our
value was higher compared to the pig manure emissions (0.02 pg m2 mint) reported by Liu et
al., (2018). C2HsS was identified as dimethyl sulphide (DMS) (Beck et al., 2007; Feilberg et
al., 2015), with the highest emission flux observed from goat manure at 0.22 + 0.12 pg m
mint. This exceeds the value reported by Liu et al., (2018) in swine manure slurry application
at 0.06 pg m2 min™t. DMS can be oxidized to methanesulphonic acid and eventually sulphuric
acid, which can contribute to the formation of cloud condensation nuclei (CCN) and aerosols
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when combined with NHz (Filipy et al., 2006). A compound detected at m/z 94.99 and assigned
to the protonated form of C2HsS> was found the PTR mass spectra of horse manure emissions,
while by TD-GC-MS, C2HeS, was observed in the gas phase emissions of all samples. It was
assigned to dimethyl disulphide (DMDS). DMDS was reported by Parker et al., (2013) as an
odorant compound emitted following pig manure slurry surface-application or injection into
soil, with emission fluxes of 0.086 and 0.037 pug m min, respectively. DMDS was emitted at
very low flux from horse manure at 0.06 + 0.01 pg m?2 mint. Moreover, DMDS is
characterized by high photochemical reactivity. Thus its lack of detection by PTR-MS
measurements of cow, sheep, and goat manures would be expected, as most of DMDS could

be lost prior to the sample introduction into the chamber.

Methanethiol, DMS and DMDS are potentially odorous compounds that could produce
odor problems at farm buildings as they are characterized by low human odor detection
thresholds (Filipy et al., 2006; Schiffman et al., 2001). Six sulphur compounds assigned as
C4H4SH™, CsHeSH™, CsHgSH™, CeHgSH™, CsH12SH™ and C7H10SH™ ions were observed only
for the cow manure and they can be considered as emission tracers. CS, (m/z 76.95) was
observed only in goat manure using PTR-MS while it was identified as carbon disulphide in
the gas phase emissions of sheep manure using TD-GC-MS. Carbon disulphide, DMS and
DMDS were found to be the dominant VOCs in the indoor and outdoor parts of animal farms
(Ciganek & Neca, 2008).

In this work, hydrogen sulphide (H.S) was not detected due to the deficiency in PTR-
QIiTOF-MS system. This compound has relatively low PA (691 kJ mol™) compared to water
(705 kJ molt), moreover it is difficult to measure it using PTR-MS due to humidity-dependent
backward reaction of protonated H>S (Hansen et al., 2012). Feilberg et al., (2010) described a
correction of the measurement of H.S by PTR-MS, but this method was not applied in our
work. Accordingly, the emissions of H,S from the analyzed manure samples was not excluded,
as it was emitted from sheep manure based on TD-GC-MS. H>S is a major sulphur compound
emitted from livestock production. Feilberg et al., (2017) showed that agriculture constituted
the most important sulphur source category in Denmark, a country with intensive livestock
production. H>S can undergo several oxidation reactions in atmosphere with photo-oxidants
such as OH radicals, NOsradicals and Os. The ultimate end-product of gas phase H2S oxidation
in the atmosphere is SO,, which can oxidize and ends up as aerosol sulphate (Atkinson et al.,

2004). The absence of H>S detection by TD-GC-MS analysis of cow, horse and sheep manure
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emissions can be explained by its oxidation upon contact with air as it was suggested by

(Feilberg et al., 2015) prior to the sample introduction into the chamber.
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Figure 4.16 Emission flux of sulphur compounds found in the four manure samples.

The microbial oxidation of H.S at the manure-air surface has been observed to occur at a rate
of few seconds, which is significantly faster than typical chemical oxidation (Kihl &
Jorgensen, 1992). Due to the rapid oxidation and loss of H2S, it is not possible to exclude its

emission from the manure samples under this study.

4.4.5. Emissions of halogenated and other compounds

A total of 10 halogenated compounds were found in manure samples using the combination of
online and offline analysis. Table 4.6 shows the list of halogenated compounds with the
corresponding molecular formula, molecular weight and the chemical identification done using
TD-GC-MS analysis. Halogenated compounds showed almost the same emission fluxes in all
samples (Table 4.4). Halogenated compounds were generated from substances such as food
additives, chemical cleaning agents and coatings (Duan et al., 2014). Some potential sources
of halogenated compounds are industrial solvents, paint remover, refrigerants, soaps, paints
and varnish (Allen et al., 1997; Orzi et al., 2018). Moreover, the emissions of halogenated
compounds are contributed from both degradable and nonbiodegradable compounds (Liu et al.,
2009). Halogenated compounds should gain special attention because they might pose high

toxicological risk to workers and local inhabitants (Scheutz et al., 2008).
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Table 4.6 Halogenated compounds detected by TD-GC-MS and PTR-QiTOF-MS techniques.

Molecular Molecular Chemical identification Manure samples with
formula weight compound detected
CoHsF? 46.022 Flouroethene horse and sheep
CoHsF? 48.038 Flouroethane goat
CesHsCI? 112.008 Chlorobenzene cow, horse, goat
C/H-CI? 126.024 Benzyl chloride sheep
CoHsCl3? 131.930 1,1,1-trichloroethane cow, horse, sheep, goat
CsHy17CI? 148.102 2-chlorooctane goat
CCl 151.875 Carbon tetrachloride horse, sheep, goat
C/Hi3Br? 176.020  1-bromo-4-methyl- cyclohexane sheep
C/HsOCI,° 176.989 - horse, goat
C7/HsOCly° 210.951 - cow, horse, sheep

@ Compound detected by TD-GC-MS

® Compound detected by PTR-QiTOF-MS

4.4.6. Sample comparison

PCA was applied to reduce the dimensionality of the data set and uncover the hidden trends.
The PTR-QiTOF mass spectra of the four samples were compared. For this comparison, only
the assigned VOCs that were 224, 233, 254 and 257 in cow, horse, sheep and goat manures
were considered. The results of PCA are shown in Section 4.3.4. Based on the interpretation of
score plots and loading plots (Figure 4.6 and Figure 4.7), cow manure was isolated from the
other three samples. This separation was associated primarily with the contribution of
oxygenated compounds with one O atom (e.g., acetone, butanal, 2-butanone, p-cresol, anisole,
4-isopropylcyclohexanone, formaldehyde, phenol, acetophenone, etc.) as illustrated in Figure
4.7 (a). In addition, nitrogenated compounds showed significant contribution in cow manure
compared to other samples. For instance, dimethylamine, trimethylamine, indole and 3-metthyl
indole were highly emitted from this sample (Figure 4.7, a). Horse and sheep manures seemed
to be very similar in the chemical composition of the gas phase emissions. They were separated
from goat manure by the effect of PC2 (Figure 4.6). Goat manure received high contribution
from nitrogen and oxygen containing compounds such as CH3NO2, C2HsNO, C2H3NO- and
C3H3NO (Figure 4.7, b).

Mackie et al., (1998) reported in their review the biological origin of key odor

components in livestock waste. The biological origin of four principal classes of odor
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compounds, namely volatile fatty acids, ammonia and volatile amine, indoles and phenols and
volatile sulphur-containing compounds were reviewed. Phenols and indoles are excreted in
feces and result from the same biological origin as described by Smith & Macfarlane, 1996.
The microbial production of indoles and phenols results from amino acid metabolism. For
instance, phenol and hydroxylated phenol-substituted fatty acids are the main products of
tyrosine fermentation. Phenyl acetate and phenyl propanoate are produced from phenylalanine,
whereas indole and 3-methylindole (skatole) are the main end-products of tryptophan
metabolism (Mackie et al., 1998; Yuan et al., 2017). The metabolic pathways involved in the
formation of phenolic and indolic compounds by intestinal anaerobic bacteria could explain
the correlation between those compounds and their dominance in cow manure compared to the
other samples (Smith & Macfarlane, 1996).

4.5. Conclusions and perspectives

Detailed chemical analysis of the gas phase emissions from different types of animal manure
were provided in this study. A total of 385 compounds were detected and quantified using PTR-
QITOF-MS technique. The detailed chemical identification of VOC emitted from each manure
was possible by analysing the emitted gas phase using offline TD-GC-MS analysis. Significant
match was observed between the results of PTR-QiTOF-MS and TD-GC-MS. This highlighted
the efficiency of combining online and offline analysis to better characterize VOC emissions,

especially from samples enriched with VOCs such as animal manure.

The assigned VOCs were classified into different chemical families of compounds.
Oxygenated compounds (e.g., ethanol, acetone, cresol, acetic acid, acetaldehyde, phenol,
hexanoic acid, isobutyric acid, isovaleric acid, etc.), nitrogenated compounds (ammonia,
dimethylamine, trimethylamine, etc.), sulphur compounds (methanethiol, DMS, DMDS, etc.),
aromatic compounds (phenol, indoles and skatole), terpenes (isoprene, D-limonene, 3-carene,
sesquiterpenes, etc.) and halogenated compounds were found in this work. The highest VOC
emission fluxes were observed from the cow manure with 66 + 26 pug m2 min, followed by
goat, sheep and horse manures with 32 + 5, 31 + 11 and 25 + 5 pug m2 min, respectively.
OVOCs were the dominant compounds in all samples. They showed the highest contribution

to total VOCs emission fluxes in all samples.

The performed statistical analysis demonstrated that cow manure emissions were
isolated from the other three types of manures. Cow manure was characterized by oxygenated

and nitrogenated compounds. Horse and sheep manures seemed to be very similar, while the
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goat manure was associated with an increased contribution of oxygen and nitrogen containing
compounds. Various compounds considered as strong odorants were found in this work.
Compounds such as aromatic (indole and skatole), DMS, DMDS, methanethiol, cresol, phenol
were emitted from manure samples. The detailed chemical analysis of manure emissions
performed by laboratory measurements using atmospheric simulation chambers can provide
information to support field measurements and recommendations for potential VOCs and
odorants emitted from animal manure used in agricultural fields. This study provides a detailed
inventory of VOCs with their emission fluxes and mass concentrations from each type of
manure. The laboratory setup used in the current work can be used for future studies of the
effects of manure treatment (such as by anaerobic or aerobic digestion) on gaseous emissions.
Moreover, several factors such as animal diets, waste handling practices, feed, housing and

climate can be taken into account.
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Chapter 5

Reactivity of volatile organic compounds emitted by organic waste
products toward ozone and secondary organic aerosol formation

5.1. Introduction

The large number of VOCs with different physico-chemical properties emitted from
agricultural areas makes the research on VOC emissions challenging (Harrison et al., 2006).
To date, a significant number of VOCs has been detected from OWP samples, such as
organosulphur compounds (e.g. DMS and DMDS) (Bylinski et al., 2019; Feilberg et al., 2015;
Haider et al., 2022), terpenes (a-pinene, limonene) (Haider et al., 2022; Rincon et al., 2019a),
nitrogenated compounds (indoles), aromatic compounds (Abis et al., 2018; Haider et al., 2022;
Nie et al., 2019), and ketones and aldehydes (Sanchez-Monedero et al., 2018). Figure 5.1
displays the distribution of the main chemical families of VOCs emitted from the piles at
different stages of municipal solid waste composting process. The identified chemical families
belong to differently families of compounds and contributed differently to the total
concentration of VOC (Sanchez-Monedero et al., 2018). Some VOCs can represent SOA
precursors; however, the chemical mechanisms in producing SOA using atmospheric
emissions of OWP samples, as well as their chemical composition, are not well understood.
Moreover, our understanding of NPF is based mostly on measurements of particle size
distribution evolution with time, these measurements giving no information on the chemical

mechanisms on how nucleation and growth occur (Bzdek & Johnston, 2010).
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Figure 5.1 Quantification of the total amount and chemical families of the VOCs identified in
the piles at different stages of municipal solid waste composting process (Sanchez-Monedero
etal., 2018).
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In this context, the objectives of our work have been (i) to study the role of OWPs as a
source of VOCs that are reactive to Os contributing to NPF, (ii) to propose a chemical
mechanism for the NPF from precursor gases, and (iii) to study the chemical composition of
the newly formed aerosols using off-line mass spectrometric techniques (L2MS and TOF-
SIMS). A first study performed in our laboratory (Ciuraru et al., 2021) investigated
atmospheric particle formation from oxidized organic molecules and SOz, both emitted by
undigested SS samples. In a second step, we investigated the reactivity toward Oz and NPF
from VOCs emitted by the other types of OWPs studied in this thesis. These ozonolysis

experiments we performed are summarized in Table 5.1.

Table 5.1 Description of the ozonolysis experiments on various OWP samples.

OWP type Name of sample PTR-MS GC-MS Particle
measurements cartridge formation
SS from WWTP1 Undigested SS Yes Yes v
UDSS Yes No v
SS from WWTP2 DSS Yes No -
SS 30% Yes No -
SS 60% Yes No -
Cow Yes Yes -
Animal manure Horse Yes Yes -
Sheep Yes Yes -
Goat Yes Yes -
Food biowaste Digestate biowastes Yes No v

The ozonolysis experiments of OWPs: undigested SS collected from WWTP1, SS (UDSS,
DSS, SS with 30% and 60% of dryness) collected from WWTP2, animal manure (cow, horse,
sheep and goat manures) and digestate biowastes were performed in the two atmospheric
simulation chambers available at ECOSYS, as described in Section 2.2. Prior to each
ozonolysis experiment, the chamber was carefully cleaned to obtain the residual particle
number concentration to lower than one particle cm. Upon introduction of the samples in the
chamber, a strong initial emission of VOCs was observed, then the signals in the mass spectrum
stabilized reaching a steady state. Once the steady state was reached, the samples were exposed
to Oz and the signals of the emitted VOCs were monitored. No OH or Criegee intermediate
scavengers were added and no seed aerosol was used. For each sample, the gas-phase and the

oxidation products resulting from ozonolysis reactions were analyzed by PTR-QiTOF-MS (see
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Section 2.3.1). For some samples, TD-GC-MS analysis was performed on collected cartridges
to detect and assign VOCs and their oxidation products (Table 5.1). The particle number
concentration and size distribution were measured using the SMPS 3938 (TSI), described in
Section 2.2.5. In case of new particle formation, the freshly formed particles were collected on
quartz-fiber filters (see Section 2.2.5) and further analyzed using the L2MS and TOF-SIMS

techniques (details in Section 2.4).

As we showed in the previous Chapters, multiple VOCs were identified in the studied
OWP emissions, belonging to various chemical families such as aliphatic HC, alicyclic HC,
aromatic HC, terpenes, alcohols, aldehydes, ketones, carboxylic acids, indoles, phenols and
sulphur compounds, etc. In this Chapter, we try to identify the main compounds involved in
NPF from OWP emissions. For this, the signals of the emitted VOCs were monitored and the
temporal evolutions of all ion signals were carefully verified and interpreted. Thus, to achieve
the objectives of this work, we focused on VOCs that showed significant reactivity to Oz or

formed as a result of ozonolysis.

5.2. Experimental observations of skatole emissions and ozonolysis leading

to new particle formation

Based on the PTR-QiTOF-MS measurements, the only decreasing ion signal upon introduction
of ozone was detected at m/z 132.08 and assigned as CoHoNH*. Through complementary
chromatographic analyses (TD-GC-MS and UHPLC-HRMS), the corresponding molecule was
identified as 3-methylindole or skatole (Ciuraru et al., 2021). Skatole is one of the major
malodorous compounds contributing to the odor problem of animal production facilities and
SS treatment plants as it is emitted by bacterial degradation in a slurry (Gebicki et al., 2016; Ni
etal., 2012).

The temporal evolution of skatole over the entire time of the experiments was therefore
monitored for all samples using PTR-QIiTOF-MS (Figure 5.2). Upon sample introduction into
the chamber, a strong burst release of skatole was observed from cow manure (Figure 5.2, a;
red line), UDSS (Figure 5.2, b; violet line) and digestate biowastes (Figure 5.2, c; brown line).
Extremely low emissions of skatole were observed from other types of SS (DSS, SS 30% and
SS 60%) and animal manure (horse, sheep and goat manures). Following the Oz introduction
into the chamber, skatole showed a significant reactivity to Oz, as the signal decreased within
few seconds of Os addition. Skatole is known as a very reactive nucleophile that can easily

undergo electrophilic substitution reactions (Sundberg, 1970). One study reported a reaction
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rate constant in the aqueous phase for skatole with Oz of 4.5 x 10 M st at pH = 6.7 (Wu &
Masten, 2002). The stoichiometric factor is 0.9 which means that 1 mole of O3 is needed for
the ozonolysis of 0.9 mol of skatole (Wu & Masten, 2002). In addition, the reaction rate
constants of indolic compounds in water increases with pH. In this work, the rate constant of 5
* 101 cm® molecule® s based on our skatole experiments was estimated. Thus skatole is a
highly reactive compound towards Os, resulting in a lifetime of ~ 3 min at ambient O3

concentrations.
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Figure 5.2 Temporal evolution of the signal corresponding to skatole (m/z 132.08 CoHgNH™)
emitted from (a) cow manure, (b) UDSS and (c) digestate biowaste samples over the entire
experimental time. The y-axis represents the normalized signal relative to the ion counts of
H3O™ and the x-axis represents the time of experiment in second. The time of O3z addition is
indicated using vertical black line.

The ozonolysis experiment of undigested SS taken from WWTP1 is illustrated in Figure 5.3.
The amount of SO and Oz emitted by the sample as well as the amount of Oz injected into the
chamber were monitored (Figure 5.3, b). Within few seconds of initial exposure to Ogz, the
signal of skatole decreased, and those of gas-phase oxygen- and nitrogen-containing detected
at m/z 136.08 CsHgNOH™" and m/z 164.07 CoHgNO2H", increased (Figure 5.3, ¢). According to

GC-MS performed before and after ozonolysis and liquid chromatography performed on
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collected particles, the m/z 164.070 CoHgNO2H" ion was associated with 2-acetyl phenyl
formamide (Ciuraru et al., 2021). Instantaneous particle formation was observed after Os
injection. The particle number and size distributions (Figure 5.3, a) were measured over the
size range 2 - 64 nm in electrical mobility diameter, indicating newly formed particles. During
these experiments, the particle number concentration reached a maximum of 108 particles cm
3 within less than 2 min (Figure 5.3, a). Accordingly, the particle nucleation rate was 1.1 * 10°
cm s during the NPF. After longer reaction times, the particles grew in size, while their
number remained constant or slightly decreased due to coagulation and/or losses by adsorption
to the walls. This behavior of the particle number concentration and size distribution was

observed to be constant for experiments lasting for about 5 hours.
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Figure 5.3 Undigested SS (from WWTP1) ozonolysis experiment. (a) Temporal evolution of
the particle number concentration and size distribution. The ordinate represents the electrical
mobility diameter (nm), and the colour scale represents the particle number concentration. (b)
Temporal evolution of O3z entering the chamber (black line, Oz in), O3 measured at the exit of
the chamber (black dotted line, Os out) and SO> (grey line). (c) Temporal evolution of m/z
132.080 CoHgNH™ (black line, left axis), m/z 136.075 CsHoyNOH™ (red line, right axis) and m/z
164.070 CoHgNO2H™ (blue line, right axis) (Ciuraru et al., 2021).
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During the experiments, it has been observed that only ~35 ppb of Oz were needed for
ozonolysis to form particles (Figure 5.3, b). In addition, we performed more experiments with
higher amounts of Oz (250 ppb) and the results showed no difference in particle number
concentration or size distribution. This might indicate that the reaction was limited by the
residence time (5 min) inside the chamber. Moreover, our experiments showed that the
consumption of skatole was fast but not complete and the newly formed reaction products
reached a steady state within less than 15 min. This might be explained by the high kinetic rate
constant for the ozonolysis reaction of skatole but might also indicate that oxidation can occur

in both gaseous and condensed phases (walls, SS surface or secondary aerosols).

The behaviour of skatole emissions and NPF due to ozonolysis was observed only for
undigested sludge (collected from WWTP1 and WWTP2), and not for the other SS samples.
The ozonolysis experiment of UDSS from WWTP?2 is illustrated in (Figure 5.4). The size
distribution and the number concentration of the newly formed particles spanned the entire
measured size range from 2 to 64 nm in electrical mobility diameter (Figure 5.4). The new

particles reached a maximum of 10° particles cm=.
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Figure 5.4 Typical UDSS ozonolysis (from WWTP2) experiment. Temporal evolution of the
particle number concentration and size distribution measured by SMPS. The ordinate
represents the electrical mobility diameter (nm), and the colour scale represents the particle

number concentration. The time of Oz addition is indicated using vertical red line.

Significant skatole emissions were also observed from digestate biowastes as displayed
in Figure 5.5. The amount of SO, emitted from the sample was monitored during the
experimental time and the maximum emitted amount was ~ 105 ppb (Figure 5.5, b). After O3

addition, the signal of skatole decreased and that of CsHoNOH" and CoHoNO-H" increased
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(Figure 5.5, a). The particle number concentration reached a maximum of 10* particles cm™
within few minutes of O3 injection (Figure 5.5, ¢). As shown in Figure 5.5 (d), we monitored
the particle number concentration and their size distribution at higher diameter ranged from 2
to 100 nm. The particles grew in size, while their number concentration remained constant
thereafter or slightly decreased. This can be explained by the particle coagulation and
condensation of semi-volatile compounds on the formed particles, leading to growth of

particles into the chamber and a shift to larger diameters.
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Figure 5.5 Digestate biowastes ozonolysis experiment. (a) Temporal evolution of m/z 132.08
CoHoNH™ (black line), m/z 136.07 CsHoNOH™ (red line) and m/z 164.07 CoHgNO2H™ (blue
line). The time of Oz addition is highlighted by the vertical green line. (b) Temporal evolution
of O3 entering the chamber (green line, Oz in) and SO emitted by the sample (grey line).
Temporal evolution of the particle number concentration and size distribution for particle
diameter (c) 2-65 nm and (d) 3-103 nm. The ordinate represents the electrical mobility

diameter (nm), and the colour scale represents the particle number concentration.
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5.3.  New particle formation mechanism

5.3.1. Criegee ozonolysis

The ozonolysis of skatole proceeds via the Criegee mechanism which involves an initial
addition of Oz to the double bond and leads to a primary ozonide CoHgNO3 (a molecule where
the carbonyl oxide and carbonyl moieties are attached together as part of the same molecule)
(Figure 5.6). The ozonolysis of endocyclic compounds can add several functional groups
without loss of carbon number, leading to the formation of secondary ozonides, which have
been shown to contribute significantly to SOA (Kroll & Seinfeld, 2008). The primary ozonide
decomposes into stabilized Criegee intermediates either (i) by cleavage of the O-O bond
proximal to the methyl group, or (b) by cleavage of the O-O bond distal from the methyl group
(Figure 5.6). The first intermediate can proceed by hydrogen shift reactions to form ketonic
hydroperoxides (CoH9NO3) or can isomerize to form dioxirane (CoHsNO3z) (Donahue et al.,
2011). The first Criegee intermediate can react with a carbonyl and form the secondary ozonide
CoHoNOs3 (m/z 179.057) and then it can oxidize SO2 and form the 2-acetyl phenyl formamide
CoHoNO2 (m/z 163.063) and SOs which hydrolyses to form H>SO4 (Mauldin et al., 2012).
Sulphuric acid is a key atmospheric nucleation species (Boy et al., 2012). Mauldin et al., (2012)
have shown that reactions of Criegee intermediates, formed due to alkene ozonolysis, with SO>

can be significantly fast and lead to SO3 formation.

The second intermediate can form aldehydic hydroperoxides or cyclizes to form
secondary ozonide (CoH9NOs3, m/z 179.057) (Figure 5.6). Both intermediates can form a
secondary ozonide via recyclization. The secondary ozonide can react with water to form a
molecule possessing a carbonyl group and a hydroxy-hydroperoxide group (CoH11NOa). The
latter compound can lose H>O> and form 2-acetyl phenyl formamide (CoHaNO-, m/z 163.06).
The oxidation of 2-acetyl phenyl formamide leads to oxocarboxylic acid, which has been
detected in the aerosol chemical composition by L2MS (see below). Hydroxy-hydroperoxide
group can also lose water, and thus 2-acetyl phenyl formamide is directly formed. Moreover,
SO, can also partition into aerosols to form HSO3z™ (TOF-SIMS, see below), which can further
react with organic peroxides generated by skatole ozonolysis. It is now well known that the
oxidation of SO- by stabilized Criegee intermediates is the main source of atmospheric H2SO4

via SOz formation and hydrolysis (Mauldin et al., 2012).
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Figure 5.6 Proposed ozonolysis mechanism of skatole. The compounds detected by PTR-
QITOF-MS are marked in black, those detected by TD-GC-MS in green and those detected by

UPHLC-HRMS in orange (Ciuraru et al., 2021).
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The previous theoretical studies using computational methods at the quantum level helped to
identify which species are the most favourable for nucleation formation (Radola et al., 2021).
The results showed that the interaction of skatole with sulphuric acid is weak. Moreover, the
oxidized CgH9NO> and CgH9NO3z molecules are the main participants in the formation of
critical nuclei with sulphuric acid in the atmosphere having thus a critical role in SOA
formation (Radola et al., 2021). Thus, in VOC-rich environment, the oxidation of SO, by a
stabilized Criegee intermediate is a significant source of atmospheric sulphuric acid (Boy et
al., 2012). Based on the experiments and the theoretical calculations we propose that the
oxidized reaction products together with SO participate in the first step of the nucleation

process.

5.3.2. Role of SO2, RH and NHs in NPF

The proposed binary reaction mechanism which involves the organics and SO2 via sulphuric
acid formation has been supported by conducting an experiment on a commercially available
skatole sample placed in the chamber. In this experiment, we tested the effect of SO, H.O and
NHz on the NPF. The results are illustrated in Figure 5.7. Following Oz addition, a slight
increase in CgHyNOH™ and CgH9NO.H* was detected, while no particle formation was
observed. After SO injection into the chamber, increase of CoH7/NOH* and CsHyNOH",
together with new particle formation were observed. Thus, this illustrates the role of SO in the
particle formation and demonstrates the proposed ozonolysis mechanism (Figure 5.6).

Sulphuric acid is identified as the major precursor vapour enhancing atmospheric NPF
(Riccobono et al., 2012; Yao et al., 2018) due to its low vapour pressure, thus it is able to form
small particles and condense onto them effectively. In addition, when H2SOs is stabilized by a
base, such as ammonia or amine, the rate of NPF is enhanced (Almeida et al., 2013; Kirten et
al., 2016). Recently, low volatility highly oxygenated products have been found as oxidation
products of many VOCs (Bianchi et al., 2019; Ehn et al., 2014). Those low volatility highly
oxygenated products were discovered to contribute to particle formation and growth in the
absence of H.SO4 under chamber experiments (Riccobono et al., 2012; Schobesberger et al.,
2013). Thus, our obtained results showed the prompt of NPF event only with the addition of
SO into the chamber.

An additional arg