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Abstract

The green roof system is an environmentally friendly approach to help mitigate air
pollution. Many studies estimate its removal capacity towards several air pollutants such as
particulate matter (PM), nitrogen oxides (NOx), ozone (Os3), etc. using dry-deposition models. In
our studies, our aim was to quantitatively determine the depolluting potential of green roof plant
species towards two prevalent air pollutants: NO2 and Oz, and to examine the photochemical
interactions possibly taking place on the surface of leaves. In chapter one, we built an experimental
setup that enabled us to measure the NO2/NO concentration produced by Imidacloprid (IMD), an
insecticide. This served as the base of the main setup used to study the depollution ability of plants
and helped to find a stable and continuous source of NO> using a chemical rather than pressurized
gas cylinders. In chapter 2, screening of 13 plants species was done. Their capacity to remove NO>
and Oz was measured which further led to the selection of the 3 most performant species: sedum
sexangulare, thymus vulgaris, and heuchera Americana L. The uptake/removal mechanisms were
investigated using scanning electron microscopy (SEM), and Automated thermal desorption GC-
MS (ATD-GC-MS) to inspect possible interactions between the pollutants and volatile organic
compounds (VOCs). In chapter 3, photochemical processes occurring between volatiles emitted by
green roof plant species and pesticides sprayed were studied. Two pesticides were selected: IMD,
a nitrating/nitrosating agent, and chlorothalonil (CT), a strong oxidant. Possible photoproducts
were detected with their acute/chronic toxicities predicted using an ECOlogical Structure-Activity
Relationship approach (ECOSAR). This work is a step forward towards the development of
experimental measurements of green roof depollution performance. By understanding the uptake
mechanisms and the photochemical interactions taking place, the choice of appropriate green roof
plant species/pesticides can become possible. Ultimately, this will facilitate the deployment of

green roofs in urban environments.



La végetalisation des toits est une approche respectueuse de I'environnement pour aider a
atténuer la pollution de l'air. De nombreuses études ont démontré, sur la base de modeles, la
capacité de ce systeme a éliminer les polluants atmosphériques tels que les particules en suspension
(PM), les oxydes d’azote (NOx), 1’0zone (O3), etc. Dans cette thése, 1’objectif était de déterminer
quantitativement le potentiel dépolluant de différentes espéces végétales utilisées sur les toits verts
a I’égard de deux polluants atmosphériques prédominants : NO2 et O3 et d'examiner les réactions
photochimiques entre les métabolites secondaires des plantes et les pesticides. Dans le premier
chapitre, nous avons développé un dispositif expérimental qui nous a permis de mesurer les
quantités de NO2/NO produites par imidaclopride (IMD), un insecticide. Ce premier dispositif a
servi de base a un deuxieme systéeme utilisé pour étudier la capacité de dépollution des plantes.
IMD a pu étre utilisé comme source stable et continue de NO». Dans le chapitre 2, le criblage de
13 espéces veégétales a été effectué. Leur capacité a éliminer NO2 et Oz a été mesurée, ce qui a
conduit a la sélection des 3 espéces les plus performantes : sedum sexangulare, thymus vulgaris et
heuchera americana L. Les mécanismes d'absorption/élimination et les réactions possibles entre
les polluants et les composés organiques volatils (COVs) ont été étudiés par microscopie
électronique a balayage (MEB), piege a HONO, et par thermodésorption GC-MS (ATD-GC-MS).
Dans le chapitre 3, les réactions photochimiques se produisant entre les substances volatiles émises
par les espéces végeétales utilisées sur les toits verts et les pesticides pulvérisés sur ces plantes ont
été étudiés. Deux pesticides ont été sélectionnés : IMD, un agent nitrant/nitrosant et chlorothalonil
(CT), un oxydant fort sous irradiation. Les principaux photoproduits ont été détectés et leurs
toxicités aigués/chroniques prédites a l'aide du logiciel ECOlogical Structure-Activity Relationship
approach (ECOSAR). Ce travail constitue une avancée vers le développement de mesures
expérimentales des performances de dépollution par les toits verts. La compréhension des
mécanismes d'absorption et les réactions photochimiques doit permettre le choix d'especes
végétales/pesticides les plus appropriés pour les toits verts. A terme, cela facilitera le déploiement

de toitures vertes en milieu urbain.



Introduction

This PhD fellowship was supported by the University Clermont Auvergne/French Ministry
of Higher Education and Research and undertaken in the Institute of Chemistry of Clermont-
Ferrand (Photochemistry group/ Université Clermont Auvergne/ France) with Dr. Claire Richard

and Dr. Mohamad Sleiman as supervisors.

Our goal was to understand the role of certain green roof plants in depollution; especially
those implemented in urban environments. The atmospheric composition is in a constant change
due to the continuous release of hazardous air pollutants as carbon dioxide (CO2), nitrogen oxides
(NOx), ozone (Os3), particulate matter (PM), etc. The excessive emission of pollutants is due to
anthropogenic activities in urban areas as fossil fuels combustion, industries, incomplete fuel
combustion in all transportation forms, etc. leading to the popular environmental problem: air
pollution. This imposes a great threat to humans and the environment. For instance, millions of
people die each year due to heart failures, central nervous system disorders, or cardiovascular
diseases. This is all linked to the ambient air pollution which increases mortality and morbidity. In
addition to that, the latter causes O3z depletion, climate change, urban heat island, etc. which are
then again related to the human health deterioration. Therefore, an approach using vegetation to
decrease the concentration of harmful pollutants can be promising. Green roofs make use of the

numerous impermeable roofs found in urban areas where they can uptake air pollutants.

Green roofs are roofs with plants in their final layer. They are a good compensation to the
vegetation that has been cut or destroyed during the building’s construction. Their benefits include
lessening the urban heat island (UHI), improving the stormwater runoff’s quality, reducing noise
pollution, and most importantly decreasing air pollution. In general, extensive green roofs are more
preferred where certain types of plants are implemented as herbaceous perennials, sedum species,
as well as grass. Numerous studies deal with the depollution ability of vegetation but not of green
roofs specifically. Published articles on green roofs reveal their capacity to reduce NO2, CO», Os,
and PM. However, they were generally based on deposition models taking into consideration

neither the possible interactions in the gaseous phase involving VOCs nor the latter’s potential to



interact with pesticides sprayed on the plants. This renders experimental data a must to fully

understand the green roof system.

In this research, we first constructed an experimental setup that allowed us to screen and
quantify the uptakes of NOx and Oz, two detrimental pollutants to the health and environment by
different plant species. Besides of having adverse health effects, these two pollutants are regulated
and contribute to the oxidative capacity of the atmosphere. It was comprised of flow controllers,
pollutants sources, reactors, and analyzers. Special attention was given to find sources of the
pollutants. Oz was produced simply by the aid of an O3 generator equipped with a UV pen-ray lamp
while NOx was produced via an Imidacloprid (IMD) solution. This insecticide was reported to have
the ability of releasing the nitro group under irradiation. In our study, IMD dissolved in water with
a small percentage of ACN was able to significantly produce NO, with a small concentration of
NO without irradiation. This setup enabled us to determine quantitatively the uptake capacity of
the 3 chosen plants often used on extensive green roofs: sedum sexangulare, thymus vulgaris, and
heuchera Americana L. The effect of plants volatile organic compounds on the uptake was
elucidated and the analysis of the products formed between the plants volatiles and pollutants was
conducted. Although many studies show the important role of VOCs in the life of plants or crops,
the information about the interaction that could happen between vegetation and the urban

environment is still lacking.

Plants are sprayed with pesticides to protect them from harmful pests. Although several
studies report the ability of certain pollutants —acting as oxidants- to degrade pesticides or their
photolysis in solution or on supports, none or few studies -to our knowledge- focused on the
probable interaction between certain pesticides and VOC-emitting plants. Different pesticides are
usually sprayed on green roofs or greenery systems; hence, the possibility of an interaction to
happen between the former and VOCs produced is high. In this regard, we investigated the
interactions of two pesticides: the insecticide Imidacloprid and the fungicide Chlorothalonil with
Thymus Vulgaris VOCs (a plant frequently used on green roofs) in solution and directly on its
leaves. Different photoproducts were detected using different techniques such as HS-GC-MS, GC-
MS, and LC-HR-MS.

In summary, our work intended to focus on experimental studies poorly available in the

literature. We started by investigating the capacity of green roofs plants to lessen the concentration



of target pollutants. We took into account the different processes occurring responsible for the
depollution ability. Afterwards, attention was given to the interaction of certain pesticides with the
VOCs emitted by plants implemented on green roofs with the identification of possible formed
photoproducts with their toxicities.






1. Bibliography

1.1Air pollution increase

Economic developments and modernization have created a greater need of energy which in
turn increased the use and combustion of fossil fuels. This is of a great concern since tremendous
amounts of carbon dioxide (COy), nitrogen oxides (NOx) particulate matter (PM), and ozone (Oz)
are being produced, contributing to major health risks and climate changes. Ambient air pollution
is a topic vastly studied due to the lack in the homogeneity of its environmental and health effects.
In other words, the health effects inflicted in developing countries as China, India, or the Middle
Eastern region vary from those in developed countries as United States of America or Europe. This
is explained by the difference in the combustion sources used, energy use, lifestyle, etc. between
countries which consequently affects the concentrations of the pollutants released [1]. Pollution in
China is in general a result of coal combustion or coal burning [2][3]. However, heating and
cooking, in other words- ‘residential energy demands’, are one of the main causes of air pollution
in India or Bangladesh [1]. In 2013, almost 90 % of the world’s population lived in polluted zones
that don’t meet the World Health Organization (WHO) guidelines [4].

Vegetation itself can affect the air quality by emitting VVolatile Organic Compounds VOCs)
which can react with NOx producing secondary pollutants thus changing the microclimate around
it [5]. However, and fortunately, vegetation can also help reduce and remove gaseous air pollutants
or PM. This topic has been subject of numerous studies [5] [6]where vegetation can directly uptake
the pollutants by the absorption into their stomata or adsorption on their leaves where they might
be further broken down (Fig.1). Vegetation can as well remove pollutants indirectly by cooling the
surrounding air via transpiration and shading, hence limiting photochemical interactions that form
secondary pollutants as Oz [7]. Out of the numerous studies, a study in the USA showed that trees
can eliminate up to 711,000 tons/year of air pollutants [7]. Another in London manifested that 2000
m? of uncut grass can remove about 4000 kg of PM [8]. Hence, vegetation can be a good sink to

pollutants and a promising solution to air pollution.
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Figure 1 Removal of air pollutants and the release of VOCs by plants.

1.2 Air pollutants of vast importance

1.2.1 Ground-level Ozone (O3)

O3 is a trioxygen gas with a pale blue color which is beneficial in the stratosphere forming
a protective layer towards harmful UV light. However, it is considered as a pollutant in the
troposphere with high health risks and a cause to air pollution (ground-level ozone) [9]. The low
level Oz is not emitted directly from vehicle engines or industries, but it is rather a reaction between
NOx, VOC, and sunlight [10]. Its formation is totally dependent on the season; in summer for
example, it shows the highest concentrations with huge traffic jam, slow wind movement, and high
UV index. Sources of the tropospheric Oz are fossil production, industries, transportation, smoking,
chemical processes, etc.[10]. Nevertheless, a small amount of O3 in the troposphere is considered
essential; it undergo photolysis in the presence of UV light with a wavelength > 290 nm to produce

the excited oxygen where different reactions can further take place [11][12].
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Figure 2 Os photolysis in the troposphere, source: [9][10].

O(*D) can be deactivated to O(°P) which regenerates the starting molecule (Os) or it can
react with water to produce hydroxyl radicals ("OH). "OH reacts with almost all organic compounds;

it is the key to initiate tropospheric reactions (Fig.2) [13].

Although it has been reported that plants remove pollutants, several studies show the threat
that O3z imposes on certain plants which can vary from visible foliar injuries to the negative effects
regarding photosynthesis and stomatal conductance [14][15]. Oz can enter the leaves through
stomata and change the membrane properties leading to phototoxicity in the leaf tissues [16][17].
Since stomata are one of the ways that plants utilize to degrade or remove pollutants, the precision
in choosing specific plants for a target pollutant becomes essential. Out of 473 plant species studied,
378 showed sensitivity towards Os. However, environmental stress can induce the production of
VOCs which may contribute to air pollution through their interactions with NOx [18][19] or may
react with O3 thus decreasing its ambient concentration .

1.2.2 Nitrogen oxides (NOx)

The symbol ‘NOx’ mainly marks NO and NO: since they reach the troposphere in those
forms- called as the fresh nitrogen oxides. Modernization created a high demand for fossil fuels;
their combustion generates high amounts of pollutants especially nitrogen oxides. Their sources,
particularly anthropogenic, are vast; they include incineration [20], the use of nitric acid [21],



industries. Out of the nitrogen oxides, NO and NO: are considered toxic [22]. NOx can react with

VVOCs or sulfur dioxide (SO2) producing tropospheric ozone, smog, or acid rain.

Fig.3 shows the photolysis of NO, giving NO and O(®P) where the latter further reacts with
0> to produce Os. But, NO can react with Oz regenerating NO2 and O creating an equilibrium
between the formation and destruction of Oz ((D)in figure 3). However, this photo-equilibrium is
disturbed by the presence of VOCs. The substituted alkyl peroxy radicals (RO2") and
HO,'(hydroperoxyl) radicals formed due the degradation of VOCs can react with NO generating
NO2 which can undergo photolysis again and hence form Oz ((2) in figure 3). If no NO or low
concentrations of NO are present, the radicals might attack Oz leading to Oz loss. So, in this case,
the formation or loss of Os is driven by the NO concentrations as well as the rate of the reaction
between the radicals and NO. Nevertheless, the quantity of O3 formed is limited and stopped by
radical sinks, NOx sinks, and other possible reaction pathways involving NOx. They can influence
the amount of NO converted to NO2 and *OH concentrations; and since "“OH initiates photochemical
reactions, the system or cycle is fully interrupted. In addition to that, NO and NO- can directly react
with Oz forming NO, and NOgz respectively where the latter can react together giving N2Os
(dinitrogen pentoxide) or with *OH radicals leading to HONO (nitrous acid) and HNOz (nitric acid)

respectively.

® voc — — RO," +HO,*

jNo

l : Formation NO, — — @

: Destruction

Figure 3 NO: photolysis in the troposphere, source: [13].
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Vegetation or green roofs can help decrease the concentration of NOXx. For example, a study
in Chicago using deposition models revealed that with a 19.8 ha of green roofs, around 1700 kg of
pollutants was removed with the NO2 percentage uptake being 27% [23]. Branches, twigs, and
leaves provide a high surface area which is available as a sink for pollutants; and since NO: is
soluble in water, it is expected that the NO> absorbed into the stomata is metabolized [24]. Hence,
vegetation can rather degrade NO; than act as a temporary sink where pollutants are washed off by

rain entering the soil and water system.

1.2.3 Particulate matter (PM)

PM consists of tiny particles or liquid droplets of soil, dust particles, chemicals, etc. [25]
and categorized based on their diameter (size); those having a diameter of 10 pum or less, 2.5 pm
or less, and 0.1 pum or less (PM1o coarse, PMzs fine, and PMo1 ultrafine respectively). The PM’s
source and their behavior in human airways helps as well with this categorization. Sources include
combustion, vehicle emissions, tobacco smoke, volcanoes, dust storms, etc. PM are considered

dangerous since certain gases like O3 can adsorb on their surface reaching the lungs after inhalation.

Emissions of PM2.5, Ktonslyear

Figure 4 PM2santhropogenic sources (according to the national emission inventory for 2001), source: [26].
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In the USA, the major PM2 s source is due to the coal burning to produce electricity (fuel
combustion) followed by residential wood burning (Fig.4). This makes it difficult to avoid the
exposure to PM2s; and since PM can be carried over large distances and secondary particles can be
formed in the atmosphere (primary particles are those emitted directly from sources), having
policies for reducing PM levels is tricky. However, there was a 23 % decrease in the PM2 s national
average from 2010 to 2019 [27]. A study in the winter of 1993-1994 showed low PMjio
concentration in the north of Europe (20 pg/m® mean urban value) whereas higher concentrations
were found in Amsterdam, Berlin, and central Europe (40-50 pg/m?®). Concentrations were even
more elevated in southern Europe. However, little to no difference was detected within the

countries considering rural areas [28].

Vegetation is a promising approach to attenuate PM’s health negative effects, in particular,
that related to the decrease in the life expectancy especially concerning vulnerable people [29]. The
size and structure of leaves is an important factor in determining the removal ability [30]. For
example, trees are very efficient in offering a space for PM deposition due to the large leaf area. A
study in the USA showed that urban trees and shrubs remove almost 220,000 tons of PM1g each
year [31] while another in China indicated the removal of 772 tons of PM1o in the city center of
Beijing [32]. Accumulation of PM is driven also by the leaf’s surface hair density and wax quantity
[33]. Vegetation targeting PM is able to remove as well polycyclic aromatic hydrocarbons (PAH)
and heavy metals.

1.3 Impact of air pollution

1.3.1 On the well-being

Air pollution causes millions of deaths each year where 3.7 million people pass away due
to ambient air pollution, and 4.3 million die from household pollution [34]. Its harmful effects are
vast varying from the long-term exposure effects to the short-term ones; but it the long-term effects
that matter the most [35].
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Figure 5 Short-term and long-term air pollution exposure effects on humans.
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Short-term exposure effects are manifested by headaches, nose or throat inflammation, skin

irritation, etc. while those of long-term are associated with heart failures, cardiovascular diseases,

central nervous system disorders, hospital admission increase, and reproductive system failure

(Fig.5). For example, a study showed the direct link between air pollution and male infertility [36].

Each pollutant, nevertheless, can undesirably affect the body in different ways. For instance, PM

is known to be associated with cardiovascular morbidity and mortality which is responsible for

almost 3 million deaths each year [37]. Os, on the other hand, mostly causes lung impairments

which affects the overall health, respiratory and cardiovascular diseases and acute exposures lead

to headaches, wheezing, and breathing problems [38]. Also, short or long term exposure to NO>

leads to problems such as respiratory/cardiovascular diseases and increased mortality [39]. NOX is

also a precursor to tropospheric ozone which has great impact on health. Air pollution, in general,

increases mortality and morbidity.

1.3.2 On the environment

Numerous environmental effects exist due to air pollution. Some examples are climate

change, ozone depletion, and acid rain.
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Climate change

A noticeable change in the global and regional climates is present starting from mid to late
20th century onwards. This is connected to the increased emissions of greenhouse gases compared
to pre-industrial period or in other words, ‘enhanced greenhouse effect’. Major greenhouse gases
are COz and water alongside with CHs, O3, and N2O. Increasing the amounts of these gases due to
industrialization and human activities increases their role in the greenhouse effect thus leading to
an enhanced greenhouse effect. Global average surface temperature is elevating which contribute
to the melting of the Antarctic Sea ice and hence affecting sea levels [40]. Extreme weather/climate
events (hurricanes, floods, droughts, etc.) have been happening changing precipitation. This all

affects biological cycles, food production, health and economy.

Figure 6 Polluted air in Clermont-Ferrand and Riom (France), source: [41].

Fig.6 demonstrates the bad air quality in Clermont-Ferrand and Riom (2 cities in France,

Puy-de D6me department- Rhéne-Alpes region) on a polluted day.

In addition to the global climate change, urban heat island (UHI) is an important
consequence of air pollution. UHI is an urban area with a temperature higher than usual, or higher
than rural areas due to human activities [42] as shown in Fig.7.
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Figure 7 Temperature differences between urban and other areas due to the Urban Heat Island (UHI), source:
[43].

During the day and by the mid-morning, heating starts to take place and the temperature
can be warmer by 10°C compared to rural areas. This phenomenon is increasing and it is expected
that by 2050, 2/3 of the world population will be living in urban areas [44]. Increased temperatures
will also lead to higher energy demands thus elevating more the already present air pollution. This
transformation of the natural surfaces into construction spaces has influenced the thermal balance.
One solution to this is the use of roofs with high albedos like white roofs. Certain studies showed
that increasing the albedo can mitigate the UHI. For example, the peak summertime temperatures
were decreased by 1.5°C in Los Angeles [45] and by 1-2°C in Athens, Greece [46]. However,
reflective surfaces may have some drawbacks manifested by the decrease in efficiency in terms of
UHI mitigation in winter. Hence, an alternative solution can be vegetation or green facades. It
doesn’t only compensate the lost or destroyed vegetation when a certain building was being
constructed but also by uptaking pollutants through their stomata, deposition on their surfaces of
leaves, or by breaking down some contaminants in their plant tissues [47]. They can also indirectly
decrease the production of secondary air pollutants by lowering the microclimate around them due
to transpiration and shading properties. Green roofs, specifically, can reduce the heat transfer
through the roof thus reducing the energy demands for cooling the building [48]. A study in Madrid

showed the reduction of 6 % in the cooling demand in a big residential building [49].
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Ozone depletion

In the stratosphere, O3 forms a protective layer against harmful UV light coming from the
sun. However, studies have shown that ODSs or ozone depleting substances have been getting
emitted into the atmosphere the last couple of decades [50]. Compounds that have chlorine,
fluorine, and carbons (CFCs) or those produced by industries or human activities lie in the ODSs
category [50][51]. They are contained in the troposphere and then slowly carried to the stratosphere
by air movements. Naturally, the ozone production and destruction rates in the stratosphere are
equal but, when the destruction is favored over production, depletion arises [52]. This leads to a
serious threat to human health indirectly due to the diminishing of the ozone layer leading to an
increase in the UV radiation (cancer, weakened immune system, cataracts), or directly if some
substances have accumulated in the troposphere [50]. It also affects plants and animals.

Catalytic processes of Oz depletion:
Overall: Oz + O - 20, (middle and upper stratosphere)

Overall: 203 = 30 (lower stratosphere)

Acid rain

Pollutants involved in this process are NOx and (SOx) sulfur oxides; they undergo a series
of reactions yielding harmful amounts of nitric and sulfuric acids. Escalated anthropogenic
production of the acids responsible for acid rain is due mainly to industrialization and urbanization
[53]. Pollutants principally react with oxygen and water-reactants found abundantly in the
atmosphere- producing protons and lowering the pH [54]. Europe and north America are the biggest
regions to receive acid rain [55], this is related to the economic and technological developments.
Acid rain can influence plants’ photosynthesis and transpiration [53]. It may speed the destruction
of buildings, statues, and sculptures; or damage lakes, ponds, and soils; as well as decrease or cause
the loss of biodiversity, or even affect humans indirectly because of the heavy metals liberated from

soils and leached into underground waters consumed and used by humans [54].
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1.4 Control strategies

Different strategies have been adopted to try to decrease air pollution or improve the air
quality varying from source reduction strategies to depollution approaches. However, having
regulations and air quality managements is an important step to understand the technique to be
implemented based on the target pollutant and its accepted ambient concentration (Table 1). The
purpose of air quality management is to preserve the human health as well as the environment from
the unfavorable effects of air pollution. Air quality standards- the basis of air quality management-
defines the limits on a pollutant atmospheric concentration or the allowable air pollution level in a

specific country or region which are adopted by regulatory authorities [56].

Table 1 Air quality guidelines and standards of specific pollutants depending on the exposure time, source: [56] [57]
[58].

Source Nitrogen dioxide PM2s (ug/m?3) O3 (ug/md)
(Hg/m®)
lyear | 24h 1lh 1 year 24 h 8h 1h
WHO 40 - 200 10 25 100 -
European Union 40 - 200 - - 120 -
United States 100 - 15 65 157 -

Guidelines of a specific pollutant depend on diverse factors as the pollutants properties, its
health effects, its acceptable risk level, the feasibility of compliance with the standards, and the
decision uncertainty regarding the standards. In general, standards vary in their averaging times.
For example, a 1 h average time is created to protect the population from peak concentrations (acute
exposures) while the longer average times are suitable for chronic exposures and their irreversible
adverse health effects [56]. PM2s is known to cause health effects after short or long exposures;

hence, guidelines were formed to protect from acute and chronic exposures. A study showed that
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in China and after implementing a policy or an air pollution regulation in 1998 that imposes strict
regulations on emissions from power plants, infant mortality decreased by 20 % especially during
the neonatal period [59]. Implementing guidelines is beneficial for the public health; however,
inconsistency between them is an issue. For instance, the maximum exposure to NO. during 1 year
is 40 pg/m?® according to the WHO standards but this concentration can be exceeded up to 100
pg/m? in the USA; likewise, O3 and PM2s. Those differences are due to the geographical locations,
meteorological parameters, air pollution extent, the concentration of the target air pollutant, the
health of a specific nation, etc. For that, some counties impose specific regulations based on their

situation to protect their people.

1.4.1 Reduction strategies
Several interventions have been implemented to decrease ambient air pollution varying from source
reduction strategies as decreasing the number of vehicles to depollution approaches. These
strategies have been evaluated to assess their effectiveness. Some approaches are explained in detail

in the following paragraphs: selective catalytic oxidation and photocatalysis.

Selective catalytic reduction

The gas exiting the exhaust of pipes in industries or power plants contains mainly water
vapor, oxygen, NOXx, etc. The reaction to happen to abate NOx is the transformation of NO into O2
and N2. However, in an oxidizing medium, NO reacts with O> producing NO2, and hence this

reaction

is marked unsuccessful [60]. A reductant such as anhydrous ammonia (NH3) with a catalyst
is required. The reduction catalyst should be active and selective towards N> and stable when
unfavorable compounds are present. Some drawbacks of this technique as limited catalyst life
duration, high costs of catalysts, and high temperature required are present; but its good efficiency

and relatively simple installation makes it a good method for removing NOx [60].
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Photocatalysis

Building surfaces or walls can be covered with a photocatalytically active material which
oxidizes/reduces pollutants in the presence of sunlight [61]. The covered surfaces, however, should
be as close to the source of pollutants as possible. Titanium dioxide (TiO>) is used as a catalyst
which can transform NOx to NOs™ for example after being activated by UV light [62]. Recent
studies show the possibility of using visible light which makes its application indoors or in tunnels
more viable [63]. This heterogeneous photocatalysis is widely used and its efficiency is related to
the catalyst ability to create free radicals which further reacts with the pollutants. The latter can be

removed by washing the surface or by rain.

o5
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Figure 8 The Photocatalysis mechanism, source: [64].

Fig.8 shows the photocatalysis mechanism. The process starts after TiO2 absorbs an energy
greater than its band-gap energy and gets excited. This generates electrons and holes pairs that
move to the TiO> surface and undergo redox reactions with a probable formation of superoxide
radical anions and hydroxyl radical ("O2" and "OH respectively). The latter are the ones responsible

for the degradation of organic pollutants in water which can further produce CO> and H2O [65].

Other simple ways to reduce air pollution are to favor use of bikes or walking, taking buses
or carpooling (BlaBlaCar in France which is an online marketplace for carpooling), turning off
appliances when not in use, and most importantly raising awareness towards the deleterious effects
of air pollution [66]. Nevertheless, it is worth to mention the emergence of the COVID-19 virus
which froze all economic activities and social events during the past two years. Although the

pandemic led to a fall in the economy [67][68], environmentalists call this pandemic a ‘blessing in
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disguise’. Lockdowns and strict regulations have given rise to a reduction in all pollutants
emissions [69] since public mobility ceased and airlines shut down. This caused a significant
decrease in greenhouse gases (GHGs) concentration and elucidated as well that outdoor air
pollution and the cause of premature deaths each year are mainly due to human activities [70][71].
As an example, NO> emissions were reduced by 30 % in Wuhan comparing the periods of before
and after the lockdown. Similarly, France encountered a 20-30 % decrease especially in Paris and
other major cities [69]. In general, air pollution decreased worldwide. The pandemic has given
nature a chance to recover, but this constructive effect is temporary since governments can’t force
people to be in an endless lockdown. So, strategies to decrease air pollution should remain in

progress varying from source-reduction to depollution approaches.

1.4.2 VVegetation as a depollution strategy

Since source reduction strategies can be expensive or inefficient, depollution methods can
be beneficial. An interesting ecological depollution approach can be the use of vegetation.
Vegetation is a general broad term targeting all plant species without referring to a specific type or
characteristic. Numerous studies reflect the ability of plants or trees to remove pollutants through

various mechanisms which are described in the following paragraphs [47].

1.4.2.1 Mechanisms of pollutant uptake by vegetation

Absorption into stomata

Stomata are small openings found in plant tissues surrounded by certain cells which control
the opening and closure of the pore. The latter regulates gas exchange between the plant and
surrounding environment thus controlling the atmospheric environment [72]. Stomatal pores
absorb CO> and transpire water, a process called photosynthesis [73]; they are necessary plant
organs which help plants evolve according to the environment around or environmental stresses
[74]. Since they control the absorbance and quantity of CO> entering leaf tissues, they can play a
role in uptaking or removing air pollutants. Studies show that when pollutants as NO2, Os, or SO>

are present, uptake takes place (Fig.9) but followed by a plant damage manifested by the closure
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of stomata [75]. It has been concluded that NO- uptake is determined by the stomatal aperture and
that cuticular deposition contributes not more than 5 % [76][77]. One study revealed than at high
NO:2 concentrations, cuticular deposition was 2 times less than that into the stomata [78]; and
another regarding tomato showed that it is 4 times less [79]. However, at high humidity, water films
can form on the leaf surfaces acting as sinks to NO2 [76][80][81] . NOg, in general is known to be
less toxic to plants than Oz or SO, [82]. Oz can decline photosynthesis due to its direct effect on
stomata [83]. A research conducted on seedlings where the latter was exposed to 0.3 ppm of NO:
and a mixture of 0.3 ppm NO2 and 0.1 ppm Oz, showed that the grown trees that were exposed to
NO. were healthy. However, those that were exposed to the mixture had visible injuries and smaller
leaves [84].

03
NO, SO,

s stomata

o

Figure 9 Absorption of air pollutants into a stoma, source of the leaf picture: [85].

Adsorption on leaf surface

Adsorption is the adhesion or deposition of certain molecules to a surface. Unlike
absorption, adsorption is a surface phenomenon which creates an adsorbate film on the adsorbent.
It can be either due to Van der Waals forces or covalent bonding. Plants or vegetation (adsorbent)
intercept/adsorb pollutants (adsorbate) by their leaves, branches, barks, etc. due to the large surface
area available. PM can be retained by vegetation surfaces for the moment before being washed out
by rain or carried by wind to the soil or the atmosphere [86]. The deposited PM can be as well
absorbed through the plant’s external layer or penetrate the stomata [87]. Particles can be removed
from the atmosphere by wet deposition (by precipitation), or dry deposition (settling of particles to
be collected/intercepted). Since trees have large surface areas, they are capable of collecting

particles more than any other form of vegetation [88]. It has been indicated that the deposition
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velocity of aerosols in the woods is 3 times higher than that in a grassland [89]. A study in Chicago
revealed that by increasing the tree cover from 19% to 24%, a 21% increase of PM1o removal from
the atmosphere can be attained [90]. Another in Philadelphia, using a model, displayed that the
present tree cover can reduce PMao by 0.72%; however, it might reach 12% in woody areas [91].
In addition to that, Os can be deposited on the surfaces of plants. A study considering cuticles and
O3 showed that it can undergo deposition to be further destroyed or might enter the latter [92]. Hair
present or plants with irregular surface features can augment the deposition velocity by providing
a greater surface area. It is important to understand the dry deposition process since it is a way to
remove pollutants from the air thus improving the air quality but at the same time, some plants can
be harmed especially if the pollutant enters the stomata affecting photosynthesis [93]. So,
vegetation can remove pollutants from polluted air by absorption or adsorption which might be

followed by a series of reactions.
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Figure 10 The retention of particles on the abaxial and adaxial leaves surfaces of 8 different plants. Images
obtained by the Scanning electron microscopy, source: [94].

Fig.10 shows the adsorption of particles on 8 different studied plants. The images were

obtained using Scanning electron microscopy (SEM).
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Interaction of plant volatile metabolites with atmospheric pollutants

VOCs are principally present in the gas phase including a vast variety of compounds with
boiling points ranging between less than 0 °C to 400 °C [93]. Plants use VOCs as a sort of
communication among each other to transmit information in case of the presence of stress factors
[95][96]. The latter are not only scents but rather warning signals to other plants or a source of
attraction to pollinators [97][98]. Since vegetation emit VOCs and is known to remove pollutants,
a certain interaction between VOCs and pollutants can occur. Thyme is a perennial plant used on
green roofs and emits various VOCs such as thymol [7]. A study involving the catalytic ozonation
of thymol reported the degradation of the latter where O3 attacked the para and ortho positions of
thymol followed by several reactions [99]. Os can react with terpenes indoors producing aldehydes
and PM [100][101], this was in line with a study which indicated an increase in PM when O3 and
terpenes were concurrently present [102]. Cleaning events as well using a detergent containing
VOCs, can form PM [103]. This reaction can form many radical species including “OH which might
then react with other compounds or pollutants [104][105]. Hence, Os reacts with VOCs; this
reaction leads to the formation of PM or other health-depleting pollutants. PM however, would

deposit on the surface of leaves to be further followed by different reactions (Fig.11) [86][87].

o> __ oy

Figure 11 Reaction of VOCs with Os.

As previously mentioned, plants emit VOCs due to environmental stress. An example is

isoprene; its emission is widespread in plants. Its role is still unclear, but studies suggest its ability
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to increase the thermotolerance of plants and hence, protects plants from environmental stress.
Isoprene plays a role in atmospheric chemistry where it can either breakdown in the presence of
NOx and sunlight and produce Os or can directly react with Oz [106]. This reaction can form
formaldehydes or other oxidative species. Nevertheless, isoprene can contribute to the Os resistance
in plants; it can scavenge Oz in leaves yielding less toxic products [107]. To elucidate this, leaves
of two ozone-sensitive genotypes of tobacco were exposed to Oz with and without the presence of
isoprene (these plants don’t emit isoprene). Results showed that when no isoprene was present,
acute and short exposures (300 ppb, 3h) to Oz decreased photosynthesis which was worse 12 h after
the treatment ended [108]. However, no important decrease in photosynthesis was reported when
isoprene (3 ppm) was present at the end of exposure; but, a decrease was observed 12 h after ending
the treatment but to a lesser extent. Hence, this study proves the protective effect isoprene has
towards plants exposed to Oz. In order to fully understand the role of BVOCs, other types should

be considered regarding their interactions with Os.

A study involving the interaction between Os and selected terpenes (d-limonene, o-
terpinene, and a-pinene) in an indoor environment showed that that the particle concentrations were
the highest with d-limonene [102] followed by a-terpinene and a-pinene. D-limonene is often found
indoors since it is used in cleaning products giving a citrus scent [109][110], and its interaction
with Oz was more significant than the one with a-terpinene even if it reacts 100 times slower than
the latter [111]. This might be explained by the production of many condensable products in the
case of limonene. In their experiments and in simulated Os-terpene conditions, the formation of
particles was as high as 95 pg/m®. However, under typical indoor conditions, the production was
between 2.5 and 5.5 pg/m3. Nonetheless, it was necessary to understand the course of the
interaction since terpenes are emitted abundantly indoors, especially limonene which was found in
more than 50 % of monitored buildings according to the EPA’s BASE study [112]. Os, as well, can
be present in the buildings due to the air exchange and other sources such as photocopiers, air
purifiers, and electrostatic air cleaners [113]. Hence, all chemicals needed to form particles can be
found indoors [114], the place where people spend more than 90 % of their time [115].
Nevertheless, another study confirmed this interaction which used the new state-of-the-art \Vocus
proton-transfer-reaction time-of-flight mass spectrometer (PTR-TOF) in the French Landes to
identify gas-phase molecules emitted by the Landes forest [116]. The latter produces large

quantities of monoterpenes and hence, can be a good site to study the Biogenic volatile organic
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compounds (BVOC). The high precision of the instrument compared to the conventional one
detected many hydrocarbons (monoterpenes) and VOC oxidation products. Reaction products
having a broad daytime peak were the more oxidized terpene reaction products which undergo a
strong photochemical reaction during the day. However, the less oxidized products had peaks in

the early morning or the evening. The main oxidants were Os, OH, and NOs radicals.
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Figure 12 Reaction pathways of Oz with BVOCs, source: [117].

An ozonide is formed following the reaction of O3 with unsaturated BVOCs which further
decomposes to a carbonyl as seen in Fig.12 by pathways 1 and 2 [117]. The reaction involving the
formation of an epoxide occurs with a low yield especially with a-pinene and isoprene [118][119].
Nevertheless, reactions of Oz with alkenes produce “OH [120][121]; the *OH has a great oxidizing
capacity and can assist in the formation of NOx for example which is considered as a precursor to
PM formation.

1.4.2.2 Literature review on the pollutant removal ability of vegetation

Despite the strategies implemented to decrease air pollution, human activities especially in
urban areas continue to produce enormous amounts of air pollutants which causes humans to live
in a poor air quality zone. For example, in 2012, 60-80 % European urban residents were living in
a region with the pollutants concentration exceeding the European Union (EU) and WHO limit-
values [122]. In 2011, PM2 concentrations triggered around 460,000 premature deaths in Europe.

In France and in 2012, 5 % of its population living in urban areas were subject to high PMyo
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concentrations. In Paris particularly, an increase in NO2 and PM increased the number of hospital
admissions and consultations linked to asthma attacks [123]. Some research studies display that
using new materials in constructing a building can reduce air pollution [61][124][125] while others
reflect the importance of using vegetation to mitigate the negative air pollution effects [31][126].

Naturally, urban areas still have an ‘urban’ forest including all vegetation and soils already
integrated into the roads, power lines, and infrastructure maintaining —to a certain extent- the
quality of life [90]. However, planting more trees is beneficial due to the various advantages
vegetation imposes varying from carbon sequestration, air pollution reduction (can remove SO,
NOx, Os, etc.), temperature regulation (due to shading and evapotranspiration thus decreasing
energy demands), and climate change diminution [31][32]. Vegetation can also serve recreational,
cultural, and aesthetic needs.

Countless studies deal with the ability of vegetation, specifically trees, to remove air
pollutants as Oz, NO2, PM1o, and SO». A study in the USA approximated that urban trees remove
711,000 tons of pollutants with an annual economic benefit of 3.8 billion $. They were able to
remove 305,000 tons of Oz, 98,000 tons of NO2, and 215,000 tons of PM1o [31]. Their results were
based on a modelling study consisting of meteorological and air pollution concentration data
obtained. However, the pollution removal rates vary among different cities; this is due to the
difference in the tree cover, pollution degree, meteorological variables, and leaf-off/leaf-on seasons
which all affect deposition velocities. They, in general, uptake pollutants through their stomata, or
by the pollutants deposition on the leaf surface. Once on the leaf surface, pollutants might enter the
intercellular spaces reacting with the water present inside or might just be retained on the surface
to be discharged again to the atmosphere [127]. Another research in Beijing [32], the capital of
China and one of the top 10 most air polluted cities in the world, reflected that the urban forest can
store around 225,000 tons of carbon in biomass thus decreasing the amount of CO; in the
atmosphere which might reduce the global climate change. Older trees were bigger and able to
store more carbon than younger ones; thus old ‘unchanged’ cities can remove more carbon as an
overall. Trees were able to eliminate 1260 tons of pollutants from the atmosphere in one year with
the PM1o removal being 61 %. This might be due to the fact that PM1g is a main pollutant in Beijing.
Nevertheless, they also removed significant amount of Oz, NO2, ad SO-. It is important to state that
removal rates depend on the season; seasonal variations affect leaf expansion which in turn

influences the total tree area available. Seasonal variations also mean a change in precipitation
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patterns and the climate generally. The study also compared the pollution removal rates with those
of different American cities and showed that the urban forest in Beijing had a higher rate which is
explained by the higher concentration of air pollutants present. Nevertheless, trees can indirectly
decrease air pollution by decreasing the temperatures leading to less air conditioning and energy

demands; 16.4 % cover of trees/shrubs can decrease the temperature by 1.6°C.

In Europe, particularly in Strasbourg-France, a study highlighted that trees in public green
spaces have the ability to remove around 88 tons/year (between 2012 and 2013) of pollutants
varying from CO, NO., O3, SO, and PM. The maximum uptake was for Oz followed by PM (PM1o
and PM2 ) and then NO> being 55.8 tons/year, 16.2 tons/year, and 13.8 tons/year respectively[128].
Hence, big polluted cities started integrating and planting more trees as seen in Fig.13. Pollutants
mitigation was more efficient during the leaf-on season recording an 81 % of pollutant removal.
This is explained by the greater surface area available, the warmer temperatures, the lower wind
speed, as well as the more considerable stomatal conductance which all increase the concentrations
and deposition velocities of pollutants. The tree species and their land use affect the removal
potential. For example, in Strasbourg, forest lands were the most efficient in removing pollutants,
followed by parks, industrial areas, and agricultural lands. On the other hand, the leaf area of a
specific species can lead their depollution capacity. According to the study, the European beech
was the best performant. They used a model called i-Tree model to assess their results which takes
into consideration the forest structure and ecosystem services. This model was already used by
other researchers in Spain and the United Kingdom (UK) [129][130]. In both Spain and the UK,
the urban forest removed PM1o, NO2, O3, CO, and SO,. The former eliminated 305.6 tons/year and
50 t/year of pollutants with PM1g and O3 having the highest removals respectively. The differences
in tree cover, pollutants concentrations, leaf area, species present, and climate clarify the

discrepancies obtained in all studies.

Trees then directly ameliorate air quality by decreasing the air temperature and by removing
pollutants; and indirectly by reducing energy demands and consumption. However, at the same
time, trees can be a source of pollutants. VOCs emitted can act as a precursor to Oz and particles
through their reaction with NOx [131]. Also, the pollen and the particles produced can inflict
serious health problems on allergic people [132].In addition to that, toxic pollutants will eventually
accumulate in the soil resulting in a contaminated one which affects water quality and future land

use [133]. In urban sites and densely populated cities, there is little space to plant trees. For
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example, in Midtown Manhattan, a district in New York, 94 % of the land is impervious surfaces
like streets and rooftops. This makes it impossible to find a place to plant trees which also in turn
take several years to grow to be able to mitigate air pollution. So, green roofs or greenery systems
can make use of the available rooftops (40-50 % of the impermeable area in a city) and be a more

appropriate solution to this perplexity as well as air pollution [134].

1.4.2.3 Greenery systems

Urbanization has created a pronounced construction demands where buildings, factories,
and residential sectors are being constructed at the expense of green areas; turning our world into
a densely populated place suffering from pollution [135]. By changing the already-present unused
rooftops and by introducing different plant species to those rooftops, a compensation to the lost
greens while the building was being constructed can be an outcome [7]. So, greenery systems are
a way of ‘greening’ and at the same time mitigating air pollution. They are sorted as vertical
greenery systems and green roofs. Green roofs or roofs with plants in their final layer are known as
eco-roofs and are coated with green plants and growing media.

Components of green roofs

Vegetation
Growth substrate

Filter fabric
Drainage element
Protection layer
Root barrier

Insulation layer

Water proofing membrane
Roof deck

Figure 13 The different components of green roofs, source: [135].
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Green roofs consist in general of vegetation with its substrate, filter fabric, root barrier, and
the insulation layer (Fig.14). The layer holding the vegetation is the uppermost layer that adds life
to the green roof and which can act as the air pollution mitigator. Those properties make the choice
of plants a delicate factor. Since many limitations exist as water scarcity and building load
restrictions, and since green roofs are not a favorable or a normal environment for plants to grow,
the latter used should have specific properties to ease their implementation [7][136]. Plants should
be drought-tolerant with little maintenance needs, have short roots, and be capable of removing
contaminants from the soil or air. Preferable green roof vegetation is of the succulent type as the
sedum species because they are able to limit transpiration and store water [137][138]. For instance,
a study highlighted that sedum species were able to stay photosynthetically active even after lacking
water for 4 months [139]. Another study indicated that sedum species survived 2 years without
water [140]. This is due to their characteristic of storing water in their stems and leaves enabling
them to survive drought conditions [141]. In addition to that, their shallow roots give them the
advantage to be used excessively on extensive green roofs (with a small substrate depth) while also
being healthy [142] Consequently, those properties decrease the cost of green roofs. Nonetheless,
as sedum species are non-native for all countries in the world, research has been focusing on the
use of native species since they are already evolved to adapt to the present weather conditions, thus
resistant to local pests. Many studies dealt with native plant species to find the most suitable for
green roofs and the closest to the qualities of sedum [143][144][145]. Nevertheless, using multiple
types of plant species can yield a positive effect on the effectiveness of green roofs [146]. Some

types of plants used on green roofs are: thymus vulgaris, sedum species, oregano, grasses, etc.

The growth substrate affects the performance of green roofs. It is related also to the thermal
and sound insulation hence, it must have some unique properties as a low bulk density, high
sorption capacity, good water holding capacity, and stable. On the other hand, the filter layer which
separates the growth substrate and the drainage element should have high tensile strength, small
pores to prevent particles from entering the drainage layer, and should act as a root barrier specially
to plants that have soft or short roots. Those properties can improve the water retention capacity of
green roofs. In general, all components should have specific compatible properties to ensure the

most effectiveness possible [147].
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Types of green roofs

Table 2 Differences between the 3 green roof types, source: [147].

Green roof type | Substrate layer Vegetation Maintenance Cost
thickness types recurrence
Intensive Thick (20 — 200 | Trees/shrubs Frequent High
cm) (diverse)
Semi-intensive | Moderate Herbaceous Frequent High
plants/
grass/shrubs
Extensive Thin (<15cm) | Grass/ moss/ | Minimal Low
succulents

Table 2 shows that among the 3 types, extensive green roofs are the most common due to

their low cost, maintenance demands, and weight meeting the building weight restrictions.

History of green roofs

The oldest example of a greenery system goes back to the city of Babylon 500 years BC
where ‘hanging gardens’ were employed, as well as the Roman and Greek empires. Also, in the
old Mediterranean area, vines were grown on pergolas providing shade or directly on the walls of
the building lowering the indoor temperatures and providing more comfortable indoor conditions
[148]. Years after, the use of ‘climbers’ increased as it became popular particularly in UK and
Central Europe. In the 20" century, various studies especially in the botanical domain [149] were
being done where they understood the significance of green facades towards ecology. Afterwards,
green roofs were implemented in Germany. With passing years, more and more areas of green roofs
were seen in Berlin where 10% of the buildings in Germany use green roof technology now [150]
[151]. Lately, developed countries as USA, Canada, Japan, etc. started integrating new laws in the
favor of green roofs and facades. Consequently, 15 % of roofs in Basel, a city in Switzerland, have
been greened [152]; in Tokyo- Japan, a regulation was implemented that states that all newly built

and enlarged buildings with land area > 1000 m? must have green roofs [153]. Similarly, in Canada
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where a law declares that if the floor area exceeds 2000 m?, 20-60 % of the roof area should include
green roofs [153]. It was approved in 2015 that in France, the new commercial constructions must
at least partially cover their rooftops with plants or solar panels. This is a great step towards more
sustainable cities [154].

Benefits of green roofs

Green roofs could promote biodiversity, reduce temperatures, mitigate the Urban Heat
Island (UHI) effect, improve air quality, ameliorate the city image, and has many social and
economic advantages as well [155][156][157][158]. Some benefits will be addressed in detail

herein below.

Thermal performance enhancement

Enhancement in the thermal performances of a building positively affects and reduces its
energy demands. This is due to the thermal insulation and shading properties as well as the thermal
mass present[149]. A study in Greece showed that green roofs decrease the cooling energy demands
by 2 to 48% (the percentage being related to the area covered by plants) with an indoor temperature
decrease [159]. The growth medium helps in insulating the roof as well as the water content which
can trap the heat; the vegetation layer plays a role in absorbing or reflecting the incoming solar
radiation which limit the thermal loads. From the total incoming solar radiation, 27% was reflected,
60% absorbed by the plants, and 13% transferred to the growing medium [160]. According to the
types of plants present and the thickness of the soil, the annual energy consumption savings can
vary between 1-15% in a five-floor commercial building in Singapore [161]. Some authors claim
that green roofs also have positive insulating properties during winter and hence on energy
demands; however, others believe that it actually increases the latter [162][163]. Generally, green
roofs decrease the ambient air temperature due to an increase in the albedo (fraction of light
radiation reflected by a surface) of urban areas; for instance, the albedo of a green roof was shown
to vary between 0.7 to 0.85 comparable to that of white roofs (0.8) while that of bitumen, tar, and

gravel roofs range between 0.1 and 0.2 [146] which hence reduces the urban heat island effect.
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Stormwater management

While raining, a fraction of the water will get absorbed by the growing medium; this water
can be used by plants to be stored in their tissues/transpired back or retained in the pore spaces.
However, the ‘unabsorbed or untrapped’ remaining water will percolate and reach the drainage
system where it will be retained. Draining will happen with the saturation of the drainage space.

The retained water will either be absorbed again by the plant where part of it will be
transpired or evaporated [135][164][165]. A study revealed that the runoff retention can reach 66
% on an intensive green roof which is much higher than that on a normal roof (34 %) [166]. Green
roofs are recognized as a way to decrease the chances of flooding by retaining stormwater.
Vegetation, the thickness and type of the growing medium, the drainage system present, slope of
the roof, storage capacity, etc., all specify the retention potential of the roof with the growing
medium playing the biggest role [143]. Some studies reflect that the runoff delay from green roofs
is due to the high water holding capacity of the growing substrate [167]. Vegetation also plays a
significant role in the runoff retention. Grasses were reported as being efficient for runoff control
followed by sedum [165]. Sedum species transpire available water quickly and can retain rainwater

by contributing to 40 % of the green roof capacity to retain stormwater [168].

Noise attenuation

Green roofs act as a cover separating or creating a boundary between indoors and outdoors.
They can attenuate noise coming from the road or from traffic by absorbing sound waves or by
increasing the road insulation [169] [170]. A study showed that the noise transmission loss of non-
vegetative roofs is less than that of vegetative roofs by 10 to 20 dB [171]. The comparison of sound
insulation between an extensive and an intensive green roof showed that an extensive roof is rather
effective in reducing sound transmission however, an intensive roof showed no positive effects
[169]. Not a lot of research focus on acoustical benefits but in general, noise pollution in urban

spaces is reduced.

Green roofs can be viewed as a design for boring flat buildings. They enhance aesthetic
values and act as a tool to restore biodiversity. For instance, Fig.15 shows a green-roofed school in

France which is more psychologically and aesthetically pleasing than a normal asphalt one. They,
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as well, protect roofs from heat and ultra-violet radiation which decreases the daily expansion and
contraction of conventional roofs [147]. The latter usually reaches 70°C of temperature compared

to a 25°C of that of green roofs.

R s

Figure 14 A green-roofed school in France, source: [172].

Air pollution mitigation: A literature review

Carbon sequestration

Green roofs also sequester carbon. The global warming and the enhanced greenhouse effect
are facts that we have been living ever since the industrial revolution took place [173]. The
increased demand for fossil fuels generated a great amount of CO2 which is a by-product of
combustion. CO; is one of the main gases that keeps our planet warm by trapping the received
energy from the sun. Then, logically, an increase in CO. leads to an increase in the greenhouse
effect. CO2 concentrations increased by 32 % since 1750 and it is expected to escalate more since
it has been proposed in 2010 to construct 100 new powerplants to support the expected energy
demands [174] [175]. Green roofs can trap carbon naturally - a process called photosynthesis-
hence sequestering carbon in their tissues. The latter can then reach the soil substrate due to the fall
of dead organic material (plant litter) or due to the release of carbon by the roots. However, this
phenomenon always reaches an equilibrium so, green roofs also decrease the emission of CO2 by
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mitigating the UHI and by decreasing the energy demands as seen in Fig.13. A study in Michigan
quantified the sequestered carbon by sedum species on an extensive green roof and revealed that

sedum and the substrate sequestered around 380 g/m? [176].

Modelling studies- Removal of adverse air pollutants

Vegetation as trees and shrubs is very efficient in mitigating the UHI and lowering pollution
levels. But, due to limited availability of spaces especially in urban areas, the use of a vegetated
roof or a green roof can be a good solution. They make use of impervious areas and at the same
time, lower the pollutants concentration. Numerous researches tried to estimate the depollution
capacities of green roofs. Starting with Toronto-Canada, a study revealed the ability of green roofs
to reduce NO2, SO, PM1o, and Oz levels [126]. It dealt with a dry deposition model called Urban
Forest Effects (UFORE) which quantifies the reduction in concentrations of the targeted pollutants
by calculating the vegetation cover, weather data, and the pollutants concentrations. Their model
estimated that intensive green roofs can play a big role in improving the air quality while an
extensive roof plays a smaller one. However, due to the higher cost of intensive green roofs owing
to the added structural loading requirements, an extensive roof is preferable. Another in Chicago-
USA revealed the removal of 1675 kg of pollutants in one year by 19.8 ha of green roofs [23]. The
latter comprised short grass, herbaceous plants, trees and shrubs, and other plants; which is the
ensemble of all 71 green roofs studied varying from extensive, semi-intensive, and intensive green
roofs. The Os uptake was the largest contributing to 52 % of the total uptake followed by NO2,
PMj1o, and then SO>. This is explained by the high concentration of O3 present at that year which
peaked in summer. This study used a dry-deposition model and indicated that if all green roofs
were of the intensive type in Chicago, pollutants removal can reach up to 2047 metric tons.
However, the installation cost is a great obstacle. As with normal vegetation, the most efficient
pollutant removal was when the leaves were fully open and expanded. The annual removal rate per
hectare of canopy cover was greater in the study in Chicago than in Toronto. This is due to the
difference in plant cover, weather, and pollution severity. Also, the methods used in the modeling
play arole. Similarly, a study on a 50 ha extensive green roof in UK holding 2 different grass types,
a flowering plant, and sedum showed the ability of those species to capture PM1o[166]. The grasses

were more efficient than sedum in removing the particulate matter where both grass species
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combined were able to mitigate around 2.5 metric tons/year of PM1o. Sedum removed 0.21 metric

tons; this difference is due to the surfaces provided by the plant species.

Table 3 Amounts of pollutants mitigated by different studies.

Study Plant species studied Pollutants abolished
(kglyear)
Currie & Bass [126] Grass 1270 O3
650 NO-
Shrubs 1270 O3
1240 NO2
Speak et al. [166] Sedum 210 PM1o
Red Fescue 1605 PM1o
Yang et al. [23] Grass/ Herbaceous plants/ | 871 O3
Shrubs 452 NO2
Johnson and Newton [8] Grass 4000 PM
Clark et al. [177] Sedum 800,000 NO-
Tan and Sia [179] - SO

Table 3 shows the amount of pollutants removed by several studies. In all the previous
studies [23] [126] [166], the plant species studied were able to remove PM1o, O3z, NO2, and SOa.
For example, Currie & Bass [126] showed that grass can abolish 1270 kg of Oz and 650 kg of NO;
while shrubs can remove 1270 kg of the former and 1240 kg of the latter. Speak et al. [166] reported
that sedum can capture 210 kg of PM1o when Red Fescue (a grass species) trap 1605 kg. According
to Yang et al. [23], a mixture of 63 % grass/14 % herbaceous plants/11% shrubs/12 % hard surfaces
mitigated 871 kg of Oz and 452 kg of NO.. The dissimilarities show the different effect each plant
species has and the necessity to understand the mechanisms of each to help set the goals concerning

air pollution mitigation.
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Other studies showed that 2000 m? of grass on a green roof can abolish 4000 kg of PM [8].
So, if 0.1 kg of PM was released into the atmosphere in one year by one car, a 1 m? of uncut grass
is sufficient to remove this pollutant. Similarly, it was reported that if only 20 % of industrial and
commercial buildings in Detroit-USA were covered with extensive sedum green roofs, around
800,000 kg of NO2 can be offset [177]; their estimation was achieved by assuming constant NO>
removal rates by green roofs. In Singapore, the concentration of SO, was compared before and the
installation of a 4000 m? green roof. Results show that a decrease of 37 % of SO, was attained
above the roof [178].

In addition to the direct removal of pollutants and decreasing the pollution extremity, green
roofs can as well indirectly remove pollutants by decreasing the emissions from powerplants. In
Los Angeles, it was estimated that 350 tons/day of NO> can be eliminated by lessening the need
for air conditioning which leads to a 10 % reduction in the formation of smog and a saving of 1
million dollars/day [6][179]. Due to evapotranspiration and shading properties, a green roof helps
in bringing down indoor temperatures during summer which reduces cooling needs and insulates
the building in winter hence decreases heating requirements [180][181]; therefore, mitigating the
UHI (Fig.16).

Experimental studies

All previous studies show that green roofs are effective in removing pollutants, improving
air quality, and mitigating the UHI. In addition to that, they can increase biodiversity, improve the
building insulation, and increase the aesthetic value of a building with a boring standard roof.
However, all those researches were based on modelling and few studies deal with laboratory or
field measurements of green roofs depollution ability. A very recently published article compared
the efficiencies of different ventilation filters (ventilation system) in removing Oz [182]. One of the
filters was installed on a white roof while the other on a vegetated one involving mostly succulents
like sedum species. The ventilation system affects the quality of indoor air since it is usually
installed on buildings and outdoor air can interact with the green or white roof prior to entering the
building ventilation system. In their studies, they built a setup which enabled them to test the ozone
removal efficiency (Fig.17). An air supply system was used followed by different filters and drying
media to purify and condition the air. Purification and the removal of VOCs from the supplied air

was done by 2 different filters and a drying medium while the control of humidity was achieved by

36



a glass impinger filled with distilled water. The temperature was also monitored and recorded using
a temperature sensor. This process was then followed by a flow meter controlling the flow of the
air entering the O3z generator which produces O3 to be fed to the filters under study. O3z analyzers
were found in the end of the setup monitoring the Oz concentrations.

The results showed that green roof filters had a greater removal performance than white
roof filters or even than an unused filter ranging from 10-25 % for green roof filters and from 5-15
% for white roof filters after 5 h of O3 exposure (with a temperature of 21 °C and relative humidity
being between 30 % and 70 %). This was explained by the help of the Scanning Electron
Microscope (SEM) images that showed that non-ozonated green roof filters had an accumulation
of deposits such as pollen or other biotic coatings. Contrary to that of white roof filters which had
fewer deposits. Deposits offer a greater surfaces area which increases the amount of particles
captured by the filter. The same group investigated the Oz removal efficiency of the same filters
present on a green roof as well as on a white roof with the variation of temperature and relative
humidity [183]. They selected 3 temperatures and 3 relative humidity values: 15 °C, 23 °C, and 31
°C, and 20 %, 50%, and 80 % to cover all realistic conditions. The removal ability of all filters
increased with the increase of relative humidity; however, the trend is uncertain regarding the
temperature. Overall, they found that the best conditions were 23 °C temperature and 80 % relative
humidity which suggests that Oz removal by both roofs is relatively better in the winter season.
This is in line with their previously reported work [182]. Green roofs hence directly improve the
indoor air quality by removing Os or indirectly by affecting the -effectiveness of

ventilation/heating/air conditioning filters placed in the building ventilation system.

1.5 Research questions/gaps

1.5.1 Uncertainty of models

Since air pollution mitigation ability of green roofs was estimated or predicted using models
rather than quantitatively calculated using field or laboratory research, many limitations and

uncertainties can be an outcome. The study using UFORE model [126] held some unreliability
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since in their data, grass was the plant species studied instead of sedum because data for other
vegetation -usually used on extensive green roofs- were not available. The model predicted the leaf
area index and evapotranspiration rates of grass in order to calculate the air pollution removal
values and then compare the latter with those of trees and shrubs. The only model that was
accessible in North America to estimate the vegetation effect on air pollutants was this one where
its precision is unknown. Hence, plant selection to be studied was constrained. The economic
benefits and analysis were also limited since they were related to values derived from a work done
in New York [184]. Their data were based on the deduced cost of air pollution regarding its effects
on the health and environment. This might pose a problem due to the probable differences in values

between countries. The model acts mostly as a program where grass was chosen as a proxy unit.

Similarly, studies considering dry deposition/big-leaf models report various uncertainties.
For example, the estimation of the air pollution removal by green roofs obtained from [23] is more
an approximation than an accurate estimation. This is because the generalization of green roofs as
continuous surfaces containing mostly grass, herbaceous plants, and deciduous trees with uniform
heights was an obligation for implementing the big-leaf model at a big scale. Also, the air pollutants
concentrations were deemed constant. However, the heights of green roofs, type of vegetation
present, and the distances to the sources of emission (distance between the building having the
green roof and the emission source) largely influence pollutants removal. Green roofs, for instance,
located in a highly polluted area would uptake more pollutants that a roof situated in a clean area.
Calibrating the dry deposition model and verifying the reported results is mandatory since the way
that the deposition velocity on plants was modelled is also erroneous; they were taken from the

literature without considering the differences among species.

Accurate laboratory and field studies are necessary to precisely measure and understand
the depollution effect of green roofs. Starting from a small setup-to be extrapolated-, one can
measure the uptake capacity of many plant species usually implemented on green roofs. Based on
the uptake capacity of a certain plant species towards a target pollutant, the choice of green roofs,
and plants to be installed in a region with an elevated concentration of this target pollutant would

become easier.
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1.5.2 Lack of studies concerning the interaction of VOCs and pollutants

VOCs emitted by plants play an important role in the plants life as in the chemical
interaction occurring in the atmospheric compartment [185]. Being released by any type of
vegetation, VOCs are usually a result of different stimuli. They are involved in the plant
communication, pollinators attraction, stress adaptation, and defense from predators
[186][187][188][189]. Nevertheless, the emission of VOCs is directly related to the plant species
[190] and different plant species have different solutions to the same problem. For example,
dissimilar flowers produce various odorous volatiles to face the problem of attracting the same
pollinator [191]. Those biogenic volatile organic compounds (BVOCs) include isoprene,

monoterpenes, and sesquiterpenes with alkanes, alkenes, alcohols, etc. as well [192].

The interactions between the urban vegetation and urban environment are rarely studied and since
urban vegetation is always exposed to elevated pollutants concentrations and temperatures, it is

important to understand the reactions taking place (Fig.18) [193].

For example, when vegetation is exposed to a change in the abiotic components (change in
temperature, presence of high concentrations of pollutants, etc.), its ability to remove pollutants as
well as its volatile emissions change. An augmentation of the latter leads to an increase in
interactions between the VOCs and pollutants; this might provoke a boost in air pollution [194].
The production of isoprene is involved in the formation of ground-level Oz while monoterpenes or
sesquiterpenes are rather related to the increase in PM [195] [196]. In general, in the areas rich in
NOx, VOCs go through chemical interactions forming Oz and PM [197]. This was in line with a
study done in China showing that BVOCs affect the formation of Oz and PM [198]. Out of the
hundreds VOCs emitted by plants, only few impact the air quality [199]. However, some studies
state a decrease in O3z concentrations in the presence of plants. Os, after being formed, can be
captured by the vegetation (leaves, stomata, stems, etc.) or can react with NO and VOCs as
monoterpenes and sesquiterpenes thus lowering its concentration [200] [201 [202]. In order to solve
this complexity, laboratory or field studies should investigate the influence of a plant species
emitting VOCs on Oz concentrations. Also, to avoid the uncertainties carried by models,

quantitative experimental work is needed.
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1.5.3 Lack of studies regarding pesticides + VOCs/ pesticides + pollutants

Pesticides + pollutants

Pesticides are chemical agents that control pests and protect plants or crops; they include
herbicides, insecticides, fungicides, etc., each having a role. Once on leaves, they can react with
urban pollutants. Hence, understanding the fate of pesticides is necessary since their degradation
can lead to an increase in doses applied or number of treatments. The formation of degradation
products might lead sometimes to contamination of the environment as well. Numerous researches
studied the interactions of pesticides and pollutants as Oz in water, while others deal with their

interaction on supports in the presence of O3 (heterogeneous reactions).

In solution

Due to the industrial wastes, surface run-off owing to agricultural applications, domestic
employments, etc., pesticides reach surface waters and pollute them [203]. According to a survey,
surface and groundwaters were contaminated by different types of pesticides where concentrations
up to 0.6 pg/L were detected in surface waters [204]. A review considering the ozonolysis of
various types of pesticides in aqueous solutions showed that almost all pesticides were degraded in
the presence of Oz. For example, the insecticide called Aldrin- which is now banned - showed a
consumption of around 90-100% when Oz of a concentration between 1 and 4 mg/L was present
[205] [206]. Oz usually attacks the carbon-carbon double bond producing even more harmful and
more toxic compounds. Dichlorodiphenyltrichloroethane (DDT) on the other hand, showed a low
reactivity towards Os [206]. However, 94 % conversion was reported after prolonged ozonation
[207]. Many factors affect this reaction such as the presence of humic substances, the solubility of
pesticides in water, and the pH. This is important since pesticides in potable water poses a threat to
the human health, thus ozonolysis can be applied only if complete mineralization is achieved or if

the intermediate products are less toxic than the starting chemical.
On solid

Out of the various studies done on the heterogeneous phase, one involving 8 commonly

used pesticides adsorbed on silica model particles and ozonolysis showed degradation concerning
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4 pesticides while no effect was reported related to the others [208]. Ozonolysis was done for 26 h
for 6 Oz concentrations (0 to 997 ppb). The decay was proportional to the O3z concentrations. In the
absence of O3, no effect was noted. However, the degradation increased with the Oz concentration.
In their experiments, they built a setup involving Oz generator, O3 analyzer, chambers, and a
humidity system. This suggests a possible interaction taking place between pesticides and O3
yielding products. Their results were in line with other studies that performed ozonolysis with many
pesticides [209][210][211]. The same group also studied the heterogeneous degradation of the 8
commonly utilized pesticides by "OH radicals [212]. The latter was chosen since pesticides, in
general, undergo photolysis and react with atmospheric oxidants like “OH, Os, or nitrate radicals
(NO:s). Pesticides were adsorbed on silica particles where a source of "“OH was present. Similarly,
4 out of the 8 pesticides were degraded. The results concerning the 4 unreactive pesticides were
unexpected since they are degraded in the gas phase according to some software calculations [213].
Hence, ‘OH can degrade the pesticides in the gaseous phase but the reactivity significantly
decreases in the heterogeneous phase due to the probable steric hindrance and the absence of water
on the solid surfaces rendering the diffusion of OH" or O3 through solid the substrate limited. This
reflects the complexity of this phase.

Pesticides photolysis

Pesticides, principally, undergo direct and indirect photolysis. Direct photolysis takes place
via excited states when it has the ability to absorb a wavelength > 290 nm (UV-visible absorption)
(Fig.19). Photoproducts different than the starting molecule are possibly formed; whereas indirect
photolysis happens when the pesticide reacts with a photogenerated reactive oxygen species due to
the presence of dissolved organic matter especially in water bodies. The singlet oxygen and "OH
are important reactants in this process [214][215][216].
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Figure 15 A simplified diagram showing a photosensitized reaction where the photosensitizer produces a
singlet oxygen species.
Fig.20 shows that when a pesticide absorbs light, this molecule in the ground state (So) gets

excited to the first excited singlet state (S1) where several processes can further take place. Si can
be deactivated through the nonradiative internal conversion (IC) to So, through the emission of
fluorescence (FI), via an intersystem crossing (ISC) from Si1 to Ti, or by undergoing further

reactions forming photoproducts. T1 is much long-lived than S; and has thus more time to undergo

reactions with other reactants (O, starting chemical, etc...).
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Figure 16 Simplified state energy diagram, source: [216], [217].
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In solution

Leaching and run-off processes, for example, help pesticides reach waterbodies thus posing
a threat to humans and the environment [218] [219]. Subsequently, they can be phototransformed
in sunlit waters which can be the major transformation pathway for many pesticides besides
hydrolysis and other biological reactions [220]. Bentazon didn’t undergo any degradation in the
dark but was phototransformed when irradiated by UV light in the collected lake/paddy water
[221]. In general, photodegradation is mostly due to direct photolysis. Dissolved organic matter
(DOM) that is ubiquitous in surface waters has a dual effect. It can inhibit the photolysis due to a
competition for light between the pesticide itself and the chromophoric groups found in DOMs.
Conversely, it can enhance the photodegradation because it generates reactive species such as
excited states, "OH, singlet oxygen radicals that are able to react with pesticides [222]. Many studies

have been and are still undertaken to investigate these reactions.

On solid/leaves surfaces

Studies on solid surfaces mostly investigate the pesticides photodegradation on glass
(simplest model) and silica gel to compare their photoreactivity. Pesticides degrade more slowly
on glass since they form a thicker layer which causes light attenuation [223]. Usually, pesticides
deposited on silica gel experience photoinduced homolytic cleavage that produces radicals, and
photodegradation further takes place. A study involving benzyl phenylacetate concluded that
radicals separated very well on silica gel surface via a translational motion [224]. Similarly,
azobis(isobutyronitrile) under UV light and on silica surfaces was degraded with the formation of
radicals according to another study [225]. These experiments demonstrate the degradation of
pesticides on solid surfaces; however, they do not exactly represent the possible processes taking
place on the surface of plants since the reaction environment is totally different from cuticular

surface. Plant surfaces themselves are complex media influenced by several factors.

One study took into consideration the photodegradation of 2 herbicides (mesotrione and
nicosulfuron) on thin wax films [222]. Previous studies on mesotrione show its photolysis in
aquatic media as well as on wax films [226] [227]. Photoproducts of mesotrione were due to

photohydrolysis since water molecules in the air/film interface can be present and involved in this
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reaction, photocyclisation, or photoreduction; while those of nitrosulfuron were mainly because of
hydroxylation, photoextrusion (loss of SOz), and photohydrolysis [222]. These photochemical
reactions were also reported with other herbicides on wax films [228][229]. The photoreactivity of
both herbicides was faster when present as formulated molecules. This owes to the additives which
facilitates their spreading and hence the absorption of light. In addition to that, the mixture of these
2 compounds leads to a further increase in photoreactivity due to the additive effect of additives or
the photosensitizing effect. Experiments on wax films can be more representative of the cuticular
surfaces than glass/silica; but the wax films still lack some characteristics or components naturally

found in leaves. The structures of pesticides are present in Fig.21.
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Figure 17 Chemical structures of the pesticides.

To have a better approach to cuticular surfaces, a study used the solution of soaked corn
leaves as a deposit on Petri dishes. The solution was left to evaporate until a layer of plant wax
remained on the surface. Dicamba, a herbicide, was then applied on the dishes and left to evaporate
which thus created a solid layer [230]. Irradiating the dishes revealed dicamba photodegradation
with the formation of photoproducts. The photochemical reaction is however slower on the
solid/inert surfaces than in aqueous solutions; this is probably since dicamba is in the solid state.
Nevertheless, when the solution of dicamba is applied as a formulation, faster photodegradation
takes place. This is related to the presence of certain surfactants lowering the surface tension and
other chemicals which helps the herbicide to spread on the surfaces. The matrix environment
influences the photodegradation rates and photoproducts produced [231][232][233]. For instance,
an experiment done with the same herbicide and irradiation conditions directly on glass Petri dishes
showed that no degradation takes place. Epicuticular wax surfaces are a complex medium;

pesticides deposited on them can undergo slow photolysis (screening effect) or a fast one
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(photosensitization). They can be good candidates to represent the wax surfaces of plants but still

lack some properties like the effect of volatiles or the real cuticular structure.

Plant surfaces, in other words leaves surfaces, are the first reaction site for pesticides.
Sunlight can reach those surfaces provoking photodegradation [216]. For example, a study where
bifenazate, an insecticide, was deposited on green pepper showed that bifenazate underwent
photodegradation in dark and under irradiation [234]. The autoxidation was linked to the presence
of water in the pepper or to transpiration. VVarious degradation products were detected with a major
one formed by the elimination of 2H atoms. The photodegradation on green pepper skin needed
water, oxygen, and a protic solvent. Another, demonstrated the phototransformation of
Acibenzolar-S-methyl (BTH) when present on apple leaves and under irradiation (Fig.22) [231].

Volatile emission

| lhgf,‘ SN2
\ &7 ~ N s

3 Acibeniblar-s-mamyl

Figure 18 The reaction of a pesticide under sunlight [231].

Around 75 % of BTH was degraded after 4 h; contrastingly to wax films which showed that
only 10 % degradation was reported when BTH was deposited on them. The nature of the apple
leaves was responsible for this difference i.e. the metabolism in the leaf, chemistry of the cuticle,
formation of reactive species due to stress, and the emission of VOCs. Interestingly, volatile
photoproducts arising from BTH were detected showing that pesticides can as well produce VOCs.
Contrary to inert surfaces, ‘plants leaves’ is an ‘alive’ medium influenced by many factors such the

anatomy of the leaf, wax, weather, etc. [216]. Fig.23 shows the structures of studied pesticides.
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Figure 19 Chemical structures of the studied pesticides

Pesticides + VOCs

In addition to the previous interactions, it is necessary to investigate how pesticides would
react with the VOCs naturally emitted by plants or crops. A research considered the interaction
between an insecticide and BVOCs produced by orange trees [235]. The study was done under
sunlight where results showed that this combination of BVOCs and pesticide formed Oz and
secondary organic aerosols (SOA). Those two highly contribute to the formation of smog. Having
enough knowledge about atmospheric interactions involving pesticides facilitates the estimation of

their impact on the environment as well as the selection of ‘environmentally friendly’ pesticides.

Since green roofs are ecofriendly, attention should be given to the interaction of the volatile
metabolites of plants implemented and pesticides sprayed so that they don’t lose this beneficial
characteristic. Hence, the necessity to understand this interaction is crucial especially with VOC-
emitting green roof plants (since not all produce significant levels of VOCs).

1.5.4 Conclusion/scope of work

Holding many uncertainties, models should be carefully considered and more attention
should be given to experimental/laboratory research in order to obtain quantitative results. In the
first part of our study, we developed an experimental setup including flow meters, stainless steel
reactors, an irradiation system, and analyzers to measure the uptake performances of certain plant
species implemented on extensive green roofs. Two air pollutants with deleterious health and
environmental effects were chosen to be studied: NOx and Os. Special attention was devoted to
finding a long-lasting stable source of these 2 pollutants. An Oz generator equipped with a UV pen-

ray lamp was used as a source of Os. However, the NOx source used was based on a study done in
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our team involving a solution of irradiated Imidacloprid which produced NOx (NO + NO3) with
NO- being the major product [236].

In the second part, 13 different plants were selected for preliminary experiments. Their
uptakes were noted by calculating the difference in the initial concentrations (coming from the
source) and the ones read on the analyzers after passing through the reactors containing the plants.
Following screening, the best performant species were selected: Sedum sexangulare, Thymus
vulgaris, and Heuchera Americana L. Scanning electron microscopy was performed to characterize
cuticular surfaces, headspace gas chromatography coupled with mass-selective detection (HS-GC-
MS) was undertaken for the VOC analysis, Automated Thermal Desorption-Gas Chromatography
coupled to Mass Spectrometry (ATD-GC-MS) analysis was done to identify possible reactions
taking place in the gas phase, and a nitrous acid (HONO) trap was employed to detect the potential
reaction between water and NO2. All these factors were taken into consideration to deeply
understand the uptake mechanisms. Nonetheless, experiments were done on both detached leaves

and full size plant to test the feasibility of extrapolation; effect of soil was also evaluated.

The third part was dedicated to study the interactions between two abundantly used
pesticides (Imidacloprid and Chlorothalonil, Fig.24) and Thymus Vulgaris volatiles after
irradiation. Those pesticides have the potential to react with volatiles. Chlorothalonil, for example,
has photooxidant properties due to the formation of its triplet excited state or singlet oxygen after
irradiation; while Imidacloprid is a good nitrosating/nitrating chemicals through the release of NO
and NO.. Experiments were conducted in solution to study the potential of the interaction, and then
on Thymus Vulgaris leaves to approach realistic conditions. HS-GC-MS was performed to detect
gaseous photoproducts, and GC-MS and liquid chromatography-high resolution mass spectrometry
(LC-MS) to determine other formed photoproducts. The photochemical reactivity of these two
pesticides in the presence of the volatiles was studied with the possible photooxidation or

nitrosating/nitrating properties in case of Chlorothalonil and Imidacloprid respectively.

Cl
Nse N |>j’ NO,
= N
cl cl /(:[/\ l\/NH
& CI” N
Chlorothalonil Imidacloprid

Figure 20 Chemical structures of Chlorothalonil and Imidacloprid.
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2. Materials and Methods

In this section, the different chemicals, plants, instruments, and the process of sample

preparation are described. Experiments related to the uptakes of plants are marked with a green

color while those concerning the interactions of pesticides with the plants’ volatiles are

distinguished by a blue color (in solution) and a brown color (on thyme leaves).

2.1 Chemicals

The chemical reagents used are listed in Table 4 below.

Table 4 Chemical reagents used in this study.

£

Name Structure Purity (%) Supplier
Imidacloprid (IMD) 2 =980 Sigma Aldrich
CoH10CIN5O2 S -

P —

Cl N

Chlorothalonil (CT) Ne T N >98.0 Sigma Aldrich
CsCLiN, b .

Cl Cl

Cl
Sodium  carbonate O >99.5 Fluka
anhydrous )L
Na,COs NaO ONa
Thymol >98.5 Sigma Aldrich
C10H140
CH

a-pinene 98 Sigma Aldrich
CioH16
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3-carene 90 Sigma Aldrich
CioH1s @

Linalool W >97.0 Sigma Aldrich
C10H180 cH

=
Thymoquinone Q >98 Sigma Aldrich
Ci10H1202 /E;P/L

o
Thymohydroquinone oH /L 95 Enamine
C10H1402 /(?

CH
Synperonic - - Uniquema

Polyoxyethylene Co-
Cu alcohol 10/6

Trans,trans muconic O >97.0 Fluka
acid FDMOH
CsHeO4

Acetonitrile ——=N HPLC Plus Gradient | Carlo Erba Reagents
CH3CN grade

All chemicals were used without further purification. Water was produced using a reverse
osmosis RIOS 5 and Synergy (Millipore) device (resistivity 18 MQ cm, DOC < 0.1 mg L™).

Prepared solutions were stored in a fridge at 4 °C.

2.2 Plants

Thirteen different plant species were selected and purchased for screening experiments
(Table 5). They vary in shape, leaf size, emission of volatile organic carbons (VOCs), tolerance,

rooting depth, etc.
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Table 5 Plants chosen to be studied.

Plant

Picture

Achillée millefeuille paprika

Achillea umbellate a feuillage gris

Alchemille jaune

Aster des alpes rose

Heuchera americana L.

Joubarbe calcareum

Joubarbe rubin

Thymus nummularius
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Sedum floriferum jaune

Sedum reflexum jaune

Sedum sexangulare

Sedum spurium

Thymus vulgaris

The preliminary experiments studying the plants’ uptakes helped us to choose 3 plants
among 13 for further experiments: Sedum sexangulare, Thymus vulgaris, and Heuchera Americana
L (Fig.25). One of the sedum species was selected since the latter are known to be drought tolerant
and suitable to be implemented on green roofs. Sedum sexangulare, specifically, had the best
removal capacity of NOx among the sedum species in our preliminary experiments; it also has a
good performance under severe climate conditions according to literature. The second chosen plant
was Thymus vulgaris which is a perennial plant emitting various VOCs having the possibility to
remove pollutants such as Os through possible reactions with volatile metabolites; while Heuchera
Americana L. is an aesthetically-pleasing plant often used on green roofs due to its beautiful colors,

and can in turn retain particulate matter (PM) due to its hairy leaves.
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Figure 21 Plants chosen for further experiments, from left to right: Sedum sexangulare, Thymus vulgaris,
Heuchera Americana L.

Plants were purchased from a plant nursery (Botanic®, Beaumont, France) and stored in an
indoor greenhouse. They were stored indoors in the laboratory near a large window where they
received sufficient sunlight and were watered every 2 days. The plants leaves were cut prior to the
experiment using scissors and weighed (0.9-1.2 g) or were used directly as a full-size plant having

a pot size varying between 9-15 cm and containing soil.

2.3 Irradiation systems

Irradiation of plants

a. For visible light irradiation, 2x55W Starlite tubes (A= 400-800 nm) were used (Fig.26).
Usually, these lamps emit light necessary for photosynthesis. They were used for irradiation
in the experiments concerning plants with their uptakes. Two air-tight cylindrical stainless
steel reactors were used. Their volume ranged from 0.6 L (small reactor) to 12 L (big

reactor). The distance between the leaves/ full plant and the lamps was 30 cm.
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Figure 22 Starlite tubes and their light spectrum.

Irradiation of solutions

b. For calculating the quantum yields of solutions (CT + volatiles), a high-pressure mercury lamp
equipped with an Oriel monochromator was used (Fig.27). A radiometer QE65000 from Ocean
optics was utilized to measure the photon flux. Since the photon beam is homogeneous and parallel,
lo measurement becomes possible as well as the absorbed light intensity (lz). The lamp is connected
to a cooling system; both the monochromator and the lamp are switched on 20 min before their

use. This ensures a stable and homogeneous photon flow for the solution to be irradiated. Solutions

of CT + volatiles were placed in a 1 cm thick cuvette equipped with Teflon caps and irradiated at
313 nm.

Relative intensity (%)

L_JL bR 1

400 450 %00 550 00 €50 ol

Wavelength (nm)

Figure 23 Monochromator used with the spectral distribution of its Hg lamp.
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c. For monitoring the disappearance of molecules, 3 polychromatic tubes (Philips, TL20W/01-RS,
Amax = 310 nm) installed inside a custom-made cylindrical irradiation device were used (Fig.28).
Solutions of CT/IMD alone or CT/IMD + volatiles were placed in a cylindrical Pyrex reactor (1.4
cm internal diameter) sealed with an air-tight silicon cap and surrounded by these tubes. Cooling
was provided by a ventilator maintaining the temperature at around 23°C. Aliquots were sampled

at chosen irradiation times.

<>
N ) 1. Reactor
2. Trradiated solution
' 5l 3. Cylindrical mirror
4. Fluorescent tube
= 5. Lamps power supply
[ .
[ :g,- 6. Ventilator
I\ e “‘-l’
‘\\

1

Figure 24 The irradiation device used.

Irradiation of leaves

d. For irradiating thyme twigs alone or covered with CT/IMD, a solar simulator CPS Atlas equipped
with a xenon arc lamp and a filter cutting off wavelengths shorter than 290 nm was used with its
power set at 500 W m in our experiments (Fig.29). This light source has a spectral distribution
very close to that of solar radiation. It included a cooling system maintaining the bottom of the
device at 10 °C. The twigs were put in headspace vials which were placed inside the device. This
system uses ventilation to ensure the cooling of lamps; hence, a cover made of quartz (plate) was

used to protect the vials from the air flow caused by ventilation during irradiation.
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Figure 25 Suntest device used and the spectral distribution of its lamp.

Actinometry

e. The photon flux, lo, was measured using a radiometer QE65000 from Ocean optics. It
measures the number of photons emitted by the light used. lo=number of photons emitted by each
light was measured in photons cm sec’ which is directly related to the degradation capacity. The
higher the number of photons emitted, the higher will be the number of photons absorbed (l.) and

hence, a higher rate of photolysis.

2.4. Spectroscopic techniques

UV-Visible absorbance of solutions was measured by a Varian Cary 3 UV-Visible
spectrophotometer in a 1 cm-thick quartz cell (Fig.30). The absorbance spectra of thymol, linalool,
3-carene, a-pinene, chlorothalonil, imidacloprid, thymoquinone, and thymohydroquinone were

recorded, all having a concentration of 10 M. The absorbance precision is of + 0.002.

A baseline correction was necessary before every analysis. For this, the solvent used, which
was ACN in our experiments, was put in a cuvette and its absorption reported. The latter serves as
a baseline. Baseline correction is a pre-processing technique that enhances the precision of the

spectroscopic signal by separating it from interference and background effects.
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2.5 Chromatographic techniques

a. High performance liquid chromatography coupled to a diode array detector (HPLC-DAD,
Fig.31)

Disappearance of thymol

To monitor the disappearance of thymol after bubbling Os, HPLC analyses were carried
out. They were performed using a NEXERA XR HPLC equipped with an auto-sampler, a pump,
and coupled to a UV/Vis DAD apparatus. The analysis was done in the reverse phase using a
phenomenex -kinetex Cig column (100 mm x 2.1 mm, 2.6 um particle size) analytical column. An
identical pre-column was added. The flow rate was set at 0.2 mL/min and the eluent was a mixture
of ACN and water. It was an isocratic elution with 10 % ACN maintained for 10 min. The retention

time of thymol was 1.3 min (A= 274 nm). The injection volume was 10 pL.
Degradation of the pesticides (CT and IMD)

HPLC analyses were as well performed to monitor the degradation profiles of CT and IMD
in solution with and without the presence of volatiles. Regarding CT experiments, the analytical
column was a Phenomenex-kinetex Cig (100 mm x 2.1 mm, 2.6 um particle size); the flow rate was
set at 0.2 mL min; while for the IMD experiments, the analytical column was EC 150/4.6
NUCLEODUR Cis endcapped column with a flow rate of 1 mL min* (an identical pre-column was
also present). The injection volume was 10 pL in all the analyses.

Table 6 HPLC conditions used for the CT/IMD experiments.

Time (min) | % ACN Time (min) | % ACN
0.01 30 0 30

2 50

4 60

CT 8 60 IMD

15 80 10 30

15.1 30

21 30
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Figure 26 HPLC-DAD used.

Purging was performed prior to every experiment. In the HPLC system, a certain percentage
of ACN with water was used depending on the method. Its aim is to flush through the lines any

remaining solvent or air bubbles from previous analysis to be replaced by the new mobile phase.
b. High performance liquid chromatography coupled to mass spectrometry (LC-MS, Fig.32)
Photoproducts of the reaction between pesticides and volatiles in solution and on leaves

Photoproducts obtained in solution and on thyme leaves due to the interaction between
volatiles and pesticides under irradiation were identified by high resolution mass spectrometer
(HRMS) on an Orbitrap Q-Exactive (Thermoscientific) coupled to an ultra-high performance liquid
chromatography (UHPLC) instrument Ultimate 3000 RSLC (Thermoscientific) equipped with a
UV/Vis detector. The sample to be analyzed is introduced into the mass spectrometer from the
HPLC by direct vaporization in a nebulization chamber. In this chamber, the molecules are ionized
by electrospray (or elecyrospray ionization ESI). The column used in our experiments was a
Kinetec EVO C18 (100 x 2.1 mm), particule size of 1.7 um (Phenomenex). The elution gradient
started with 15% acetonitrile maintained for 5 min, then the percentage of acetonitrile was linearly
increased to reach 55% after 5 min. The flow was set at 0.45 mL min~t. Analyses were made in
positive (M+H*/M+Na*) and negative (M-H*) electrospray modes (ESI*/ESI"). Mass accuracy was
less than 5 ppm.
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Figure 27 LC-MS apparatus.

c. Gas chromatography coupled to mass spectrometry (GC-MS, Fig.33)
Photoproducts of the reaction between pesticides and volatiles in solution and on leaves

Photoproducts were also analyzed using an Agilent 6890 gas chromatograph coupled to an
Agilent 5973 mass spectrometry detector. The separation was carried out using a HP-5 ps column
(25 m x 0.25 mm x 0.25 um) operating initially at 80°C over 1 min, followed by a 10°C min™* ramp
to reach to reach 200°C and then a 30°C min™* ramp to reach 260°C maintained for 1 min (to
calculate the degradation of volatiles) in the case of CT + volatiles experiments, while the analysis
was operated initially at 70°C followed by a 10°C min* ramp to reach 160°C for 5 min and then a
30°C min ramp to reach 250°C maintained for 2 min in the case of IMD + volatiles. The flow rate

was 1 mL min* with an injection volume of 1 pL in both cases.

Figure 28 GC-MS instrument.
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In the GC system, purging with the carrier gas removes traces of Oz and moisture from the
injection port and hence column. Pressure stability in the column before running the analysis should

be ensured in all cases.
d. Headspace gas chromatography coupled to mass spectrometry (HS-GCMS)
Volatile metabolites of the reaction between pesticides and volatiles on leaves

The volatile metabolites produced by thyme when found alone or after being dipped in CT
before and after irradiation were detected using HS-GC/MS (Shimadzu HS-20 coupled with
QP2010SE). Twigs (0.2 g) were transferred into a 20 mL headspace glass vial (Fig.34) and
incubated for 5 min at 80°C. The analytical column (Mega 5-MS 30 m x 0.25 mm) was operated
initially at 50°C for 1 min, followed by an 8°C min™* ramp to reach 170°C and held for 4 min, and
then a 15°C min~t ramp to reach 275°C maintained for 1 min. The mass spectrometer source was
heated to 200°C, and signals were detected between mass to charge ratios (m/z) of 50 and 350.
Identification of the major constituents was carried out using the NIST 17 database and when

necessary using authentic standards.

Figure 29 HS vial with thyme.
e. Automated thermal desorption gas chromatography couple to mass spectrometry (ATD-GC-MS,

Fig.35)

Products formed between O3 and thyme’s volatiles
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To detect the volatile compounds collected in a cartridge after air sampling formed due to
the reaction between thyme leaves (put in a reactor) and Oz, ATD-GC-MS was used. The reactor’s
gas phase was sampled for 3 min at a sampling rate of 100 mL min! into the Tenax sorbent tubes.
After sampling, the tubes were thermally desorbed using TurboMatrix thermal desorption unit
(ATD 150, Perkin Elmer) equipped with a cold trap (Carbotrap 300) and coupled to an Agilent
6890 gas chromatograph and an Agilent 5973 mass spectrometry detector. The separation of
desorbed volatiles was carried out using a HP-5 s column (25 m x 0.25 mm x 0.25 pm) operated
initially at 50°C over 1 min, followed by a 10°C/min ramp to reach 230°C. Mass spectra were

scanned between m/z 35 and m/z 350 with the source temperature set at 20°C.

Figure 30 ATD (automated thermal desorption) system.

2.6 Microscopic techniques

Scanning electron microscopy (SEM)
Thyme'’s surface

Thyme’s abaxial and adaxial cuticular surfaces were examined by SEM (Fig.36). Leaves
were mounted on aluminum stubs using double-sided adhesive tape and sputter-coated with 10-15

nm gold-palladium (20 s, 25 mA, partial argon pressure 60 mTorr, Denton Desk V. The samples
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were investigated with a field-emission scanning electron microscope (SH 4000 M) using a 20 kV

acceleration voltage and a 10 mm working distance.

Figure 31 Thyme’s adaxial surface seen by SEM.

2.7 Analyzers

a. NOx analyzer

A NOx Thermo scientific 42i model-NO NO2 NOx analyzer (chemiluminescence analyzer)
was utilized to measure the uptake capacity of Sedum sexangulare, Thymus vulgaris, Heuchera
Americana L. The detection technique is based on the reaction of nitric oxide (NO) with O3 to
produce nitrogen dioxide (NOz). Following the NO-Os3 reaction, the NO2 molecules immediately
revert to NO>. This process creates a light emission directly proportional to the NO concentration
in the sample. The intensity of the resulting light emission is then measured by photomultiplier

tube and associated electronics. An NO2 to NO converter is used for NOx (NO + NO3y) analysis.
b. Oz analyzer

An O342e ozone analyzer Oz (Environnement S.A) was used to note the uptake potential
of Sedum sexangulare, Thymus vulgaris, Heuchera Americana L. The detector measures the UV
absorption of Os molecules. The Os concentration is calculated by measuring the difference
between UV absorption of the gas sample and the sample without O3 after a filtration performed

by a catalytic convertor.

Both analyzers (Fig.37) were turned on 30 min prior to uptake experiments to allow their

lamps to heat up. The background concentrations of NOx and Os were always noted to correct any
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interference coming from the laboratory room air. Each analyzer needed at least a flow rate of 0.6

L min't; hence when the flow was not sufficient, a T shaped tube fitting was installed to allow the

analyzer to suck air from the room. This was taken into consideration in our calculations.

] .l

Figure 32 The NOx (bottom) and the Oz (top) analyzers used in our experiments.

2.8 Preparation of samples/experiments

2.8.1 Study of plants’ depollution potential

Plants

Plants were either used directly as a full size plant or their leaves cut using scissors prior to
experiments in order to obtain a mass ranging between 0.9-1.2 g. They were then put in stainless
steel chambers having a volume of 0.6 L (case of detached leaves) and 12 L (case of the full size
plant) to be further irradiated and their uptakes noted. 13 plants species were first carefully chosen
and studied to compare their uptake capacities. This screening allowed the selection of 3 plants to

carry on with the experiments.
Preparation and storage of IMD solution (source of NO2)

200ml of IMD (10 M) was prepared in a cylindrical glass Pyrex gas flow-reactor (0.65 L,
length 27 cm and diameter 5.7 cm, Fig.38); the solvent was mainly water with a small percentage
of ACN to ensure IMD’s total dissolving. Values of NOx read on the analyzer were 50-60 ppbv
NO:z and 0.1-0.5 ppbv NO under dark conditions. The solution was stored in a fridge and used for

several months. Before performing each experiment, the amount of NO> produced by IMD was
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noted; if a decrease in values was noticed, IMD powder was added to the already prepared solution
in order to attain the needed NO> concentration. A previous study helped us with the choice of the
source which showed that the irradiation of IMD solution produced significant amount of NO> due

to the homolytic cleavage of RN-NO2 [1].

N NH

// hv %/
N/\NH h NH + NO
JOT BORUIRLL

hv NH
c.)i@jA NéNH i @f Nd”“ *NO @

Figure 33 IMD solution in the glass reactor.

Nitrous acid (HONO) trap

The trap was prepared by placing Na2COs in a 6 cm Teflon tube sealed with glass wool on
both sides and put before the NOx analyzer. Sodium carbonate covered only about Y of the tube.
It trapped the HONO that might have been generated. The trap acts as a denuder [2]. The
concentration of HONO was calculated by subtracting the concentration of NO2 from IMD with

the trap from that without the trap.
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2.8.2 Study of pesticides in the presence of thyme’s volatiles

In solution

All stock solutions were prepared in a volumetric flask by adding a certain amount of the
chemical and a specific volume of a solvent, and then transferred into a bottle and kept in the dark
at 4°C (Fig.39). The solvent used in our experiments was ACN due to the compounds’ high
solubility in it. Prior to experiments, the stock or mother solution was diluted by ACN or water.
Dilution was achieved by adding a specific volume of the mother solution-by the aid of a
micropipette (100-1000 pl or 20-200 ul) - into a labeled glass bottle; the solvent was then added
using a 500-5000 pl micropipette to reach the desired final volume. The prepared solutions were
directly used after their preparation. Water was produced by a reverse osmosis RIOS 5 and Synergy
(Millipore) device (resistivity 18 MQ cm, DOC<0.1 mg L1). This water had a very low dissolved

organic carbon content.

3‘ Carent
0.023 M
i acd

Figure 34 3-carene stock solution.
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On thyme leaves

Two thyme twigs were cut using scissors, their leaves counted, and then dipped into a 7.5
x 10 M solution of either CT or IMD for 30 s. They were then left freely to dry for 1h and
transferred into a hermetically sealed head space vials to be left in the dark or irradiated (Fig.40).
Possible products were directly analyzed by HS-GCMS or extracted by 2 ml ACN (immersed and
agitated) to be analyzed by GC-MS, LC-MS, or HPLC-DAD.

Figure 35 Thyme twigs after extraction.

2.9 Toxicity estimation

ECOSAR (ECOlogical Structure-Activity Relationship) computer program

The toxicity of certain compounds was estimated using this software by using a structure-
activity approach. LC50 (Acute toxicity, the concentration that is lethal to half of fish after 96 h of
exposure to a certain molecule), ChV (Chronic toxicity), and logKow were obtained. The reported
toxicities are those of the compounds on fish in fresh waters. The program (v 2.0) is available on
the  website:  epa.gov/tsca-screening-tools/ecological-structure-activity-relationships-ecosar-

predictive-model.
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2.10 Calculation of the compounds’ concentrations

Quantification of thymol after bubbling Oz, of CT/IMD, and of the volatiles analyzed by
HPLC-DAD was done by the calibration method. In this method, a sample of a known
concentration is analyzed (using the same method) serving as a reference. This helps us calculate

the concentration of our target molecule by using the following equations:
Ao=¢exl x CoEql
Ai=extl x CtEQ2

Where Ao and At are the absorbance of the reference and that of the molecule at any time t
respectively, € is the molar absorptivity coefficient (L mol™ cm™), € is the path length (1 ¢cm), and
Co and Ct are the molar concentrations of the reference molecule and the studied molecule at any
time t respectively.

By dividing Eql by Eq2, we get:

A0 Co
— =— EQq3
At Ct

Ao and Ay are obtained after the HPLC analysis, Co is given; hence, Ct can be calculated

using Eg3 by cross multiplication. Note that € and € in both equations cancel each other.

Same calculations (Eq3) were followed after LC-MS analysis by using the surface area.

89



90



References

[1]

[2]

D. Palma, Y. Arbid, M. Sleiman, P. De Sainte-claire, C. Richard, "New Route to Toxic Nitro
and Nitroso Products upon Irradiation of Micropollutant Mixtures Containing Imidacloprid:

Role of NO," Environmental Science & Technology, pp. 3325-3333, 2020.

J.D. Spengler, G.J. Keeler, J.L. Slater, "Determination of aerosol strong acidity losses due
to interactions of collected particles: Results from laboratory and field studies,"” Atmospheric

Environment. Part A. General Topics, pp. 987-995, 1992.

91



92



3. Results and discussion

3.1 Summary of the main results

The objectives of this PhD thesis were to study the depollution mechanism and
performances of plant species implemented on green roofs towards two prevalent air pollutants:
NOx and Oz (Fig 41, B), as well as to investigate the possible photochemical interactions taking
place between secondary metabolites and pesticides sprayed on plants (Fig 41, C). In both cases,

the leaves surface is the site of reactions involving the plants constituents and chemicals.

Imidacloprid Chlorothalonil/Imidacloprid

Pesticides

AN B C
Manuscript 1 Manuscript 2 Manuscript 3

Figure 36 A scheme summarizing the PhD steps.
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To achieve the experiments with air pollutants, we needed to get an Oz and a NOXx source.
Our laboratory was equipped with an UVP ozone generator having a UV-pen ray lamp; however,
a stable and continuous NOXx source was necessary. NO> cylinders could be used for this purpose
but they are potentially harmful and hazardous due to the high pressure stored inside. Moreover,
they do not last long which makes them costly due to the need of using often a new one. Hence,
the idea was to use a chemical as a source of NO2. Our choice fell on Imidacloprid (IMD) as a
candidate that possibly produces NO2/NO (Fig 41, A). A setup was first developed to monitor and
evidence the NOx production from aqueous solutions of IMD (Manuscript 1). In this manuscript,
| performed experiments on IMD by irradiating it first to monitor NO2/NO values via the developed
setup as well as experiments regarding its nitrating/nitrosating effect. The setup consisted of flow
controllers, a reactor, an irradiation system, and an NOx analyzer as seen in Fig.42. It is fully
described in Annex 1. This first set-up served as a base to the more complicated setup used to

monitor the ability of plants to retain pollutants.

Flow Reactor
controllers containing IMD

NOx analyzer

Figure 37 A diagram of the setup used to demonstrate the formation of NO2/NO from IMD.

Since one of our main objective during the PhD was to present a solution to pollution via an
environmentally friendly approach, special attention was given to the plants and their uptake
mechanisms (Manuscript 2). The simplified diagram of the setup is shown Fig.43. Plants were put
in a reactor where air was passed carrying either NOx or Oz, and their ability to remove those 2
pollutants was studied by monitoring the time evolution of concentrations using NOx and Oz online

analyzers. A full description of the setup is given in Annex 2.
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Figure 38 A simplified diagram of the setup used to study the NOx or O3 uptake by plants.

Then, we investigated the ability of VOCs emitted by plants to possibly react with the

pesticides sprayed on them (Fig.42, C). Pesticides are used to protect the plants from pests.

However, they can be toxic to humans or other living species, and it is therefore important to get

insight into their fate to assess and estimate their (or their degradation products) risks. Solar light

can induce reactions involving pesticides deposited on leaves, and the presence of VOCs in the

close vicinity of pesticides could provoke cross reactions. The last part of the thesis was thus

dedicated to study the photochemical interactions between VOCs emitted by a fragrant plant and

two pesticides: Chlorothalonil (CT) and IMD (Manuscript 3). The diagram of the different steps

followed in this case is given in Fig.44.

Volatiles + pesticides

In solution

Thyme leaves +
pesticides

Pyrex tube reactor

Cylindrical

Headspace vials

=313 nm

)'mux

"|__irradiation device

GC-MS/ LC-MS/
HPLC-DAD

> Solar simulator

HSGC-MS/GC-MS/
LC-MS/ HPLC-DAD

Figure 39 A diagram of the steps followed to study the interactions between volatiles and pesticides.

Manuscript 1:

In this manuscript, we studied the ability of IMD to generate NOx (gaseous phase) and NO>"

INO3™ ions (aqueous phase) as well as the latter’s ability to produce nitro/nitroso compounds

(Fig.45).
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IMD: Imidacloprid
NOM: Natural Organic
Matter

NO,(g)/NOg) NO,/NOy

Probes/NOM Probes/NOM
?

Nitration/ Nitrosation

Figure 40 IMD degradation pathway and its possible nitration/nitrosation ability.

Agueous solutions of IMD were irradiated within the wavelength range of 300-450 nm.
Results showed that IMD underwent photodegradation. Although other photoproducts were
detected, HPLC and LC-MS analyses showed the main formation of desnitro-IMD in accordance
with the release of NO». This formation is due to the cleavage of the N-NO2 bond present in IMD
(Fig.46). Both NO2 and NO were detected with NO2 production much higher than that of NO; 1 h
of IMD irradiation was enough to produce around 800 ppbv and 350 ppbv of NO2 and NO
respectively. Quantum calculations showed that IMD photolysis takes place in the triplet state and
the dissociation of N-NOz is mainly homolytic. NO, on the other hand, could be produced by the
photodecomposition of the nitroso derivative (IMD-O). In addition to that, NO2" and NOs™ ions
were detected in solution. Their photolysis should also form NO2 and NO but their contribution to
the total amount of NOx detected was found to be minor. An experiment where IMD was deposited
on glass petri dishes and irradiated was performed. In this case, lower concentrations of NO (23
ppbv) and NO2 (297 ppbv) compared to the ones produced by IMD solution were detected in solid

probably because IMD is much less dispersed than in water, and the absorption of light is lower.

We also showed that the irradiation of IMD photoinduced the nitration and nitrosation of
phenolic probes representing water NOM moieties. It is supposed that phenols were oxidized by
NO: into phenoxyl radicals which could further react with NO2 or NO to yield nitro or nitroso

compounds (Fig.46).
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Figure 41 Structures of IMD, nitrophenol, and nitrosophenol.

To conclude, IMD, a neonicotinoid insecticide, produces a continuous and stable flow of

NO2/NO; hence, for further experiments with plants, it was used as a source of NOX.

Manuscript 2 (B):

Manuscript 2 took into consideration the NOx and Oz uptakes of different plants used on
green roofs. For this, we started by modifying the base setup by adding new parts enabling us to
study the pollutants uptakes in addition to the reactions taking place. Then, preliminary experiments

were done which led to the selection of 3 plants for further experiments (Fig.47).

Setup Plant screenin Preliminary ]
development & experiments Plant selection
? ?
Extrapolation Reactlop/mteractlon Best perff)rmant Uptake
taking place species experiments
On full plant On leaves

NOx 0,

Figure 42 A diagram of the steps followed to monitor NOx and Os uptakes of different plants.

The uptakes of the 13 plants were measured using their leaves. This allowed us to finally
select 3 plants for further experiments: sedum sexangulare (sedum), thymus vulgaris (thyme), and

heuchera Americana L. (heuchera). The choice was based on the frequency of their usage on green

97



roofs, emission of VOCs, and aesthetic values besides their uptakes. Nevertheless, the NOx/O3
backgrounds of the plants were investigated. Plants showed a negligible production of NOXx/O:s.

The reactor’s NOx/O3 uptakes were also taken into consideration (Fig.48).

55
50) o o ° o o ° o
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45 . :
> . .
| 40 .
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=z " o Empty chamber
30 = Thyme
o5 + Sedum
= Heuchera
20
0 20 40 60 80

Time (min)

Figure 43 The NOx uptake of the 3 plants in the mall reactor.

Thyme showed the highest uptake followed by sedum and then heuchera (Fig.48). To
understand the reasons behind the uptakes and their mechanisms, additional experiments were
performed. Using SEM, we observed that thyme exhibited the largest stomatal area and the second
highest stomatal density. This explains thyme’s good performance towards NO2 and its removal

mechanism.

In addition to that, the surface reaction between NO> and water potentially released by plants
was investigated by using a nitrous acid (HONO) trap. Although the uptake is directly related to
stomata, a surface reaction between NO: and H20 potentially released by the plant due to the
irradiation heat is possible. This reaction forms HONO. Among the 3 plants tested, sedum showed
that more than half of the NO> uptake is due to this reaction. Hence, its uptake is because of stomata
and the fact that it is a succulent plant that stores water in its leaves which might be released and

react with NO> (Fig.49).
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Figure 44 A succulent plant releasing water.

The same calculation was done as with NOXx to find out the most effective plants in removing
Os. The order was the same as for NOx with thyme being the most performant followed by sedum
and then heuchera. Thyme emits volatile compounds that might react with Oz. An experiment was
performed in solution by bubbling Os into thymol (a major volatile emitted by thyme leaves) and
directly on thyme leaves + Os. Results showed that an interaction between volatiles and the
pollutant takes place. Therefore, NOx and O3z are removed by the plants through different
mechanisms; thyme removes Os by a reaction involving its VOCs, sedum removes NO> through a
surface reaction involving water, while heuchera adsorbs both on its big hairy leaves making them

a good adsorbent in addition to stomatal absorption which occur for all three studied plants.

The uptake coefficients and deposition velocities were calculated to understand the
performance and to confirm our obtained results. The uptake coefficient shows the reactive uptake
after a gas collides with a surface while the deposition velocity reflects the deposition rate of the

gas on the surface. Values were in this order thyme > sedum > heuchera.

Extrapolation was tested by performing experiments on whole plants. The values obtained
in both cases (NOx and Oz uptakes) were similar to those with detached leaves. Therefore,

extrapolation is possible, and the uptake depends on the area exposed, as it can be expected.
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Manuscript 3 (C):

Pesticides are regularly sprayed on plants to protect them from harmful pests and their
presence on the leaves makes possible interactions, in particular photochemical ones, with plant
constituents. For instance, an odorous plant like thyme can emit volatiles which might react with
the sprayed pesticides. In this manuscript, the interaction of thyme’s volatiles and 2 pesticides (the
fungicide CT, and the insecticide IMD) was studied as well as the toxicity of photoproducts
(Fig.50).

??
Interaction volatiles +
pesticides
ﬂ In solution On leaves
/ \ /Dipped i\
. Volatiles +
+

Volatiles + CT IMD CcT IMD

N v J

LC-MS/ GC-MS/ HSGC-MS/ HPLC-DAD

Figure 45 A diagram of the steps followed in manuscript 3.

We first determined what are the products of thyme emitted in the dark and under irradiation.
The HSGC-MS analyses showed the production of thymol, linalool, 3-carene, and a-pinene
confirming previous analyses of ATD-GCMS (Manuscript 2). Non-volatile compounds were also
detected by LC-MS and GC-MS: several oxidation products, TO, the most concentrated, TQ, TQO,
and dimers (Fig.51). Under irradiation, their production increased; for example, that of TO was 20-
fold higher.
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Figure 46 Thyme oxidation products.

The photochemical interactions between thymol (a phenolic derivative), linalool, 3-carene,
and a-pinene (terpenes) with CT was first studied in acetonitrile solutions. They all significantly
enhanced the rate of phototransformation of CT that was photoreduced. Laser flash photolysis
experiments confirmed the ability of the triplet excited state of CT to react with thyme’s volatiles
and allowed to determine the reaction rate constants. Then, CT was irradiated on thyme’s leaves
directly. Again, CT underwent photoreduction. This result is in line with those obtained in solution

and suggests the involvement of thyme’s volatiles in the process.

Similarly, experiments were conducted with IMD and thymol in solution. In this case,
thymol partly inhibited the photolysis of IMD and new photoproducts derived from thymol were
detected (Fig.52). Some of them were nitrated in accordance with the capacity of IMD to release
NO:z under irradiation (Manuscript 1). It is supposed that NO- oxidizes thymol and TO leading to
TNO2 and TONO: respectively. The inhibiting effect of thymol on the IMD photolysis strongly
suggests that NO> also oxidizes IMD.

OH OH OH OH
OH
NOZ N02 NOZ
CH,OH CH,OH

CH,OH
TO TNO, Nitrated TO TO-TNO,

Figure 47 Photoproducts obtained in the mixture of thymol + IMD.
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Thyme’s twigs dipped in IMD, and either left in the dark or irradiated in the solar simulator
produced these nitrated compounds. However, in the presence of light, the formation of TO and
TONO:2 was drastically increased. These experiments demonstrate that that nitrated compounds can
be formed on plants treated with this insecticide. The ECOSAR (ECOlogical Structure-Activity
Relationship) computer program was used to estimate the toxicity of the starting and formed
compounds. Thymol is moderately toxic; however, its oxidation products (TQ, T-TO-zH, TO-TO.
oH) are more toxic. Also, the nitrated oxidation products of thymol (TNO. and TONOy) are
considered toxic especially TNO.. Therefore, formed photoproducts are in general more toxic than
the starting one rendering the choice of pesticides on plants important and the study of chemicals

in real conditions necessary for a better assessment of their fates and toxicities.
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3.2 Manuscripts

In this part, the 3 manuscripts will be presented.

Manuscript 1

New Route to Toxic Nitro and Nitroso Products upon Irradiation of Micropollutant Mixtures
Containing Imidacloprid: Role of NOx and Effect of Natural Organic Matter

Date of acceptance: February 15, 2020
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ABSTRACT: In this study, we reveal the capacity of imidacloprid (a
neonicotinoid insecticide) to photoinduce the nitration and nitrosation of ‘/\N

three aromatic probes (phenol, resorcinol, and tryptophan) in water. Using a HN\( O
gas-flow reactor and a NO, analyzer, the production of gaseous NO/NO, was N

demonstrated during irradiation (300—450 nm) of imidacloprid (107 M).
Quantum calculations showed that the formation of NO, proceeds via

OH
homolytic cleavage of the RN—NO, bond in the triplet state. In addition to Nitration
gaseous NO/NO,, nitrite and nitrate were also detected in water, with the Nitrosation
— NOX

following mass balance: 40 + 8% for NO,, 2 + 0.5% for NO, 52 + 5% for
NO;~, and 16 + 2% for NO, . The formation of nitro/nitroso probe
derivatives was evidenced by high-resolution mass spectrometry, and their
yields were found to range between 0.08 and 5.1%. The contribution of
NO; /NO,™ to the nitration and nitrosation processes was found to be minor under our experimental conditions. In contrast, the
addition of natural organic matter (NOM) significantly enhanced the yields of nitro/nitroso derivatives, likely via the production of
triplet excited states ("NOM*) and HO®. These findings reveal the importance of investigating the photochemical reactivity of water
contaminants in a mixture to better understand the cocktail effects on their fate and toxicity.

B INTRODUCTION thin films.'” Desnitro-IMD (1-[ (6-chloropyridin-3-yl)methyl]-
Imidacloprid (1-[(6-chloropyridin-3-yl)methyl]-N-nitro-imida- imidazolidin-2-imine) was reported to be 'the main photo-
zolidin-2-imine, IMD, Scheme 1) is a widely used and effective product and the urea-IMD (1-[(6-chloropyridin-3-yl)methyl -
imidazolidin-2-one) is a minor photoproduct (Scheme 1)."
Schenie 1. Moleculas Stiuctire of TMD and Tté Mais The formation of these byproducts seems to imply the cleavage
Photoproducts of the N—NO, bond; however, the fate of NO, is not yet clear.

Recently, the formation of gaseous nitrogen oxides during the

70 i 3 irradiation of IMD at the surface of a germanium attenuated

N H
total reflectance crystal was investigated."” The authors
/@)/\ [(/NH /©/\ bli(/NH /KDjA T:K/N“ detected nitrous oxide (N,O), whichg was proposed to be
o e o N formed by the recombination of detached NO, with the IMD
fragments, in the electronic ground state.

In previous studies, we showed that the fungicides
chlorothalonil and thiophanate-methyl can photoinduce the
degradation of other pesticides during irradiation.'®'”? These
reactions can take place in surface waters, where fungicides are
present together with a wide range of other chemicals, and on

solid supports such as the surface of leaves, where pesticides
are often applied in combination. However, the effect that a

IMD desnitro-IMD urea-IMD

neonicotinoid insecticide." IMD, like other neonicotenoids, is
used in a variety of crops, and its applications have been
recently extended to the domestic sector and animal health.'
Once released into the environment, it can reach the aquatic,
atmospheric, and terrestrial compartments and be in contact
with a lot of living organisms.”~* IMD affects the central
nervous system of insects,” and there are increasing concerns
about its deleterious effects with confirmed toxicity for
pollinators, especially bees. Toxicity or adverse effects in
other species have also been reported.”™”

Several studies have been performed to investigate the fate
of IMD under solar light, mainly in aqueous solutions,"' ™"
on plant leaves and cuticles,"*™"® and more recently on solid
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pollutant can have on another pollutant remains largely
overlooked in photochemical studies, and little is known
about the transformation of photostable pollutants via light-
induced reactive intermediates of other co-pollutants. The
ability of IMD to release NO, upon irradiation makes this
compound important to study in this context because nitration
of chemicals has been reported in a lot of systems generating
NO, 2028

The goal of this study was thus to explore the formation of
reactive NO, via IMD photolysis and their reactivity toward
surrogates of water contaminants and typical moieties of
natural organic matter (NOM; phenol, resorcinol, and
tryptophan). In particular, we investigated the formation of
nitro- and nitroso-derivatives, two potentially toxic categories
of compounds, from the three selected probes under
polychromatic irradiation (300—450 nm) in the presence of
IMD. Experiments were carried out using a flow-tube reactor
equipped with a NO, analyzer, whereas the formation of
byproducts was characterized by high-resolution ultrahigh-
performance liquid chromatography system—electrospray
ionization-mass spectrometry (UHPLC—ESI-MS). Theoretical
calculations were also performed to elucidate the mechanisms
of NO, formation. To the best of our knowledge, this is the
first study reporting on the measurement of NO, during
irradiation of IMD in water and on their role in nitrosation/
nitration of other water pollutants. Environmental implications
of this light-induced indirect degradation are discussed.

B MATERIALS AND METHODS

Chemicals and Materials. Imidacloprid (PESTANAL,
analytical standard), resorcinol (purity 99%), phenol (purity >
99.5%), L-tryptophan (purity > 98%), and 2,4-dinitrophenyl-
hydrazine (DNPH, purity 97%) were purchased from Sigma-
Aldrich and used as received. Sodium nitrite (Rectapur 98%),
sodium nitrate (Fluka, purity 99%), 2- and 4-nitrophenol
(Fluka, purity > 99%), and 4-nitrosophenol (Aldrich-Chemie,
purity 60% due to the water content of 40%) were also used
without further purification. Suwannee River NOM (2R101N)
was purchased from ITHSS. Water was purified using a reverse
osmosis RiOs $ and Synergy (Millipore) device (resistivity 18
MQ cm, DOC < 0.1 mg-L™ 1. All solvents or other reactants
were of the highest grade available.

Irradiation. Two different irradiation devices were used.
To monitor NO, formation in the gas phase, device 1 was
designed with a cylindrical Pyrex gas flow reactor (0.65 L,
length 27 cm, and diameter 5.7 cm) containing 200 mL of
IMD solution (10™* M or 25.6 mg-L™") and irradiated from the
top with two fluorescent tubes (Sylvania FISW/BL 368, 438
mm X 26 mm, 300—450 nm, and 4,,, at 365 nm, see Figure
S1) placed at a distance of S cm. The rate of incident light
entering the solution was measured using a QE65000
radiometer (Ocean Optics); it was equal to 1.3 X 10'¢
photon-em™s™". The gas flow reactor was connected to a
NO, chemﬂummescence analyzer (Thermo Scientific i-42 NO,
analyzer), as shown in Figure 1. Experiments were carried out
under a continuous flow of clean air to reduce the residence
time of NO, and minimize NO, photolysis. The gaseous inlet
of the reactor was connected to flow controllers for N, and O,
(model Brooks 4800 Series), allowing the selection of the
atmosphere under which irradiation was performed (pure N,,
pure O,, or a 80/20 O,/N, mixture) and to adjust the flow rate
to 0.7 L min™". Background levels of NO, in the gas inlet were
negligible (<0.4 ppbv). Before irradiation, the levels of NO, in
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Figure 1. Schematic representation of device 1 used to monitor NO,
formation upon irradiation of IMD solutions.

the gas phase of the reactor were monitored continuously
every 10 s until they reached a steady state within a few
minutes (Figure S2). Despite the fact that NO, concentrations
of up to 40 ppbv were detected initially (first 30 s), a
background level of NO, (<$ ppbv) was quickly reached. This
production of NO, might possibly be due to IMD photolysis
under indoor lighting during the preparation and handling of
the solutions. During IMD irradiation, we have chosen to
monitor NO, levels in the gas phase of the reactor at selected
times and not continuously. After selected irradiation times,
the light was turned off, and the outlet of the reactor was
connected to the NO, analyzer. NO, levels were measured
every 10 s for a period of 1—2 min at a flow rate of 0.7 L min™".
The time profile of NO, concentrations shown in Figure S2
corresponds to the decay of the NO, level in the reactor due to
dilution with clean air. The level of NO, measured was
relatively constant at 1, 2, 4, and 6 h of IMD irradiation, in
accordance with a steady-state regime. The levels of NO,
generated were then obtained by integrating the time profiles
of NO, concentrations. For calculating the yields of NO,, the
ratio of NO, concentrations (ppbv) was converted into molar
by taking into account the gas phase volume of the reactor
(450 mL). By measuring the converted quantity (in moles) of
IMD during the irradiation period, it was possible to calculate
the molar yield for NO and NO,.

A second device, device 2, was used to monitor the
formation of nitro- and nitroso-derivatives. Fifteen milliliters of
solutions was placed in a cylindrical Pyrex reactor sealed with
an air-tight silicon cap and surrounded by six fluorescent tubes
(Sylvania F1SW/BL 368), installed inside a custom-made
cylindrical irradiation device. Solutions were not buffered, but
pH was controlled during the reactions. The initial pH was 6.5
+ 0.3, and in the course of the reactions, the pH was set to
above 5. In the case of IMD + resorcinol mixtures, aliquots
were sampled after several selected irradiation times, and the
consumption profiles of IMD and nitro- and nitroso-resorcinol
were obtained. For IMD + phenol and IMD + tryptophan
mixtures and experiments with nitrate/nitrite and NOM,
aliquots were only sampled after 16 h of irradiation. Samples
were analyzed by HPLC to monitor the loss of IMD and the
probes and by UHPLC-—high-resolution mass spectrometry
(HRMS) to characterize the photoproducts and estimate their
levels. For the experiment with 10 M IMD and 107" M
resorcinol, 75 mL was irradiated in portions of 25 mL, and
water was evaporated up to 6 mL using a rotavapor before
further analyses. Experiments were done in duplicate or
triplicate.

Analytical methods. Absorption spectra were recorded
using a Varian Cary 3 spectrophotometer. IMD, phenol,
resorcinol, and L-tryptophan concentrations were monitored
by HPLC (Waters Alliance 2695) equipped with a photodiode

https//dx.doi.org/10.1021/acs.est9b07304
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Figure 2. Consumption profile of aqueous IMD (10™* M) irradiated in device 1 (A) and yields of NO;~ (white bars) and NO,~ (shaded bars) (B).

Error bars are standard deviations.

array detector (Waters 2996) and an EC150/4.6 Nucleodur
100-5 C; endcapped column. The HPLC conditions are
presented in Table S1. Photoproducts were quantified using
the same instrument after derivatization with DNPH.* The
derivatizing solution (15 mL) was prepared by mixing
concentrated HCI, ultrapure water, and acetonitrile at a ratio
of 2:5:1. Fifty microliters of this solution was added to S mL of
sample solution. The derivatization reaction was completed in
S min, and HPLC analyses were run shortly after. Calibration
used derivatized NO, solutions in the concentration range
107 to 107> M. All the HPLC analyses were done in triplicate,
and the presented data are the mean values obtained.

NO;~ was measured by ionic chromatography on a Dionex
ICS-5000" using a column model Dionex Ion Pack AS11 2 mm
X 250 mm; the flow was 0.25 mL-min~"; and the mobile phase
was an aqueous solution of KOH at the concentration of 0.43
mM for the first 4.5 min followed by linear gradient for up to
18 min of runtime by increasing the KOH concentration up to
11.70 mM. The injection volume was 750 uL, and the
temperature of the column oven was set to 30 °C. External
standards were prepared using NaNOj; in the concentration
range 50—200 pg-L™". Nitro- and nitroso-derivatives of phenol,
resorcinol, and L-tryptophan were characterized, and their
concentrations were estimated by HRMS performed on an
Orbitrap Q-Exactive (Thermo Scientific) coupled to an
UHPLC system, Ultimate 3000 RSLC (Thermo Scientific).
Because of the lack of available standards, desnitro-IMD and
the minor photoproducts were tentatively identified by HRMS,
but quantification was not possible. Analyses were carried out
in both negative (ESI") and positive (ESI") electrospray
modes. The column used was the same column used for
HPLC-UV. The binary solvent system was composed of
acetonitrile and acidified water using formic acid at 40 and
60%, respectively, with a flow rate of 1.0 mL min™". Nitro- and
nitroso-phenols were quantified by the injection of external
standards of 4-nitro and 4-nitroso-phenols at concentrations
varying from § X 1077 to 4 X 10™° M (Figure S3). Because of
commercial unavailability of nitrated derivatives, the concen-
trations of nitro- and nitroso-resorcinols were estimated using
the calibration curves of 4-nitro- and 4-nitroso-phenols. The
concentrations of nitro-tryptophan and nitroso-tryptophan
were estimated using L-tryptophan at the concentration of
107 M as a reference. Yields were obtained by dividing the
photoproducts’ concentrations by the loss of IMD in
concentration and by multiplying these ratios by 100.

Computational Method. Potential energy surfaces
(PESs) were investigated with the Gaussian series of
programs.”’ Density functional theory (DFT) calculations

(optimizations, frequency calculations, identification of tran-
sition states, and IRC calculations) were performed at the
MN125X/6-311++G(d,p)//MN12SX/6-31+G(d,p) level of
calculation. Among the large set of hybrid range-separated
functionals that we tested, MN12SX>" gave the best agreement
between the experimental and theoretical absorption spectra.
Finally, the time-dependent-DFT (TD-DFT) method was used
to compute singlet excited states. The triplet state was explored
with conventional self-consistent field calculations. The solvent
was modeled implicitly with the polarizable continuum model
(PCM). Electronic energies are reported throughout (Gibbs
free energies are not provided here because low vibrational
modes may introduce large uncertainties in this calculation).

B RESULTS AND DISCUSSION

Photolysis of IMD. The degradation profile of neutral
aqueous IMD (107 M) irradiated in device 1 is shown in
Figure 2A. HPLC-UV and UHPLC—HRMS analyses indicated
that the main photoproduct was desnitro-IMD (Figure S4).
Three minor photoproducts were also found: a compound
produced by addition of an oxygen atom on IMD (IMD + O),
another one produced by addition of two oxygen atoms on
desnitro-IMD (desnitro-IMD + 20), and the nitroso derivative
of IMD (IMD-O) as traces (Table S2).

NO;™ and NO,” were detected in the aqueous phase
(Figure S4). The yield of NO;™ increased constantly to reach
72 + 5% after S0 h of irradiation (Figure 2B, white bars). In
contrast, the yield of NO,™ decreased from 27% after 7 h of
irradiation to 6% after SO h (Figure 2B, shaded bars). The
higher accumulation of NO,~ compared to that of NO,™ is
consistent with the spectral properties and the known
photoreactivity of these ions. NO;~ (4, = 300 nm and ¢ =
8 M~!.cm™) absorbs much less solar light than NO,™ (4., =
355 nm and ¢ = 22 M 'em™), and its quantum yield of
photolysis is also lower (reactions 1—4) leading to a smaller
photolysis rate*”

NO,” + v = NO, + 0~ @ ~ 001 (1)

NO,” + v — NO,” + OCP) @ ~ 0.001 )

NO,” + hv + H* - NO + HO' @ = 0.025 (3)

NO,” + hv = NO, + ¢, ® < 0.0019 (4)

The detection of IMD + O and of desnitro-IMD + 20
appears to be consistent with the formation of hydroxyl
radicals through reactions 1 and 3.

3327 httpsy//dxdoi.org/10.1021/acs.est9b07304
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Table 1. Formation of NO, after 2 h of Irradiation of IMD (10™* M) or NO;/NO, Mixtures in Device 1

conditions
IMD (107 M)
NO,™ (1.8 X 107° M) + NO,™ (1.7 X 107 M)
NO;™ (2 X 107 M) + NO,™ (5 x 10 M)

380 + 20 ug

quantity of IMD converted ~quantity of NO, formed (molar yield)

quantity of NO formed (molar yield)

24 £ 5 ug (40 + 8%) 0.88 + 0.20 ug (2 + 0.5%)

NO, Formation upon Irradiation of IMD. We also
measured the NO, formation in the gaseous phase above the
solutions. NO and NO, were successfully detected upon
irradiation of IMD (10~ M) in device 1. Examples of collected
data are shown in Figure S2. During the first 2 h of reaction of
irradiation, 24 ug of NO, and 0.88 ug of NO were produced,
whereas the IMD loss was around 380 pg (see Table 1). After
integrating the nitrite and nitrate levels produced and
considering the volume of gas (200 mL) and of water (450
mL), an overall mass balance of IMD conversion into inorganic
N-containing products was determined: 40 + 8% for NO,, 2 +
0.5% for NO, 52 + 5% for nitrate, and 16 + 2% for nitrite.

As the presence of NO;/NO,™ in the aqueous solution
could potentially generate NO.,,‘Q we irradiated these ions
independently to estimate their contribution to the pool of
NO, detected upon irradiation of IMD. We chose to perform
these comparative experiments with NO;™ = 1.8 X 10™° M and
NO,™ = 1.7 X 107 M corresponding to the concentrations
estimated after 2 h of irradiation in device 1 (Figure $4). The
irradiation of this mixture for 2 h yielded 15-fold less NO, and
44-fold more NO than the irradiation of IMD (10~ M)
(Table 1). The amount of NO, formed above the IMD
solution was 4.5-fold higher than that above the NO;™/NO,~
solution, showing that IMD was the main contributor.
Moreover, the higher yield of NO in the latter system
confirmed that the NO, precursor in the NO;™/NO,™ mixture
was NO,~, through reaction 3. At higher concentrations of
NO,7/NO,™ (2.0 X 107° M and § X 107 M, respectively), not
far from those reached after 16 h of IMD irradiation, NO and
NO, levels were 3-fold higher than in the previous case,
respectively, showing that, in this concentration range, the NO
and NO, amounts accumulated in proportion to NO,~
concentration. Again, the amount of NO, generated from
NO,™ (2.0 X 10~ M) was still below the one formed upon
irradiation of IMD solution.

As previously shown, the bond N—NO, was cleaved when
IMD was irradiated in the solid phase at 305 and 254 nm."”
However, some questions remain unanswered: would the
proposed mechanism in the solid phase and at short
wavelengths be still valid in solution and at longer wavelengths,
and thus at lower excitation energies? How is NO formed and
how the oxygen atom is eliminated? In an attempt to answer
these questions, we performed quantum calculations.

Theoretical Calculations. Several conformers were found
for the solvated imidacloprid system. The structure of the
global minimum was similar to that found from the recent first-
principles'”** and crystallographic investigations“ (see the
Supporting Information section for all structures reported in
this work). Moreover, the DFT method used here was able to
reproduce accurately the experimental absorption spectrum
(see Figure 3).

A detailed investigation of the ground state (S,), the first
triplet state (T,), and the first singlet excited state (S,) was
performed. Some of the key results are shown in Figure 4 and
discussed below. The minima and transition state structures
are given in the Supporting Information section. The
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Figure 3. Experimental (Abs, left axis) and theoretical (oscillator
strengths, right axis) absorption spectra of imidacloprid (theoretical
spectrum for the most stable conformer (Figure SS5a)) at the TD-
MN12S§X/6-311++G(d,p),PCM//MN12SX/6-31+G(d,p),PCM
level. The oscillator strength is the probability of absorption. It is
related to the dipole strength of the transition and is proportional to
the molar absorptivity maximum for this transition. The S,—S,
transition is optically active (284 nm). The oscillator strength of
this transition is 0.02, which is significant (an & of about 6000 L-
mol™-em™ can be estimated from this value, when a UV-vis half-
width at half-height of 0.333 eV is used to model the absorption
spectrum).

dissociation pathways of interest are depicted in this figure:
NO, is shown on the left-hand side of Figure 4, and triplet
atomic oxygen (a reaction that is precursor to the production
of NO) is shown on the right-hand side of Figure 4. The
minimum energy path was followed to investigate the
formation of NO, in S, by performing partial optimizations
of imidacloprid for fixed RN—NO, bond distances. The MEP
maximum is indicated by a dashed level in Figure 4.

Sp and S, States. Our results show that the departure of
atomic triplet oxygen is not favored in the ground state because
the predissociated intermediate 'RNNO—-O (R(O-0) =
1.523 A; 56.4 kcal'mol™) cannot be reached because of very
large activation energy (106.1 kcal'mol™). Similarly, the
formation of NO, is not expected in the ground state because
the respective electronic dissociation energy in S, is large (64.4
keal'mol™!; RN + NO,). A transition state could not be found
between imidacloprid ('"RNNO,) and separated radicals in S,.
This is expected for homolytic dissociations in the ground
state. In §;, the dissociation of the RN—NO, bond required
14.0 kcal'mol”' (MEP maximum). In addition, the in-cage
dissociation complex 'RN**NO, is less stable (85.3 kcal-
mol™") than the respective reactant (79.3 kcal'mol™). Thus,
dissociation in S, is less favored than that in the triplet state
(an activation energy of 6.1 kcal-mol™ was found in T), and
the reaction is now exothermic; see Figure 4). Moreover, our
results show that the heterolytic dissociation mechanism would
lead to RN*/NO,™ species, which are slightly less stable (see
also Supporting Information) than the respective separated
radicals (RN/NO,). Thus, it seems reasonable to consider that
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Figure 4. Electronic energies of stationary points in the ground state (S, red), first triplet (T}, green), and first singlet (S;, blue) excited states of
imidacloprid (*RNNO,). Calculations were performed by the MN12SX/6-311++G(d,p),PCM//MN128X/6-31+G(d,p),PCM method. Transition
states and the MEP maximum are represented by dashed levels. Dashed bonds represent long-range separations. The energies of separated
fragments RN + NO, and 'RNNO + >0 are also given in the figure. The energies of the heterolytic dissociation products (left-hand side, black)
and the triplet state of RNNO (right-hand side, purple) are also indicated. The separated fragments RN and NO, in S, are, respectively, in the first

doublet excited state (RN) and the doublet ground state (NO,).

it is these radicals that are eventually obtained in the liquid
phase. However, considering the small energy difference
between heterolytic and homolytic dissociation energies, a
mixture of homolytic and heterolytic dissociation products
might not be completely ruled out. Implicit solvation models
underestimate the solvation free energy of small ions, the cases
of the proton and hydroxide being emblematic of this issue. In
order to address this point, we computed AGX}. the
dissociation Gibbs free energy for both heterolytic and
homolytic NO, cleavage. In this calculation, RT X In(24.46)
was added to AG},,. to account for the free energy change of 1
mol of an ideal gas from 1 atm to 1 m> AG . = AGH, +
RT X In(24.46) was 58.6 and 49.2 kcal-mol™", respectively, for
the heterolytic and homolytic dissociation reactions, thus a
difference of 9.4 kcal'mol™ (recall that the respective
difference in electronic energies was smaller, ie., 4.6 kcal-
mol™"). Considering the implicit solvation model may
underestimate the solvation free energy for NO,” by as
much as 10 kcal'mol™, the radical dissociated species are still
more stable than the heterolytic dissociation fragments, in
agreement with our results.

Triplet State T,. Second, S,/T, intersystem-crossing (isc) is
favored because minimum energy geometries in S; and T, are
very similar for RNNO,, and the energy gap is small (less than
0.1 kcal-mol™" at the Franck—Condon geometry). In addition,
in the triplet state, the barrier for NO, dissociation (6.1 kcal-
mol™) is significantly smaller than that for dissociation into a
triplet atomic oxygen and a singlet fragment ('"RNNO + 30;
11.4 keal'mol™), in agreement with our experimental findings.
Moreover, the in-cage dissociation complex *RNNO-O is
thermodynamically less stable than the respective reactant
3RNNO,, and this reaction is displaced toward the reactant.
Nevertheless, this pathway is investigated below to see if this
reaction could play a role, even minor, in the formation of NO
radicals.

NO Formation, A Minor Pathway. The mechanism of
production of nitric oxide from 'RNNO is also shown in

3329

Figure 4. NO bond dissociation energy was 55.7 kcal'mol ™" for
'"RNNO in the ground state, whereas cleavage in the triplet
state (reached through S, followed by isc) required only 14.8
keal'mol™" (RN is obtained). A transition state could not be
found in T,, and the energy of activation may be identified
with the dissociation energy in that case. Thus, the formation
of NO as a primary product from RNNO is probably a minor
pathway.

Thus, our quantum calculations provide strong evidence that
photolysis of IMD mainly leads to NO, formation in the
overall triplet state’s PES, while NO formation is a minor
pathway.

Evidence for Nitro-/Nitroso-Derivative Formation.
Nitrate and nitrite ions which generate HO® radicals
simultaneously with NO or NO, have been reported to
photoinduce the nitration and/or the nitrosation of phenolic
derivatives.”’ ™" Whether the photolysis of IMD could also
contribute to the formation of such toxic products was a
hypothesis that we aimed to verify in this study. Thus, IMD
was irradiated with each of the three probes, shown in Scheme
2, in a small reactor (device 2) for 16 h. Under these

Scheme 2. Selected Probes

OH OH
f f OH

phenol

resorcinol

tryptophan

conditions, the loss of IMD irradiated alone reached 60%
(Figure S7). We first compared the probes’ consumption (10~
M) in the absence and in the presence of IMD (10™* M) to
quantify the photoinductive effect (Table S4). The disappear-
ance of phenol and resorcinol was drastically faster in the
presence of IMD, evidencing a strong effect. Only in the case
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Figure 5. Concentrations of nitro- and nitroso-derivatives of phenol, resorcinol, and tryptophan detected after 16 h of irradiation of the probes
(107* M) in device 2 in the presence of IMD (107* M) (white bars) and in the presence of the mixture of NO;™ (2 X 107 M) and NO,™ (§ x 107°

M) (shaded bars). Error bars are standard deviations.

Table 2. Effect of NOM (11 mg'L™") on the Photo-Nitration/Photo-Nitrosation of Resorcinol (10™* M) after 2 h of Irradiation
in Device 2 in the Presence of IMD (10~ M) or NO,™ (5 X 107¢ M)“

conditions 9% resorcinol converted
IMD + resorcinol 7.0+ 03
IMD + resorcinol + NOM 18 +1
NO,™ + resorcinol <1
NO,™ + resorcinol + NOM <1

“The light screening effect of NOM (10%) is taken into account.

nitroso-derivatives formed (ug:L™")

nitro-derivatives formed (ugL™")

83+8 4 +4
110 + 10 88 +9
2042 1+01
S5+5§ 35+3

of tryptophan, the acceleration effect was small because of the
fast photolysis of the probe under the studied conditions.

Then, we monitored the formation of nitro-/nitroso-
derivatives by UHPLC—HRMS analyses. Figure S8 shows
the formation profile of nitroso- and nitro-resorcinols upon
irradiation of IMD (10™* M) and resorcinol (10~ M). The
concentration of the two photoproducts increased linearly up
to 7 h of irradiation before reaching a plateau value after 16 h.
Nitro- and nitroso-derivatives were also detected with phenol
and tryptophan. The detected levels after 16 h of irradiation
are given in Figure 5 (white bars) and Table S4. The estimated
yields of nitro-resorcinols reached 3.3% of converted IMD and
those of nitroso-resorcinols 5.1%. The yield of nitro-phenols
(ortho + para derivatives)’' was equal to 2.6%, but that of
nitroso-phenols (ortho + para derivatives) was smaller (0.5%).
For tryptophan, both yields were very small, reaching only
0.08% (nitro-derivatives) and 0.14% (nitroso-derivatives) of
tryptophan converted because of the fast-direct photolysis of
tryptophan.

Experiments were also performed at lower reactant
concentrations to determine the impact of this parameter on
the rates. A 10-fold decrease of the concentration of IMD for a
concentration of resorcinol kept constant at 10™* M reduced
the amount of nitro-resorcinols by 18-fold and that of nitroso-
resorcinols by 9-fold, while the sum of the two photoproducts
was reduced by about 10-fold (Table S4). A 10-fold decrease
of the concentration of resorcinol for a concentration of IMD
kept constant at 10~ M decreased 3-fold the amount of nitro-
resorcinols and 100-fold that of nitroso-resorcinols, and their
sum (nitro + nitroso) was reduced by about 5-fold (Table S4).
These results indicate that the reaction rate was proportional
to the concentrations of reactants. The decay rate of resorcinol
followed a first-order kinetic with a rate constant k that can be
expressed as: k = 5.9 X 107 [IMD] s~

We also studied the nitro/nitrosation capacity of the NO;~/
NO,™ mixture to quantify their contributions in these reactions
(shaded bars in Figure 5 and Table S4). For these
comparisons, we fixed NO;7/NO,” concentrations to those
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measured in the IMD solution after 16 h of irradiation in
device 2 (2 X 107° and § X 107¢ M, respectively), and the
mixtures of NO;7/NO,™ and probes were irradiated for 16 h in
device 2. Nitrosation was 121-fold lower in the case of phenol,
4.1-fold in the case of resorcinol, and 2.6-fold in the case of
tryptophan than in the presence of IMD, while nitration was
5.9-fold lower for phenol, 4.1-fold for resorcinol, and 1.5-fold
for tryptophan. One concludes that the contributions of
NO;7/NO,™ to the nitration/nitrosation processes observed in
irradiated IMD solutions were minor, especially for phenol and
resorcinol, even though we acknowledge that the conditions
chosen for the comparative experiments (fixed NO;7/NO,~
concentrations) cannot perfectly reproduce the dynamic and
complex evolution of NO;7/NO,™ during IMD irradiation.

Effect of NOM on Nitration/Nitrosation of Probes.
Another important aspect we attempted to explore is the effect
of NOM on these photochemical nitration/nitrosation
reactions. The experimental conditions and results are reported
in Table 2. NOM (11 mgL™) increased the percentage of
resorcinol loss in the presence of IMD by a factor of 2.6, after
correction for the light screening effects (10%). The formation
of nitroso- and nitro-resorcinols in IMD solutions was
increased by a factor of 1.3 and 2.0, respectively, and the
formation of nitro- and nitroso-resorcinols in NO,™ solutions
by factors of 35 and 2.8, respectively. The very low formation
of nitro-resorcinols in the system NO,” + resorcinol was
already shown.”” These data highlight the significant effect of
NOM on the nitro-/nitroso-derivative formation.

Reaction Mechanism. Many reactions are expected to
take place in this complex system. The main ones are
summarized below. The photolysis of IMD in water generates
NO, in the liquid phase (NO,;) together with the radical RN,
as shown by the quantum calculations, and the latter mainly
gives rise to desnitro-IMD (reaction S). The radicals O(°P)
and RNNO are also produced, but in much lower amounts
(reaction 6). The reactivity of NO, in water is very high. It is
reported in the literature that NO;™ and NO,™ are generated
according to reactions 7a and 7b through the intermediary
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6,3

dimerization of NO,.*"" NO;™ and NO( can also be
produced through reaction 8."% In our experiments, N,O4(
cannot be distinguished from NO,,). Reaction 8 is probably
the major NO formation pathway, but the photolysis of
RNNO (reaction 11), of NOy (reaction 12), and of NO,~
(reaction 3) is the alternative pathway for NO formation. NO
is stable in water and volatilizes in the gaseous phase (reaction
9).% 1t generates NO,,) by reacting with oxygen (reaction
10).

In this scheme, we did not take into account the oxidation of
IMD by HO® formed in reaction 3 because the formation of
oxidation products (IMD + O) was small. NO,™ and NO;~
could also be oxidized by HO*.”” However, because of the high
concentration of IMD compared to those of NO,™ and NO;~
in the first half of the reaction, IMD and its main photoproduct
desnitro-IMD are expected to be the main sinks of HO'.

IMD + hv — NO,j) + RN )
IMD + v — O(CP) + RNNO (6)
2NO,) < N,0y (7a)
N,0y + H,0 - NO,™ + 2H* + NO,” (7b)
3NO,() + H,0 < 2NO;™ + 2H" + NO, (8)
NOy) < NOy ©)
2NO, + O, —= 2NO,, (10)
RNNO + hv — NOy + radical (11)
NO,(y + hv = NO + olp) (12)

The nitration/nitrosation of phenolic/aromatic compounds
in the presence of NO,” or NO;  has already been
studied.””™**"~*! NO, is recognized as having a key role in
these reactions, even though the mechanisms are not fully
understood. Several studies attributed the formation of
phenoxyl radicals to the reaction of phenols with
NO,, 2% while others to their reaction with HO®.*
Once formed, the phenoxyl radicals further react with NO, to
yield the ortho- and para-derivatives of nitro-phenols. Similarly,
the reaction of phenoxyl radicals with NO is expected to
generate nitroso-phenols. The effect of NOM on these
reactions is difficult to predict because of the existence of
opposite reactions. Indeed, on the first hand, NOM can
potentially favor the nitro/nitrosation reactions by generating
photooxidants, such as the triplet excited states (NOM*),
singlet oxygen, or HO®, that are expected to induce the
formation of phenoxyl radicals, as shown in the literature.”” In
addition, *NOM* or HO® could be able to oxidize NO,~ and
NO;~ into NO,* (see process 13 related to NO,")

NO,” + NOM*/HO® — NO, + NOM*/OH™  (13)

On the other hand, NOM could also be a sink for NO,
because of the presence of aromatic moieties in its structure
and therefore could inhibit the nitration/nitrosation reaction
to some extent.””** The overall effect of NOM will thus
depend on the experimental conditions, and in particular on
the relative concentrations of reactants. In our set-up, the
presence of NOM (11 mg-L™) in IMD or NO,~ solutions
containing resorcinol (107 M) increased the amounts of nitro-
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and nitroso-resorcinols, showing that in this case, NOM favors
the formation of the phenoxyl radical and of NO,. Because
Suwannee River NOM contains 68% of fulvic acids and fulvic
acids contain ~3 mmol oxidizable phenol per g of carbon,
there are about 20 uM of oxidizable phenols originating from
NOM in a solution containing 11 mg/L. Under these
conditions, where the quenching molecule is in large excess
over phenolic moieties in NOM, it can be expected that the
majority of NOM-derived photooxidants will be quenched by
the probe compounds to form phenoxyl radicals, which can
then further react with NO,, to produce nitro-/nitroso-phenol/
resorcinol, enhancing the yields of these products as it is
observed.

Environmental Significance. Our study showed that
NO, (NO and NO,) could be generated by irradiation of
IMD, and that these NO, were capable of reacting with
phenolic probes to produce nitro- and nitroso-derivatives. This
suggests that in surface water, IMD could induce the formation
of nitro and nitroso derivatives of other contaminants that
could be toxicants in the aquatic environment. The importance
of the phenomenon will depend on the level of IMD present in
surface waters. The frequency of IMD detection in surface
waters is high, and the concentration of IMD varies in a large
range reaching 1 pg-L™" in agricultural areas.” Based on this
work and on the light absorption capacities of IMD and NO,™,
one can calculate that at 1 pg-L™!, IMD could generate as
much as nitroso-/nitro-derivatives as NO, ™ at 0.1 ug-L™". The
relative contributions of NO,” and IMD to nitroso-/nitro-
derivative formation depend therefore on their levels in water.
NO,™ is present in surface waters at a maximal concentration
of 0.1 mg-L™".*" In many cases, the NO, ™~ concentration will be
high enough to make negligible the contribution of IMD in
nitro/nitrosation reactions. However, in waters containing very
low levels of NO,™ and high levels of IMD, IMD might play a
role in the nitro/nitrosation reactions.

On the other hand, we observed that NOM (11 mgL™")
enhanced the nitro and nitrosation reactions of phenols (10~
M). The yield of nitro-resorcinol was multiplied by 2, whereas
that of nitroso-resorcinol by 1.3, and when NO,™ was used
instead of IMD, the yields of nitro-resorcinol and of nitroso-
resorcinol were increased by 35-fold and 2.8-fold, respectively.
This can be explained by the enhanced formation of phenoxyl
radicals in the quenching of NOM deriving photooxidants by
phenols. However, this effect might be concentration-depend-
ent. The level of NOM used in this study falls in the range of
typical NOM levels found in rivers and eutrophic lakes,™ but
those of probes are high. At environmentally relevant
concentrations of the probe compounds (<1 xM), phenolic
moieties in NOM are in excess, and it might be possible that
the NOM-bound phenoxyl radicals, at higher concentrations
than the probe-derived phenoxyl radicals, might outcompete
the latter for reaction with NO,. In other words, under
environmentally relevant conditions, a shift toward nitration/
nitrosation of NOM seems possible, and the yield of nitro-/
nitroso-derivatives of probes could then be lower compared to
the ones in the absence of NOM. The incorporation of N
inorganic nitrogen (N) into NOM via photolysis of nitrate/
nitrite and/or in advanced oxidation process treatments was
already reported and were also shown to generate potentially
toxic compounds.”*™>* Therefore, such reactions might also
have environmentally negative consequences. We could not
detect any significant structural changes in NOM using HRMS
analyses. Nevertheless, further experiments using N-labeled
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IMD or nitrite/nitrate and other hyphenated techniques may
provide evidence for NOM nitration/nitrosation. Therefore,
consistent monitoring of nitro/nitroso byproducts is highly
recommended to verify their potential formation.

Our study confirms the capacity of water contaminants to
interact with each other under irradiation and to induce mutual
degradation. Mutual effects can involve reactions between
excited- and ground-state contaminants or the intermediary
formation of reactive species like NO, in the case of IMD. Up
to now, they have been poorly investigated in photochemical
studies and would deserve more attention. Thus, future studies
should further consider the investigation of the “cocktail effect”
on the environmental fate of contaminants and more
specifically the reactivity of intermediates in order to enable
a more reliable monitoring of nontarget pollutants and
assessment of potential risks.
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Figure SI-1 . Irradiance of the fluorescent tubes Sylvania F15W/BL 368S used in devices 1 and 2.
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Figure SI-2. Background level of NOx formation (A) and NOx formation upon irradiation of IMD (104 M)
for 1 hin device 1 (B). After selected irradiation times, the light was turned off and the outlet of the reactor
connected to the NOx analyzer. NOx were measured every 10 seconds for a period of 1-2 min at a flow rate
of 0.7 L min. The time profile of NOx concentrations corresponds to the decay of NOx level in the reactor

due to the dilution with clean air.
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Table SI-7. HPLC conditions used for separation and analysis of the different compounds.

Compound H20 (%) ACN Detection wavelength/nm
IMD 60 40 270
Phenol 60 40 270
L-tryptophan 85 15 280
Resorcinol 70 30 274
NO2 (derivatized) 60 40 307

Figure SI-3. Calibration curve for nitroso-phenol (open circles) and for nitro-phenol (black circles). Area
were obtained by UPLC-HR-MS analyses in electrospray negative mode. For nitrosophenol m/z=122.0237
(5 ppm) and for nitrophenol m/z=138.0186 (5 ppm).
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Figure SI-4. Consumption profile of aqueous IMD (10 M) irradiated in device 1, formation of NOs and
NO; (A) and area UPLC-HRMS of desnitro-IMD (B). IMD was analyzed by HPLC-UV, NOs™ by ionic
chromatography, NO, by HPLC-UV after derivatization by DNPH. Desnitro-IMD was identified by UPLC-
HRMS (m/z = 22.0740/213.0709, [ = 2.2 ppm).
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Table SI-2: UPLC-HMRS of IMD and photoproducts.

Name m/z exp. m/z theor. Appm Formula of the
in ES* in ES* neutral molecule

IMD 256.0603/ 256.0596/ 2.82 CoH10CINsO2
258.0571 258.0566

IMD+O 272.0549/ 272.0545/ 1.38 CoH10CINsO3
274.0517 274.0515

IMD-O 240.0650/ 240.0647/ 1.52 CoH10CINsO
242.0620 242.0617

Desnitro-IMD 211.0746/ 211.0745/ 0.33 CoH11CINg4
213.0717 213.0716

Desnitro- 243.0650/ 243.0643/ 2.84 CoH11CIN4O2

IMD+20 245.0619 245.0614
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Figure SI-5. Structures (a)-(k) of the minimum energy structures and TSs at the MN12SX/6-
311++G(d,p),PCM//IMN12SX/6-31+G(d,p),PCM level. Energies are given relatively to the global minimum
(see Figure 4). Specific bond distances (A) are also indicated.
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Table SI-3: Cartesian coordinates of the minimum energy structures and TSs at the MN12SX/6-
311++G(d,p),PCM//MN12SX/6-31+G(d,p),PCM level.

Min So, IRNNO:2 (a)

Min S1 (b)

Min T1, 3RNNO:2 (c)

TS So (d)

IRNNO-O (e)

C -3.904635 0.765039 C -3.398081 0.341802 C -3.362675 -0.347631 - C -0.203027 -0.349078 C -0.154117 0.191187
0.032387 0.079196 0.074888 1.121773 1.381299
C -2.651975 1.265986 - C -2.294923 1.176317 C -2.232460 -1.117072 - H -0.281192 -0.106962 H -0.106941 0.737387
0.317873 0.255215 0.347477 2.195510 2.336454
C -1.771163 0.388254 - C -1.082502 0.731770 - C -1.023506 -0.662472 C -0.927867 1.995016 C -0.739471 2.341866
0.933223 0.248795 0.156625 0.518132 0.147460
C -2.166764 -0.931261 - C -1.017011 -0.505420 - Cc -0.987178 0.524124 C -2.038247 2.499264 C -1.809222 2.629975
1.177332 0.896764 0.897419 0.402607 0.911387
C -3.448748 -1.301054 - C -2.191008 -1.246366 - Cc -2.187175 1.202458 H 0.065289 2.357516 H 0.281189 2.492397
0.779059 0.998624 1.087676 0.229170 0.221553
N -4.312703 -0.469965 - N -3.370853 -0.830912 - N -3.364975 0.775416 H -1.113855 2.266057 H -0.881746 2.940803
0.181967 0.522588 0.614761 1.571397 1.060570
H -0.776932 0.727778 - H -0.190402 1.353466 - H -0.110339 -1.235334 - H -1.666108 2.679980 H -1.412985 2.518630
1.229275 0.141601 0.023647 1.422076 1.930749
H -2.387350 2.301614 - H -2.391683 2.132733 H -2.306763 -2.033495 - H -2.521117 3.407213 H -2.254452 3.623066
0.116328 0.763368 0.928024 0.029650 0.803036
H -3.809069 -2.319038 - H -2.192201 -2.220737 - H -2.212382 2.137059 N -1.031695 0.548155 N -0.982752 0.931296
0.948182 1.492300 1.652683 0.348818 0.453497
Cl -5.046843 1.828429 Cl -4.947854 0.860345 Cl -4.909736 -0.885948 - N -2.954805 1.363624 N -2.783146 1.578648
0.817110 0.690667 0.680589 0.384090 0.630835
C -1.232405 -1.933964 - C 0.284558 -1.025771 - C 0.307430 1.054822 H -3.762834 1.318289 H -3.601560 1.412056
1.814625 1.465310 1.468931 0.997301 1.206440
H -1.798679 -2.809084 - H 0.121930 -1.973713 - H 0.132063 1.999553 C -2.283558 0.237601 C -2.199555 0.582978
2.160279 1.994034 1.999723 0.063034 0.040735
H -0.725483 -1.498193 - H 0.717191 -0.308883 - H 0.737372 0.344379 N -2.734621 -1.004600 N -2.702912 -0.649266
2.682400 2.173030 2.185474 0.084846 0.324821
C -0.574092 -3.204168 C 1.131843 -2.341972 C 1.135361 2.343184 - N -3.959398 -1.067285 N -3.874881 -0.779031
0.277229 0.556493 0.572120 0.660242 0.195123
C 0.789058 -3.429027 C 2.423456 -2.204268 C 2.415193 2.194510 - O -4.611643 -2.141095 O -4.346713 -1.939414
0.931785 1.370553 1.400977 0.408242 0.072304
H -1.068425 -4.135321 - H 1.028070 -3.311187 H 1.036222 3.327626 - O -5.110203 -0.465414 O -5.621750 -2.141845
0.020573 0.056855 0.102311 0.134532 0.462369
H -1.253750 -2.632790 H 0.232750 -2.158848 H 0.230410 2.138675 - H -0.594941 -1.366250 H -0.644501 -0.770714
0.931988 1.167751 1.167309 0.989337 1.576793
H 1.249157 -4.371466 H 3.217372 -2.862363 H 3.203420 2.879828 - C 1.242504 -0.290799 C 1.240908 -0.022062
0.600354 0.989606 1.057836 0.691388 0.843308
H 0.746251 -3.415572 H 2.272044 -2.399108 H 2.245955 2.346043 - c 1.593661 -0.164240 C 1.469772 -0.258065
2.024795 2.435751 2.470799 0.652341 0.511323
N -0.214848 -2.410322 - N 1.268626 -1.268798 - N 1.301086 1.300108 C 2.279394 -0.394872 C 2.348739 -0.015140
0.893377 0.425800 0.439606 1.619394 1.691979
N 1.544992 -2.291783 N 2.767602 -0.804712 N 2.786811 0.811780 - H 0.821427 -0.066346 H 0.640957 -0.266019
0.421331 1.131045 1.113668 1.418580 1.222977
H 2.526684 -2.126330 H 3.643477 -0.393806 H 3.658194 0.398663 - c 3.598640 -0.382619 C 3.615398 -0.245686
0.609672 1.439213 1.430265 1.185131 1.172933
C 0.977749 -1.810901 - C 2.172605 -0.379626 C 2.210014 0.409620 H 2.059851 -0.483432 H 2.226772 0.173523
0.690410 0.008438 0.025425 2.684555 2.759720
N 1.360434 -0.869752 - N 2.361218 0.770849 - N 2.440532 -0.712142 C 3.810872 -0.256142 C 3.706360 -0.466007
1.568602 0.659494 0.738625 0.184742 0.198603
N 2.579242 -0.334902 - N 3.279295 1.593014 N 3.347063 -1.548856 H 4.433881 -0.460282 H 4.503037 -0.245919
1.426154 0.010847 0.067730 1.877288 1.801116
0] 2.875910 0.546229 - o 4.420065 1.561650 - o} 4.205043 -2.174075 Cl 5.450699 -0.230562 Cl 5.279412 -0.743932
2.242636 0.596315 0.755423 0.787984 0.906833
[¢] 3.377159 -0.691010 - o 2.747453 2.691061 0] 2.498420 -2.230334 - N 2.857413 -0.145456 N 2.682984 -0.474873
0.533892 0.409641 0.725516 1.090040 1.031162
TS1, Ta () TS2, T1(Q) 3RN---NO2 SRNNO-O in
T (i)
C 3.187194 0.227055 - C -0.205293 -0.060599 C 2.814838 -0.330504 - C -0.119348 0.059714
0.124355 1.314892 0.104796 1.469669
C 2.151026 1.138337 H -0.225749 0.396895 C 2.114040 0.556284 H -0.069546 0.605839
0.074237 2.317390 0.708377 2.425420
C 0.975015 0.646553 C -1.037432 2.128770 C 0.901175 0.115662 C -1.011961 2.155277
0.621106 0.331767 1.220359 0.347300
C 0.879107 -0.711259 C -2.129584 2.411617 - C 0.436348 -1.163967 C -2.178567 2.355329 -
0.943283 0.703288 0.903215 0.625482
C 1.988973 -1.514046 H -0.045765 2.465962 C 1.243134 -1.952450 H -0.044390 2.445562 -
0.692219 0.008335 0.083372 0.078388
N 3.132100 -1.057506 H -1.264221 2.578975 N 2.416805 -1.548618 - H -1.158771 2.696668
0.166573 1.311582 0.417693 1.295427
H 0.138042 1.327863 H -1.716339 2.479670 - H 0.313353 0.770053 H -1.840656 2.350273 -
0.800686 1.720069 1.867321 1.672011
H 2.270553 2.187294 - H -2.695331 3.321754 - H 2.507230 1.545953 H -2.733398 3.278748 -
0.186483 0.483212 0.930126 0.434443
H 1.966680 -2.580645 N -1.088372 0.671828 H 0.939235 -2.968736 - N -1.065274 0.715845
0.929145 0.437138 0.181882 0.595987
Cl 4.689901 0.800493 - N -2.966371 1.222997 - Cl 4.350410 0.173373 - N -2.997235 1.179441 -
0.804530 0.571628 0.772346 0.350447
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Figure SI-6. Structures of RN* (a), RN*,H.O (b) and RN,H.O (c) obtained at the MN12SX/6-
31+G(d,p),PCM level and calculation of RN* energy:
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Calculation of RN* energy:

Optimization of RN™ at the MN12SX/6-31+G(d,p),PCM level gave rise to the high energy cyclized
species in Fig S1-6a. This structure is similar to that found in the gas phase (MN12SX/6-31+G(d,p))
and it became clear that the PCM model was not sufficient to account for solvent effects here. It
was thus decided to optimize RN* at the MN12SX/6-31+G(d,p),PCM level in the presence of one
water molecule (implicit + explicit solvation model). The obtained geometry is shown below in
Figure SI-6b (no spurious cyclization). Thus, the more accurate energy of RN™ (RN*/NO;™ at 69.0
kcal/mol in Figure 4) was that of RN* obtained at the MN12SX/6-31+G(d,p),PCM level and

corrected with the energy difference below, i.e:

Eex(RNY) = E(RN*) + [E(RN*H20) - E(RN,H20)] - [E(RN*)-

E(RN)] N— —— /

These species computed at the
MN12SX/6-311++G(d,p),PCM // MN12SX/6-31+G(d,p),PCM

level

ie: Ee(RNY) =  E(RN) + [E(RN*,H20) - E(RN,H20)]
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Figure SI-7. Consumption profile of IMD (10 M) upon irradiation in device 2. The concentrations of IMD
were determined by HPLC-UV.
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Figure SI-8: Formation of nitroso-resorcinol (open circles) and nitro-resorcinol (full circles) upon
irradiation in device 2 of IMD (10* M) and resorcinol (10* M). The concentrations of nitroso and nitro-

resorcinols were estimated using calibration curves of Figure SI-3.
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Table SI-4: Photonitration and photonitrosation of the probes after 16 h of irradiation in device 2 in presence
of IMD (107 or 10* M) or a mixture of NOz (2x10° M) and NO, (5x10® M). The concentrations of IMD
and of the probes were obtained by HPLC-UV while the amunts of nitro and nitro-derivatives by UPLC-
HRMS.

Conditions % of % of Nitroso Nitro Sum
converted | convertedp | derivative derivative (ng.LY)
IMD robe formed formed
(ug.L™Y) (Mg.L™)
Phenol (10* M) - <05 - - -
Phenol (10 M)+ IMD (10* M) 5613 14+1 3442 202+10 236+12
Phenol (10* M)+ NO2/NO3z - 3.4+0.1 0.28+0.02 34+2 3442
Resorcinol (10 M) - <05 - - -
Resorcinol (10 M)+IMD (10 M) 5843 29+1 40640 292+29 498+69
Resorcinol (104 M)+IMD (10" M) 61+3 46+5 43+4 16+2 59+6
Resorcinol (10° M)+IMD (10 M) 6243 58+5 3.6+0.8 100+20 104+21
Resorcinol (10* M)+ NO,/NOs’ 6.2+0.3 9919 70.817 17016
Tryptophan (10 M) - 9145 - - -
Tryptophan (10* M)+IMD (10 M) 60+3 9545 19+2 9.4+0.9 28+3
Tryptophan (10* M)+ NO,/NOs" - 9615 7.4+0.7 6.2+0.6 14+2
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ARTICLEINFO ABSTRACT

Keywords: Green roofs are a promising approach to mitigate air pollution in urban environments, but limited experimental
Green roofs data is yet available. In this study, we developed a laboratory-scale setup to measure the removal nitrogen di-
Air pollution oxide (NO,) and ozone (O3) using a variety of common green roof species. Experiments were conducted on
g?x detached leaves and whole plants using two chambers (0.6 L and 12 L), visible lighting, NOx/O3 sources and

online analyzers. Three species were the best performant (Thymus vulgaris, Sedum sexangulare and Heuchera
Americana L.) with deposition velocities (v;) ranging from 1.6 to 4.82 m/h for NO,, and 1.7-5.56 m/h for O3. In
both cases, thyme was the most effective plant likely due to its higher stomatal area and the reactivity of its
volatile metabolites with O3 leading to several oxidized by-products. Furthermore, NO, uptake was found to be
enhanced by surface water released by leaf transpiration leading to the production of nitrous acid (HONO).
Similar values of (v, ) were observed (3.84-4.65 m/h) when whole thyme plant was used. The soil was also found
to be competitive in removing O3 but less performant in capturing NO,. Using a dry deposition model, we
estimated that the three plant species can uptake up to 9 kg/ha/year of NO, and 13.6 kg/ha/year, which fall in
agreement with previously reported modeling data. Our experimental approach can be a rapid tool for screening
the depollution performances of green roof species enabling an effective prioritization for deployment in urban

environments.

1. Introduction

Outdoor air pollution causes up to 10 million deaths annually, and
around 90% of the world population live in urban environments where
air pollution exceeds the World Health Organization (WHO) limits [1].
Air pollution mitigation strategies such as source reduction (electrical
vehicles [2], fuel and traffic regulations [3], renewable energy resources
[4], etc.), and depollution technologies have been increasingly adopted
in the recent years. Among depollution methods, the use of highly
reflective photocatalytic roofs and walls [5] have been shown to be
effective in reducing the urban heat island effect, and in the removal of
Volatile Organic Compounds (VOCs) and Nitrogen Oxides (NOx) [6,7].
However, photocatalytic oxidation process can lead to the formation of
toxic intermediates and the VOC removal performance can decrease
over time [8]. Another promising alternative is the use of natural walls
and roofs such as vertical greening systems or green roofs which can bea
replacement to conventional roofs especially in crowded urbanized
areas [9]. Green roofs have been receiving attention recently as effective
nature-based solution to eco-environmental problems arising from

* Corresponding author.

climate change and rapid urbanization [10]. They can retain storm
water via absorption into the substrate [11,12], reduce the building
energy demand by improving the thermal insulation [13], lower noise
pollution [14], in addition to improving the roof aesthetic values.
Plants used in such green roofs are able to mitigate air pollution [15]
by absorbing the pollutants through their stomata via dry deposition on
the surfaces of leaves [16]. Urban trees and shrubs are known to remove
efficiently air pollutants [17]. Reactive pollutants (05, NOx, SO,) can be
removed by absorption via stomata or by surface uptake via potential
chemical reactions with volatile metabolites such as terpenes. On the
other hand, the formed particulate matter (PM) can be removed via
deposition on the leaf surface. The performance depends on various
factors such as the proximity of the vegetation to the road and its height
[18]. Although trees are a very effective strategy in controlling pollu-
tion, planting trees in crowded cities with high percentages of imper-
vious areas is challenging. Thus, in metropolitan cities, green roofs can
be an alternative solution to make use of rooftops [19]. Several
modelling studies showed that green roofs can be efficient in removing
various prevalent air pollutants. According to Yang et al., 22.8
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kg/ha/year of NO, and around 44 kg/ha/year of O5 can be eliminated
using green roofs [16]. Grass was found effective in removing O3 (5.2
kg/ha/year) whereas, shrubs have the potential to eliminate 18
kg/ha/year of PM;, [20]. Speak et al. [21] showed that sedum, a widely
used plant species on extensive green roofs, could remove 4.2 kg/ha/-
year of PM,o. However, most aforementioned studies were based solely
on modelling using estimated deposition velocities (v4) which can vary
significantly depending on the plant species, seasonality, climate, etc.

To the best of our knowledge, the air depollution performance of
green roofs species has been very little investigated, and only limited
recent data exist on their efficiency in the laboratory and in the field [22,
23]. Performance-based laboratory screening measurements —in com-
bination with field campaigns-are thus needed to improve the precision
of models and to provide a valuable tool for implementing the best
performant species as a function of target pollutants. In this study, we
developed an experimental setup to measure the NOx/O5 uptakes of 13
plants commonly used on green roofs. After initial screening, 3 species
were selected (Sedum sexangulare, Thymus vulgaris, and Heuchera
Americana L.). The removal rates of these plants were investigated using
detached leaves as well as full size plants. This work aimed to guide in
the choice of plants to be used on green roofs according to the need of
targeting a specific pollutant in an urbanized area, and to get insight into
the mechanisms taking place.

2. Materials and methods
2.1. Chemicals and materials

Imidacloprid (IMD) was purchased from Sigma Aldrich, Switzerland
(Pestanal™, analytical standard, >98.0% purity HPLC area %). Sodium
carbonate anhydrous was purchased from Fluka, Germany (>99.5%
purity ACS). Both were used without further purification. Water was
produced using a reverse osmosis RIOS 5 and Synergy (Millipore) device
(resistivity 18 MQ em, DOC<0.1 mg L 1). Acetonitrile (ACN) was pur-
chased from Carlo Erba Reagents (HPLC Plus Gradient grade-ACS-Reag.

Process of plant selection: Green roofs vary from intensive to
extensive roofs differing in the maintenance needs, substrate depth,
plants implemented, etc. Contrarily to intensive ones where shrubs or
even trees may be implemented, extensive green roofs use shallow root
plants and thus are more commonly used due to their low maintenance
needs and lightweight. Hence, in this study, we solely focused on
extensive green roof species which are drought tolerant such as grasses,
perennials, and succulents. Based on literature review, and after careful
consideration of weather conditions in central France, 13 species were
selected for screening: Achillée millefeuille paprika, Achillea umbellate a
feuillage gris, Alchemille jaune, Aster des alpes rose, Heuchera americana L.,
Joubarbe calcareum, Joubarbe rubin, Thymus nummularius, Sedum flo-
riferum jaune, Sedum reflexum jaune, Sedum sexangulare, Sedum spurium,
and Thymus vulgaris. After pre-screening, three species were chosen to
further investigate their performance for the removal of O3 and NO,:
Sedum sexangulare, Thymus vulgaris, Heuchera americana L.

Conditions for plant storage and care: Plants were stored in an indoor
greenhouse exposed to outdoor sunlight through a large window and
were watered every two days. Temperature was between 20 and 25 °Cin
the greenhouse during storage and around 23° + 2 C when used in the
laboratory. Relative humidity (RH) was ranged between 30 and 55%.

Sedum sexangulare, Thymus vulgaris, and Heuchera Americana L. were
purchased from a plant nursery (Botanic®, Beaumont, France) and
watered every two days. These species are used on green roofs and
different studies report their performance towards different air pollut-
ants [24-26].

Sedum sexangulare (sedum): Sedum species are considered as
appropriate plants to be applied on extensive green roofs. They are
drought tolerant and can survive in harsh climate conditions. In the
literature, Sedum sexangulare showed a good performance under severe
climate conditions and that it is suitable to be implemented in a
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Mediterranean climate [24].

Thymus vulgaris (thyme): Thyme is an odorous perennial plant used
on green roofs. It emits different VOCs (Fig. 51-1.) which can react with
air pollutants [25].

Heuchera Americana L. (heuchera): Heuchera species are used in
vertical greenery systems and green roofs because their colorful glossy
leaves give them important aesthetics values. Heuchera retains different
elements and particulate matter (PM) due to its hairy undersides [26].

Plants were stored in an indoor greenhouse with direct solar light.
They were either used directly as a full-size plant (pot size: 9-15 cm) or
their leaves cut using scissors into pieces of 0.9-1.2 g prior to the
experiment.

To avoid changes induced by diurnal cycles, all experiments using
plants were performed during the day from 10 am. to 3 p.m. The
planting soil was a universal soil with a water retention capacity of 75%,
pH = 6.5, and N, P, Kvalues of 5.5, 2.5, and 1.5 for 2 kg/m” respectively
(Fig. 1.

2.2. Experimental setup

A new experimental setup was designed to measure the uptakes of
leaves and the full-size plant under irradiation with NOx and O3
configurations.

NOx/Oj3 setup The setup includes:

1. Two flow meters (Brooks 4800 series/50-500 mL/min) to regulate
the flow of O, and N, simultaneously mimicking the ratio of these
gases in ambient air.

2. An NOx source via a 200 mL solution of IMD (10 ° M) producing
40-50 ppbv of NO; and 0.1-0.5 ppbv of NO contained in a cylindrical
Pyrex glass flow-reactor (0.65 L, length 27 cm and internal diameter
5.7 cm). This was based on our previous study showing that irradi-
ating a solution of IMD with a polychromatic light (4, = 365 nm)
leads to the production of NOx (NO + NO,) with NO, being the major
product [27].

A UVP ozone generator equipped with a UV pen-ray lamp that uses
the photochemical reaction of O, under UVC (185 nm) to produce
the continuous flow of Os.

3. Two air-tight stainless-steel reactors (see Fig. SI-2.) that are cylin-
drical with a Pyrex glass top window for irradiation. A small one
(Reactor S- 0.6 L) for leaves and a big reactor (Reactor B- 12 L) for the
full-size plant.

4. 2 x 55W Stailite tubes (A = 400-800 nm) that were placed at a
distance of ~30 cm above the reactors for irradiation. Absolute
Irradiance at this distance was 6-7 pW/cmz/nm @ 610 nm. This
lamp is commonly used for growing plants indoors where it covers
the light range needed for photosynthesis (see spectrum Fig. SI-3).

5. A NOx Thermo scientific 42i model-NO NO, NOx analyzer (chem-
iluminescence analyzer). To measure the nitrous acid (HONO) and
estimate its contribution to the NO, measured levels, a Na>CO3-
impregnated quartz filter was installed upstream of the NOx monitor,
to trap HONO. Its concentration was then calculated by measuring
the difference between measured NO, values with and without the
HONO scrubber.

An 0342e ozone analyzer O; (Environnement S.A). Both analyzers
were online real-time analyzers with a 10 s temporal resolution.

The tubes used were PTFE (Teflon) to minimize secondary reactions,
the fitting and valves were stainless steel from Swagelok (Lyon-France),
and the temperature was regulated to 23 °C by an air conditioner.

2.3. Cadlculation of deposition velocities and plant uptake coefficients
For the plants tested in this study, transient deposition velocities (v4)

for NO, and O3 were calculated, similar to Poppendieck et al. [23] and
Abbass et al. [29], based on a mass balance that is shown in equation (1):
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Fig. 1. Pictures of the 3 studied plants: Sedum sexangulare, Thymus vulgaris, and Heuchera Americana L. (left to right).
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where dqt—‘ represents the change in the outlet O3 or NO, concentration
(ppb h™1), Ci and G, are the outlet concentration of NO, or Os, in the
inlet and the outlet of the exposure chamber (ppbv), respectively, % isthe
air exchange rate for the chamber (h 1), Viip) and vq ) are the deposition
velocities for a plant and chamber (m/h), respectively, A, and A are
the exposed area of the plant and chamber walls (m?), respectively.

Equation (1) was solved for the transient deposition velocity shown in
equation (2):
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where Vfi.p; is the time varying deposition velocity for a plant, t and t
indicate consecutive data points (h), V is the volume of the test chamber.
The deposition velocity associated with chamber walls vg, was
observed to be negligible for all experiments. To facilitate comparison
across plants, the near steady-state deposition velocity was calculated
when the rate of change in exit concentration was less than 2 ppb over
15 min. The uptake coefficients U, were then calculated by multiplying
the deposition velocity v, by the inlet concentration of NO, or O (C},)
after its conversion from ppbv to pg/m® (eq. (3)).

Uy =Vap (Ci) &)

2.4. Analytical methods

VOC analysis. The composition of VOC produced by the three plant
species was determined using headspace gas chromatography coupled
with mass spectrometry detection (HS-GC/MS; Shimadzu HS-20 coupled
with QP2010SE). 1 g of leaves from each species was transferred into a
20 mL headspace glass vial and incubated for 10 min at 80 °C. The
analytical column (Mega 5-MS 30 m x 0.25 mm) was operated initially
at 60 °C for 1 min, followed by an 8 °C min ! ramp to reach 240 °C and
held for 4 min. The mass spectrometer source was heated to 200 °C, and
signals were detected between mass to charge ratios (m/z) of 50 and
350. Identification of the major constituents was carried out using the
NIST 17 database and when necessary, using authentic standards.

ATD-GC-MS. After the ozonation of thyme leaves, the reactor gas
phase was sampled for 3 min at a sampling rate of 100 mL min ' into the
Tenax sorbent tubes. After sampling, the tubes were thermally desorbed
using TurboMatrix thermal desorption unit (ATD 150, PerkinElmer)
equipped with a cold trap (Carbotrap 300) and coupled to an Agilent
6890 gas chromatograph and an Agilent 5973 mass spectrometry de-
tector. The separation of desorbed volatiles was carried out using a HP-5
ps column (25 m x 0.25 mm x 0.25 pm) operated initially at 50 °C for 1
min, followed by a 10 °C/min ramp to reach 230 °C. Mass spectra were
scanned between m/z 35 and m/z 350 with the source temperature set at
20°C.

HPLC-DAD. HPLC analyses were performed using a NEXERA XR
HPLCDAD apparatus. Separation was conducted using a phenomenex
reversed phase C18 column (100 mm x 2.1 mm, 2.6 pm particle size)
and a binary solvent system composed of 10% acetonitrile and 90%
water ata flow of 0.2 mL/min. Analysis time was 10 min. HPLC analyses
allowed the monitoring of thymol disappearance as well as its absorp-
tion spectrum.

Scanning electron microscopy (SEM). The structure of thyme cuticular
surfaces before and after ozonation were characterized using scanning
electron microscope. Leaves were mounted on aluminum stubs using
double-sided adhesive tape and sputter-coated with 10-15 nm gold-
palladium (20 s, 25 mA, partial argon pressure 60 mTorr, Denton Desk
V. The samples were investigated with a field-emission scanning elec-
tron microscope (SH 4000 M) using a 20 kV acceleration voltage and a
10 mm working distance. Pictures were taken from adaxial and abaxial
leaf surfaces.

3. Results and discussion
3.1. Depollution capacity of detached leaves

3.1.1. NO uptake

A maximum of 1 g ofleaves was irradiated in the reactor for 1 h while
being ventilated with pure synthetic air at a flow rate of 0.8 L/min
(green line in Fig. 2) under visible light allowing the plant to adapt to the
conditions given before measuring the uptake. During this period, NO,
generated by IMD was directly monitored and its average concentration
was found to be relatively stable around 50 + 2 ppbv. Following the 1 h
pre-conditioning of the plant, NO, gas flow was introduced into the
reactor containing the detached leaves and the NO, concentration was
monitored initially every 10 s and then regularly until reaching a steady-
state to calculate the NO, uptake. In control experiment, NO; flow was
passed through empty chamber (no leaves) and its concentration
showed negligible drop suggesting a negligible background removal of
NO, due to chamber walls (See Fig. 3). In the presence of detached
leaves of green roof species, the chamber exit concentration of NO,
concentration increases quickly in the first minute as the chamber is
filled with constant level NO, followed by a slower and progressive in-
creases until approaching a steady-state after 1 h of exposure. At the end
of the experiment, thyme showed the highest NO, uptake with a
reduction of about 9 ppbv in NO, concentration followed by sedum and
heuchera with a reduction of about 5-6 ppbv. The near steady-state
deposition velocities for the three plants were calculated by averaging
the last 15 min of the exposure.

Table 1 shows the near steady-state NO, deposition velocities and
corresponding uptake coefficients for the three plant species tested.
While Heuchera seems to perform as good as sedum according to Fig. 3,
the exposed surface of its leaves was twice higher than that for Sedum
and Thyme due toits large leaves. Yang et al. [16] estimated the removal
capacity of 71 green roofs using a big leaf dry deposition model and
reported an average uptake coefficient of 260 pg/m>/h for NO, which is
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Table 1
Near steady-state NO» deposition velocities and plant uptake coefficients.

Plant ¥y (m/h) U! (ug/m*/h)
Sedum 2.99 282
Thyme 5.56 523
Heuchera 1.70 160

comparable to the values reported in this study. In addition, the calcu-
lated vfiw (1.70-5.56) fall also within the range of v; in their model
(0.36-21.6 m/h). Our values are also in agreement with those reported
by Currie and Bass [20] who used the UFORE model (urban forest effects
model) and grass as a proxy unit for green roofs and reported an NO,
uptake of 300 pg/m?/h.

To better understand the uptake mechanisms and the difference

between studied species, several experimental factors such as the sto-
mata, water and chemical reactions were investigated.

- Effect of stomata

Leaf stomates are very important organs on the leaf surface as they
control exchange of plants with the environment. In general, green
plants affect air pollutants by taking up gaseous pollutants primarily
through leaf stomates. The higher the density, the more CO, and gaseous
pollutants can be absorbed or released [30].

Using SEM, we observed the stomates on each leaf and estimated the
stomatal density and average stomatal areas by taking into consider-
ation abaxial and adaxial sides (See Fig. 4). Highest stomata density was
seen with heuchera followed by thyme and sedum (40 mm 2 + 2, 6
mm 2+ 2, and 4mm ? + 2 respectively). However, thyme exhibited the
largest stomatal area (8400 + 150 pm?) while those of sedum and
heuchera were equal to 5700 + 150 pm? and 1400 + 150 respectively.
This finding suggests that the higher stomatal area for thyme could be
responsible for its better performance in removing NO,.

- Effect of transpiration (surface reaction)

A fraction of the consumption of NO2 could be due to reactions with
VOCs emitted by the plants. In general, NO, has a low reactivity towards
VOCs. However, NOx might generate O3 by photolysis under UV. As UV
was not present, this pathway should be negligible. An altemative
possibility is the decay of NO, through reaction with water leading to
the formation of nitrous acid or HONO (process 1).

2NO, + H,O — HONO + HNO; (process 1)

Such reaction is possible in the case of sedum particularly as it is an
evergreen plant with moist leaves and transpiration can occur. In our
experiments, sedum might release moisture after being irradiated and its
water might react with NO, to yield HONO. We checked this hypothesis
by performing experiments aiming to monitor the formation of HONO.
This was done by including Na»COs trap to sample HONO as described
in the experimental section. In the same conditions as before, 1 g of
leaves was irradiated under visible light for 1 h and the NO, uptake was
monitored using sodium carbonate as a trap. The difference in the NO,
uptake in the presence and absence of the trap reveals the uptake due to
the reaction between NO; and water. Comparing the NO, values with
and without the trap, we conclude that 55% of the uptake capacity was
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Fig. 4. SEM Images of the three studied plants: sedum (A), thyme (B), and heuchera (C).

due to the reaction as shownin process 1. In the case of other species, no
significant HONO production was observed, confirming that NO, uptake
in the case of sedum is enhanced by surface water and its reaction with
NO,. This finding highlights the importance of chemical reaction in
addition to stomatal uptake in the overall performance of plant species
and could have implication on the photochemistry of air pollutants since

HONO can undergo direct photolysis to produce hydroxyl radicals
(OH®).

3.1.2. O3 uptake

Fig. 5 illustrates the time evolution of the outlet concentration of O3
in the case of an empty chamber and in presence of the three studied
plants. The same steps were followed as the ones in part 2.1 using same
plants, irradiation system, and duration (1 h of pre-conditioning in the
chamber). As for the experiment with NO,, thyme showed the highest O3
uptake with a reduction of about 10 ppbv followed by sedum and heu-
chera with a reduction of about 6-7 ppbv. Table 2 shows the near steady-
state O3 deposition velocities and plant uptake coefficients for the three
studied plants calculated by averaging the last 20 min of the exposure.

The calculated values in our study are in agreement with those re-
ported by Yang et al. [16] whereas the study of Curie et Bass [20]
showed lower values compared to those found here.

- Effect of thyme volatile metabolites
While the higher stomatal area can be responsible for the better

performance of thyme in removing O, O3 can potentially react with
plant volatile metabolites particularly in the case of thyme which is

65
60 «© o (¢} o o
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Fig. 5. Empty chamber and outlet O; concentration for sedum, thyme,
and heuchera.

Table 2

Near steady-state O deposition velocities and plant uptake coefficients.
Plant ¥y (m/h) U, (ng/m*/h)
Sedum 2.69 317
Thyme 4.82 569
Heuchera 1.60 189
Yang et al. [10] 1.8 100-6500

Curie et. Bass [11] 0.18 =

known to release several terpenes in addition to thymol. For these rea-
sons, thyme was selected as the main species to study in the following
experiments. For asimpler approach, experiments were undertaken with
one of the major emitted VOC, thymol (a phenolic derivative), first in
solution to examine the feasibility of thymol degradation by Os and to
facilitate the identification of by-products. O3 reactions in solutions can
be easier to perform and could provide a first indication of possible
heterogeneous reactions between thymol and O3 on leaves. Water can
also be present on leaf surface and could participate in the reaction
mechanisms. Following this feasibility test, additional experiments on
thyme leaves were carried out to mimic realistic conditions and to
investigate the heterogeneous reactivity of thyme volatiles with Os.

Reaction of thymol with ozone in solution. We prepared a 20 mL so-
lution of thymol (2 x 10~ * M) in ACN and O; at a concentration of 4 ppm
was bubbled into it for almost 6 h. Results were monitored by HPLC-
DAD analysis that showed that 50% of thymol was degraded. The per-
centage of degradation is related to ozone and thymol concentrations.
According to a study on the catalytic ozonation of thymol, the simplified
proposed degradation mechanism is the following: the para and ortho
positions of the hydroxyl on thymol are attacked by O3 and hydroxyl
radical. This leads to diols with a backbone of cymene (Fig. 6.). Several
reactions then can take place prompting mineralization [25].

The GC-MS analysis of an experiment conducted on thymol and O3
revealed the production of Thymoquinone which corroborates the pro-
posed mechanism.

Reaction of thyme VOCs with ozone. Two samples of detached thyme
leaves (2 g) were introduced into Pyrex flow-reactors, under irradiation
with visible light. To monitor the effect of O3, the first sample (S1) was
not exposed to O3 while the second (S2) was exposed to O3 (153 ppbv).
In both cases, the production of VOC was monitored via sampling on
sorbent tubes followed by ATD-GC-MS analysis.

Table 3 shows the four major terpenes emitted in addition to thymol.
After 1 h of ozonation, their levels decreased drastically as expected
since terpenes are known to undergo oxidation by Os. This was associ-
ated with the identification of various oxidation products such as
linalool-oxide, keto-limononaldehyde and thymoquinone. This finding
confirms the role that plays thyme VOC metabolites in the observed
good performance for the removal of O3. However, while the uptake of
ozone can be enhanced by the emission of terpenes, one should consider
the consequences of O5 reactions with terpenes since it can lead to the
formation of secondary organic aerosols (SOA) [31]. Unfortunately, this
was not confirmed here but future experiments are needed to measure
the possible emission of ultrafine particles due to reaction of O3 with
thyme volatiles, and to estimate its impact on air pollution.
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Fig. 6. Thymol degradation pathway via the reaction with O,.

Table 3
Major VOC products identified in S1 and S2.

Sample VOC collected mass (ng)
Cymene  Limonene Thymol Eucalyptol  Linalool
S1 (no O3) 12.6 8.5 225 13.2 31.3
S2 (with 0.4 Non Non 0.3 1.6
03) detected detected

3.2. Depollution capacity of thyme full-size plant

3.2.1. NO,/Oj3 uptakes

These following experiments were conducted using a small thyme
plant (with an estimated total leaf area of 500 cm?®) which was pre-
conditioned in the big reactor (12 L) with 1 h visible light irradiation
while soil was fully covered during experiments to ensure the least
interference possible. After 1 h of exposure to NO, (50 ppbv) the NO,
concentration dropped to reach a near-steady state around 10 ppbv.
Using egs. (1) and (2) we calculated a VEiI,p) of 3.84 m/h. In the case of O3,
same conditions were used as with detached leaves with the exception of
03 inlet concentration which was increased to 110 + 3 ppbv to reduce
measurement uncertainty. Under these conditions, O3 concentration
dropped by around 91 ppbv to reach 19 ppbv after 1 h of exposure
(Fig. S1-4). Assuming a near steady-state condition we obtained a VE(P.’ of

4.65 m/h. These values are comparable with those obtained using de-
tached leaves particularly when considering the uncertainty in the
estimation of total leaf area, presence of soil, emission of volatile me-
tabolites and the measurement uncertainty. It is noteworthy that a small
production of NO was observed when thyme plant was irradiated which
was not detected with detached leaves. NO is a key signaling molecule in
plant physiology. However, its production in photosynthetic organisms
remains partially unresolved. The best characterized NO production
route involves the reduction of nitrite (NO, ) to NO via different non-
enzymatic or enzymatic mechanisms. To better characterize the role of
soil in the production of NO and the uptake of pollutants, additional
experiments using soil only were carried out.

- Effect of soil on NOx production and uptake and of O3 uptake

Soil, as well, is used on green roofs so its uptake towards NO, and O3
in addition to its NOx production were studied. In these experiments the
same soil used for thyme was studied here.

NOx production. After 1 h of visible light irradiation, a mixture of Ny
and O, (pure synthetic air) was passed through the reactor containing
the soil to monitor the NO/NO, production. Studied soil was either wet
or dry, but the steps were the same in both cases. Only NO was produced
atalevel of 20 ppbv in the case of dry soil, and =10 ppbv in that of wet
soil (Fig. SI-5). Iirigation, N-fertilizers, and bacteria are known to be
responsible for NO, production [32]. In our experiments, the adsorbed
NO, is probably undergoing reactions producing NO in case of both
dry and wet soils; or reacting with water producing ions e.g. NO, and
NO3~ (case of wet soil).

NO,/0;3 uptake. The same experimental steps were followed as in
section 3.2. In the case of O; (see Fig. Sl-4), the reduction in

concentration (A) for exposed soil ranged between 85 (dry) and 88 (wet)
ppbv which is very close to that observed with thyme (91 ppbv). This
suggests that soil can also be as effective in removing O3 and could
contribute to increase the overall performance of green roofs. On the
other hand, soil contributed to the removal of 15 ppbv (wet) to 35 ppbv
(dry) of NO, as compared with about 40 ppbv for thyme (Fig. SI-6)
indicating that the thyme plant is more effective in removing NO,. The
higher NO, uptake by dry soil is likely associated with the higher surface
area available for adsorption as compared with wet soil which can be
partially saturated with water.

4. Conclusion

Natural air pollution mitigation approaches are needed to help
improve air quality especially in urbanized areas. One promising rec-
ommended approach is the use of green roofs. In this study, we devel-
oped a new NO,/O; bench-scale experimental system to measure the
depollution performance of different green roofs species.

After the screening of several species, 3 species were found to be the
most efficient for the NO,/O3 uptakes: sedum sexangulare, thymus vul-
garis, and heuchera americana L. They offer a diversity between being
aesthetically pleasant, drought tolerant, climate resilient, and exhibiting
good uptakes. NO, uptake coefficients ranged from 160 to 523 pg/m”/h
while that of O varied between 189 and 569 pg/m?*/h. These findings
are in accordance with previously reported data using the big-leaf dry
deposition models. Nevertheless, values were relatively higher in our
experiments possibly due to other mechanisms than dry deposition
(adsorption) such as the reactions between the VOCs and O3 especially
in the case of thyme, and between NO, and water in the case of the
evergreen plant: sedum -which are not considered yet in models. If we
apply our experimental results using the existing model [16] by taking
the average deposition velocity in our experiments (0.095 m/h for NO,
and 0.084 m/h for O3), the total uptake by the 3 species (sedum, thyme,
and heuchera) could reach 9 kg/ha/year of NO, and around 13.6
kg/ha/year of O;. Assuming that Paris has around 76 ha of green roofs
and walls (2016) [33], and if the three species investigated in this study
were to be used, one can estimate that 683 kg/year of NO; and 1037
kg/year of O3 can be mitigated.

While our study focused only on the uptake of two air pollutants,
additional research should be carried to measure the performance of
green roof species towards PM, 5 and to investigate the potential for-
mation of SOA. In addition, our experimental design does not consider
some important variables such as the effects of humidity, lighting
spectrumy/intensity changes, nor the diurnal and seasonal cycles of the
plant. Field evaluation of laboratory results should also be carried to
better understand the effects of seasonality and weather conditions on
the depollution performance of green roofs.
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Figure SI-1. VOCs of thyme obtained by headspace-GC-MS.
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Figure SI-2. The small and the big reactors used in our experiments.
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Figure SI-3. Light spectrum emitted by the 2x55W Starlite tubes used in the developed experimental setup.
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Figure SI-4. The O3 uptakes of thyme and soil (wet and dry) after 1 h of visible light irradiation.
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Figure SI-5. NO production by dry and wet soils after 1 h of visible light irradiation.
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Figure SI-6. NO. uptakes of dry and wet soils after 1 h of visible light irradiation. The y-axis shows the

difference in the NO; values of IMD and that ‘passing through the reactor containing soil’ read on the

analyzer.
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thymol and terpenes are photooxidized.
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and the nitration of thymol.

These reactions were observed when

pesticides are applied on thyme's leaves.
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Article history: Among the numerous studies devoted to the photodegradation of pesticides, very scarce are those investigating
Received 23 June 2021 the effect of plant volatiles. Yet, pesticides can be in contact with plant volatiles after having been spread on crops
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or when they are transported in surface water, making interactions between the two kinds of chemicals possible.
The objectives of the present study were to investigate the reactions occurring on plants. We selected thyme asa
plant because it is used in green roofs and two pesticides: the fungicide chlorothalonil for its very oxidant excited
state and the insecticide imidacloprid for its ability to release the radical NO, under irradiation. Pesticides were
irradiated with simulated solar light first in a solvent ensuring a high solubility of pesticides and plant
volatiles, and then directly on thyme's leaves. Analyses were conducted by headspace gas chromatography-

Editor: Yifeng Zhang

Keywords: mass spectrometry (HS-GC-MS), GC-MS and liquid chromatography-high resolution mass spectrometry (LC-
Chlorothalonil HRMS). In acetonitrile, chlorothalonil photosensitized the degradation of thymol, c-pinene, 3-carene and linalool
Imidacloprid with high quantum yields ranging from 0.35 to 0.04, and was photoreduced, while thymol underwent oxidation,
thyme's leaves chlorination and dimerization. On thyme's leave, chlorothalonil was photoreduced again and products arising

Photoreduction
Photooxidation
Photonitration

from oxidation and dimerization of thymol were detected. Imidacloprid photooxidized and photonitrated thymol
in acetonitrile, converting it into chemicals of particular concern. Some of these chemicals were also found when
imidacloprid was irradiated dispersed on thyme's leaves. These results show that photochemical reactions be-
tween pesticides and the plants secondary metabolites can take place in solution as on plants. These findings
demonstrate the importance to increase our knowledge on these complex scenarios that concern all the environ-
mental compartments.
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1. Introduction

Pesticides undergo degradation processes in surface waters
(Pehkonen and Zhang, 2002), on the surface of soil and of leaves
(Katagi, 2004) yielding breakdown chemicals. The potential effects of
these chemicals on wildlife and human health have attracted numerous
studies aiming for identification and to improve knowledge on their
physico-chemical, biological and toxicological properties (Martinez
Vidal et al., 2009, de Souza et al., 2020).

Pesticides are generally photodegraded when they absorb solar light
(Burrows et al,, 2002; Mathon et al., 2021) or when they are irradiated
in the presence of natural chromophoric species acting as sensitizers
(natural organic matter) or photoinducers (nitrate ions, ferric
species...) (Remucal, 2014; Ossola et al., 2021; Marussi and Vione,
2021; Brand et al,, 1998). Photochemical reactions between two pesti-
cides can also take place. In our group, we have demonstrated that
mixing mesotrione and nicosulfuron (ter Halle et al, 2010) or
chlorothalonil and cycloxydim (Monadjemi et al., 2011) enhances
the rate of photodegradation of each of them. Thiophanate-methyl
was also shown to favor the photodegradation of methyl-bifenazate
(Hamdache et al., 2018). These results were explained by the capacity
of chlorothalonil and the primary photoproduct of thiophanate-
methyl to generate oxidant triplet excited states and singlet oxygen
capable of oxidizing other pesticides. In addition, reactions can be
drastically affected by the medium. This was illustrated in the case of
the insecticide methyl-bifenazate, the photodegradation of which was
measured to be 70-fold faster on green pepper skin than on a film of
paraffinic wax (Hamdache et al., 2018). This behaviour was rationalized
by the presence of water from pepper. These results bring evidence that
the fate of pesticides can be affected by the presence of other chemicals
present in the medium apart from the well-known sensitizers or
photoinducers.

Volatile compounds emitted by plants are the subject of intense
research because of their implication in atmospheric chemistry,
air pollution and defense of plants against pathogens (Atkinson
and Arey, 2003; Mellouki et al., 2015; Wannaz et al., 2003;
Hammerbacher et al., 2019). However, to the best of our knowledge,
scenarios in which they could interact with pesticides were rarely
considered in the literature. These potential reactions concern all
the environmental compartments. When a pesticide is dispersed on
the crop leaves just after been applied, it is surrounded by plant's
volatiles facilitating reactions between each group of chemicals at
the solid gas interface. Moreover, pesticides and plant volatiles can
be transported to surface water after their solubilization in the
run off water and can interact in the aquatic compartment. Plant
volatiles correspond to a large group of chemicals: mono, di and
triterpenes/terpenoids, phenols (Dudareva et al., 2006, Abbas et al.,
2017, Mochizuki et al., 2020). They bear functionalities such as H-
atoms, double bonds and aromatic rings giving them possibilities to
be involved in a lot of photochemical reactions.

Here, we investigated the photochemical reactivity of two
pesticides: the fungicide chlorothalonil (CT) and the insecticide
imidacloprid (IMD) in the presence of the main thyme volatiles: thy-
mol (T), linalool, 3-carene, a-pinene. These terpenes and thymol are
common to other plant species (Petrovic et al., 2019; Salehi et al.,
2018). Both pesticides are susceptible to have an effect on the plant
volatiles: CT shows photooxidant properties via its triplet excited
state or the formation of singlet oxygen ('0,) (Bouchama et al.,
2014; Monadjemi et al.,, 2011) while IMD releases NO and NO,
under irradiation making it a potential nitrosating/nitrating agent
(Palma et al., 2020). Out of nitrogen oxides, NO and NO, are
considered toxic (Skalska et al., 2010). Experiments were first
conducted in solution to evidence the reactions. Acetonitrile was
chosen for its ability to ensure a high solubility of all the studied
chemicals. Then, pesticides were directly irradiated on leaves of
thyme to approach the real conditions closely.
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2. Experimental part
2.1. Chemicals and standards

IMD (CgH;(CIN50,) and CT (C5Cl4N, ) were purchased from Sigma
Aldrich (Pestanal™, analytical standard, 298.0%). T (CioH140,
>98.5%), a-pinene (C;oH;¢, 98%), 3-carene (C;oH;s, 90%), linalool
(CioH;50, 297.0% GC area %), thymoquinone (TQ, C;oH;,0,, 298%)
were all purchased from Sigma Aldrich. Thymohydroquinone
(TQH,, CipH;40,, 95%) was purchased from Enamine, Ukraine. All
were used without further purification. Water was produced using
areverse osmosis RIOS 5 and Synergy (Millipore) device (resistivity
18 MQ cm, DOC < 0.1 mg L™ "). Acetonitrile (ACN) was purchased
from Carlo Erba Reagents (HPLC Plus Gradient grade-ACS-Reag).
Thyme (Thymus vulgaris) was freely grown under natural sunlight
in a garden for seven years in Beaumont (France) and regularly
watered. In the case of IMD, we undertook a comparative set of
experiments on a thyme plant (Thymus vulgaris) bought in a garden
center.

2.2. Samples preparation

All stock solutions were prepared in ACN and kept in the dark at4 °C
before use. Final solutions were prepared by diluting stock solutions
with ACN. For the experiments on thyme leaves, twigs were cut using
scissors. Each twig contained 30 leaves (average area of each leave of
0.03 cm?) for a total area of 1.8 cm? considering the two faces. Twigs
were dipped in IMD or CT solution (7.5 x 10~# M) for 30 s, left to dry
freely for an hour, and then put in hermetically sealed headspace (HS)
vials to be either used for control experiments in the dark or irradiated.
Dark controls in the absence of pesticides were conducted with twigs
directly put in HS vials. The surface concentration of IMD and CT on
twigs was evaluated as follows: twigs covered by CT were immersed
and agitated in 2 mL of acetonitrile for 2 min while those covered by
IMD in 5 mL of acetonitrile. Solutions were then analyzed by high per-
formance liquid chromatography coupled to a photodiode-array detec-
tor (HPLC-DAD) to determine the CT's and IMD's concentrations.

2.3. Irradiation

Solar UV radiations reaching the earth's surface contain UVA
(315-400 nm) and a part of UVB (295-315 nm). The absorption
spectrum of CT and IMD overlapping the radiations reaching the earth's
surface within the wavelength range 295-350 nm (Fig. SI-1A), we
used the following irradiation devices to simulate solar light. The
first one (device 1) was used to calculate the quantum yield of CT
photodegradation in the presence of thyme's volatiles. Solutions
containing CT (10~ M) + volatiles (10~ M) were put in a cuvette
and irradiated at 313 nm (UVB) in parallel beam using a high pressure
mercury lamp equipped with an Oriel monochromator. A radiometer
QE65000 from Ocean optics was used to measure the photon flux lo:
(3.0 + 0.2) x 10" photons cm™? s~ ' at 313 nm. Samples were taken
at chosen irradiation times and directly analyzed by HPLC-DAD to fol-
low the degradation profile of CT. To monitor the disappearance of CT
or IMD (10~* M) in ACN alone or in the presence of volatiles
(1073 M) and detect new photoproducts we needed to use adevice de-
livering a more intense photon flux. Solutions (20 mL) were placed in a
cylindrical Pyrex reactor (1.4 cm internal diameter) sealed with an air-
tight silicon cap surrounded by 3 polychromatic tubes simulating UVB
(Philips, TL20W/01-RS, N2« = 313 nm) installed inside a custom-
made cylindrical irradiation device (device 2). Aliquots were sampled
at chosen irradiation times and directly analyzed by HPLC-DAD to mon-
itor the degradation profiles of CT or IMD and UHPLC coupled to high
resolution mass spectrometry (LC-HRMS) and gas chromatography
coupled to mass spectrometry (GC-MS) to identify photoproducts.
The third device (device 3) was a solar simulator CPS Atlas equipped
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with a xenon arc lamp, a filter cutting off wavelengths shorter than
290 nm and a cooling system maintaining the bottom of the device at
10 °C. The global irradiance in the range of 300-800 nm was set at
500 W m~2, It represents a medium value at 40°N latitude in summer.
This device was used to irradiate the HS vials containing thyme twigs
alone or covered with IMD or CT. In the case of IMD, 2 h of irradiation
were enough to detect significant amounts of nitro derivatives of thy-
mol. For CT, due to the difficulty to demonstrate the interaction between
CT and thyme's volatile, we extended the irradiation until 6 h. Vials
were then analyzed directly by Headspace gas chromatography coupled
to mass spectrometry (HS-GC-MS) or chemicals contained in and on
twigs were extracted by ACN as previously explained and analyzed by
LC-HRMS or GC-MS. Irradiation experiments in solution were dupli-
cated and on twigs duplicated or triplicated.

2.4. Analyses

UV-Vis absorption spectra of volatiles, CT, IMD, TQ, and TQH, were
recorded using a Varian Cary 3 spectrophotometer. CT and IMD degra-
dation profiles were tracked by HPLC-DAD using a NEXERA XR HPLC-
DAD apparatus. The analytical column was a Phenomenex-kinetex Cig
(100 mm x 2.1 mm, 2.6 um particle size) for CT experiments and EC
150/4.6 NUCLEODUR C,5 endcapped column for IMD analyses. The elu-
ent was a mixture of ACN and water and the flow rate was set at 0.2 and
1 mL min~" for CT and IMD, respectively. The HPLC conditions for CT
were as follows: the elution gradient started with 30% ACN maintained
for 2 min and then linearly increased to reach 80% after 13 min; while
that for IMD started with 30% ACN which was maintained for 10 min.
Photoproducts were analyzed and quantified using HRMS on an
Orbitrap Q-Exactive (Thermoscientific) coupled to an ultra-high perfor-
mance liquid chromatography (UHPLC) instrument Ultimate 3000 RSLC
(Thermoscientific). The column was a Kinetec EVO C,5 (100 x 2.1 mm),
particle size of 1.7 pm (Phenomenex). The elution gradient started with
15% acetonitrile maintained for 5 min, then the percentage of
acetonitrile was linearly increased to reach 55% after 5 min. The flow
was set at 0.45 mL min~'. Analyses were made in positive (ESI*/
ESI™) electrospray mode. Identification of the major constituents was
carried out using the Xcalibur software and when necessary by
matching retention times with those of authentic standards. The m/z
of proposed structures differed by less than 5 ppm from the
theoretical mass. Standard solutions of TQ were analyzed immediately
after have been prepared. The limit of detection LOD in the case of TQ
was estimated to 10~° M by analyses of authentic solutions.

Photoproducts were also analyzed using an Agilent 6890 GC coupled
to an Agilent 5973 MS. The separation was carried out using a HP-5 ps
column (25 m x 0.25 mm x 0.25 pm) operating initially at 80 °C over
1 min, followed by a 10 °C min~"' ramp to reach 200 °C and then a
30 °C min~' ramp to reach 260 °C maintained for 1 min (to calculate
the degradation of terpenes) in the case of CT experiments, while the
analysis was operated initially at 70 °C followed by a 10 °C min "
ramp to reach 160 °C for 5 min and then a 30 °C min~ ' ramp to reach
250 °C maintained for 2 min in the case of IMD. The flow rate was
1 mL min—" with an injection volume of 1 pL in both cases. T and
some of its photoproducts were quantified after derivatization with N,
0-bis (trimethylsilyl)trifluoroacetamide (BSTFA). The derivatizing
solution (2 mL) was prepared by mixing 60 pL of BSTFA with 1.4 mL
sample. Separation was achieved as previously described for CT
experiments.

To determine the volatile metabolites produced by the plant, HS-
GC-MS (Shimadzu HS-20 coupled with QP2010SE) was used. Twigs of
0.2 g alone or after dipping in CT solution were transferred into a
20 mL headspace glass vial, then left in the dark or irradiated and incu-
bated for 5 min at 80 °C. The analytical column (Mega 5-MS
30 m x 0.25 mm) was operated initially at 50 °C for 1 min, followed
by an 8 °Cmin~ ' ramp to reach 170 °C and held for 4 min, and then a
15 °C min~' ramp to reach 275 °C maintained for 1 min. The mass

Science of the Total Environment 807 (2022) 150716

spectrometer source was heated to 200 °C, and signals were detected
between mass to charge ratios (m/z) of 50 and 350.

Identification of the major constituents was carried out using the
NIST 17 database and when necessary by matching retention times
and ion fragments with those of authentic standards. For calibration, a
stock solution of T was prepared in ethanol at a concentration of
1 gL ". Quantification of T was performed by means of 5-point calibra-
tion curve for which the concentrations of standards ranged from 2 to
100 mg L~". All standard solutions were stored in dark at 2-8 °C in
amber glass vials with Teflon-lined caps. They were found to be stable
under short-term (48 h) storage conditions. A linear response was ob-
tained with a correlation coefficient (R*) of 0.997. Selectivity was evalu-
ated by analyzing a set of blank samples and monitoring the absence of
interferences with S/N ratios higher than 3. No significant interfering
peaks were observed in the ion chromatogram time window monitored
for T. The precision of the method was determined by calculating the
relative standard deviation (RSD) of six replicate measurements of di-
luted T solution (10 mg L~"). All RSDs were acceptable and less than
7%indicating a good precision. The limit of detection LOD was calculated
from the standard deviation (0) of multiple measurements (n = 7) of
diluted T solutions within a factor of 5 of the background signal. LOD
was set equal to 30 which resulted in a value of 13 pg. The Limit of quan-
tification (LOQ) was defined as 100 or 43 pg. In all cases, LOD and LOQ
were significantly below the levels determined in the thyme extracts
(0.07 to 2.7 mg).

2.5. Quantum yields of CT photodegradation in the presence of terpenes in
acetonitrile

The quantum yield of CT photodegradation (<cy) was determined
using Eq. (1):

der = Ac/(la x At) (1)

where Ac/At was the rate of CT consumption expressed in M s~ ' and la
was the rate of photon absorption by CT at 313 nm expressed in Einstein
L' s~ ! lawas obtained using Eq. (2):

la=lox (1—10—“' "1010) x 1000//¢ (2)

where & = 1760 M~ ' cm™', [CT}, =10 *M,and / = 1 cm.
2.6. Laser flash photolysis

Laser flash photolysis experiments were carried out using an
Applied Photophysics LKS.60 apparatus equipped with a Nd**:YAG
laser Quanta-Ray GCR-130 used in a right-angle geometry with respect
to the monitoring light beam. Samples were irradiated using the fourth
harmonic (266 nm, 9 ns pulse duration) in a quartz cuvette. *CT* was
generated by irradiating CT (5 x 10~ ° M in aerated ACN) and its
decay monitored at 330 nm. The reactivity of *CT* with thyme's volatiles
was measured within the concentration range 10~ #-2 x 10> M. In the
case of IMD, no transient species were detected.

2.7. Photoproducts toxicity

The toxicity of photoproducts formed during the irradiations was
estimated using the freely available ECOSAR (ECOlogical Structure-
Activity Relationship) computer program (v 2.0). It predicts the toxicity
of a molecule using a structure-activity approach. The acute (LC50,
the concentration that is lethal to half of fish after 96 h of exposure to
a certain molecule) and chronic toxicities (ChV) of CT, IMD, and
formed photoproducts on fish in fresh waters as well as logKow were
obtained. The program (v 2.0) is available from the website: epa.gov/
tsca-screening-tools/ecological-structure-activity-relationships-ecosar-
predictive-model.
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3. Results
3.1. Characterization of the thyme's constituents

This first objective was to determine what are the main volatile com-
pounds in thyme's twigs, to estimate the amount of T in thyme's twig
and to identify and quantify the chemicals related to T. Volatile com-
pounds released from thyme's twigs after 2 h in the dark in the HS
vials were analyzed by HS-GC-MS (Fig. SI-2). T, linalool, 3-carene and
a-pinene were the main detected compounds. T is a phenolic com-
pound while linalool, 3-carene and a-pinene are terpenes (Scheme 1).
The amount of extractable T from thyme's twigs by ACN was measured
by GC-MS. Based on several replicates using twigs containing 30 leaves
(weight 0.2 g), it could be estimated to range between 0.35 and 2.7 mg
per g of wet twigs. After that, we analyzed the non-volatile chemicals.
For this, two vials containing two twigs each were left in the dark for
4 h, extracted in 2 mL of ACN and analyzed by UHPLC-HR-MS and GC-
MS. Several peaks directly connected to T were found (Table 1). By
UHPLC-HR-MS, one got a peak at m/z = 165.0901 in ES~ corresponding
to [M + O-H"]~ and named TO. By MS-MS, TO gave two main frag-
ments at 149.0593 and 135.0443 corresponding to the loss of O and
CH,0, respectively (Fig. SI-3). The oxidation of T can take place on the
isopropyl group, on the methyl group or on the ring. No loss of H,0
was observed ruling out an oxidation of the isopropylic carbon atoms.
The oxidation of the ring would lead to thymolhydroquinone.
However, TO was not assigned to thymolhydroquinone because the
two compounds had different retention times in HPLC (3.3 min for TO
against 4.5 min for thymolhydroquinone), and different maximum of
absorption (278 nm for TO against 290 nm for thymolhydroquinone).
We therefore concluded that TO was the benzyl alcohol derivative
(Table 1). The peak detected at m/z = 165.0901 in ES™ (Fig. SI-4)
corresponded to [M+0—2H+H"]* and was assigned to the quinonic
derivative TQ (Table 1). Its maximum of absorption at 250 nm was
fully in line with this assignment. The other peak at m/z = 179.0704
in ES™ corresponding to [M+20—2H—H"]~ was attributed to the
quinonic derivative of TO, TQO (Fig. SI-5). The two peaks showing m/
z = 313.1806 and 329.1754 in ES~ were assigned to dimers, T-TO and
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TO-TO respectively (Figs. SI-6 and 7). By GC-MS, TO, TQ and several iso-
mers of TO-TO were also detected.

The second objective was to investigate the effect of irradiation on
the formation of these compounds. For this, two vials containing two
twigs each were irradiated in the solar simulator for 4 h and extracted
using ACN. The same compounds were detected and the effect of irradi-
ation on their formation can be seen in Table 2. The peak areas were be-
tween 15 and 100-fold higher after irradiation than in the dark showing
the drastic effect of light.

3.2. Interactions between CT and thyme's volatiles

3.2.1. Irradiation of CT and thyme's volatiles in acetonitrile solution

Neither T, 3-carene, linalool and «-pinene nor CT underwent signif-
icant photodegradation when irradiated alone in ACN solution. Thyme's
volatiles do not absorb the radiations emitted by the tubes (Fig. SI-1B),
while CT absorbs the radiations (Fig. SI-1A) but yields a triplet excited
state *CT* efficiently deactivated by oxygen (7.8 x 10° M~ ' s,
Monadjemi et al., 2011) (Fig. 1A). In contrast, the irradiation of CT
(10~* M) in the presence of each of these volatiles (10> M) led to
the fast disappearance of CT (Fig. 1A) and the thyme's volatiles
(Fig. 1B). As shown in Fig. 1A, the CT photodegradation increased in
the order T > a-pinene > 3-carene > linalool. In accordance, the quan-
tum yield of CT photodegradation (<&cr) was equal to 0.35, 0.20, 0.15,
0.04 for T, a-pinene, 3-carene and linalool, respectively against
<0.001 for CT alone. Concerning the thyme's volatiles loss, T was the
fastest to disappear, followed by a-pinene, 3-carene, and linalool
(Fig. 1B).

To confirm the ability of thyme's volatiles to react with *CT* and
measure the bimolecular rate constant of the reaction (k.), we
undertook laser flash photolysis experiments. CT was irradiated in the
presence of each of these chemicals added at a concentration comprised
between 3 x 10~ *and 2 x 10~* M while the decay of *CT* was moni-
tored at 330 nm (Fig. 1). Alone, in air-saturated ACN, *CT* disappeared
by an apparent first order kinetic withk = 1.6 x 10° s~ ' corresponding
to the sumky + ko5[0;], where k, is the rate constant of deactivation by
collision with the solvent molecules, kg, the rate constant of reaction

Linalool

Cl
Cl CN /ﬂ\
O "
Cl Cl /
Cl N
CN

CT

3-Carene o-Pinene

o2

IMD

Scheme 1. Structure of chlorothalonil (CT), imidacloprid (IMD), thymol (T), linalool, 3-carene and «-pinene.
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Table 1
Structures of by-products arising from T and CT detected in the different conditions.
Label UHPLC-MS GC-MS
m/z (m/z of DNPH mfz
adduct)
T 150,135,117
TO 165.0910 in ES™ 166, 151,139

165.0910 in ES*
(343.1049 in ES™)

179.0704
(359.1000in ES™)

164, 149,136, 93

Ta 183.0571/185.0542 184/186, 169/171,
in ES™ 149/151
OH
cl
TO-TO 3291754 in ES™ 298, 284
o several isomers 298, 241
OH 298, 283,241
298, 283,149
CH;0H
CH;0H
T-TO 313.1806 in ES™
several isomers
OH
OH
CHOH
CT 266, 229,194
CT g CN 230/232/234/236
Cl cl
Ol
oN
Cl
CTzq N 196/198/200
cl cl
CN

with oxygen and [O,] the concentration of oxygen in the solution. In the
presence of T, *CT* disappeared faster than alone showing that a reac-
tion between *>CT* and T took place (Fig. 1A). This reaction might be
an energy transfer or an electron/H atom transfer reaction. The energy
level of >CT* was previously estimated to lay at 275 k] mol ' based on
phosphorescence measurements at 77 K in pentane (Porras et al.,
2014). This is lower than the energy level reported for phenol ~314—
334 k] mol~! (Becker, 1969) making the energy transfer from *CT* to
T unlikely. Moreover, given the ability of *CT* to oxidize phenols
(Monadjemi et al., 2011), an electron or H atom transfer from T to
3CT* with formation of the reduced CT radical (CT+/CTH¢) and the
phenoxyl radical (T_j*) (Scheme 2) looks more probable.
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Fig. 1. Irradiation of CT (10~* M) alone and in the presence of thyme's volatiles (10— M).
A: Decay profile of CT and B: percentages of thyme's volatiles loss.

The shape of the time-resolved absorption spectrum of Fig. 2A re-
vealed the formation of a secondary species that could be therefore ei-
ther the reduced CT radical or T ;. Its significant absorption measured
at 330 nm matches more with the reduced CT radical (Bouchama
et al., 2014) than with T+ that shows maxima at 390 and 410 nm
(Venu et al, 2013). Due to the overlapping of the two species
absorption, a numerical analysis of the differential equations was
necessary to determine the k, value. The best fit of the experimental

Table 2

Recovered mass of T (GC-MS) and UHPLC-MS areas of CT photoproducts extracted from thyme's twigs. SD are given in brackets; d: detected by GC-MS.

By-product Thyme dark (4 h) Thyme hv (4 h) Thyme + CT dark (4 h) Thyme + CT hv (4 h)
T 0.07 mg (14%) 0.54 mg (39%) 0.07 mg (14%) 0.54 mg (39%)

TO 7.8 x 107 (14%) 1.3 x 107 (15%) 3.1 x 107 (10%) 1.1 x 109 (25%)

TQ 6.0 x 10° (40%) 2.2 x 107 (20%) 7.0 x 10° (10%) 1.7 x 107 (10%)
TQO Traces 3.2 x 107 (20%) 3.0 x 10° (10%) 2.7 x 107 (15%)

TCl - - - -

TO-TO 2.0 x 10% (10%) 2.2 x 10° (30%) 1.2 x 108 (10%) 2.3 x 10° (10%)
T-TO 1.0 x 10 (10%) 1.5 x 10° (15%) 5.0 x 107 (20%) 1.6 x 10° (20%)
Clq - - - d

CT2a - - - d
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Scheme 2. Reaction of *CT* with thymol

data was obtained by takingk, = 7.0 x 10° M~ s, €cr. /€ pnenaxyt = 2.0,
and a first order decay rate constant of 5 x 10° s~ for the reduced CT
radical in air-saturated medium (Bouchama et al., 2014). Individual
evolution of these species is shown in the inset of Fig. 1A.
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Figure 2. Laser flash photolysis of CT (5 x 10" M} in the presence of thyme's volatiles. A:
absorbance variation vs time in the mixture CT + T (@). The black line is the fitted curve.
Inset: Absorption profiles of *CT* and the reduced CT radical; B: absorbance variation vs
time for CT alone (@) in the mixtures CT + «-pinene (@), CT + 3-carene (@) and
CT + linalool(}; inset: Plot of k vs [terpene]. Air-saturated ACN, detection at 330 nm.

In the case of a-pinene, 3-carene and linalool, the absorbance at
330 nm completely decayed within 1 ps following the flash (Fig. 1B).
This result demonstrated the reaction of *CT* with terpenes. However,
with these compounds, the formation of the reduced CT radical was
not observed (Fig. 1B). Values of k, could be deduced from the linear
plot of k, the observed first order rate constant, vs [terpene] (inset of
Fig. 1B). Assuming k = kyq + Kko[0,] + k[terpene], one got k, =
2.6 x 10%, 2.8 x 10% and 3.9 x 10° M~' s~ ! for a-pinene, 3-carene,
and linalool, respectively. The oxidation of terpenes by *CT* was likely
due to the presence of labile H atoms in their structures and the non-
observation of the 330 nm radical could be tentatively explained by an
in-cage reaction between the reduced CT radical and the oxidized ter-
pene radical leading directly to photoproducts (Scheme 3 in the case
of 3-carene). If one admits that the relative importance of process a
that yielded photoproducts and process b in which CT was regenerated
depended on the structure of the terpene, then one can also explain why
M varied from 0.20 for a-pinene to 0.04 for linalool whereas the k;
values laid in a very narrow range for these two compounds. Finally,
we found that all four thyme's volatiles readily reacted with *CT*. The
higher reactivity of T compared to that of «-pinene, 3-carene, and linal-
oolisin line with the presence of an easily abstractable phenolic H atom.

Product studies were also undertaken by GC-MS and UHPLC-HRMS.
For the CT + T mixture, we detected a new photoproduct showing m/
z = 183.0571 and 185.0542 in ES™ along with TO, TQ, TQO, T-TO.2x
and TO-TO.,y;. This compound corresponded to [T-H+C—H*]~ and
was named TCl (Table 1). By GC-MS, we detected TCl again, CT_¢, and
CT _5¢. The formation of dechlorinated CT confirmed that photoreduc-
tion took place. CT.¢; was also detected upon the irradiation of CT + 3-
carene, but no other photoproducts were found by GC-MS and no pho-
toproducts at all were detected with a-pinene and linalool.

Based on these data and on the known CT photoreactivity, the reac-
tion pathways shown in Scheme 4 can be proposed to explain the reac-
tion between CT and T. In neat acetonitrile, >CT* is generated with a
quantum yield close to unity and trapped by O, (ko = (1 +
0.1) x 10° M~ ' s7') to yield '0, with a quantum yield equal to
0.85 4 0.06 (Bouchama et al., 2014). T will therefore compete with O,
for the reaction with *CT*. Taking k, = 7.0 x 10° M~ ' s~ ' and [0,] =
1.9 x 10~ M in air-saturated acetonitrile solution at 24 °C (Murov
etal, 1993), one can estimate that T (10> M) could trap 79% of *CT*
while 21% of O,. In our experimental conditions, T was thus mainly
photooxidized through a direct reaction with *CT*, however, given the

3T + 3-carene i» CT *.... 3-carene 1°

’V K
photoproducts CT + 3-carene

Scheme 3. Reaction of *CT* with 3-carene.
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Scheme 4. Mechanism of CT photolysis in the presence of T.

known good reactivity of singlet oxygen with phenolic compounds
(Wilkinson and Brummer, 1981), a part of the loss of T may be attribut-
able to the reaction T + '0,. Once formed, T.;* should be further
oxidized into TO, TQ and yield dimeric species. The detection of TCl
demonstrates that CT can also photoinduce the chlorination of other
chemicals. A possible explanation is the release of chlorine atoms from
CT™ followed by their recombination with T+ (Scheme 4). Such a
reaction also rationalizes the formation of dechlorinated CT.

The values of k, for terpenes were 1.8 to 2.7-fold lower than for T.
Therefore, the percentage of *CT* trapped by terpenes at 107> M
should be consequently lower than for T and the amount of singlet ox-
ygen generated higher. The photooxygenation of terpenes bearing dou-
ble bonds such as a-pinene, linalool and 3-carene is therefore likely in
our conditions, given their reactivity with singlet oxygen (Chiron
etal, 1997).

Similar reactions can take place in water or in media enriched in
water because *CT* was also detected in water/acetonitrile (90:10, v/
v) with a quantum yield of formation also close to unity (Bouchama
et al,, 2014). However, changing the solvent is expected to induce
some changes in the pathway ratios. For instance, the percentage of
*CT* trapped by O, will decrease significantly from acetonitrile to
water because the O, concentration is reduced by a factor of about 7
(from 1.9 x 1073 M to 2.7 x 10~% M in air-saturated solutions at
24 °C). This may favor the direct reaction between *CT* and the two vol-
atiles T and linalool for which the water solubility is good and thus the
CT photoreduction. In contrast, for 3-carene and «-pinene that show a
very low water solubility, CT photoreduction should be insignificant
and *CT* could mainly lead to singlet oxygen. However, the lifetime of
singlet oxygen is shorter in water (4 ps, Rodgers and Snowden, 1982)
than in acetonitrile (61-68 ps, Hurst et al., 1982) which will affect neg-
atively the rate of terpenes photooxidation. Last, the higher polarity of
water compared to acetonitrile may increase k;, although it is already
quite high in acetonitrile.

3.2.2. Irradiation of CT on thyme's leaves

We started the experiments on thyme's leaves by estimating the
amount of CT deposited on two twigs after their dipping in a solution
of CT (7.5 x 10~% M). In the 2 mL of ACN used for the extraction, the
CT concentration was of 3.4 x 10~ ° M. Based on a total leaves area of
3.6 cm?, we finally got a CT concentration of 5 + 1 pg/cm?, which is in
the range of the surfacic concentrations calculated for typical CT appli-
cation rates of 0.5-1 kg ha— .

Then, CT was irradiated for 6 h in the solar simulator on thyme's
leaves or deposited on a glass dish chosen as an inert support
and ACN extracts analyzed by GC-MS (Fig. 3). While no CT
photodegradation was observed on dishes, an almost full loss of CT on
thyme's leaves was measured. CT.¢ and CT_,¢; were formed (Inset of
Fig. 2) confirming the photoreduction of CT when applied on thyme's
leaves. T that was present in high amounts in the thyme's twigs was

the candidate to induce this photoreduction, even though its involve-
ment in the reaction cannot firmly demonstrated.

Moreover, the GC-MS area of T peak increased similarly after 4 h of
irradiation for thyme's twigs irradiated in the absence of CT and for
thyme's twigs irradiated in the presence of CT from (2.8 + 0.4) x 10°
to (23 + 09) x 10° (Table 2). The presence of CT did not affect the na-
ture of T byproducts (TO, TQ, TQO, T-TO and T-TO.,u) and their peak
area measured after 4 h of irradiation and in the dark (Table 2). The
only evidence of an interaction between CT and T came from the analy-
ses of the gaseous phase of irradiated vials by HS-GC-MS. Indeed, in this
case, a drastic loss of T was observed (Fig. SI-8). The apparent discrep-
ancy between the HS-GC-MS analyses conducted directly on the vola-
tiles present in the vials and the GC-MS analyses that required
extraction of chemicals by ACN can be explained as follows. CT depos-
ited on leaves consumed T present in the gaseous phase, and the weak
volatility of T limited any reequilibration through remission from leaves
allowing to detect the T loss by HS-GC-MS. However, this T consump-
tion was not measurable after extraction by ACN because extraction
allowed the recovering of the great part of T present in the leaves
while the loss of T that was related to the initial concentration of CT
on the twigs laid below the measurement uncertainties. Indeed, we
estimated that 5.7 x 1077 mol of T could be extracted while
6.7 x 10~ mol of CT were present on twigs. As 1 mol of CT was expected
to oxidize 1 mol of T at its best, the amount of T consumed was less than
12% of T extracted, thus negligible.

1.0+ o P
"Q .
=6
o
0.8 4 g .
|33
By
~ gn . -
O % "4 234 & 8
0.4 Irradiation time/h
0.2
00 L2 T ¥ T s T * T T T

0 1 2 3 4 ' 5 . 6
Irradiation time/h

Fig. 3. Decay profile of CT upon irradiation on thyme's twigs @. Inset: Formation of CT_¢
(@) and CTq (@).
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Table 3
Structures of T and IMD by-products detected in the different conditions.
Label Structure® UHPLC-MS
m/z
IMD 254.0445/256.0414
IMD_no2+H Jﬁ* 211.0742,/213.0710
Z | NH
- X/
ca” N
IMD_yno NOH 223.0385/225.0356
- \—/
cl N
IMD-IMD _n203 NH 432.0744/434.0715/436.0689
/(\/l(\)l\ NH NOH
a” Sx W\:/N”
(ui} \N
TO 165.0910
OH
CH;0H
TNO, 194.0812
OH
NO,
TONO 210.0761
OH
TO-TNO> 358.1649

@ All the chemicals are detected in ES™ except IMD_noz +1 in ES™.

To conclude, we demonstrated that in solution photochemical reac-
tions between CT and thyme's volatiles, in particular T, took place with
photoreduction of CT and photooxidation/photochloration of T. On
thyme's leaves, photoreduction of CT was also observed. The involve-
ment of T in this reaction was likely based on the data obtained in solu-
tion, but could not be firmly confirmed.

3.3. Interactions between IMD and thyme's volatiles

3.3.1. Irradiation of IMD and T in acetonitrile solution

After 30 min of irradiation alone in device 2, IMD (10~ M) disap-
peared by 6.5 x 107> M (65%). Three photoproducts were identified
(Table 3). The main one gave a peak at m/z = 211.0742/213.0710 in
ES* (Fig. SI-9) and corresponded to [M—NO,+H+H"]", it was
assigned to the imino derivative IMD_no2+ 1. Two other minor peaks

Table 4

Science of the Total Environment 807 (2022) 150716

were detected at m/z = 223.0385/225.0356 in ES™ (Fig. SI-10) corre-
sponding to [M—NO—H—H"|~ and at m/z = 432.0744/434.0715/
436.0689 (Fig. SI-11) corresponding to [2M—N,05;—H™|~. They were
named IMD o and IMD-IMD _y;, 03, respectively.

In the presence of T (103 M), IMD disappeared by 3.0 x 107° M
(30%) after 30 min of irradiation (Table 4), i. e. less than alone. On the
other hand, the Tloss was of 7% after 2 h, yielding a consistent consump-
tion of around 1.7 x 10~° M after 30 min (Table 4). IMD_no5- 11, IMD_jino
and IMD-IMD 03 were detected again but in much smaller amounts
than in the absence of T (Table 4). In addition, we detected along TO, a
peak at m/z = 194.0812 in ES™ (Fig. SI-12) corresponding to [M+NO,
—H—H"]" and assigned to nitrothymol TNO,, a second peak at m/
z = 210.0761 in ES™ (Fig. SI-13) corresponding to [M+0+NO,—H
—H™|~ assigned to nitrated TO, as well as traces of a peak at m/z =
358.1649 in ES~ corresponding to the dimer [2M+0+NO,—H—2H
—H"]" and labelled TO-TNO>. Although solutions were carefully
handled in the dark, traces of TNO, were detected in the non-
irradiated solutions. It seemed therefore that IMD was also able to re-
lease some NO, molecules, spontaneously.

These results showed that T inhibited the IMD photodegradation
and the photoproducts formation, in particular that of IMD.yno and
IMD-IMD _y;03 while undergoing nitration. This inhibition strongly
suggests that competition between T and IMD took place.

As shown in scheme 5, the excitation of IMD released NO, by the
cleavage of the N-NO, bond and led to the formation of the radical
IMD_no2 that is further converted into IMD.yo2+ 1 after the abstraction
of an H atom (Palma et al., 2020). The formation of TNO, could be
explained by the oxidation of T by NO, into the corresponding
phenoxyl radical followed by the addition of NO, onto it (Marussi and
Vione, 2021). Similarly, the nitration of TO into TONO, should involve
the oxidation of TO by NO; followed by the addition of NO> on the
corresponding phenoxyl radical. The lower rate of IMD loss in the pres-
ence of T was in favor of a competition between IMD and T for the reac-
tion with NO, and suggests that NO, reacted with IMD, for example, by
H atom abstraction.

3.32. Irradiation of IMD on thyme's leaves

As for CT, we estimated the amount of IMD deposited on two twigs
after their dipping in a solution of IMD (7.5 x 10~ M). In the 5 mL of
ACN used for the extraction, we measured a IMD concentration of
3.9 x 10~° M. Based on a total leaves area of 3.6 cm?, we finally got a
IMD concentration of 14 + 2 pg/cm? that is enough to observe reactions.

Vials containing twigs covered with IMD were irradiated in the solar
simulator for 2 h, and in parallel other vials were left in the dark for the
control. The ACN extracts were then analyzed by UHPLC-HR-MS. In the
samples left in the dark, we detected TO, TNO>, TONO, and TO-TNO,
(Table 4), confirming that the NO, release from IMD could also take
place in the dark. As shown in Table 4, upon irradiation of IMD on
twigs, TNO, and TO-TNO, where detected in amounts equivalent to
those observed in the dark. However, for TONO, a 50-folds enhance-
ment was measured. The presence of IMD little increased the formation
of TO compared to thyme irradiated in the absence of IMD. Another set

Decay of T and IMD (HPLC-DAD) and formation of T and IMD by-products (UHPLC-HRMS) vs experimental conditions. UHPLC-HRMS area with SD in brackets, nd = not determined.

By-product  IMDalone in ACN hv (0.5 h) IMD + TinACNdark (0.5 h) IMD + TinACNhv (0.5 h) Thymehv (2 h) Thyme + IMDdark (2 h) Thyme + IMD hv (2 h)

IMD A=65%x10"°M <107%M A=30x10"°M - A=68x10"°M

IMD.noz+n 24 x 10° Traces 1.8 x 10° - Traces Traces

IMD_pno 7.7 x 107 Traces 74 x 10° - Traces Traces

2 x IMD.N2o3 69 x 107 Traces 7.3 x 108 - Traces Traces

T B <107¢ A=17x10"°M nd nd nd

TO - 4.0 x 10°(5%) 20 x 10% (5%) 34 x 10° 23 x 10° (25%) 49 x 107 (25%)
(25%)

TNO, - 1.5 x 107 (5%) 47 x 10” (5%) - 3.3 x 10° (20%) 2.6 x 105 (20%)

TONO, = <1 54 x 10° (5%) = 9.4 x 10° (20%) 43 x 107 (20%)

TO-TNO, <10° 24 x 10°(10%) - 1.0 x 10° (20%) 2.0 x 10%(20%)

8
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Scheme 5. Mechanism of IMD photolysis in the presence of T.

of experiments was undertaken on the same variant of thyme just
bought in a garden center and thus much younger and much less ex-
posed to solar light. In this case also, nitration reactions were observed
under irradiation but they yielded TNO, and not TONO, as for the
older thyme. Accordingly, the young thyme contained much less TO
than the older one.

Therefore, we conclude that IMD generated nitrocompounds
when it was in contact with T, with an increase of the phenomenon
under light exposure. The reaction involved the radical NO, that
was released in the medium mainly photochemically but also
spontaneously. T had also an effect of the fate of IMD: by quenching
NO,, it increased its lifetime.

34. Estimation of the photoproducts toxicities

Using the ECOSAR computer program (version 2.0), we estimated
the potential acute (LCsy) and chronic toxicity (ChV) of the starting
chemicals and their degradation products (Table 5). CT is classified as
a moderate toxic chemical. Its photoreduction by T and terpenes in CT.
a and CT_,¢; decreases the acute and chronic toxicity on fish from 6.98
to 74.40 mg L~ " and 0.81 to 7.57 mg L™, respectively and also the
bioaccumulation, but these compounds are still classified as
moderately toxic compounds. On the other hand, TO is less toxic on
fish than T with LCs, of 20.90 against 1.86 mg L~' and ChV of 2.08
against 0.21 mg L' and less bioaccumulated. In contrast, TQ, T-TO,
TO-TO and TCl are more toxic than T with LCso < 1.12 mg L' and
ChV < 0.16. TQ, T-TO and TCI are classified as highly toxic. TCl was not

detected in the experiments on thyme's leaves, this might be due to a
high value of K, and a diffusion of this compounds inside the cuticle
preventing its extraction by ACN. In the case of IMD, T inhibited the pes-
ticide degradation rate and any new chemical deriving from IMD was
formed. Other good H-donor chemicals such as phenolic compounds
contained in plants may have the same effect and therefore increase
the lifetime of IMD and lengthen its insecticidal effect. T and TO
underwent nitration. TONO, is moderately toxic as T with higher LCs,
but lower ChV, while TNO, is classified as highly toxic with LCsy =
139 mg L~ ! and CHV = 0.15. Therefore, chemicals that are more toxic
than the starting compound can be formed during these reactions.

4. Conclusion

In this work, we investigated the photochemical reactions between
pesticides and plant's volatiles in solution and leaf surfaces and we dem-
onstrated that interactions take place in both media. The interactions
modified the fate and the transformation pathways of the chemicals
and depended on the chemicals structure and the matrix. This was illus-
trated by the examples of the fungicide chlorothalonil and the insecti-
cide imidacloprid chosen as pesticides and thymol, a-pinene, 3-carene
and linalool as plant's volatiles. Studying these reactions is relevant for
several reasons. First, they can occur in the real conditions on plants
and in surface waters and affecting the fate of the chemicals, these reac-
tions can also alter the phytosanitary treatments shortening the lifetime
of the pesticide for example, and lead to repeated and/or increased
treatments. These are therefore important factors to consider in the

Table 5

Estimation of the compounds toxicities.
Compound Acute toxicity (LC50) on fish concentration Chronic toxicity (ChV) on fish concentration Log Kow Bioaccumulation Concern

(mgL™") (mgL™Y) (estimated) level

CcT 6.98 0.81 3.66 + Moderate
CTigi 23.00 2,52 3.02 - Moderate
CT2aq 74.40 7.57 237 - Moderate
T 1.86 021 351 + Moderate
TO 20.90 2.08 2.05 - Moderate
TQ 0.05 0.003 225 - High
T 0.82 0.10 4.16 + High
T-TO 0.12 0.02 527 + High
TO-TO 1.12 0.16 421 + Moderate
TNO2 129 0.15 3.91 + High
TONO, 14.20 1.47 244 - Moderate
IMD 5.13 5.21 055 - Moderate
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design of pesticides. Secondly, the interactions can potentially generate
toxic by-products leading to the pollution of water bodies and of air. The
air pollution may be observed in particular in the cities where green
roofs are installed. Indeed, their growth in many urban zones in the
world could be accompanied by increased possibilities of reactions be-
tween plant's volatiles and other chemicals such as the pesticides used
to protect the roof plants which might finally lead to an enhanced for-
mation of by-products. For all these reasons, it seems necessary to get
a better insight into these overlooked reactions often referred to as
“cocktail effect”.

The novelty statement

This work investigated whether pesticides could interact with
plant's volatiles under solar light. These reactions were studied in solu-
tion and with the pesticide being directly applied on plant's leaves. Such
scenarios were rarely considered, the great majority of studies being de-
voted to the photolysis of pesticides and to their fate when irradiated in
the presence of natural sensitizers.

We demonstrate that the two chosen pesticides (fungicide
chlorothalonil and insecticide imidacloprid) actually react with thyme's
volatiles through oxidation and nitration.

These reactions may increase water bodies and air pollution and we
think that this study may initiate other works in this field.
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Figure SI-1: UV spectrum of chlorothalonil and imidacloprid (A) and thymol, linalool, 3-carene and | -

pinene (B)
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Figure SI- 2: HS-GC-MS of thymol, linalool, 3-carene and [ |-pinene
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Figure SI- 3: MS-MS spectrum of TO at m/z = 165.0910 in ES
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Figure SI- 4: MS spectrum of TQ (m/z = 165.0910 in ES¥)
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Figure SI- 5: MS spectrum of TQO (m/z = 179.0702 in ES")
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Figure SI- 6: MS spectrum of T-TO.;4 (m/z = 313.1805 in ES")
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Figure SI- 7: MS spectrum of TO-TO.4 (m/z = 329.1753 in ES)
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Figure SI-8: Analysis by HS-GC-MS of the gazeous phase of vials containing two thyme’s twigs covered
with CT. Analyses were performed before irradiation (dark) and after 2, 4 and 6 h of irradiation.
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Figure SI- 9: MS spectrum of IMD_no2++ (M/z = 211.0742 in ESY)
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Figure SI- 10: MS spectrum of IMD.uno (m/z = 223.0385/225.0356 in ESY)
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Figure SI- 11: MS spectrum of IMD-IMD.n203 (M/z = 432.0744/434.0715/436.0689 in ES’)
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Figure SI- 12: MS spectrum of TNO; (m/z = 194.0812 in ES")
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Figure SI- 13: MS spectrum of TONO; (m/z = 210.0761 in ES’)
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4.General conclusions

CO2, NOX, O3, and other air pollutants are being enormously emitted into the atmosphere
leading to health problems, urban heat island effect, and climate change. Fortunately, different
solutions to decrease the impact of air pollution on the environment exist. Among them, green roofs
have shown promising results in removing prevalent air pollutants besides being aesthetically
pleasing, enhancing the building thermal performance, and managing stormwater. Research
concerning green roofs and their air pollution removal capacity were predicted or estimated using
models holding many uncertainties. This renders quantitative data a necessity to exactly measure
their depollution performance towards specific pollutants. Our objective was to get a better insight
into the depolluting potential of green roof plant species, in particular, their uptake capacity towards
air pollutants, and their behavior in the presence of pesticides and solar light. Air pollutants chosen
were NOx and Oz being chief ones emitted abundantly while pesticides were CT and IMD since
they are reactive upon solar irradiation. This led to different questions to be solved: How can we
quantitatively measure the depollution capacity of plant species used on green roofs? Which plants
are efficient in removing pollutants and what are the mechanisms taking place? Do plants treated
with pesticides undergo interactions with the latter through their volatiles under irradiation? What

are the photoproducts formed and are they toxic?

To answer those questions, a setup was first built —after carefully considering the sources-
consisting of different components that enabled us to monitor the change in concentrations of NOx
and Oz. Then, we started with our experimentation by calculating, measuring quantitatively, as well
as understanding the depollution performances and mechanisms of green roof plant species. In
addition, interactions between a volatiles-emitting plant and two pesticides were investigated while

noting the toxicity of the formed photoproducts.

Our setup was modular that allowed us to measure both NOx and Os uptakes of plants. An
O3 generator produced Oz while IMD was the source of NO». Both sources were stable, continuous,
and the amount of Oz and NO> generated (90 ppbv and 50 ppbv respectively) are close to the
recommended exposure limit. The insecticide, IMD, showed a production of NO3 in solution and

on solid (petri dishes) with different yields. Hence, this setup permits the measurement of NO2/O3
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uptakes of both leaves and full-size plant, the study of interactions between VOCs and O3, the
production of HONO through the HONO trap present before the NOx analyzer, and can enable

future research to study the possible reaction between NOx and VOC:s.

Screening of 13 plants -using their leaves- utilizing the setup led to the choice of the 3 best
performant plant species: sedum sexangulare (sedum), thymus vulgaris (thyme), and heuchera
Americana L (heuchera). Experiments showed that thyme had the best NO. uptake followed by
sedum and then heuchera. SEM analysis revealed that thyme had the largest stomatal area which
explained its good performance in removing NO2 whereas the HONO trap installed before the
analyzer confirmed the surface reaction between NO and water, case of sedum. Heuchera retained
NO: due to its big hairy leaves. Moreover, the same trend was found with the O3z uptake where
thyme had the highest one followed by sedum and then heuchera. ATD-GC-MS explained thyme’s
performance which showed that its VOCs have the ability to react with Oz. Consequently, thyme
can be a good solution for urban environments polluted with Oz and NO-. It can be used on all
types of green roofs (intensive, semi-intensive, and extensive). However, with pesticides being
often sprayed on these roofs, thyme’s emission of volatiles, and the presence of light, a

photochemical interaction can take place probably producing toxic compounds.

Further experiments dealt with two pesticides: IMD and CT, and thyme: an odorous plant
under irradiation (mimicking real irradiation conditions). Manuscript 1 revealed that IMD releases
NO- under irradiation that photoinduces the nitration/nitrosation of phenol and resorcinol. This
suggests the possible nitration/nitrosation of phenolic metabolites released by plants. In our
experiments, we confirmed this by irradiating thymol and IMD in solution as well as real thyme
leaves dipped in IMD. The LC-MS and GC-MS analyses showed the formation of nitrated thymol,
nitrated TO, and nitrated dimers. Nonetheless, IMD alone underwent degradation faster than in the
presence of thymol which inhibited the process due a competition between the two. In addition to
that, photoproducts detected in solution of volatiles (thymol, a-pinene, 3-carene, and linalool) +
CT and thyme leaves dipped in CT showed the dechlorination of CT and chlorination of volatiles
especially thymol which had the highest disappearance yield. Nevertheless, in the case of CT, this
pesticide didn’t undergo degradation when present alone but disappeared in the presence of the
volatiles especially thymol. In general, thymol was oxidized and CT reduced. The formed

photoproducts in both cases showed an important toxicity.
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As a final conclusion, this thesis revealed the depollution capacity of green roofs towards
NOz and Oz. Thyme significantly removed both pollutants, sedum uptook NO2, while heuchera
retained the pollutants due to its hairy leaf structure. In an urban environment extremely polluted
with Oz and NOx, choosing sedum and thyme to be implemented on green roofs would be very
efficient and beneficial. However, interactions happening on the roof between the sprayed
pesticides and volatiles emitted can lead to toxic photoproducts. In our case, IMD produced
nitrated/nitrosated compounds while CT acted as a strong oxidant in the presence of volatiles.
Hence, the careful choice of pesticides to be sprayed on a specific plant is compulsory. Nonetheless,
even if IMD, for example, wasn’t directly sprayed on an odorous plant, its presence in the
environment will lead to the spontaneous formation of NO». The latter can further react with the
thymol naturally emitted by thyme or undergo other photochemical reaction worsening the already-
present air pollution problem. Future experiments should consider the validation of results on real
green roofs to understand the uptake capacity of selected plants towards target pollutants on the
larger scale. Simulations can be first done to have an insight before directly moving to experiments
on green roofs. Nevertheless, seasonality, plant physiology, concentration of pollutants in the
specific urban area, and temperature are factors to be noted. In this PhD, we studied the ability of
green roof plants to remove NOx and Oz; nonetheless, other pollutants should be studied as PM2s
which has adverse health effects or SO.. This should be done by considering other possible
mechanisms, the presence of microorganisms on leaves, or the secondary pollutants formed as
SOA. Since the leaves of plants are a reaction site, further research must examine deeply this
complex system. An example is the effect of plant cuticles on the uptake and possible stress factors
affecting the opening of stomata. Naturally, plants respond to stress by emitting VOCs, our results
revealed the possible interactions between sprayed pesticides and the latter; nevertheless, the fate
of formed products should be studied more systematically and these interactions on other plant
species can be investigated. This might help optimize the choice of plants and pesticides in a

specific urban environment.
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Annex 1

Description of the setup used for the IMD experiments

To investigate the IMD behavior under irradiation (with two fluorescent tubes emitting light
with a wavelength range of 300-450 nm with Amax= 365 nm) and identify the possible products
generated, IMD aqueous solutions were put in a cylindrical Pyrex gas flow reactor (Fig.Al).

lamps

Figure A 1. Setup used to monitor NOx formation upon irradiation of IMD solutions.

The setup consists of flow controllers that control the flow of both N2 and O (flow rate to
0.7 L min) which mix to reach the Pyrex gas flow-reactor (0.65 L, length 27 cm, and diameter 5.7
cm) containing IMD (10 M, 200 ml). The solution was irradiated from the top with two fluorescent
tubes (Sylvania F15W/BL 368, 438 mm % 26 mm, 300—450 nm, and Amax= 365 nm) placed at 5 cm
above the reactor. The reactor was connected to a NOx chemiluminescence analyzer (Thermo
Scientific i-42 NOx analyzer). A bypass connecting the flow controllers directly to the analyzer
was present to measure the background levels of NOx in the gas inlet (negligible). After irradiation,
the light was turned off, and the outlet of the reactor was connected to the NOx analyzer. NOx

levels were measured every 10 s initially and then at larger intervals for a period of up to 2 h.
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Annex 2

Description of the setup used for the NO2/O3 uptake experiments

The setup is illustrated by Fig.A2.

R = S

Na,CO;

a NOx

1 T o analyzer

Visible Light tape — 0, analyzer

NOx source '

;H
N\

v
E : 3-way valve

EELES
i & :2-wayvalve
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(Reactor S )
or full plant
(Reactor B)

: Flow meter

Figure A 2. The NOx (red) and Os (blue) setups.

Set up configuration for experiments on NOx/HONO. The setup includes two flow meters,
an NOx source, stainless steel reactors, and an NOx analyzer. Two stainless steel reactors were
used. The sizes ranged from 0.6-12 L. The small stainless-steel reactor had a Pyrex cover, and the
leaves were introduced from the bottom and the reactor was tightened with screws; while with the
big stainless-steel reactor, plants were introduced from the top and the cover was rotated for
tightening. In both cases, Teflon lined gaskets were used to seal the reactor and avoid gas leakage.
Inlet and outlets were present in both reactors and placed on opposite sides but at different height
locations to ensure optimum flow path. The flow meters were used to regulate the flow of oxygen
and nitrogen simultaneously, i.e., 500 L/min for nitrogen and 300 L/min for oxygen resembling the

percentage of those gases in real air. They were added together in a T-like shaped union and passed
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through the cylindrical glass Pyrex gas flow-reactor containing 200 mL of pure IMD. A 3-way
valve was present where it either fed the NOx analyzer directly with the carried gas (path 1) or
passed it through small/big stainless-steel reactors. Without irradiation, IMD (10° M) was able to
produce ~ 50 pbbv of NO, which was sufficient to perform experiments

The reactors contained freshly cut leaves or the full plant size/soil in it (path 2). When path
2 was undertaken, NOXx entered the stainless reactor, part of it was removed, then left the reactor to
a switch valve that either directs the flow to the NOx analyzer or to the room exhaust. Before
reaching the NOx analyzer, the gas flow can either then be directed through a HONO trap or not
(with HONO trap (a) or without (b)) depending on whether we want to measure the HONO
formation in the overall NO2 concentration measured by the analyzer. Tubes used were all made
Teflon (PTFE) and all connection components (fittings, ferrules, unions, and valves) were from
Swagelok. The temperature in the room was regulated to 23°C by an air conditioner. Experiments
were performed in dark or light conditions. Valves before the stainless-steel reactor containing the
plant were closed for a certain time. Before opening the valves connecting the stainless-steel reactor
to the analyzer, measurements were taken to report the exact concentration of the NOx produced
by IMD. It was done every 10 seconds for a period of several minutes (path 1); to ensure that the
NO- produced concentration is stable. Control experiments were also performed to measure the

uptake due to the empty reactor (without plants) in order to evaluate any possible interference.

Set up configuration for experiments with Os. This setup resembles the previous one in
mostly all parts. The difference was the presence of an ozone generator rather than a solution of

IMD. Path 1 and path 2 were also present. Oz was generated by turning on the UV pen-ray lamp

found inside the generator. Dioxygen bond is broken due to UVC light (185 nm) producing 2
radicals which will react with the Oz and produce a continuous flow of Os. The setup was assembled
in a way enabling us to measure both NOx and Oz concentrations by just changing some tube

connections.
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