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Abbreviations

SDOM* Triplet Excited States of DOM
CDOM Chromophoric Dissolved Organic Matter
CHL Copper chlorophyllin

DBPs Disinfection By-Products
DOM Dissolved Organic Matter
EOY Eosin Y

FAs Fulvic Acids

FFA Furfuryl Alcohol

GLY Glyphosate

HAAs Haloacetic Acids

HAs Humic Acids

IC Inorganic Carbon

IMD Imidacloprid

MwW Molecular Weight

NOM Natural Organic Matter

PAR Photosynthetic Available Radiation
PFAS Perfluoroalkyl Compounds
PFHxA Perfluorohexanoic Acid
PFOA Perfluorooctanoic Acid

PFOS Perfluorooctanesulfonic acid
POC Particulate Organic Carbon
POM Particulate Organic Matter
RS Reactive Species

SOM Soil Organic Matter

TC Total Carbon

THMs Trihalomethanes

TMP 2,4,6-Trymethylphenol

TOC Total Organic Carbon

WEOM Water Extractable Organic Matter
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Introduction

This PhD thesis is part of the Marie Sktodowska-Curie grant N. 765860 named AQUAIity, born to
develop innovative tools and technologies to respond to the water emergency observed today
worldwide. The rapid deterioration of the quality of water resources and the increasing need of water
reuse due to water scarcity, requires the availability of technologies capable of efficiently removing
the anthropogenic footprint observed in the vast majority of natural water bodies. The AQUAIity
project arises from the collaboration between multiple European universities and industrial partners,
active in the field of water research and willing to collaborate for the development of novel efficient
technologies for water treatment, analytical methods for untargeted environmental screening, or

focusing on a better understanding of fundamental aspects related to water treatment.

This thesis was carried out in the Photochemistry group of the Institute of Chemistry of Clermont-
Ferrand (Université Clermont Auvergne), in France, under the supervision of Drs Claire Richard and
Mohamad Sleiman. It focuses on the study of the effect of Natural Organic Matter (NOM) in the
photochemical fate and removal of micropollutants of anthropogenic origin often referred to as
Contaminants of Emerging Concern (CECs). Over the course of this three years thesis, a total duration
of ten months was spent working in collaboration with international partners of both academic and
industrial nature. Specifically, three months were spent working at Universitat Politecnica de Valencia
in Spain, three months at Universita degli studi di Torino and other four months at Iris s.r.l. company
located near Torino in Italy. Each working unit was carefully planned to approach the study of NOM
and its interaction with water contaminants, both in the environment and in water treatment
processes, from different perspectives. NOM is in fact a ubiquitous constituent of terrestrial and
aquatic environments that plays a fundamental role in many biological and physico-chemical processes
affecting plants, macro and microorganisms, soil and water and pollutants. An exhaustive
comprehension of its biogeochemical functions as well as of its problematic role in water treatment

processes is therefore essential for an efficient and sustainable water management worldwide.

In the aquatic environment, NOM influences the photo-reactivity of surface water exposed to sunlight
and plays a key role in the formation of reactive species, such as triplet excited states of NOM, singlet
oxygen, hydroxyl radicals, that are responsible for the degradation of water contaminants under
natural conditions. Due to their environmental significance these photochemical processes have been

widely studied in the literature. However, essential aspects such as the identification of the NOM



chromophores responsible for its photo-reactivity and the establishment of correlations capable of
predicting NOM reactivity on the basis of its physicochemical properties are still leaving a lot of
unanswered questions. In the attempt to give new insights on these topics, samples of DOM collected
from the nearby aquifer of Allier river, were characterized in terms of spectral properties (i.e.
absorption and fluorescence properties) and photoreactivity (i.e. production of excited triplet states,
singlet oxygen, hydroxyl radicals and hydrogen peroxide) as a function of temporal and spatial
distribution. Our objective was to search for relationships between chemical and physical
characteristics on the one hand, and photochemical properties on the other hand and to analyze data

with regard to the hydrological functioning of the aquatic system under study.

While the effect of NOM on the environmental fate of water pollutants has been widely studied, the
mutual effect of pollutants on NOM chemical structure is another scarcely documented aspect; due to
the complexity of NOM itself this type of induced modifications are in fact very difficult to study. We
decided to approach the issue by studying the photodegradation of the neonicotinoid insecticide
imidacloprid (IMD) reported in the literature as able to release the nitro group under photolysis. The
aqueous photolysis of IMD alone and in presence of aromatic probes, selected to represent NOM
aromatic moieties, was investigated in detail to find possible mutual interactions between NOM and

IMD or its photoproducts.

In water treatment processes instead, the role of NOM as the main precursor of toxic disinfection by-
products, especially when chlorine-based disinfectants are used, is a very well documented
phenomenon. Because of this, the removal of DOM represents today a fundamental step of every
process of drinking water production. However, for UV-based treatment processes, the presence of
DOM could potentially be beneficial as it could actively participate to pollutants degradation through
the photo-induced formation of reactive species. If on one hand the inhibitory effect of DOM on the
removal of water contaminants has been widely covered by countless publications, its positive
contribution is a poorly studied phenomenon. In this regard, we studied the photodegradation of the
Suwannee River NOM from International Humic Substances Society under UV-C irradiation to
investigate how pre-irradiation can modify its photodegrading properties. In parallel, a detailed

analytical study was undertaken to characterize Suwannee River NOM phototransformation products.

At Universitat Politecnica de Valencia instead, a different kind of water treatment technology aimed
to photo-catalytically reduce CECs using compounds of natural origin was investigated. Profiting from
the expertise of Prof. Maria Luisa Marin’s group, simple molecules selected to represent NOM, were

used to reduce IMD under irradiation with visible light.



Iris s.r.l. company was the industrial partner of this PhD thesis and it gave me the unique opportunity
to conduct scientific research in a more market-oriented way than the one typically adopted in
academic laboratories. The company is developing a non-thermal plasma device for water treatment
applications and during the months spent at their facility, great effort was put in understanding the
chemistry behind plasma discharges and their possible applications in the field of water treatment.
The transformation of NOM during plasma processes is poorly documented in the literature and
therefore an effort was put into filling this gap. The effect of NOM on the degradation of different
classes of pollutants was also studied. The planning of the experimental work as well as the analyses
of the water samples produced at Iris s.r.l. and the interpretation of the results was conducted at
Universita degli studi di Torino in the department of analytical chemistry under the supervision of Prof.

Marco Minella.

In conclusion, the goal of this work was to study the DOM under different points of view, not only
analyzing its photo-sensitizing properties, but also following its transformation when submitted to

oxidative water treatment processes, focusing on those aspects poorly documented in the literature.
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1 Bibliographic study

1.1. Generalities about Natural Organic Matter

Natural organic matter (NOM) can be defined as a complex mixture of organic compounds formed in
soils, sediments, and natural waters through microbial and chemical transformation of plant tissues
and microbial residues. This set of processes is commonly referred to as humification, a process during
which cellulose, lignin, polysaccharides as well as proteins, lipids and nucleic acids undergo oxidation
at a rate that is strongly dependent on temperature, humidity, and oxygen availability. During the first
year of decomposition, around 60 to 80% of the starting material organic carbon in converted to CO;
which is released to the atmosphere [1]. The remaining non-mineralized carbon undergoes a slower
oxidation that can take up to several years to be completed. Another important source of NOM are
wildfires, where incomplete combustion of biomasses generates big amounts of pyrolysis compounds
that significantly modify NOM composition; furthermore, the high temperatures reached can induce

thermal modification of pre-existing organic matter.

Considering the great heterogeneity of the starting material and the variety of transformation
pathways this material undergoes, the resulting NOM can have very diverse chemical structures and
molecular weights. Nevertheless, three different main fractions have been identified on the basis of
their physical-chemical properties that are remarkably similar despite the different sources, namely,
humic acids (HAs), fulvic acids (FAs) and humin; these three families of compounds are generally
grouped under the name of humic substances (HS). All other NOM constituents that do not fall within
one of these three groups are considered as non-humic substances. Non-humic constituents include
carbohydrates, peptides, fatty acids, waxes, hydrocarbons, and residual materials of non-humified
plant and microbial residues. The elemental composition of humic substances by weight is
approximately 40-60% carbon, 30-50% oxygen, 4-5% hydrogen, 1-4% nitrogen, 1-2% sulfur and 0-0.3%
phosphorus [2]. In general, considering carbon to be accounting for half the molecular weight of NOM,

measured TOC values can be multiplied by two to estimate the concentration of NOM in mg/L.

Considering the heterogeneity of humic substances, providing a proper definition of what they are on
the basis of their molecular structure is a very problematic, if not impossible, goal. For this reason, it is

a common practice to identify HAs, FAs and humin fractions according to their solubility at different



pH values. Humin is considered to be insoluble at any pH and it is therefore impossible to extract it
from soil with water. HAs and FAs, on the other hand, are commonly extracted in basic solution
(typically 0.1-0.5 M NaOH) together with the water soluble fraction of non-humic substances; the set
of these compounds is often referred to as Water Extractable Organic Matter (WEOM). Common

isolation of humic and fulvic acids can be done as follows:

e HAs are identified as the fraction that can be precipitated at pH 1 while forming a dark brown
precipitate; solutions are typically acidified with diluted HCI. The average molecular weight of
HAs is in the range of 2,000 to 10,000 Da and their chemical structure dominated by phenolic

groups and long carboxylic fatty acids and they are in general more hydrophobic in comparison

with fulvic acids.
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Figure 1. Humic acid model extracted from Schulten and Schnitzer [3].

e FAs are considered soluble at any pH value and are commonly isolated passing the
supernatant of the acidified solution through a column packed with XAD resins. At pH 1 the
acid moieties of FAs are in fact fully protonated and they get adsorbed on the hydrophobic
resin while non-humic substances are not retained. FAs are eventually recovered from the
separation column by reverse elution with alkaline solution (typically 0.1 M NaOH) [4,5]. The

average molecular weight of FA is typically between 500 and 2000 Da [6].



Solid samples of HAs and FAs suitable for storage are commonly obtained by freeze-drying. A simple

protocol for NOM fractionation is reported in figure 1.

10 g soil (on a dry weight basis)
suspended in either 1,000 mL of deionized
H,O or 0.1 M NaOH,shake for 16 hours

v

centrifuge at 250 G for 20 minutes,
supernatant filter through 0.45-umfilter

Whole extract

¢, Acidify to pH 1 with HCI

0.45-umfilter

re-dissolve organic
carbon on filter in
.1 M NaOH

Acid soluble fraction

Reverse eluation XAD-8 resin column
with 0.1 M NaOH ¢eﬁluent

Fulvic acids Non-humic substances

Figure 2. Scheme for NOM fractionation extracted from Chow et al. [7].

Soil NOM (or soil organic matter, SOM), commonly contains both water soluble and insoluble fractions
of NOM with humin accounting for around 50% of total SOM. In natural waters on the other hand, we
commonly find only the water soluble fraction of NOM composed by HAs, FAs and soluble non-humic

compounds such as low MW organic acids, sugars, amino acids [8].



1.2. Aquatic NOM

Natural organic matter is a ubiquitous component of surface, underground or marine waters; its
concentration can range from less than 1 mg/L to hundreds of mg/L according to the type of water
body, its surrounding ecosystem, its geographical location, the climate, and the period of the year.
Despite this wide range of values, most concentration values generally stay under 10 mg/L; as a matter

of facts, worldwide median concentration for lake, river and sea waters lies below this value.

Aquatic NOM exists under two physical states: we call dissolved organic matter (DOM) the solubilized
fraction of NOM, and particulate organic matter (POM) the fraction of NOM suspended in water as
supramolecular aggregates. DOM is considered to be the larger pool of organic matter in natural water
accounting for over 90% of aquatic total organic matter. From a practical point of view, DOM has been
defined by convention as the fraction of NOM that can pass through filters having pore size 0.1-0.7 um
while POM is the fraction that is retained by such filters [9,10]. The most common DOM constituents
are HAs and FAs of terrestrial origin, FAs containing both hydrophobic and hydrophilic components.
The largest fraction is generally hydrophobic acids, which makes up approximately 50% of the TOC in
water (figure 3) [11]. The mass range of these complex mixture of compounds goes from low molecular
weight compounds like organic acids to macromolecules like HAs that can reach over 300,0000
Daltons. However, it has been estimated that only around 20% of HAs fall in the very high MW category
and that 75% of HAs have MW <100,000 Da.

= Hydrophobic compounds

= Hydrophylic compounds

m Carbohydrates
Carboxylic acids

® Amino acids

® Hydrocarbons

Figure 3. Generic DOM composition of a natural surface water suggested by Thurman [11].



According to its origin, NOM can be divided into, i) autochthonous NOM mainly produced by microbial
and algal metabolism and by their biomass degradation taking place directly in water, ii) allochthonous
NOM that is formed in the soil during the breakdown of terrestrial organism and plant material and
that is later introduced to the water body through soil drainage, and iii) anthropogenic OM of man-

made or industrial origin.

1.2.1. Biogeochemical functions of aquatic NOM

Both dissolved and particulate NOM, of allochthonous and autochthonous origin, can play multiple
functions in the photochemical, chemical, microbial and geochemical processes occurring in natural
waters. These NOM induced modifications of the natural water characteristics can be classified as

follows.

Optical properties: the light absorbing fraction of DOM is called colored or chromophoric dissolved

organic matter (CDOM) and it is largely responsible for the yellowish-brownish color observed for
many natural waters. Water color is mostly imparted by humic substances of soil origin and
autochthonous FAs of algal or phytoplankton origin capable of absorbing light in the visible (400-800
nm), UVA (320-400 nm) and UVB region (280-320 nm) therefore controlling the penetration of solar
light in the water column. Depending on DOM concentration UVB penetration can vary from a few
centimeters, in lakes with high DOM content, to dozens of meters in the oceans. In lakes having
concentration DOC content ranging from 5 to 10 mg/L, 99% of the UV-B radiation is generally
attenuated in the first 50 cm of the water column while the corresponding attenuation for UV-A at 380
nm occurs in the first meter [12]. DOM is thus responsible for UV attenuation in the water column and
for the related protection of aquatic organisms in natural waters. As a consequence, CDOM can affect
water transparency, temperature and thermal stratification in the surface water of lakes and oceans
[13,14]. By absorbing photosynthetically available radiation (PAR, 400-700 nm) CDOM also determines
the depth of the euphotic zone [14-16].

Photochemical reactivity of natural waters: under solar radiation CDOM is capable of producing highly

reactive species like hydroxyl radicals, singlet oxygen (*0,) and triplet excited states of organic matter
(3cDOM*) as well as less reactive and long-lived radicals [17]. These species determine the capacity of

natural waters to promote the degradation of dissolved molecules such as pollutants, compounds of

10



natural and anthropogenic origin or the NOM itself [18—-21]. Photochemical reactivity of natural waters

will be discussed in more detail in the dedicated section 1.8.

Microbial activity: DOM can influence microbial growth in two different ways: 1) by modifying the

physical and chemical aquatic environment like for example determining the depth of the euphotic
zone or the amount of photosynthetically available radiation; 2) by acting as a direct energy source for
metabolic chains. POM and DOM are biologically decomposed by aquatic biota and, at the same time,
autochthonous DOM and nutrients are produced as a result of microbial metabolic activity therefore
contributing to microbial loop [22-24]. Some researchers have suggested that the fluorescence
emission of DOM at specific wavelengths (Ex = 310-320 nm, Em=380-410 nm) could be used as a tool
to estimate biological activity. Nature and size of DOM have been observed to play a significant role
on its bioavailability and microorganism have been observed to prefer non-humic fractions of DOM
having MW lower than 3000 Da as a source of nutrients [25]. Humic substances have also been
observed to influence phytoplankton reproduction by chelating important nutrients like iron and
phosphorous; while iron uptake by phytoplankton increases in presence of HS, presumably due to
improved metal chelation in the medium, growth inhibition of phytoplankton by high concentrations
of humic substances has been observed as a consequence of iron over chelation leading to its reduced

availability [26,27].

Cycling of nutrients: humified macromolecules are quite stable and refractory compounds and

nutrients like nitrogen and phosphorous embedded inside them are very little available for microbial
and plant uptake. Degradation of DOM via microbial respiration or photochemical transformations can
help breaking down these macromolecules into smaller and simpler fragments making these nutrients
accessible for uptake mainly under the form of dissolved organic nitrogen (DON) or dissolved organic
phosphorous (DOP) [28-30]. As a result, nutrients released by DOM and POM can indirectly control
photosynthesis in natural waters and affect water productivity enhancing the cyanobacterial or algal
blooms [31-33]. As a matter of facts, the occurrence of chlorophyll a, an indicator of photosynthetic
activity in natural water, has often been reported to be significantly correlated to DOC contents [34—

36].

Metal ions complexation: DOM has been reported to be the most important source of organic ligands

capable of forming stable complexes with major and trace metal ions (M) in natural surface waters
[37,38]. Most of the DOM components in fact, such as allochthonous FAs and HAs of plant origin but
especially autochthonous FAs of algal or phytoplankton origin, contain strong m-electron bonding

systems such as oxygen, sulfur, phosphorous or nitrogen groups, but, the formation of covalent type

11



interactions between metal ions and DOM has been observed as well [39-44]. The formation of these
complexes is of fundamental importance in metal ion chemistry and can control the occurrence of free
metallic ions, their transport or migration, their solubility in water, occurrence of the photo-Fenton
reaction in surface water, biological effects as well as the bioavailability and toxicity to organisms in
water, sediment and soil environments [45]. As the fluorescence emission of CDOM has been observed
to be quenched by M complexation, the study of fluorescence excitation-emission matrices (EEMs) has
often been proposed as a valid tool for identification and quantification of such interactions [38,46—
48].

Influence of DOM on drinking water quality: drinking water is typically obtained by the treatment of

different kind of natural water sources such as riverine water or groundwater and DOM is commonly
present, at different concentrations, in all these sources. Knowledge on the type and concentration of
the DOM present in treated water is a key aspect of the whole water treatment process as DOM, even
if non-toxic by itself, can heavily affect the quality of resulting drinking water in different ways. 1) DOM
is the main precursor of toxic disinfection by-products (DBPs) such as haloacetic acids (HAAs) formed
from the reaction of DOM constituents with chlorine based disinfectants (e.g. chlorine dioxide or
hypochlorite); 2) DOM can vehiculate toxic compounds and protect them from being efficiently
removed under water disinfection treatments and it can also enhance the transport of complexed toxic
metals; 3) DOM can modify water color as well as its organoleptic parameters. The role of DOM in
water treatment processes will be discussed with further details in section 1.4; 4) furthermore, DOM
is excellent radical scavenger (especially for HO® radicals) therefore lowering the overall treatment
efficiency.

Influence on global carbon cycle: aquatic NOM is one of the most important carbon pools containing

roughly the same amount of carbon as terrestrial biomass or CO, in the atmosphere, and it strongly
influences production, transformation and distribution of carbon compounds in the biosphere [49].
Marine primary production of organic carbon for example, with an estimated gross production of
5x10'® g/year is responsible of roughly 40% of total carbon biogeochemical cycles [50]. The
photodegradation of DOM is strongly dependent on the nature of the DOM itself but, for light
absorbing and fluorescent fractions (CDOM and FDOM), the weight loss can be larger than 50% of its
original carbon content therefore representing a significant source of CO,, CO and dissolved inorganic

carbon [51].

12



1.3. NOM and water treatment

NOM content in drinking water is not typically regulated by law, however, national and international
organizations have defined some general guidelines: the U.S. Environmental Protection requires
removal of total organic carbon (TOC) for waters having TOC above 2 mg/L. The World Health
Organization suggests optimized NOM removal as a means to minimize biofilm growth in the
distribution system. The European Union regulations include TOC as a general water quality indicator.
In Canada, guidance has been developed for water utilities to help them understand and control the

impact of NOM [52].

The production of drinking water is typically based on surface water bodies like rivers, artificial
reservoirs and groundwater; the relative importance of these sources varies significantly from country
to country or depending on the time of the year considered. Denmark and Austria for example use
exclusively groundwater for the production of drinking water while Ireland relies on surface water
bodies at almost 90% of their production. A report published by the European Environment Agency
(EEA) in 2016 showed that about 50% of total drinking water in Europe comes from underground water
bodies while 37% comes from surface water. Other sources of drinking water are bank filtration water
(that represents the most important source in Hungary), artificial groundwater recharge (largely
adopted in Sweden), or, in particular cases where freshwater source are particularly scarce (e.g.

Cyprus), desalinated coastal water may be used.
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Figure 4. Sources of drinking water in the European Union in the years 2011-2013 extracted from the

European Environment Agency report.

DOM and POM are ubiquitous components of all these waters with DOM usually being the most
abundant of the two accounting for up to 90% of TOC. NOM gives the yellowish-brownish color of
natural waters and it can act as a substrate for the microbial growth [33]. Starting from the 1980s, as
a consequence of global temperature increase and modification of the quality and quantity of
atmospheric precipitation, an increase of NOM concentrations in surface water bodies has been
reported by various sources [53-55]. This increment in the concentrations of aquatic NOM contributes
to the rapid deterioration of water quality and represents a critical aspect for the production of high-
quality drinking water. NOM removal is an essential step in any process of drinking water production
and it presents two main critical aspects; the first is related to the nature of NOM, the second to its
concentration. Because of the heterogeneity of NOM in terms of chemical structures, molecular
weights and solubility values, the development of an efficient technology for its removal is a very
challenging task. In general, the complete removal of NOM does not occur and the most soluble
fraction of DOM proceeds therefore to the disinfection step where it is the main responsible for the
formation of toxic DBPs. Secondly, because of the fluctuations in the concentration and type of aquatic
NOM, the removal process needs to be finely and rapidly tuned according to the characteristics of
treated water. These fluctuations can be divided in three different classes; 1) sudden variations mainly
dependent on storm events; when intense precipitations occur rivers flow can significantly increase
and the turbulent nature of the flow increases as well with a consequent increase in the concentrations
of transported NOM [56-58]; 2) seasonal variations depending on the climatic factors like floods,
draughts, rainfalls, snowmelt runoffs as well as microbial and algal activity than can influence both the
type and the concentration of aquatic NOM [59]; 3) long term variations in the concentration of aquatic
NOM have already been observed over the last few decades as a consequence of climate change and
land use and it is expected that in the future the overall increase of temperatures and enhanced
biodegradation of SOM will lead to a further increase in the production of DOM, while the flooding
and runoff will export it from soil to rivers, lakes, and groundwater [53-55]. Knowing the concentration
of organic matter present in the water at every time is therefore an essential information to the
treatment process; the classical measure to determine the amount of NOM in water is the measure of
the total organic carbon (TOC) but the absorbance at 254 nm or fluorescence spectroscopy are used
as well for fast estimation of NOM concentration. The latter techniques have the advantage of being

usable for real time data acquisition and live monitoring using simple and robust equipment.
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1.3.1. NOM as a precursor for toxic DBPs

NOM itself is not considered to be harmful for living organisms and, generally, numerical limits for its
concentration in drinking water have not been established. However, in water disinfection processes,
NOM was found to be responsible for the formation of the most common toxic DBPs such as
trihalomethanes (THMs), haloacetic acids (HAAs), chlorinated ketones and haloacetonitriles, by
reaction with free chlorine added as a disinfectant. Chlorine is the most widespread disinfectant used
worldwide, and THMs and HAAs are formed at the highest concentrations after chlorination [60]. In
figure 5 it is shown what happens when chlorine (either Cl, or HCIO) is added to water; it can be seen
how the concentration of chlorine residual, as well as DBPs formation, does not linearly increase with
added chlorine dose and that a minimum, called breakpoint, can be identified. Breakpoint is not a
universal value and optimal chlorine dose must be identified according to water parameters such as

type and concentration of NOM and pH.
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Figure 5. Formation of DBPs as a function of added chlorine dose in water disinfection processes.

Figure extracted from www.thewatertreatments.com/disinfection/chlorination.

The identification of readily measurable water quality parameters providing a reliable indication of

DBPs formation potential (DBPFP) is therefore essential for a correct estimation of the disinfection
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breakpoint. Generally, it has been reported that DBPFP correlates well with UV 254 nm absorption or
DOC content. In recent years, fluorescence spectroscopy has also been employed in an attempt to

improve this correlation [61,62].

Trihalomethanes (THMs)

The presence of THMs in chlorinated drinking waters was first observed in the United States at the
beginning of the 1970s. A survey published in 1975 by Symons et al., containing the analysis of drinking
water in 80 north American cities, showed that four trihalomethanes, i.e., trichloromethane (CHCls),
bromodichloromethane (CHBrCly), dibromochloromethane (CHBr,Cl), and tribromomethane (CHBr3),
and carbon tetrachloride (CCls) were widely spread in chlorinated drinking waters in the US due to
chlorination processes. These compounds were not found or were present in low concentrations in
the raw waters and their total concentration in finished waters was found to be strongly dependent
on the concentration of NOM in the water supply [63]. In 1976, the National Cancer Institute identified
chloroform as a carcinogenic compound (NCI 1976), leading ultimately to the regulation of THMs by
the Environmental Protection Agency (U.S. EPA 1979) whose total concentration was fixed to a
maximum 100 ug/L as an annual average. Today, the same valued is applied for drinking water in the
EU (even if some member states have set lower limits on a national level) while in the US it was lowered

to 80 pg/L.

As indicated earlier, NOM is the principal organic precursor with which the halogens react to form
these by-products. In the absence of bromide ion, only chlorinated by-products are formed. In the
presence of bromide, hypochlorous acid (added as disinfectant) rapidly oxidizes bromide to
hypobromous acid (HOBr), which then, along with the residual hypochlorous acid, reacts with the NOM
to produce mixed chloro-bromo derivatives. The extent of bromine incorporation into the by- products
depends upon the bromide ion concentration relative to the amount of free chlorine applied; as the
bromide concentration increases, the extent of bromine incorporation increases. In waters with very
high bromide concentrations (typically > 1 mg/L), it is possible to form primarily the brominated species

[64].
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Figure 6. Average total THMs levels in drinking water in European Union countries. Data extracted

from Evlampidou et al. [65].

Other disinfectants may be used alone or in combination with chlorine. Chlorine dioxide for example
is widely used in Italy, leading to lower levels of THMs but higher levels of chlorite and chlorate [66].
Ozone is often used in combination with chlorine-based disinfectants to produce a lower volume of
THMs, HAAs, and chlorine-based DBPs, but results in the production of aldehydes, ketones, carboxylic

acids, alcohols, and esters, and can also form bromate when the raw water contains bromide [67].

Haloacetic acids (HAAs)

HAAs are the second most important class of DBPs in terms of occurrence and concentration in drinking
waters. This group consists of nine different chlorinated/brominated acetic acids. The five most
common HAAs, commonly referred to as HAAs, are monochloroacetic acid (MCA), dichloroacetic acid
(DCA), trichloroacetic acid (TCA), monobromoacetic acid (MBA) and dibromoacetic acid (DBA). The
other four are bromodichloroacetic acid (BrCI2AA), dibromochloroacetic acid (Br2CIAA),
tribromoacetic acid (Br3AA) and bromochloroacetic acid (BrCIAA). In the U.S., the limit for total
concentration of HAAs has been fixed to 60 pg/L while in the EU individual limit values for each HAA
have been identified [68].
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Figure 7. Chemical structures of HAAs.

The rate and extent of HAAs formation is impacted by the chlorine dose and free chlorine residual.
Higher doses and free residual chlorine have been found to favor the formation of HAAs over THMs,
the formation of the trihalogenated HAAs over the di- and monohalogenated HAAs, and the formation

of the chlorinated THMs and HAAs over the brominated and mixed bromo-chloro species [64].

1.3.2. NOM removal techniques

Different technologies have been developed over the years for the removal of NOM from water,
nevertheless, the research for an optimal removal method is far from being concluded. Today’s water
emergency is increasing the pressure over the availability of efficient technologies which enable to
ensure high-quality drinking water. This is not only a challenge for those countries having scarce
freshwater resources, but also for densely populated regions like Europe where an efficient water

reuse has become imperative.

Coagulation

The oldest and most widely adopted method for NOM removal is coagulation, a physical-chemical
process aiming at reducing the electrostatic repulsion potential of colloids bearing electrical charges
using various coagulants. As a result, colloidal microparticles start to develop and then agglomerate
into larger particles or flocs that can precipitate and, therefore, be removed. NOM can be seen as a
colloid due to the presence of charged functional groups such as deprotonated carboxylic groups but
the variability of its organic content in terms of molecular and electrical properties, requires adaptation
of the removal from one water source to the other and even within the same source due to seasonal

variations or storm events. This makes the application of coagulation in the treatment of drinking
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water supplies challenging [69,70]. The most important two operational parameters in such processes
are pH and concentration and type of the coagulant used; the tuning of these parameters must be
done according to the type and concentration of NOM entering the treatment process. The
understanding of its characteristics and the variability patterns of its compositions and amounts in
drinking water sources is therefore essential for the enhancement of NOM removal efficiencies of any
water treatment process. Practically, coagulation processes are carried out by adding a determined
amount of coagulants that dissociate in water carrying multiple positive charges and interact with the
negatively charged NOM. APP* (aluminum sulfate, aluminum chloride) and Fe3* (ferric sulfate, ferric
chloride) salts are the most used ones because of their efficiency in removing color and turbidity, high
availability and affordable price, but polymeric cationic polyelectrolytes (e.g. polydiallyldimethyl
ammonium chloride and cationic polyacrylamide) have also been proven to be effective in NOM
removal [71,72]. The highest percentages of DOC removal by coagulation/flocculation reported in the
literature are around 80%; this corresponds to a significant portion of NOM, however, the most
hydrophilic and low-MW fraction is not removed and reaches the disinfection step where it can act as

a precursor of toxic DBPs.

Membrane filtration

Other treatments have therefore been developed to reach better removal efficiency of NOM and one
of them is membrane filtration. In this case, the main technical problem is the frequent fouling that is
responsible for the high maintenance costs and rapid decrease of filtration performances. Despite the
possibility of periodical cleaning of the membranes by backward flushing, NOM has been observed to
cause irreversible fouling that reduces membranes lifespan [73,74]. In order to mitigate the membrane
fouling phenomenon, the application of membrane processes is generally coupled with a pre-
treatment step; in this optic, coagulation processes can be seen as a pre-treatment for membrane
filtration [75—77]. Recent studies have shown that coupling coagulation and membrane nanofiltration
could remove more than 90% of the dissolved organic carbon (DOC) with a consequent reduction of
96% of the UV absorbance at 254 nm from lake water [78]. The fundamental mechanism of membrane
fouling lies in the intermolecular interaction between the membrane surface and the various feed
components; these interactions involve short range attraction forces, electrostatic interactions, and
polarization forces. The interactions lead to adsorption processes and particles deposition and
therefore to pore blockage, pore constriction and cake filtration. The characteristics of membranes
surface play therefore a major role in determining the fouling rate and it has been observed that in
general negatively charged, hydrophilic membranes represent the best option for surface water
treatment [79]. Most membranes used so far for nanofiltration and ultrafiltration applications are

polymeric membranes but, over the last decade, alternative ceramic membranes have received
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increasing attention in the drinking water industry. Ceramic membranes are superior to their polymeric
counterpart in their mechanical and chemical characteristics allowing the use of higher fluxes and
backwash pressures and of more aggressive cleaning approaches without risk of damaging the
membrane integrity [80]. Furthermore, ceramic membranes structural and chemical stability result in
an expected lifespan that is considerably longer than the one of polymeric membranes (20 years
compared to a typical 7-10 years of polymeric membranes) therefore reducing maintenance costs
[79]. A more recent approach involves the development of functionalized membranes bearing a
photocatalytic layer, responsible for the degradation of organic compounds, that helps reducing the

fouling phenomenon [81,82].

Advanced Oxidation Processes (AOPs)

Additional technologies that can be used to remove NOM from drinking water are advanced oxidation
processes (AOPs). There is a considerable interest in the use of AOPs not only for the treatment of
drinking water, but for wastewater treatment and soil remediation as well [83—86]. Various oxidants
(03, H,0,), catalysts (TiO,, Fe?*), radiations (UVA, UVB, UVC) alone or in combination (Os/H,0,
UV/H,0,, UV/0s, UV/TiO, or Fe?*/H,0,) have been developed for the removal of NOM and organic
pollutants [87—89]. These processes rely on chemical and/or physical processes generating highly
reactive radical species, the most important being the hydroxyl radical (HO®), able to react non

selectively with almost all organic compounds present in solution, including NOM [90-93].

Table 1. Oxidation potentials of some oxidants.

Species Oxidation potential (V)
Fluorine 3.03
Hydroxyl radical 2.80
Atomic oxygen 2.42
Carbonate radical 2.10
Ozone 2.07
Hydrogen peroxide 1.78
Perhydroxyl radical 1.70
Permanganate 1.68
Hypobromous acid 1.59
Chlorine dioxide 1.57
Hypochlorous acid 1.49
Hypoiodous acid 1.45
Chlorine 1.36
Bromine 1.09
lodine 0.54
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As it can be seen in Table 1, HO® is one of the most powerful oxidants known and its reaction rate with
organic compounds (typically 108-10'° Ms?) is usually several orders of magnitude higher than the
one of ozone under the same conditions [94]. HO® radicals can react with organic compounds

following three different reaction pathways: addition to double bonds (reaction 1), H-atom abstraction
(reaction 2), electron abstraction (reaction 3).

S e 4w o

NOM*® + HO~ (3)

NOM + HO®

Once the radical reaction chain has been initiated, countless degradation pathways can simultaneously
take place; the carbon centered radicals formed in reactions (1) and (2) for example, can very rapidly
react with oxygen to form organic peroxyl radicals and the reactions of peroxyl radicals among
themselves can lead to production of ketones, aldehydes and/or carbon dioxide [95]. The overall rate
of NOM oxidation therefore depends on the amount of radicals initially formed, on the concentration
of dissolved oxygen, on the concentration of NOM itself and on the concentration of radical scavengers

the most important ones being carbonate and bicarbonate anions (reactions 4-5) [94].

HO® +HCOs — H,0 + CO;* ki=1.5%107 Mgt (4)

HO® +COs¥ — OH  + CO;" ks=4.2x10% M-1sL (5)

Estimating an exact rate constant for the reaction between NOM and HO*® is not possible since it
changes according to the molecular structure of the NOM itself but as a general rule it is possible to
say that the higher the aromatic character of NOM, the higher is its reactivity with HO®; indole
derivatives for example exhibit rate constant >10%8 M? s in neutral aqueous solution [96]. For
Suwannee river fulvic acids, a value of 1.6 x 10 Mc s was determined by pulse radiolysis [97].

As mentioned before, estimating the concentration of aquatic NOM can be done both by measuring
the TOC concentration and then multiplying this value by two (assuming that carbon contributes for
about 50% of NOM weight) or, in a more indirect way, by means of spectroscopic measurements such

as measuring the absorbance at 254 nm (A;s4) or measuring the intensity of NOM fluorescent emission
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[98-100]. However, when determining the efficiency of an AOP in the removal of NOM, it has been
reported by several works that Asss decreases at a higher rate than TOC values [101-103]; this is
because the light absorbing fraction of NOM (CDOM) is mainly composed by large macromolecules,
containing aromatic rings and conjugated double bonds, that are rapidly fragmented into smaller
molecules that do not absorb light (or at least many of them do not absorb at 254 nm) while
mineralization of NOM carbon necessarily requires longer time. These smaller fragments are in fact
more refractory for two reasons: they are little sensitive to photodegradation as their absorbance in
the UV-Vis region is small and, being poorly aromatic, they are less susceptible to attacks by HO®
radicals. Complete mineralization is therefore seldom achieved [102,104]. The main types of AOPs

commonly adopted for water treatment and for NOM removal are described below.

UV-induced production of HO® radicals

UV-light based AOPs are among the oldest and most widely adopted water treatment processes. UV
radiation can in fact induce direct photolysis of large number of organic compounds. The efficiency of
direct photolysis obviously depends on the chemical structure of these compounds as it determines
their chemical stability, reactivity, and their light absorbing properties; a compound that does not
absorb the UV radiation adopted for the treatment is in fact insensitive to direct photolysis and will
not be degraded. In Table 2, some typical single bonds energies and their corresponding wavelength
are reported. Theoretically, a C-C bond could be cleaved using light at 344 nm but that does not mean
that a C-C bond itself is capable of absorbing light at 344nm; furthermore, the absorption of a photon
does not necessarily lead to the cleavage of a chemical bond as several non-dissociative relaxation

pathways are possible.

Table 2. Typical energies for some single bonds and the approximate light wavelengths corresponding

to this energy.

Bond energy  Corresponding A

Bond (kJ/mol) (nm)
O-H 465 254
H-H 436 274
C-H 415 288
N-H 390 307
Cc-0 360 332
C-C 348 344
c-Cl 339 353
Cl-Cl 243 492

Br-Br 193 620
0-0 146 820
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The cleavage of a chemical bond by direct photolysis depends in the first place on the probability of a
photon having a certain energy to be absorbed by a molecule therefore inducing an electron transition
and secondly on the probability that this molecule in its excited state would follow a dissociative
relaxation pathway. On a macroscopic level, the first phenomenon is described by the Lambert-Beer
law:

A(A)=€i(A)b-Ci Eq. 1

where A(A) is the absorbance of the solution at a specific wavelength, € is the molar absorption
coefficient (expressed in Mcm™) and represents the probability of a compound i to absorb light at
that wavelength, G is the concentration of the compound in the solution expressed in M, and b is
optical path length of the light in the solution expressed in cm. The second phenomenon is governed

by the quantum yield of photolysis dpi(A) that can be described as follows:

number of molecules i undergoing transformation during ¢

dei(A) =

total number of photons (of wavelenght 1) absorbed by the compound i during t

Once a molecule has been promoted to an excited state by light absorption, fragmentation is only one
of the relaxation pathways it can undergo. These pathways can be divided into physical processes (such
as fluorescence emission) than do not cause structural modification of the compound, and chemical
reaction (such as fragmentation) that lead to the formation of products different from the original light
absorbing compound. A schematic representation of these processes proposed by Schwarzenbach et

al. is shown in figure 8 [105].
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Figure 8. Possible physical processes and chemical reactions for a photochemically excited organic

species. Extracted from Schwarzenbach et al.

Typical wavelengths used for AOPs fall within the UVC region (<280 nm) with 254 nm being one of the
most classical ones even if less energetic radiation, such as 365 nm, can be used (often in combination
with catalysts such as TiO,) [101,102,106—108]. Many authors however reported that UV 254 nm is not
energetic enough to achieve degradation of more stable compounds as well as NOM and proved that
using 185 nm vacuum UV (VUV) leads to better TOC removal [109-111]. The efficiency of the VUV-
based AOP relies not only on the increased rate of direct photolysis of NOM, but especially on the
capacity of this type of radiation to induce homolytic cleavage of water O-H bond resulting in the
generation of HO® and hydrogen atoms. Typical VUV sources are xenon excimer lamps (emission
maximum at A=172 nm) and standard low-pressure mercury lamps (part of its emission spectra A=185
nm). The main drawback encountered when using VUV radiation is that it is strongly absorbed by both
air and water and its penetration in the volume of treated water is limited, furthermore, short-living
HO*® and H°® cannot diffuse far outside the irradiated area and treated volume is therefore restricted.
This leads to an extreme heterogeneity between the irradiated solution in direct proximity of the
lamps, where the treatment is actually taking place, and the non-irradiated bulk that is not affected by

the water treatment [109]. Coupling VUV with ozone injection in water has been reported to
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significantly improve treatment performances; conveniently, ozone can be produced irradiating
oxygen in the gas phase using the same VUV sources [112].

Another way to improve the performances of UV 254 nm is to add hydrogen peroxide in solution
(typically referred to as UV/H,0,). At this wavelength hydrogen peroxide is in fact efficiently
photolyzed producing HO® (reaction 6) that, once generated, can initiate the degradation mechanisms
as indicated by reactions 1-3. At the same time if used in excess, hydrogen peroxide can react with HO®
to produce hydroperoxyl radicals (reaction 7) that are much less reactive and do not appear to
significantly contribute to the degradation of organic compounds therefore lowering treatment

efficiency [89].

H.0; + hv — 2 HO® 6)
H.0, + HO®* — H,0 + HOO* (7
H:0, 2 HOy + H* pKe=11.6 ®)

H.0; + HO; — H.0 + O+ HO - 9)

There are several advantages in using H,0, as an oxidant such as its commercial availability, the
possibility to store it on-site due to its stability, minimal capital investment and simple operation
procedure. Its decomposition does not produce harmful byproducts that would require additional
treatment steps to be removed and it is a very efficient source of HO® (¢=1). The main obstacle
encountered with UV/H,0; processes is that the rate of chemical oxidation of contaminants depends
on the rate of formation of HO® and this is limited by the very small absorption coefficient of H,0, at
254 nm (table 3). The rate of photolysis of aqueous H,0, was observed to be pH-dependent and to
increase in basic environment because of the higher absorption coefficient of the peroxide anion
(pK2=11.6). On the other hand, hydrogen peroxide is known to decompose by a dismutation reaction
(reaction 9) with a maximum rate at the pH of its pK, [89].

Several authors reported significant changes in NOM structural characteristics during UV/H,0,
processes: generally NOM was observed to be fragmented into lower MW fractions with significant
reduction in absorbance and aromaticity without observing significant drop in TOC values [113].
According to another study carried out by Kruithof et al. instead, over 60% of NOM was removed using
a UV dose of 540 mJ/cm? and H,0, concentrations of 6 mg/L [114]. Despite the overall good efficiency
of UV/H,0; processes in the removal of organic compounds, it has been observed that under the
photon flux and with H,0, concentrations typically used for water treatment (400 mJ/cm?and 5-20
mg/L respectively), NOM is not significantly removed. At a concentration of 0.0082 M, H,0,can absorb

most of the energy in the UVC range (200-280 nm) and it was calculated that its optimal concentration
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for efficient HA removal for surface waters having high DOC values would lie between 0.0032 M and

0.0163 M [115].

Ozone based AOPs

Ozone has a long history in water treatment with the first preliminary applications dating back to the
end of 19" century when its disinfecting properties were discovered. Shortly after, it was observed
that ozone-treated waters exhibited a distinctive improvement in both taste and odor. By 1915 about
50 ozonation plants for drinking water treatment had been installed across Europe but, during World
War |, the research conducted on poisonous gases, that led to the production of inexpensive chlorine,
drastically limited ozone applications for water disinfection. The discovery in 1973 of the formation of
carcinogenic trihalometanes (THMs) as by-products of chlorination processes was probably the main
driving force leading to a renovated interest in the use of ozone in water treatment applications. Today,
most applications of ozone are in fact oriented to DBPs control due to the reduced amount of toxic by-
products formation in ozonation treatments compared to chlorination [116].

Ozone reacts with NOM by selective electrophilic addition to double bonds leading to the cleavage of

the double bond and to the formation carboxylic acids, alcohols, and aldehydes (figure 6).
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Figure 9. Mechanism of ozone electrophilic addition to double bonds studied by Criegee [117].

In addition, HO® radicals can be formed by ozone decomposition in water even though the amount of
radicals produced in this way is low compared to AOPs [118]. In order to improve the conversion of
ozone to HO® several methods have been developed. The simplest way is to increase water pH as ozone

decomposition is more efficient in alkaline environment (reactions 10-14) [119].
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O;+0OH — HO, + 0O, kig = 7x10' M5 (10)

O; +HO; & HO®* +0.* + 0o (1)
Os+ 0, > 05+ 0, ki = 1.6%x10° Mis?  (12)
0 + H" > HOs® kis = 5.2x10%° Mt (13)

HOs* —» 0, +HO* kie=1.1x10°s  (14)

In modern AOPs however, ozone is typically used in combination with H,0, (03/H>0,), UV light (Os/UV)
or with both of them at the same time (0Os/H,0,/UV). HO® production initiated by hydrogen peroxide
or UV radiation is in fact largely superior than the one initiated by hydroxide ions. Ozone reacts very

slowly with the H,0, molecule but it strongly reacts with hydroperoxide anion produced by reaction 8.

The set of reactions for ozone decomposition in presence of hydrogen peroxide is shown in figure 10.

0; ==x
HO, Hz0,
0 0, —H* ”
05 HOs> 5
(o 3
H + H04
HO4 O:
\\s OH
0O,

Figure 10. Ozone decomposition process in presence of H,0; extracted from Langlais et al [119].

Another advantageous initiator for ozone decomposition is UV light. From a photochemical point of
view, the absorption spectrum of ozone in both gaseous and aqueous phase provides a much higher
absorption cross section at 254 nm than H,0,, and inner filter effects by CDOM are less problematic
(see table 3). In a gaseous phase enriched with water vapor, the mechanism of ozone photolysis
involves the release of one molecule of oxygen and one oxygen atom (reaction 15); the latter can then

react with water to generate two HO® (reaction 16) [120].

03+ hv — O, + O('D) (15)
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O(*D) + H.0 — 2 HO"® (16)

Furthermore, under UV irradiation ozone can react with water to form hydrogen peroxide and
molecular oxygen (reaction 18); in situ-formed H,0; is itself a source of HO® by reaction with ozone

according to reaction 15, or being photolyzed (reaction 6).

The process of ozone decomposition under UV 254 nm is shown in figure 8. Ozone driven degradation
of NOM occurs following two main pathways: 1) direct selective electrophilic addition of ozone to NOM
double bonds and, 2) HO®-mediated degradation as a consequence of ozone decomposition in
presence of H,0,, UV light, and to a lesser extent, hydroxide anion. The set of these processes has been
reported by several authors to cause an overall reduction in NOM aromaticity and MW [119,121,122].
Westerhoff et al. observed that this reduction in aromaticity was due to selective decrease of phenolic
carbon content resulting in an increase in aliphatic compounds, carboxylic acids, aldehydes and
ketones with a consequent reduction in NOM hydrophobicity; DOC removal however was limited to 2-
10% of pre-treatment values [122]. In a study published by Chin et al., it was shown that individual
application of ozone or UV did not have any significant effect in TOC removal; however, simultaneous
application of O3 and UV led to a 50% TOC removal [123]. Zhang et al. instead, studied the
photocatalytic degradation of NOM in different drinking water sources using a combined O3/TiO,/UV
AOP and obtained good TOC removal, especially for the high-MW NOM fractions (about 80% of TOC
removal for MW>10k). They also observed that high concentration of bicarbonate greatly inhibited

TOC removal and aromaticity loss [124].

Photocatalysis

Using heterogeneous photocatalysts for the removal of CECs and DBPs precursors has been proven to
be a valid alternative for both drinking water and wastewater treatment. Photocatalysts are typically
semiconductors in the form of nanometric or micrometric particles that get suspended in water and
irradiated with near-UV or visible light to promote the formation of reactive species such as superoxide
radical anion, HO® and electron holes. When a semiconductor particle absorbs a photon of appropriate
wavelength in fact, an electron is promoted from its valence band to its conduction band leaving an
electron hole in the valence band; from here, the reduction of molecular oxygen at the conduction
band and the oxidation of water at the valence band can simultaneously take place. A simplified
mechanism for these processes, proposed by Bekbolet and Ozkosemen using TiO, as model

photocatalyst, is shown in figure 11.
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Figure 11. Simplified mechanism for reactions occurring in the presence of a photocatalyst extracted

from Bekbdélet et al. [125].

TiO; is one of the oldest and most commonly used photocatalysts, due to its high photocatalytic
activity, commercial availability and low cost, but many other semiconductors such as ZnO, ZnS, WQOs3,
SrTiOs have been proven to be effective in water treatment applications [126,127]. The relative
importance of the surface reactions in the whole treatment process strongly depends on the strength
of the interactions between the catalyst and the pollutant and physical adsorption was found to greatly
promote surface degradation of pollutants. This process was found to be of particular importance for
NOM in acidic conditions where carboxylic groups have been noted to be rapidly adsorbed onto TiO,
[128,129]. Huang et al. observed that for a solution of NOM 10 mg/L, about 80% of NOM was adsorbed
on the catalyst when this was added at the concentration of 0.3 g/L or more (figure 12a). When UV
lamps were turned on, TOC removal efficiency was found to be dependent on TiO, concentration and
about 80% of TOC was removed with a TiO, dose of 2 g/L (figure 12b). They concluded that
hydrophobic, high-MW NOM is preferably adsorbed onto TiO, surface, and more hydrophilic
intermediate oxidation products having lower MW are then released; as a consequence, the
application of photocatalytic treatment before membrane filtration, was found to significantly reduce

membrane fouling [128].
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Figure 12. NOM adsorption on TiO; at different catalyst concentrations (a); NOM removal in

photocatalytic treatment using different TiO, concentrations extracted from Huang et al. [128].

Another interesting and highly innovative approach to water depollution is homogeneous
photocatalysis where heterogeneous catalysts are replaced by light-absorbing organic compounds, or
organo-metal complexes, in solution. In contrast with heterogeneous photocatalysts that typically
work best under UV light, the photocatalysts typically used in homogeneous photocatalysis absorb
light in the visible range therefore introducing a series of advantages such as the possibility to use solar
light and the fact that visible radiation is safer to use and cheaper to produce. Another interesting
difference is that, while the other treatments generally rely on pollutants oxidation, homogeneous
photocatalysis can be used to selectively reduce water contaminants. To do so, a suitable photocatalyst
P, irradiated at the proper wavelength, gets excited to its singlet and triplet states from where it can
react with an electron donor to form the radical anion P*~ than, in turn, reacts with a pollutant R via
electron transfer to form the corresponding radical anion R*~. The reduced form of the pollutant can
then undergo different degradation pathways according to its molecular structure and to the reaction
with surrounding chemicals. Such mechanism has recently been used by Martinez-Haya et al. to
perform the selective reductive dehalogenation of brominated compounds using riboflavin as

photocatalyst and amines as electron donors and the reaction mechanism is shown in figure 12 [130].
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Figure 12. Reaction mechanism for the selective debromination of benzyl bromide and a-
bromoacetophenone (indicated as R-X) in the presence of riboflavin (RF) used as photocatalyst, and

isopropanol (iPrOH) used as proton donor. Extracted from Martinez-Haya et al. [130].

Plasma based AOPs
The application of plasma technology to water treatment processes is considered as a non-
conventional AOP. However, plasma-initiated reactions lead to the simultaneous formation of highly
reactive species such as high-energy electrons, H,0,, HO® and O3, in analogy with the other AOPs. Non-
thermal plasmas such as streamer or corona discharges, are particularly interesting for water
treatment applications because of the small energy input required. In general, a high-voltage pulsed
generator is connected to two or multiples electrodes in order to generate an electrical discharge in
contact with water. The production of high-energy electrons in the discharge, and their interaction
with water or molecular oxygen, can lead to the production of HO® and Os, respectively (reactions 17
and 18).

e +HO — e +HO*+H* a7

e +30; - e +20; (18)

At the same time, a series of physical phenomena such as UV light emission, shockwave generation
and electrohydraulic cavitation can take place. This mix of physical and chemical effects often makes
plasma processes effective even for those particularly refractory CECs, such as perfluoroalkyl

compounds (PFAS), that are poorly destroyed by conventional AOPs [131-133]. Despite the large
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amount of information available on water plasma for CECs removal, very few studies have focused on
NOM transformation and removal in such processes. Panorel et al. observed that upon nebulization
of a solution of HAs over pulsed corona discharges (figure 13a), effective HAs oxidation was
achieved with consistent reduction of energy consumption compared to ozonation. As already
seen for other AOPs, TOC removal rate was found to depend on NOM initial concentration but it

was generally slower than the water discoloration rate (figure 13b) [134].
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Figure 13. Plasma reactor utilized for NOM removal by Panorel et al. (a), and, NOM removal at

different discharge pulse frequencies (b). Extracted from Panorel et al. [134].

1.4. NOM CHARACTERIZATION

Different characterization approaches can be followed to collect information on DOM chemical
composition and MW, but the measure of optical properties, such as UV-Vis absorbance and
fluorescence emission, is probably the most utilized. The obvious requirement for the application of
this approach is that DOM must absorb light in the UV-visible range. This approach is therefore limited
to the study of chromophoric or colored dissolved organic matter (CDOM) [99,100,135,136]. Since
non-colored organic matter typically plays a secondary role in the photochemical processes occurring

in natural waters, we will focus our attention on the study of CDOM.
UV-Visible parameters

UV-visible absorption spectra of CDOM do not have characteristic maxima and the absorbance is

typically increasing approximately exponentially with decreasing wavelength [137]. To extract
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information about CDOM composition and structure from these spectra, several spectral parameters

have been defined:

E,/Esis the ratio of the absorbance at 250 nm to the absorbance at 365 nm and it is typically
used to track changes in the relative size of CDOM [136]. In fact, CDOM fractions having higher
MW exhibit stronger absorption at longer wavelengths due to the presence of larger
conjugated systems; consequently, E,/Ez increases as average CDOM MW decreases.

E4/Esis the ratio of the absorbance at 465 nm to the absorbance at 665 nm. Similarly to E,/Es,
E4/Esis also dependent on the MW, but it has been observed to better correlate with the
atomic ratios O/C and C/N, the content of carboxylic functions and total acidity of CDOM; it is
therefore commonly used to estimate the degree of humification of the OM [136,138]. In case
the absorbance at 665 nm is too little to be used, the absorbance at 254 nm or at 280 nm have
alternatively been used as an indicator of humification and aromaticity [139,140].

SUVA;s, is defined as the absorbance at 254 nm (in m™?) divided by the TOC measured in mg/L
and it is commonly used to estimate CDOM aromaticity [141]. The most accurate
measurement of NOM aromaticity is provided by *C NMR spectroscopy, but this method
requires expensive and sophisticated instrumentation. However, it has been observed that a
strong correlation exists between NMR data and SUVA;s4 values (figure 15) making this latter

a reliable, fast and cheap alternative to determine NOM aromaticity [140].
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Figure 14. Correlation between SUVA;s4 values and percent aromaticity of DOM determined by 3C

NMR extracted from Weishaar et al [140].
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CDOM fluorescence

NOM is typically fluorescent regardless of its origin and age, and the characteristics of its fluorescence
emission primarily depend on NOM molecular structure. External factors such as temperature, pH,
concentration of metal ions and presence of other solutes, can also influence the fluorescence
emission in terms of intensity and quantum yield but these are in general minor modifications.
Fluorescence spectroscopy represents one of the most powerful tools to obtain information about the
origin and composition of both soil and aquatic organic matter. The most common measures of CDOOM

fluorescence are:

e Excitation Emission Matrices (EEMs): EEMs are a 3D representation of CDOM fluorescence
emission obtained by moving the excitation wavelength by fixed increments (typically 5 or 10
nm) and by scanning, for each Ag, all emission wavelengths obtaining distinctive NOM
fluorescence fingerprints. Two main types of CDOM fluorescence signals were initially
distinguished: the humic-like signal and the protein-like one. However, over the course of the
years, a more precise identification of the diverse CDOM chromophores has been proposed
by several authors and other distinctive NOM chromophores have been identified, even
though their exact nature remains unknown; a common classification of CDOM fluorescence

signals is reported in table 4 [142,143].

Table 3. Main NOM fluorophores and their corresponding names according to different authors.

EXmax EMmax Coble Parlanti et al.
Component type
(nm) (nm) (1996) [143] (2000) [142]
330-350 420-480 Humic and fulvic-like C a
230-260 380-480 Humic and fulvic-like A a
310-320 380-420 Autochthonous production M B
270-280 300-320 Tyrosine-like, protein-like B Y

Tryptophane-like, protein-like or
270-280 320-350 T 6
phenol-like

An example of fluorescence EEM containing humic and fulvic-like fluorophores for a riverine

water is shown in figure 16. Fluorescence emissions of HAs and FAs normally fall within very
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similar ranges in terms of both excitation and emission wavelength and are therefore difficult
to differentiate. The protein-like fluorescence is instead easily recognizable as it appears at
shorter excitation and emission wavelength; it arises from the fluorescence of aromatic
amino acids, either as free molecules or as protein constituents, and is commonly divided
into a tyrosine-like signal at 300-320 nm, and a tryptophan-like signal at 320-350 nm (Ex at
220 and 275 nm for both fractions) [144]. The study of EEMs is therefore a powerful tool to

obtain information about the chemical composition and origin of CDOM.
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Figure 15. Typical humic and fulvic-like fluorescence signals measured for a sample of riverine water.

In recent years, the development of mathematical algorithms for the deconvolution of EEMs allowed
to extract much more information from fluorescence matrices than the one obtainable by simple visual
interpretation. Such algorithms allow in fact to identify single fluorescent components and to keep
track of their evolution as NOM undergoes chemical transformation [145]. The parallel factor analysis
(PARAFAC) algorithm is probably the most used one and it has been widely applied to keep track of
the changes in NOM in the aquatic environment. This led to the creation of libraries of fluorescence
data such as OpenFluor that contains over 500 published PARAFAC individual components

corresponding to recurring fluorophores previously reported in the literature [146].
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e Fluorescence index (Fl) is an indicator of relative contribution of aquatic and terrestrial
CDOM proposed by McKnight et al. in 2001. It is obtained by dividing the emission intensity
at 450 nm by that at 500 nm with excitation at 370 nm. In the original study, Fl values of =1.9
were assigned to autochthonous fulvic acids (mainly of microbial origin) while lower values
of =1.4 were assigned to fulvic acids of terrestrial origin [147]. However, considering the
variety in NOM chemical composition and the resulting fluorescence signals, it is complicated

to use Fl/ to undoubtedly determine the predominant source of CDOM.

e Humification index (HIX) was introduced in 1999 by Zsolnay et al. who proposed the use of
HIX for the estimate the degree of humification of SOM but it has been later extensively used
for the study of CDOM samples as well [59,148]. HIX is calculated as the ratio H/L of two areas
underlying the fluorescence emission spectrum obtained with Aex=254 nm. The H region goes
from 435 nm to 480 nm and the L region goes from 300 nm to 345 nm. Huguet et al. measured
HIX values for a series of riverine and seawater samples and observed that high HIX values
(between 10 and 16) corresponded to strongly humified organic material mainly of terrestrial

origin, whereas low values (<4) were associated with autochthonous OM [149].

e Biological Index (BIX) is a newer parameter introduced by Huguet et al. in 2009 to determine
with better accuracy the presence of the § (or M depending on the authors) fluorophore,
typical of autochthonous DOM and therefore to use it as an indicator of biological activity in
natural waters. BIX is obtained by dividing the emission intensity at 380 nm to that at 430 nm
with Aex=310 nm. The authors observed that values of BIX>1 corresponded to DOM of mainly
autochthonous origin while lower values of BIX (0.6—-0.7) indicated the presence of NOM

freshly released from soils [149].

Other techniques

e Nuclear Magnetic Resonance (NMR) spectroscopy: *C and 'H NMR spectroscopies, and in
particular solid-state NMR spectroscopy, have been intensively used for the study of NOM of
terrestrial and aquatic origin and still represents some of the most accurate analytical

techniques to determine NOM composition. Some of the advantages of this technique are the
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absence of solvent effect and the possibility to analyze highly insoluble fractions such as humin

[150-152].

High-resolution Mass Spectrometry (HRMS): High-resolution mass spectrometry is another
powerful tool commonly used for the study of NOM [153]. Fourier Transform lon Cyclotron
Resonance Mass Spectrometer (FTICR-MS) represents, among mass spectrometers, the one
with the highest resolution available and it makes possible the identification of single NOM
fragments therefore helping to better understand complex DOM mixtures across aquatic
systems; despite its lower resolution, orbitrap-MS has proven to be a valid alternative to FTICR-
MS [154-156]. To facilitate the interpretation of the huge amount of data produced by HRMS
analysis, graphical representation of data is often adopted. Van Krevelen diagrams, for
example, are obtained by plotting the occurrence frequency versus the elemental ratios H/C
and O/C and allow to identify different classes of NOM constituents such, e.g., proteins,

cellulose, condensed hydrocarbons, lignin and lipids [157,158].

Size Exclusion Chromatography (SEC): Size exclusion chromatography coupled with high
performance liquid chromatography (SEC-HPLC) is a widely used analytical technique to
fractionate NOM according to its MW. The idea behind SEC chromatography is that smaller
molecules have stronger interactions with the column stationary phase and are therefore
eluted at higher elution volumes (Ve) while bigger molecules, that are excluded by the pores
of the stationary phase to a bigger extent, are eluted sooner. The coupling of SEC-HPLC with
multi-wavelength absorbance (PDA) and fluorescence detectors allows the simultaneous

evaluation of NOM MWs and fluorophores distribution [159].
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1.5. Photo-reactivity of natural waters

The photochemical processes occurring in irradiated surface waters can be divided into two main
groups: the direct photochemical processes and the indirect ones. To the first group belong the direct
photolysis reactions, however, as the UV light typically responsible for the photolysis of organic
compounds only represents a limited portion of the solar spectrum, this pathway is commonly
activated only for the most photo-labile compounds. As a result, most part of CECs, and their
transformation products, are not photolyzed in the environment at a significant rate. The second
group of photochemical processes is governed by the photo-sensitized reactions where the absorption
of a photon in the UV or visible light by a chromophore can promote the formation of reactive species
or energy transfer process, capable of inducing the transformation of water contaminants. The
efficiency of such reactions depends on the number of reactive species produced by excitation of the
chromophores as well as on the ability of these species to react with the contaminant. DOM represents
the largest source of chromophores in natural water and is therefore the protagonist of photo-
sensitized processes occurring in the environment. A schematic representation of direct and indirect

photochemical transformations occurring in natural waters is shown in figure 16.
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Figure 16. Photochemical processes of surface waters extracted from William and McNeill [160].

The rate of CDOM-driven transformation reactions occurring in a surface water depends in the first
place on the amount of solar radiation absorbed by CDOM itself and therefore, on CDOM nature and
concentration, as well as on weather conditions and geographical location. Higher concentrations of
CDOM obviously lead to higher absorption of solar light at the top layer of water, however, it also

results in a shorter penetration of light in the water column. Furthermore, as CDOM acts both as a
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producer and a scavenger of reactive species, a universally valid correlation between CDOM

concentration and water reactivity cannot be drawn.

Light absorption by NOM is associated with the presence of a delocalized electron systems. Hence,
NOM chromophores are typically formed by aromatic rings and conjugated double bonds and the
heterogeneous nature of CDOM results in great heterogeneity of chromophores; as a result, COOM
typically exhibits continuous absorption spectra in the range 200-600 nm having a nearly exponential
shape and a shoulder in the 250-300 nm region. Above about 290 nm, the spectra can be reasonably

fit using a single exponential function of the form:
a(A)=a(Ag)exp=>*19 Eq. 2

where a is the absorption coefficient, A the wavelength, Ao a reference wavelength and S is the spectral
slope [161]. The typical absorption spectrum for a riverine water (water sample was taken in July 2018
in the Allier River, central France, 1cm optical path) is reported in figure 18 together with the standard

spectrum of solar irradiance at the sea level.
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Figure 17. Absorption spectrum of a water sample of Allier River (black) and solar irradiance at the

sea level (red). The fraction of the solar spectrum absorbed by CDOM is highlighted in yellow.
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1.5.1. Formation of reactive species

Absorption of UV and visible light by CDOM can lead to the production of reactive species (RS)
including, singlet oxygen (*0,), excited triplet states ((CDOM*), superoxide radical anion (0;"), the
hydroxyl radical (HO®), and hydrogen peroxide (H,03). These RS can react with water pollutants present
in natural waters and promote their degradation but, at the same time, can react with DOM itself
contributing to its natural transformation. A schematic representation of the processes occurring in
irradiated surface waters in the presence of CDOM, proposed by Richard et Canonica, is shown in figure

19 [162].

30, 30,
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Figure 18. Major photochemical processes of coloured dissolved natural organic matter (CDOM) that
may lead to the transformation of organic contaminants (P), extracted from Richard et Canonica

[162].

Excited triplet states (*CDOM*)

The absorption of a photon by CDOM leads, in the first place, to the formation of singlet excited states
of OM (*CDOM*) but, the lifetime of these intermediates is so short (in the order of nanoseconds or
less) that their direct involvement in photochemical processes is usually negligible. :CDOM* , in fact,
undergoes rapid deactivation via radiative processes or intersystem crossing: the first pathway is

responsible of fluorescence emissions while, the second, leads to the formation of triplet excited states
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3CDOM* whose lifetime is typically over 1000 times longer than their singlet counterpart. They can
therefore undergo several types of reactions with organic water contaminants, or oxygen, such as
triplet-triplet energy transfer or redox reactions. The deactivation of 3CDOM* leads to the formation
of a triplet excited state of the pollutants, while, in the second scenario, 3CDOM* gets reduced by
abstracting one electron from the pollutant to form CDOM™ and the corresponding oxidized pollutant
P**. This second reaction pathway is considered to be the main responsible for the transformation of
electron-rich phenols [163]. For this reason, the degradation rate of 2,4,6-trimethylphenol (TMP),
irradiated in presence of DOM, is commonly used to assess the formation of 3CDOM*. The molecular
structure of TMP is shown in figure 19. Typical steady-state concentrations of 3CDOM* in irradiated

natural waters lie in the range 10*-102 M [164].

OH
HaC CH

CHs

Figure 19. Molecular structure of 2,4,6-trimethylphenol.

Singlet oxygen (10;)

Singlet oxygen is produced by reaction of 3CDOM* with the dissolved oxygen typically present under
common environmental conditions. Molecular oxygen has in fact the peculiarity to have an electron
configuration of triplet when at the ground state and therefore efficiently reacts with 3DOM*

generating oxygen in an excited singlet state (reaction 19).

3CDOM* + 0, (35;) —> CDOM +10, (1A) (19)
excited  ground ground excited
state state state state

Since the concentration of dissolved oxygen in the surface layer of natural water bodies (5-12 mg/L) is
normally higher than that of other chemicals acting as triplet-energy acceptors, the reaction with O; is
the main deactivation pathway for 3CDOM*. A kinetic scheme illustrating the connection between

3DOM* and 0, is shown in figure 20.
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Figure 20. Kinetic scheme illustrating the connection between 3DOM* and 10, published by McNeil

and Canonica [164].

Although direct measurement of 'O, is achievable using Laser Flash Photolysis measurements, its
stationary-state concentrations are typically measured using probe compounds, the most used one

being furfuryl alcohol, whose structure is reported in figure 21 (FFA).

[\ OH
O

Figure 21.Molecular structure of furfuryl alcohol.

Hydroxyl Radical

Despite its prominent role in AOPs, HO® is considered a minor oxidant in the great majority of surface
waters due to low formation rates and its efficient scavenging by DOM itself, bicarbonate, and
carbonate anions (reactions 4 and 5) [165]. In most surface waters, DOM is at the same time the main

source (reactions 22 and 23) and the main sink of HO® (reactions 1-3).
DOM + hv — DOM* (22)
DOM* + H,O0 — DOM-H* + HO* (23)

However, when high concentrations of nitrate ions are present and the ratio NOs/DOM is higher than
3.3x10° (mol NOs7)(mg C)?, nitrate would prevail over DOM as HO" source (reaction 24) [18]. In this
scenario, substantial photo-transformation of DOM, i.e. photo-mineralization and photo-nitration, can

occur as a consequence of the high HO® production rate [18].

NO;™ + H,O + hv (<340 nm) — NO;°*+ HO ~+ HO® (24)
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Typical steady-state concentrations of HO® in irradiated surface waters lie in the range 10’ M to 10"

M.
Carbonate radical

Carbonate radicals are mainly produced by the reaction of HO® with carbonate and bicarbonate anions

naturally present in water.

HO®* +HCO; — H.0 + COs* ks=1.5x10" M1s 4)

HO®* +COs* — OH + COz* ks.2x108 M1st (5)

The carbonate radical, with a redox potential of 2.1 V (slightly higher than the one of ozone), is
potentially a very good oxidant, however, the kinetic constants of reaction with the vast majority of
water contaminants are so low that their contribution in pollutants transformation is generally
negligible. Furthermore, as carbonate radicals are efficient scavengers of HO®, high concentrations of
carbonate and bicarbonate anions have an overall negative effect on the photo-oxidizing properties of
natural waters [18,162]. In analogy with HO®, the main sink of carbonate radicals is once more the
reaction with DOM but, due to their lower reactivity, stationary-state concentration of CO3* is typically

about two orders of magnitude higher than the one of HO® [166].

Superoxide Radical Anion and hydrogen peroxide

The formation of hydrogen peroxide in irradiated waters samples containing NOM is a well-known
phenomenon since the 1960s, however, the mechanism of H,O, formation has not been fully
elucidated. A two-steps mechanism involving the one-electron reduction of O, by 3CDOM* to produce

superoxide (0;") followed by the dismutation of O, to form H,0; has been proposed (reactions 21, 25,

26) [19].
*CDOM* + 0, — CDOM + 0, (21)
CDOM +'0; — CDOM*™* + Oy (25)
0, + 2H* — 2H,0;, + O, (26)

Hydrogen peroxide plays an important role in natural water reactivity as it contributes to the formation
of HO® in two different ways: in presence of solar light, H,0, undergoes in fact direct photolysis
(reaction 6), while, in dark conditions, it can react with iron(ll) according to the Fenton reaction

(reaction 27) [167].
Fe’* + H,0, — Fe** + HO*+ HO - (27)
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Moreover, H,0; can directly react with both water pollutants and naturally occurring water

constituents therefore contributing to the transformation of NOM itself.
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Materials and methods
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2 Materials and Methods

2.1. Chemicals

Suwannee River NOM (2R101N) was purchased from International Humic Substances Society (IHSS).
The main chemicals used were: imidacloprid (PESTANAL, analytical standard), glyphosate (PESTANAL,
analytical standard), PFOA (Perfluorooctanoic acid, analytical standard), PFHxA (perfluorohexanoic
acid, analytical standard), PFOS, (Perfluorooctanesulfonic acid, solution 40% w/w), furfuryl alcohol
(FFA, 98%), 2,4,6-trimethyphenol (TMP, certified reference material), terephthalic acid (purity 98%),
2,4-dinitrophenylhydrazine (DNPH, purity 97%). They were purchased from Sigma-Aldrich and were
used without further purification.

Water was purified using a reverse osmosis RiOs 5 and Synergy (Millipore) device (resistivity 18 MQ

cm, DOC < 0.1 mg-L™2). All solvents or other reactants were of the highest grade available.

2.2. Water sampling and sample preparation

Water samples studied in Manuscript 1 and Manuscript 2 were collected in the aquifer of river Allier
near the city of Brioude located about 70 km south of Clermont-Ferrand in France. Three types of water
samples were collected: 1) riverine water samples from river Allier and its tributary river Vendage, 2)
two samples of stagnant water B4 and B7 from the dead branch of river Allier and, 3) two samples of
groundwater named PZ1 and PZ5. Three sampling campaigns were carried out during the year 2018 in
the months of March, July, and October. In every campaign, water samples were taken to evaluate the
temporal evolution of water parameters for each sampling site. The samples of riverine water and
stagnant water were sampled by manually filling 1 liter Pyrex glass bottles around 20 cm below the
water surface while groundwater was extracted using a pump equipped with polyethylene tubes from
a depth varying between 8 and 11 m. Water temperature, pH and oxygen saturation were measured
on site using a multiparameter probe. A more detailed description of the aquifer as well as the map of

sampling sites location are provided in Manuscript 1.

After reaching the laboratory, water samples were vacuum filtered using 1.2 um pore size mixed

cellulose esters filters (RAWP, Merk Millipore) and then again using filters of the same type having
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pore size of 0.45 um. After filtering, all samples were put in clean Pyrex glass bottles, purged by

nitrogen bubbling for 15 minutes, and stored in the fridge at 4°C until use.

2.3. Degradation techniques

2.3.1. Steady state irradiations

Steady state irradiations had a fundamental role in the development of this thesis. Three types of light

sources were used according to the wavelength desired for each experiment:

1. For UVA irradiations, tubular lamps model Sylvania FI5W/BL 368, 438 mm x 26 mm emitting
between 300 and 450 nm with emission maximum at 365 nm were used. Six of these tubes
were installed on the internal wall of a cylindrical stainless-steel irradiation device equipped
with a fan to maintain the temperature into the reactor at 23+2°C. A cylindrical Pyrex glass
reactor (14 mm internal diameter) containing the solutions to irradiate was placed at the

center of the cylinder. A schematic representation of the setup is displayed in figure 22.

22 cm ) 22cm

51cm

Top view

1

Figure 22. Irradiation setup used for UVA and UVC irradiations composed of: 1) power supply,

2) power switch, 3) fan, 4) lamp mounts, 5) Pyrex glass or quartz reactor.
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In Manuscript 3 aqueous solutions of imidacloprid were irradiated in a big Pyrex glass flow reactor
(0.65 L), allowing to continuously analyze the reactor headspace during irradiation. The gas inlet of the
reactor was connected to O, and N, bottles and the flow of the two gases was controlled by two flow
controllers (model Brooks 4800 Series) while the outlet was connected to an NOx analyzer. A bypass
also allowed to exclude the reactor from the flow line and therefore to accumulate volatile compounds

in the headspace of the reactor. A schematic representation of the setup is displayed in figure 23.

Figure 23. Irradiation setup for NOxmonitoring composed of: 1) O, and N, bottles, 2) O, and N; flow
controllers, 3) UVA lamps, 4) Pyrex glass reactor, 5) bypass, 6) NOx analyzer.

2. For UVCirradiations, tubular lamps model General Electric G15T8 (15W) with monochromatic
emission at 253.7 nm were used. The same irradiation device displayed in figure 21 was used
but, in this case, four tubes were installed. A cylindrical quartz reactor (20 mm internal

diameter) containing the solutions to irradiate was placed at the center of the cylinder.

3. For the photo-reduction of imidacloprid, 288 mm 5W green LED tubes having a narrow
emission band centered at 520 nm were used. 10 of these tubes were installed in a Luzchem
Photoreactor model LZC-4V equipped with a rotating carousel allowing to homogeneously

irradiate up to 16 tubes (16 mm of diameter) at the same time.
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2.3.2. Plasma generator and water treatment setup

The plasma generator developed by Iris s.r.l. (European Patent n 14194376.1) consists of a custom-
built Marx generator capable of generating high voltage discharges having peak voltage of 100-130 kV
and peak current values of 20-40 A. The generator hardware includes a high-voltage transformer, four
990 pF capacitors and a pulse-width modulation circuit allowing the operator to select the frequency
of the plasma discharge (5-17 Hz). The discharge was supported between two metal electrodes
consisting in a stainless-steel bar (diameter 10 mm) on one side and a tungsten sintered electrode
(diameter 3 mm) on the other side. A flow of compressed air was used to stabilize the generator’s

internal atmosphere making it less sensitive to fluctuations of air temperature and humidity.

Water samples were treated using two different reactors: a 20 mL cylindrical polypropylene (PP)
reactor was initially used for the optimization of the generator working conditions, while, for pollutants
abatement, a 50 mL Pyrex glass (PG) was used. We decided to switch to the PG reactor because of a
problem of TOC contamination caused by the PP reactor. For both reactors, the same electrodes were
used. A more detailed description of both the plasma generator and the experimental setup are

provided in Manuscript 4.

2.4. Spectroscopic techniques

UV-Visible absorbance of solutions was measured using a Varian Cary 3 UV-Visible spectrophotometer
and a 1 cm quartz cell. For natural water samples however, since their absorbance was generally low,
the measurement was performed using a 5 cm optical path quartz cell. Purified water was used as a

reference.

Fluorescence spectra and 3D excitation-emission fluorescence matrices (EEMs) were recorded on a
Perkin EImer LS-55 luminescence spectrophotometer with excitation and emission slits set at 10 nm.
For the recording of EEMs, excitation wavelength was increased from 220 nm to 450 nm with 10 nm
increments and, for every excitation wavelength, the fluorescence emission was recorded from 250
nm to 600 nm. The deconvolution of the three-dimensional spectra by the parallel factor analysis
(PARAFAC) approach was done using the multi-way PARAFAC model and the DOMFluor toolbox (ver.
1.7) for MATLAB (R14-6.5). These decompositions were performed by the team of Edith Parlanti (EPOC

laboratory, Université de Bordeaux) in the framework of a collaboration.

50



2.5. Chromatographic techniques

HPLC-UV, HPLC-FLD

Liquid chromatography separations were performed on a Water Alliance 2695 equipped with a column
oven maintained at 30°C, a UV-visible diode array detector model Waters 2998 and a fluorescence

detector model Waters 2475. The column was a Nucleodur C8ec 4.6x150 mm.

UHPLC-HRMS

Liquid chromatography-mass spectrometry analyses were performed using a high resolution Thermo
Scientific Orbitrap Q-Exactive spectrometer (HR-MS) with ESI ionization source coupled to an ultra-
high performance liquid chromatograph (UHPLC) model Thermo Scientific Ultimate 3000 RSLC. The
resolution of the instrument was 35000 and the ESI voltage was 3.2 kV for the positive mode and -3.0
kV for the negative one. The chromatographic separation was performed using a Phenomenex column
model Kinetex EVO C18 (100 x 2.1mm; 1.7um) maintained at 30°C and using acidified water (0.1%
formic acid) and acetonitrile as mobile phase components; the used chromatographic gradient is
reported in table 5. Injection volume was between 5 and 15 pL and solvent flow was set at 0.45

mL/min.

Table 4. Chromatographic gradient used for UHPLC-MS analyses.

Run time (min) % H20 + 0.1% F.A. % ACN + 0.1% F.A.
0 95 5
7.5 1 99
8.5 1 99
9 95 5
11 95 5
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In some cases, the high resolving power of the orbitrap allows the identification of unknown
compounds by providing their exact molecular formula. The molecular structure was often identified

by calculating the number of double bonds using the equation 3:

_ 2C+2+N-X-H
- 2

DoU Eq. 3

where DoU is the Degree of Unsaturation, Cis the number of carbon atoms, N is the number of nitrogen
atoms, X is the number of halogens atoms (F, Cl, Br, 1), and H is the number of hydrogen atoms

contained in the molecular formula.

GC-MS

GC-MS analyses were performed using a Shimadzu GCMS-QP2010 SE gas chromatograph-mass
spectrometer. Column type was a capillary column MEGA-5 MS (length 30 m, thickness 0.25 uM,
diameter 0.25 mm) and column oven was heated from 60 °C to 300 °C with a temperature ramp of 10
°C/min; temperature was then maintained at 300 °C for 5 min. Masses were scanned in the range 50-

600 m/z using a scan speed of 2000 amu/s.
IC

The ionic chromatography analyses performed on the plasma-treated water samples were performed
using a Dionex DX 500 ion chromatograph equipped with an electrochemical suppression unit (ASRS
300 for anions and CERS 500 for cations), an ED40 detector; the injection volume was 100 pL. The
separation column used for anions was a Dionex lon Pac AS9-HC while a column model Dionex CS12A
was used for cations. The mobile phases were a 9 mM K,CO; water solution for anions and 20 mM

methanesulfonic acid solution for cations. In both cases, the flow rate was set to 1 mL/min.

HPIC-MS

The ionic chromatography analyses of irradiated SRNOM samples were performed on a Thermo Fisher
ICS6000 HPIC coupled with both a conductivity detector and a single quadrupole detector equipped
with a ESI ionization source operating in negative mode with a -3 kV potential. Detection in full scan
mode was performed in the range 10-500 m/z and in single ion detection mode (+/- 0.5 amu). The

column was a Dionex lonPack AS11-HC-4um (2x250 mm) with a 50 mm pre-column of the same type
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and the mobile phase was an aqueous solution of KOH with a concentration gradient from 1 mM to 60

mM (table 6).

Table 5. Chromatographic gradient used for HPIC-MS analyses.

Run time (min) [KOH] (mM)
0 1
5 1
25 30
31 60
35 60
35.1 1

2.6. Photochemical calculations

2.6.1. Actinometric methods

The intensity of the radiation reaching the irradiated solutions in the cylindrical irradiation device,

equipped with UVA or UVC lamps, was calculated using two different actinometric methods.

For UVA lamps, the spectral distribution of the emission was measured using an Ocean Optics
radiometer model QE65000 equipped with an optic fiber probe that was inserted directly inside the
reactor. However, due the geometry of the device, an absolute irradiance value was impossible to be
determined precisely in this way. For this reason, the rate of metamitron photo-deamination (reaction
28) was used to estimate the photonic flux accurately as recommended by Palm [168]. This reaction
has in fact a well-known quantum yield of photolysis of ¢ =0.022 + 0.002 that has been reported to
be independent on the wavelength in the range 270-376 nm, and has negligible dependence on both

the pH and on the starting concentration of metamitron [169].

N—N hv N—N
7 N—CH; ———» /" “—CH; + HNO;,
N H,0, O, NH
0  NHp 0
metamitron deaminometamitron

(28)
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A solution of metamitron 1.7x10° M, buffered at pH 6.7 using phosphate buffer 0.1 M, was irradiated
for 4 minutes and its photolysis rate was 1.09x10® M/s. From this value we calculated that the total
number of photons entering in the photoreactor in the range 280-380 nm corresponded to lp=2.1x10®

Einstein/s.

For UVC lamps, lop was evaluated from the rate of glyphosate consumption in the presence of H,0; in
the device. In this case, considering the lamps narrow emission band at 253.7 nm, the use of
spectrometer was not necessary. From the rate of glyphosate degradation that corresponded to Rgy =
(9.3+ 0.5) x10® min? we estimated that the total number of emitted photons corresponded to

lo=2.9%10° Einstein/s. The calculation is reported in the supplementary material of Manuscript 5.

2.6.2. Measurement of triplet excited states ((CDOM*)

2,4,6-Trimethylphenol is probably the most commonly used probe to quantify the formation of triplet
excited states. From the rate of TMP degradation (R, p), the rate of ’CDOM* formation was calculated
by applying the relationship described in equation 4, where R,_pop is the rate of light absorption of
the solution, @ is the quantum yield of 3CDOM* formation, k, (2x10°Ms?) is the bimolecular rate
constant of reaction between 3CDOM* and TMP leading to TMP transformation, k; (5x10°s™?) is the
first order rate constant for the deactivation of 3DOM* by the solvent and oxygen and [TMP], (in this
work [TMP]y= 50 pM) is the initial concentration of TMP [170].

- __ka[TMP]o
Rryp = Ra—pom X @r kqt ko [TMP], Eq. 4

The rate of light absorption R,_poy Was calculated using equation 5:
Ra—pom = 21 (1 = 1074@D) x A1 x 1000N ! Eq.5

where I{} is the amount of photons at A reaching the solution in the interval A 2.5 nm (photons cm™
nm™ s); A(A) is the averaged absorbance of the solution at A +2.5 nm (for the path length of the

reactor used), N is the Avogadro number, and AA is the wavelength interval chosen at 5 nm.

Rryp values were calculated by irradiating 10 mL of water sample for 30 min using the cylindrical
irradiation device equipped with 6 UVA lamps at room temperature (21 + 2 °C). TMP was added at the
concentration of 50 UM and its concentration was monitored by HPLC-UV at time 0 (lamps off), 10, 20

and 30 min.
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Eqg. 4 supposes that all the triplet generated show the same absorption spectrum, the same quantum
yield of formation and the same rate constant of reaction with TMP which might not be the case.
Comparing the photosensitizing properties of different NOM solution can be also done on the basis of

the rate of TMP photolysis, frme, that is obtained using Eq. 6:

_ _krmp
TMP = 5 Eq.6
a—-DOM

where krvris the apparent first-order rate constant for TMP loss [170].

2.6.3. Measurement of singlet oxygen formation (10,)

The rate of singlet oxygen formation was calculated using furfuryl alcohol (FFA) as a probing compound

and monitoring the formation of its main transformation product (P) generated by reaction 29.

OH

o . 0
T+ 0, e O:<7—)70H

FFA 6-hydroxypyran-3-one (29)

In analogy with equation 3, R,_poun is the rate of light absorption of the solution, @, is the quantum
yield of 10, formation, k, (1.2x10® M*s) is the bimolecular rate constants of reaction between 10,
and FFA, k,4(2.5%10° s?) is the first order rate constant for the deactivation of 0, with the solvent and
[FFA], (in this work [FFA]o= 100 pM )is the initial concentration of furfuryl alcohol. The rate of FFA

disappearance is equal to:

ko [FFA]
Repa = Ra-pom X Pso m Eq.7

To improve the sensitivity of the measurements, we generally monitored the formation of 6-

hydroxypyran-3-one (P). Its rate of formation is equal to:

Rp = 085 X RFFA Eq 8
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2.6.4. Other techniques

TOC

The organic carbon content of water samples was measured using a Shimadzu TOC-L Total Organic
Carbon Analyzer equipped with a OCT-L 8 port auto-sampler. For inorganic carbon (IC) measurement,
sample solution is automatically acidified with HCl in order to convert carbonate and bicarbonate
anions into CO, that is then purged using clean compressed air from a gas bottle and measured in a
NDIR detector. For total carbon content (TC), the sample solution is directly sent to a high temperature
furnace (680°C) where, in presence of a platinum catalyst, both organic and inorganic carbon are
converted to CO; that is measured in the same NDIR detector. The total organic carbon content (TOC)
is therefore obtained by subtracting the concentration of IC from the concentration of TC measured

independently. A scheme of the measurement steps performed by the machine is shown in figure 24.

1) TC measurement
Cooling

Bedicat| Combustion  |yumiditication

Sample ;p (CO2 created) |—— |NDIR detection

2) IC measurement

Acid T Cooling
\ Sparging Humicification .
Sample (02 isalatiom] ——® |NDIR detection
;]H <3

3) TOC calculation

TOC=TC-1IC

Figure 24. Analytical procedure for TC and IC measured extracted from www.shimadzu.com.

External calibration for total carbon was performed preparing standard solutions of potassium
hydrogen phthalate (Naclai Tesque, Kyoto, Japan) in the range 1-15 mg/L of carbon. External
calibration for inorganic carbon was performed preparing standard solutions of sodium carbonate and
sodium hydrogen carbonate (Naclai Tesque, Kyoto, Japan) in the range 1-5 mg/L of carbon. Injection
volume was typically 50 plL and reported results were the average value of at least two repetitions

whose relative standard deviation was inferior to 2%.

56


https://www.shimadzu.com/an/products/total-organic-carbon-analysis/toc-analysis/toc-l-series/features.html#anchor_0

NOx and ozone measurement

Two different types of gas phase analysis setups have been developed during the course of this thesis;
one of them was designed to measure the NOx formation in the headspace of a cylindrical reactor used
for the irradiation of imidacloprid solutions, while a second setup was installed at Iris s.r.l. to measure
the formation of NOxand ozone during plasma treatment of water samples.

In the first case a Thermo Scientific NOx analyzer Model 42i was used while in the second case NOxand
05 formations were followed simultaneously using a Horiba APNA-370 Ambient NOx Monitor and a
Horiba APOA-360 Ambient Ozone Monitor, respectively.

From an analytical standpoint, the NO concentrations are measured by monitoring the
chemiluminescence generated from the oxidation reaction of NO to NO, by reaction with ozone
(produced internally in the NOx detector). The measurement of NOx (NO + NO,) concentration is
performed by preliminary reducing NO, to NO and then measuring again the chemiluminescence
produced by the reaction with ozone, this time representative of both NO and NO; species. To do so,
the volume of sampled air is split in two and while one part is directly sent to the ozone chamber, the
other undergoes the additional step of reduction before being sent to the ozone chamber. The
concentration of NO; is therefore obtained as the difference between the NOx and NO concentrations

measured independently.

Measurement of hydrogen peroxide, hydroperoxides and organic peroxides formation

H,0,, ROOH and ROOR species are commonly formed during the irradiation of NOM solutions and they
are involved in the formation of hydroxyl radicals in irradiated solutions. The concentration of these
species was determined according to the spectrofluorometric method described by Miller that uses
the dimerization of the 4-hydroxyphenylacetic (HPAA) acid in the presence of horseradish peroxidase
[171]. The resulting dimer is a highly fluorescent compound whose formation is directly proportional

to the concentration of H,0,, ROOH and ROOR species present in solution (reaction 30).

COOH COOH HOOC COOH
H202
2x —» 2X —
peroxidase .
OH 0] OH OH
HPAA fluorescent dimer

(30)

When the bovine enzyme catalase is added to the sample before the peroxidase, the fluorescence

reading represents the contribution of ROOH and ROOR species alone. H,0, concentration is therefore
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determined as the difference of two fluorescence measurements performed with and without

catalase.
The sample preparation requires three reagent solutions:

a) 0.894 gof Na,HPO,were dissolvedin a 50 mL flask with ultrapure water and 0.788 g of NaH,PO,
were dissolved in another 50 mL flask. Solution a was obtained mixing 40.5 mL of the Na;HPO4
solution with 9.5 mL of the NaH;PO, solution and adding 3 mg of horseradish peroxidase to

the mix.
b) 4-hydroxyphenylacetic acid at the concentration of 102 M in ultrapure water.

¢) bovine catalase solution at the concentration of 1 mg/mL in ultrapure water.

e The measurement for H,0, + ROOH + ROOR was performed by mixing in a 10 mL beaker in the

following order:
2 mL of solution a + 4 mL of solution b + 120 pL of sample

e The measurement for ROOH + ROOR was performed by mixing in a 10 mL beaker in the

following order:

2 mL of solution a + 4 mL of solution b + 5 pL of solution ¢ + 120 pL of sample

After the sample preparation, 2 mL of solution were placed in a 1 cm quartz fluorescence cell and the

fluorescence emission of the dimer was measured at 408 nm with an excitation wavelength of 320 nm.

Derivatization with DNPH

The formation of low molecular weight carbonyl compounds originating from the photo-
transformation of NOM was monitored using 2,4-dinitrophenylhydrazine (DNPH) as derivatizing agent.
DNPH efficiently reacts with aldehydes and ketones according to reaction 31 and the derivatized

compounds can be analyzed by HPLC coupled with a UV or MS detector.
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0 02N 02N

N H H" R H
R R + HN-N NO, — R.>:N_N NO, + H20

Aldehydes DNPH

and ketones DNPH-derivative

(31)
To perform the analysis, 200 pL of DNPH solution (1 mg/mL in acetonitrile) and 20 pL of phosphoric
acid 1.67 M were added to 1 mL of sample solution. After 30 minutes of mechanical shaking 1 mL of
acetonitrile was added to the mix and the solutions were analyzed by HPLC-MS in negative ESI mode

using an injection volume of 15 pL.

Derivatization with BSTFA

A parallel approach to the one followed for carbonyl compounds analysis was used to monitor the
formation of low molecular weight carboxylic acids and alcohols using, in this case, N,O-bis-
(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% of trimethylchlorosilane (TMCS) as a

derivatizing agent. The derivatization reaction is shown below.

,Si(CHa)s
0
N | QH
R-OH + CF3—C=N-Si(CHz)3 ——®» R-0-Si(CHz)s + CF;—C-N-Si(CH3)3
Alcohols and BSTFA BSTFA-derivative
carboxylic acids
(32)
Since BSTFA rapidly decomposes in presence of water, all NOM solutions were freeze-dried, and the
solid residue was redissolved using the lowest volume possible of acetonitrile. Then 1 mL of sample
was put in a 1.5 mL vial, spiked with 0.5 mL of BSTFA + TMCS derivatizing agent, and capped right away.

Samples were let stand for at least 10 minutes and then analyzed by GC-MS. The adopted procedure

is available at https://static.thermoscientific.com/images/D00376".pdf.

2.7. Software

PCA analysis investigating the relationship between NOM fluorophores and the rate of production of

reactive species, presented in Manuscript 2, were performed with the statistical software R
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(Foundation for Statistical Computing, version 3.6.1) by the team of Edith Parlanti (EPOC laboratory,

Université de Bordeaux) in the framework of a collaboration.

The Design of Experiment (DOE) used to optimize the performances of the plasma water treatment,
presented in Manuscript 4, was developed using the statistics software Ellistat (6.4 2020/11). The
results obtained from the DOE, used to obtain the predictive model, were analyzed with the same

software.
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Summary of the main results




62



3 Summary of the main results

Note to the reader: This chapter represent a summary of results that have been published during this

thesis and does not contain bibliographic references. References can be found in the corresponding

articles attached at the end of this manuscript.

3.1. NOM characterization and NOM-driven processes

In natural surface waters, NOM governs the auto-remediation processes occurring under exposure of
solar radiation through the generation of short-lived reactive species. Furthermore, since NOM
properties are strongly dependent on its age, type of surrounding soil, microbial and algal activity and
atmospheric events, it can represent a useful indicator to gather information on the history on the
water sample as well as on the hydrology of the area under study. These aspects have been
investigated in Manuscripts 1 and 2 by studying the water samples collected in the Auzon site. Studied
samples included 2 riverine waters (Allier and Vendage), 2 samples of stagnant water collected in the
dead branch of Allier river (B4 and B7), and 2 samples of groundwater sampled from the piezometers
PZ1 and PZ5 located near the dead branch. Three sampling campaigns performed in March, July and

October 2018, allowed to monitor the temporal evolution of the water chemical parameters.

3.1.1. Photoreactivity of NOM of the Auzon site (Manuscript 1)

At first, water samples were characterized in terms of their spectral properties (Ao, SUVA, E2/E3,
spectral slope and fluorescence emission), ability to produce 3DOM* and singlet oxygen under UVA
irradiation, and organic carbon content. Average molecular weight, estimated from spectral
parameters, was found to be relatively stable all year round with higher values observed for surface
water samples (0.91-1.80 kDa) and lower values observed for groundwater samples (0.54-0.89 kDa).
All these values, however, fall in the lower range of the size distribution observed for natural waters
and correspond to little humified organic matter. The fluorescence indices, and in particular the high

values obtained for the biological index BIX (0.812-2.25), also confirmed a predominant autochthonous

63



origin of NOM with the highest values measured for the samples of stagnant water B4 collected in July;
during the summer, the surface of the stagnant dead branch was covered by aquatic plants and their
release of freshly produced NOM might explain the observed results. TOC values reached their
maximum in July for all sampling locations. For all water samples, the quantum yield of 3DOM* and 0,
formation were found to reach the highest value for the groundwater samples PZ1 and PZ5 and lower
values for surface water samples. They were more affected by the sampling sites than by the sampling

period.

In a second step, correlations between water samples spectral properties and photoreactivity
properties were investigated using Principal Components Analysis (PCA). Correlations obtained along
the Principal Component 1 (PC1) highlighted that the water samples reactivity (3CDOM* and 10,
formation rate) increased when the NOM average MW and the absorbance at 280 nm decreased; in
fact, high MW macromolecules are expected to reduce the sensitizing properties due to internal
deactivation processes and more efficient scavenging of reactive species [172]. Principal Component
2 (PC2) instead, was positively correlated to the rate of production of 3DOM* and 0, and negatively
correlated to BIX and seemed associated to the degree of conjugation of chromophores. Results also
provided information on the site hydrodynamic functioning, revealing that the dead branch and the
piezometer located on the right bank are probably fed by the River Allier, contrary to the piezometer
located on the left bank. We decided to further investigate the relationship between the

chromophores nature and the oxidative properties of irradiated NOM.

3.1.2. Correlation between fluorophores nature and photoreactivity of

NOM (Manuscript 2)

Fluorescence Excitation-Emission matrices (EEMs) were recorded for all water samples from the Auzon
site and were then decomposed using a parallel factor algorithm (PARAFAC). As a result, 7 individual
components were obtained and similarities were searched within the fluorescence database

OpenFluor obtaining successful matches for components C1 to C5 (similarities scores >0.95).
The 7 components identified with the PARAFAC analysis are:

C1 (Aexc <250 and 300 nm; Aem=390 nm) assigned to low MW substances.

C2 (Aexc= 280 nm; Aem=300-340 nm) assigned to the protein-like (i.e. tryptophan-like and

tyrosine-like) fluorophores.
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C3 (Aexc= 245 and 315 nm; Aem=400 nm) assigned to fluorophores of terrestrial origin possibly

produced by photo-degradation of NOM.

C4 (Aexc= 260 and 370 nm; Aem=480 nm) assigned to high MW fluorophores produced during
bacterial processing of NOM; furthermore, component C4 also had strong analogies with the
component SQ2 assigned by Cory and McKnight (2005) to reduced quinone-like component
[173].

C5 (Aexc= 270 and 325 nm; Aem=345 nm) assigned to 2-naphthoxyacetic acetic by comparison
with a pure reference. 2-naphthoxyacetic acid is a highly fluorescent compound typically
used to reduce the pre-harvest fruit drop on strawberries and tomatoes crops and its
presence in our water samples can be explained by the presence of vegetable farming near

the site.

C6 (Aexc <245 nm; Aem=345 nm) did not find any match in the OpenFluor database, but was

likely connected, optically and temporarly, to C5.

C7 (Aexc =265 and 345 nm; Aem=412 nm) presented strong analogies with the component SQ3

assigned one again t0 reduced quinone-like component by Cory and McKnight (2005) [173].

Once the 7 PARAFAC components were identified, the relationship between these components and
NOM photoreactivity was investigated with a PCA analysis. The 10 variables used for the PCA included
the components C1 to C7, the rate of 3DOM* formation (R3*°M"), the rate of singlet oxygen formation
(R°) and the rate of light absorption (R.). A strong correlation was found between DOM
photoreactivity and the 2 PARAFAC components C4 and C7 identified as DOM reduced quinonic
moieties. This shows that these components play a role in the photosensitizing properties and suggests

that fluorescence EEMs could be used for a rapid estimation of the overall DOM sensitizing properties.

3.1.3. Photolysis of imidacloprid: mechanism of degradation and effects

on NOM (Manuscript 3)

In Manuscript 3 instead, we decided to follow an opposite approach to the one followed in Manuscripts
1 and 2 and we investigated the possible modifications occurring to NOM when irradiated in presence

water contaminants. In particular, we investigated the transformations of NOM aromatic moieties
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occurring when irradiated in presence of the pesticide imidacloprid (IMD) under UVA. Due to NOM
complexity, we chose to replace the actual NOM with 3 aromatic model compounds, phenol,
resorcinol, and tryptophan, chosen to simulate the aromatic moieties of NOM . This choice made it
possible to identify the transformation products obtained during the irradiation that would have been

extremely challenging if we used real NOM samples.

NHNoz OH O

X CH

SR @ il M
Cl H

Imidacloprid Phenaol Resorcinol Tryptophan

Figure 25. Chemical structures of imidacloprid and of the three aromatic probes.

At first, we studied the degradation pathway of IMD under UVA light and it was observed that its two
main photoproducts originated from the loss of its nitro group. Quantum calculations (performed by
prof. Pascal de Sainte-Claire at the lab) showed that, upon light absorption, IMD gets excited to the
triplet state T1 from where the homolytic cleavage of the RN—NO; bond takes place generating NO; as
major product and NO as the minor one. To gather experimental evidence on the NOx formation, IMD
10* M was irradiated in a closed reactor and the gas phase was continuously analyzed using a NOx
chemiluminescence detector. During the first 2 h of irradiation, the total quantities of 24 + 5 pg and
0.88 £ 0.20 pg were respectively measured for NO; and NO. Simultaneously, as NOx undergo rapid

hydrolysis, the accumulation of nitrate and nitrite anions in the liquid phase was also observed.

In the literature it has been reported that the irradiation of NO,” and NOs™ solutions generates HO®, NO
and NO; radicals capable of inducing the nitration and nitrosation of phenolic aromatic substrates
present in the mixture [174]. To verify if IMD could also contribute to the formation of such toxic
compounds, we irradiated IMD in presence of phenol, resorcinol, and tryptophan in separate
experiments; the concentration of both IMD and the probes was 10 M. For all three tested probes,
the formation of nitro and nitroso derivatives was confirmed by UHPLC-HRMS analyses and their

estimated yields of formation, in relation to IMD disappearance, are reported in table 7.
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Table 6. Yield of formation of phenol, resorcinol, and tryptophan nitro/nitroso derivatives in presence

of IMD.

Compound % yield of formation
Nitro-resorcinol 3.3
Nitroso-resorcinol 5.1
Nitro-phenol 2.6
Nitroso-phenol 0.5
Nitro-tryptophan 0.08
Nitroso-tryptophan 0.14

The much lower yield of formation observed for tryptophan derivatives are probably because of the
much higher rate of direct photolysis of tryptophan itself. When IMD was replaced with the equivalent
amount of nitrite and nitrate anions produced by IMD itself after 2 h of irradation, the formation of
nitro/nitroso-derivatives was drastically reduced therefore showing that NOx released upon irradiation

of IMD played a major role in the reaction.

Eventually, the influence of real NOM (IHSS Suwannee River NOM, 2R101N) on the formation rate of
nitro/nitroso-derivatives of resorcinol, in presence of IMD and of NO,/NOs’, was investigated. NOM
was added at the concentration of 11 mg/L while the concentration of the other chemicals was
maintained the same as for precedent experiments. In the IMD-resorcinol system, the formation of
nitro-resorcinol and nitroso-resorcinol increased by a factor of 2.0 and 1.3 respectively when solutions
were irradiated in the presence of NOM. For the system NO,/NOs-resorcinol, the formation of nitro-
resorcinol and nitroso-resorcinol increased by a factor of 35 and 2.8 respectively. Due to the complexity
of the system, the catalytic effect of NOM on resorcinol transformation is difficult to rationalize. The
generation of HO® and 3DOM* by irradiated NOM can, on the one hand, favor the formation of
phenoxyl radicals of aromatic substrates therefore increasing their reactivity but, on the other hand,
NOM can also act as a radical scavenger. The overall effect of NOM will therefore depend on the

relative concentration and reactivity of the species involved in the transformation reactions.

3.2. NOM and water treatment

During the course of this thesis, the relationship between NOM and water treatment has been
explored using three different approaches. At first we investigated how the chemical modifications

induced in NOM by UVC irradiation affect its photodegrading properties on the herbicide glyphosate;
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the simultaneous presence of NOM, glyphosate and UVC radiation is in fact likely to be observed in
water treatments since glyphosate is a widely used herbicide in agriculture and UVC is commonly
adopted technology for water disinfection. Then, the effect of NOM on the efficiency of water plasma
treatments was studied in collaboration with the industrial partner Iris (Turin, Italy) who is currently
developing a novel plasma-generating device for water treatment applications. The use of non-thermal
plasma for water decontamination has been explored in recent times and very encouraging results
were obtained. An exhaustive comprehension of the chemistry behind plasma processes and the
ability to predict the performances of such treatments in different water matrices have not been fully
achieved. Eventually, at Polytechnical University of Valencia, we investigated the possibility of using
environmental-friendly compounds of natural origin, chosen as NOM replacement, to photochemically

reduce imidacloprid upon irradiation with visible light.

3.2.1. Effect of NOM on glyphosate photodegradation under UVC light
(Manuscript 5)

NOM undergoes important transformation when irradiated with UVC light. Together with TOC loss,
the destruction of chromophores, resulting in reduced absorbance and fluorescence of irradiated
solutions, is typically observed; as a consequence of these structural modifications, NOM
photosensitizing properties also evolve along irradiation. We decided to investigate about these
modifications by irradiating Suwannee River NOM (SRNOM) samples under UVC light. UHPLC-HRMS
and GC-MC coupled to derivatization allowed the identification of several transformation products
that were not present in the original sample. In particular, we observed a consistent formation of low
MW carbonyl compounds in the Ci-Cs range and we calculated that the total contribution of these
compounds to the TOC after 3h of irradiation corresponded to 46%. Then, we tested the ability of
original and pre-irradiated SRNOM to induce the photo-degradation of glyphosate (GLY). The chemical
structures of glyphosate and of its main degradation product aminomethylphosphonic acid (AMPA)
are reported in figure 25. When glyphosate 10°> M was irradiated at 254 nm in presence of the pre-
irradiated NOM, its disappearance rate was 29 times faster than the one obtained in the presence of

the original NOM (0.038 min't and 0.004 min™! respectively).
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Figure 26. Chemical structure of glyphosate and of its main degradation product

aminomethylphosphonic acid (AMPA).

Considering the high chemical stability of glyphosate, it is reasonable to assume that it was degraded
only by the reaction with highly oxidant species like HO® radicals; the inhibition of degradation
observed in presence of 2-propanol supports this hypothesis. We therefore calculated that the
guantum yield of HO® production for SRNOM was 0.024 while for SRNOM3;, it was between 0.21 and
0.55. Considering the great amount of carbonyl compounds formed during the irradiation, we
postulated that these molecules were responsible for the increased reactivity of SRNOMs, by
photosensitizing the formation of HO® radicals. To verify this hypothesis, we irradiated glyphosate in
presence of acetone 10* M and we observed that glyphosate disappeared with an auto-accelerated
profile. During the first 10 minutes of irradiation the rate constant was 0.002 min but, from 10 to 30
min, the rate increased by a factor of 12 reaching the value of 0.024 min; we therefore made the
hypothesis that key intermediates, likely hydroperoxides, needed to be formed and accumulated in
the first stage of the irradiation. We proposed a mechanism, shown in scheme 1, in which the
homolytic a-cleavage of the C—C bond of acetone (or other carbonyl compounds) from its triplet state
leads, in presence of oxygen, to the formation of hydroperoxides. The photolysis and/or the thermal
decomposition of these hydroperoxides produce HO® radicals that can both react with GLY and with an
H donor molecule RH to induce the formation of a catalytic cycle leading to other hydroperoxides. To
explain the high rate of glyphosate degradation we need to make the hypothesis that these
hydroperoxides are instable at room temperature and provide an additional source of RO* and HO®
radicals contributing to further accelerate the reactions chain. As 2-propanol does not inhibit entirely
the reaction, GLY might also react with other radicals than HO®, likely, the two chain-carrying radicals

R*® and ROO®or RO".
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Scheme 1. Proposed mechanism of HO® formation upon irradiation of carbonyl compounds in

presence of oxygen, and H-donor molecules RH.

3.2.2. NOM and non-thermal plasma water treatment (Manuscript 4)

3.2.2.1. Plasma device parameters optimizations

At first, to gain preliminary information on the functioning of the plasma system developed by Iris
(European Patent n EP 3 023 392 B1), a full factorial experimental design, investigating the effect of
plasma discharge frequency, electrodes distance and water conductivity on the treatment efficiency,
was used. The monitored response was the rate of discoloration of methylene blue (MB) solutions
(initial absorption coefficient at 665 nm =0.7) and the DOE highlighted that better performances were
obtained with higher discharge frequency and lower water conductivity. The distance between
electrodes was not a significant parameter when water conductivity was low, however, when water
conductivity was raised to about 300 uS/cm, higher electrodes distance hindered the formation of the
discharge. The following experiments were therefore performed with a frequency discharge of 17 Hz
(maximum frequency allowed by the generator), an intermediate electrodes distance of 5 mm, and

without increasing the conductivity of treated solutions.
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3.2.2.2. Effect of pollutant concentration and role of HO®

After these preliminary tests, we tested the performance of the plasma treatment to abate the
concentration of aqueous diclofenac (DCF), a compound having a higher relevance from an
environmental point of view. Different concentrations of DCF in ultrapure water, ranging from 50 uM
to 500 uM, were tested and degradation profiles are reported in figure 27. The treatment efficiency
did not seem to linearly depend on DCF concentration and the best results were obtained with an

initial concentration of 100 uM while, at 500, uM the calculated constant rate was 5.6 times smaller.
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Figure 27. Degradation of DCF at different concentrations using the plasma device.

To better understand the mechanism of pollutants degradation, both MB (initial absorbance at 665
nm =0.7) and DCF (100 uM) were degraded in presence of 2-propanol, allowing to evaluate the role
played by HO® on the degradation of these compounds. Interestingly, very different results were
obtained in the two cases; MB degradation rate strongly diminished in presence of 2-propanol and,
when the latter was added in large excess, the rate was about 70% smaller than the one obtained in
absence of 2-propanol. HO® radicals were therefore one of the most important species responsible for
MB degradation even though the incomplete inhibition in presence of large excess of 2-propanol
suggests that other mechanisms of degradation are involved. For DCF on the other hand, despite its

degradation kinetic measured in absence of scavengers was comparable to the one of MB, the
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presence of 2-propanol did not affect its degradation rate. These results show that different pollutants
may therefore undergo different degradation pathways that not only involve HO®, but also free
electrons, cavitation, high-density electric field, NOx, and photolysis. The degradation profiles obtained

for the two compounds are shown in figure 28.
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Figure 28. Degradation of methylene blue (A) having initial absorbance at 665 nm = 0.7, and
diclofenac (B) having initial concentration 100 uM, in presence of different concentrations of 2-

propanol obtained with plasma treatment.

3.2.2.3. NOM and matrix effect on pollutants degradation

Then, to investigate the role of NOM on treatment efficiency, the pseudo first-order rate constant of
discoloration of methylene blue solutions in presence of different concentrations of Suwannee Rive
NOM (IHSS Suwannee River NOM, 2R101N) was measured. 10 mL of solution were treated using the
polypropylene (PP) reactor and the initial rate constant, measured during the first 4 minutes of
treatment, was 0.60 min! in absence of NOM, 0.28 mintin presence of 5 mg/L NOM, and 0.21 min™!

in presence of 10 mg/L NOM. Treatment efficiency was therefore heavily affected by NOM presence
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that was reasonably trapping most part of reactive species produced by the plasma discharge. When
TOC was measured along treatment to evaluate the extent of NOM mineralization, we realized that
TOC values were actually increasing with treatment time. Since the source of organic carbon was
unlikely to come from the metal electrodes, we concluded that the PP reactor was either releasing
plastics into treated solutions because of the extreme solicitations that it was exposed to, or, the
problematic washing of the reactor caused, with use, an accumulation of organic compounds on the
reactor walls that were then released in solution; the replacement of the PP reactor with a new one of
the same type only partially improved the reliability of measured TOC values but did not entirely solve
the issue. For this reason, the PP reactor was eventually replaced with a Pyrex glass (PG) reactor having

no plastic parts.

Using the PG reactor, we could verify that TOC of solutions containing NOM was not modified during

plasma treatment and that mineralization was not significant under studied conditions.

The effect of NOM on the degradation of DCF was also tested and, in addition, the removal
performances in tap water and wastewater matrices was evaluated; the results are shown in figure 29.
Similarly to what had been observed for MB, the presence of NOM at the concentration of 10 mg/L
strongly slowed down DCF degradation but, when tap water and wastewater matrices were used, the
degradation was almost entirely inhibited. Although poorer treatment performances were expected
when working with real matrices, these results were very surprising; TOC content alone in fact, for
both wastewater and tap water, could not justify a complete inhibition of DCF degradation. Further
investigation would therefore be required to understand the influence of water parameters on

treatment efficiency and therefore develop a predictive model.
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Figure 29. Degradation of diclofenac 10* M in different matrices using plasma discharge treatment.

In Manuscript 4 we eventually investigated the degradation of three perfluoroalkyl substances (PFAS)
using the plasma treatment. PFAS have been intensively studied in recent years because, due to their
exceptional chemical stability, their efficient removal in water treatment processes represents a
challenging task. Perfluorooctanoic acid (PFOA), Perfluorohexanoic acid (PFHxA) and
perfluoroctanesulfonic acid (PFOS) were treated in ultrapure and groundwater matrices, both in

individual solutions and in mixture; the structures of the selected PFAS are reported in figure 30.
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Figure 30. Chemical structures for PFOA, PFHxA and PFOS.

Treatment duration was 30 minutes when compounds were treated individually and was extended to
60 min when treated in mixture. Plasma treatment was capable of promoting the degradation of all

three PFAS in both ultrapure and groundwater matrices and the results are summarized in figure 31.
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The small matrix effect observed in this case could be explained considering the low TOC value of the
groundwater used for the tests (<1mg/L); chemical parameters of the groundwater and the rate

constant of degradation obtained for PFASs can be found in the supporting material of Manuscript 4.

To conclude, the studied non-thermal plasma seems to be a promising technology for water treatment
applications since it was able to efficiently degrade all the contaminants tested, included the highly
refractory PFAS. However, at the moment, treated volumes are very low and the treatment efficiency
is highly dependent on the properties of the matrix such as NOM content and water conductivity and

additional studies are required.
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Figure 31. Degradation profiles obtained for the three tested PFAS having individual initial
concentration of 10 M in ultrapure water (closed symbols) and groundwater (open symbols)

matrices. Extracted from manuscript 4.
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3.2.3. Photoreduction of imidacloprid

During this 3-month secondment at Polytechnical University of Valencia, the possibility to photoreduce
the pesticide imidacloprid (IMD) in aqueous solution was investigated. Our goal was to use compounds
of natural origin as substituents of NOM and copper chlorophyllin (CHL) as photocatalyst (PC), and
ascorbic acid (AA) as electron donor, to create the catalytic photoinduced electron transfer shown in

scheme 3.

-
ASCORBIC A.  ASCORBIC A.
. A

IMD

imMD”

Scheme 2. Reaction scheme for imidacloprid reduction in presence of ascorbic acid and copper

chlorophyllin.

The advantage of using copper chlorophyllin as NOM replacement is that its molecular structure is
known and the compound is available at high purity therefore making the photochemical system much
easier to study. As a starting point, UV-visible spectra of the 3 compounds have been recorded (see

figure 32).
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Figure 32. UV-visible absorption spectra of copper chlorophyllin, ascorbic acid and imidacloprid

registered in a 1 cm quartz cell.

For steady state irradiation we selected the wavelength 420 nm, where only chlorophyllin is absorbing.
The performances of chlorophyllin as a photocatalyst were also compared to the ones obtained with
the two classical photocatalysts rhodamine B (RhB) and eosin Y (EQY) irradiated at 520 nm. With all
three tested photocatalysts (10° M), the concentration of imidacloprid was 10* M and the
concentration of ascorbic acid was 1023 M. In all experiments, 10 mL of solution were irradiated in
cylindrical Pyrex glass tubes. The degradation profiles obtained for IMD during 3 h of irradiation with
the different catalysts are reported in figure 33. Promising results were obtained using CHL as
photocatalyst and IMD rate of degradation in the first hour of irradiation was considerably faster than
the ones obtained using RhB and EQY; the fact that the degradation stopped after the first hour
suggests that a problem of limiting reagent was present and the measurement of AA concentration
during irradiation confirmed that it was no longer detected after one hour of irradiation. Since AA was
added in large stoichiometric excess, its high rate of consumption was probably not due to his reaction
in the cycle of photo-induced electron transfer but it was rather oxidized by atmospheric oxygen. The

high consumption of AA measured when solutions were kept in the dark seems to support this

hypothesis.
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Figure 33. Degradation of imidacloprid (10 M) in presence of ascorbic acid (103 M) and different
photo-catalysts (10° M).

The fast oxidation of AA is responsible for its loss of electron donor properties and therefore represent
a big limitation in such experiments. For this reason, AA was replaced with the better electron donor
DABCO (1,4-diazabicyclo[2.2.2]octane) using again Chlorophyllin and Eosin Y as photocatalysts. The
concentration of the catalysts was in both case increased to 10™*M since the solutions in the previous
experiments were very lightly colored and DABCO was used at the concentration of 102 M. The
imidacloprid concentration was again 10*M. This time we also investigated the effect of oxygen on the
degradation of IMD and experiments were repeated both under air and under nitrogen atmosphere;
the results are shown in figure 34. Very low IMD abatement (<5%) was obtained for all sample
exception made for the sample IMD + DABCO + EQY (N) in which IMD concentration was reduced of

~65% at the end of the 3h irradiations.
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Figure 34. Degradation of IMD in presence of CHL and EQY as photocatalysts and DABCO 10*M

working as electron donor.

Despite the positive results obtained using DABCO as an electron donor, the use of compounds of
synthetic nature deviated from the original idea of using compounds of natural origin to promote the
degradation of IMD. For this reason, a new series of steady state irradiations were performed testing
tryptophan and phenol as electron donors to be paired with Eosin Y. Tryptophan is a compound of
natural origin commonly found in natural waters, especially when strong microbial or photosynthetic
activities are present; phenol was instead selected to represent the aromatic moieties of NOM as
previously done for the study of nitro and nitroso derivatives formation in presence of aqueous IMD
(Manuscript 3). An additional experiment in which DABCO concentration was lowered from 102 M to
103 M was also performed. The concentrations of both IMD and EQY was 10* M and degradation

profiles of IMD are shown in figure 35.
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Figure 35. Degradation profiles of IMD obtained under nitrogen in the presence of DABCO, phenol and

tryptophan as electron donors and in presence of EOY as photocatalyst.

Of all tested combinations of electron donors, photocatalysts and atmosphere the best results were
obtained with the combination tryptophan 103 M + EQY 10% M + IMD 10* M under nitrogen
atmosphere; in this case in fact, almost complete degradation of imidacloprid was achieved in the
3h45min of irradiation (red curve in figure 31). The gray line reports the results obtained with DABCO
102M while the green curve was obtained with DABCO concentration 10°3M and shows a clear effect
of the concentration of the electron donor on IMD degradation rate. The worst performances, in this
last set of experiments, were obtained when phenol was used as an electron donor (blue curve). In
this case IMD degradation was reduced of about 20% during the first hour of irradiation and then
remained relatively stable for the rest of the irradiation, similarly to what had been observed in

presence of ascorbic acid.

In conclusion, good performances using chlorophyllin as a photocatalyst were obtained working under
air while the use of tryptophan as electron donor of natural origin worked better under nitrogen.
However, despite the reduction of IMD using the mechanism of photo-induced electron transfer has
shown promising results, the development of an ideal system that uses both photocatalyst and

electron donor of natural origin would require further investigation.
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General conclusions

This PhD thesis studied the NOM and its interaction with water contaminants from different
perspectives, both in the environment and in water treatment processes, with the objective to
document non or poorly studied aspects in this field of research. The studied NOM was sampled in the
Auzon wetland or, in the case of the Suwannee River NOM, was purchased from the international
Humic Substances Society. NOM mimicking chemicals such as phenol, resorcinol or tryptophan were
also used to evidence the occurrence of specific NOM transformation reactions that would have been
difficult to observe on NOM itself. Water contaminants were chosen among chemicals classified as
Contaminants of Emerging Concern (CECs) and whose study has been prioritized by the NORMAN
international network. The main ones were the insecticide imidacloprid that absorbs solar light and
undergoes photolysis under solar light, the herbicide glyphosate that does not absorb solar light and
was used as a probe molecule to monitor the formation of hydroxyl radicals in UVC, and the
perfluoroalkyl compounds that are very recalcitrant to oxidation and that were tested in the promising

application of non-thermal plasma technology to water treatment.

In the first part of dissertation, | investigated the photochemical processes taking place in natural

waters exposed to solar light in two different situations: when NOM acts as a producer of reactive
species, which is the most studied case, and, when NOM is potentially transformed by reactive species
produced by water contaminants, here imidacloprid. Natural water samples were collected at different
places and periods of the year in the Auzon site and NOM was characterized both in terms of its
spectral properties and in terms of ability to produce reactive species under irradiation. NOM
fluorescence emission was also studied to gather information about the nature of NOM fluorophores
with the goal of identifying a correlation between the fluorophores nature and NOM reactivity. NOM
from the Auzon site was found to be generally little humified and mainly constituted by compounds of
microbial origin falling in the lower part of the size distribution typically observed for NOM (generally
around 1000 Da or less). Water samples reactivity was found to be inversely proportional to NOM
molecular weight and directly proportional to the concentration of quinonic moieties. We therefore
suggested that the selective monitoring of such moieties using fluorescence could represent a valid tool

for a rapid estimation of the photoreactivity of natural waters.
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Then, | investigated the possible transformations occurring on NOM aromatic structures when it is
irradiated in presence of imidacloprid. Imidacloprid photolysis, under UVA radiation, proceeds via the
loss of the nitro group and generation of NOxradicals that were proved to be capable of inducing the
formation of toxic nitro and nitroso derivatives of the aromatic probes phenol, resorcinol, and
tryptophan, selected to represent the aromatic moieties of NOM. These results highlight how the
simultaneous presence in irradiated surface waters of NOM and water contaminants, can ignite
complex transformation processes not only of water contaminants but of NOM itself too. Such
processes can be of particular importance in water bodies found in the proximity of agricultural or

industrial areas and where the concertation of water pollutants can be considerably higher.

In the second part of this dissertation, | investigated the role of NOM in three different types of water

treatment process: UVCirradiation, non-thermal plasma treatment, and homogeneous photocatalysis.
In an attempt to obtain as much information as possible on the role played by NOM in water treatment
process, a different approach was used for each type of water treatment under study. For UVC
irradiation, we investigated the effect of NOM photodegradation on its photoreactivity and therefore
on the transformation rate of water contaminants present in the mixture. In plasma treatment, we
studied the inhibiting effect of NOM on treatment performances; eventually, we investigated the
possibility to use compounds of natural origin for homogeneous photocatalysis applications oriented

to water contaminants reduction.

UVC pre-irradiation was found to greatly increase the oxidizing properties of Suwannee River NOM.
Pre-irradiated SRNOM could in fact photoinduce the degradation of the herbicide glyphosate under
irradiation at 254 nm, while, the original SRNOM could not. Up to 46% of the solution TOC of low MW
carbonyl compounds were produced after 3h of irradiation as a result of NOM breakdown. We
investigated the photoreactivity of these compounds in a series of parallel experiments and we
eventually proposed a photochemical mechanism in which these carbonyls act as photo-sensitizers
capable of inducing the formation of hydroperoxides and organic peroxides that represent an
important source of HO® and RO radicals that are responsible for glyphosate degradation. In the
literature NOM is mostly reported to reduce the performances of water treatment processes; however,
the results obtained here suggest that the photosensitizing properties of NOM could be used to remove

refractory water contaminants.

As for the investigation on the possible use of homogeneous photocatalysis for the reduction of

imidacloprid, the optimal system was searched testing different combinations of electron donor
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compounds and photocatalysts. Copper chlorophyllin used as photocatalyst under irradiation at 420
nm gave promising results under air using ascorbic acid as electron donor. However, the fast oxidation
of ascorbic acid limits its applications is such systems. By replacing ascorbic acid with tryptophan,
excellent results were obtained using Eosin Y as photocatalyst (irradiation at 520 nm) and imidacloprid
concentration was reduced of over 90% in less than 4 hours of irradiation. Even though these data only
represent the result of some preliminary tests, the use of non-toxic photocatalysts and electron donors
of natural origin to induce the photo-reduction of suitable substrates seems to be an interesting
alternative for water depollution applications. Such treatments could be of particular interest in
industrial realities where the optimal combination of photocatalyst and electron donor could be

searched according to the type of contamination present in the industrial waste.

In non-thermal plasma treatment, the presence of NOM in treated water at the concentration of 5-10
mg/L was found to strongly reduce treatment performances for the different contaminants tested. The
plasma system under study was not able to efficiently mineralize NOM whose concentration was
therefore relatively stable for all treatment duration. However, when groundwater samples having low
TOC values (<1mg/L) were spiked with different PFAS, the plasma treatment was found to efficiently
abate PFAS concentration. In ultrapure water, the treatment system was indeed able to efficiently
degrade all the pollutants tested, but the interference of NOM on treatment efficiency probably
represents the biggest limitation to be overcome in order to make this technology efficient for the

treatment of waters of heterogeneous nature.

To conclude, if on the one hand the photosensitizing properties of NOM in irradiated surface waters
and the problematic role of NOM in water treatment process represent two well documented topics
in the literature, little information concerning the transformation of NOM itself in these two scenarios
is available. The goal of this dissertation was therefore to provide an overview on NOM, in both natural
systems and in water treatment processes, focusing on such poorly studied aspects. In the
environment, we proved that high concentrations of water contaminants could induce the formation
of toxic NOM derivatives, hence highlighting the importance of studying the reciprocal interactions
between NOM and water contaminants in such complex systems. In water treatment processes
instead, the detection of high amounts of carbonyl compounds during UVC irradiation, providing new
insights in the NOM degradation pathways under highly oxidative conditions, together with the
unexpected increase of NOM photosensitizing properties with irradiation, represent two interesting

starting points for future research.
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Abstract

Wetlands are recognized for the importance of their hydrological function and biodiversity, and there is now a consensus to
protect and restore them as well as to complete the knowledge on their functioning. Here, we studied the dissolved organic matter
(DOM) of a wetland composed of the Auzon cut-off meander, the Allier River, the alluvial fluvial flow, and watershed aquifer.
Water was sampled at different locations, in spring, summer, and autumn. For each sample, DOM was characterized for its
chemical and optical properties and its photooxidant capacity through its ability to generate DOM triplet excited states (DOM¥)
and singlet oxygen upon simulated solar light exposure. UV-visible and fluorescence indices revealed that DOM was mainly
microbial-derived whatever the sampling sites with spatial and temporal variations in terms of aromaticity (5.5-22%), specific
UV absorbance at 254 nm (0.28-2.82 L m_lmgC_l)._ ratio of the absorbance at 254 and 365 nm (4.6-10.8), fluorescence index
(1.35-166), and biological index (0.812-2.25). All the samples generated *DOM* and singlet oxygen, rates of formation of
which showed parallel variations. Using principal component analysis (PCA), we found positive correlations between the
sensitizing properties of DOM samples and parameters associated to the abundance of low molecular weight and low absorbing
chromophores. Moreover, the parameter variation across the wetland reinforced the hydrological movements observed in a
previous study, suggesting that these parameters could be used as water connection tracers.

Keywords Riverine DOM - Absorption - Fluorescence - Reactive species - Photoreactivity - Correlations

Introduction

In the past, wetlands were considered as unhealthy areas and
largely drained leading to a loss of about 64 to 71% of natural
wetlands since 1900 because of human activities (Davidson
2014). Moreover, during the last decades, pollution
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intensification led to water body’s contamination with eftects
on aquatic ecosystems, human health, productive activities,
water system reliability, and operating costs for water use
(Gleick 1998; Sutton et al. 2013). Today, the importance of
their hydrological function and biodiversity has been recog-
nized, and there is a consensus to protect and restore them.
Actions have therefore been implemented in order to preserve
or restore wetlands, to complete the knowledge on their func-
tioning, and to communicate about the necessity of maintain-
ing that kind of environments.

Dissolved organic matter (DOM) that consists of water-
soluble organic chemicals deriving from the decomposition
of plants and living organisms is an important constituent of
wetlands. DOM has different roles in freshwater systems. It
has an effect on the speciation, transport, and availability of
chemical elements and pollutants. Besides, DOM absorbs so-
lar light and an important and largely documented property of
DOM components is their capacity to degrade organic pollut-
ants under solar light exposure (Shang et al. 2015). This prop-
erty is based on their ability to generate reactive species under
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irradiation (Zepp et al. 1977; Cooper and Zika 1983; McCabe
and Arnold 2016).

Our first objective in this work was to explore the relation-
ships between the spectral properties of DOM and its capacity
to generate reactive species under irradiation. Some correla-
tions were reported in the literature. Parameters connected to
the amount of DOM (organic carbon content, absorbance, or
intensity of fluorescence at specific wavelengths) were found
to be positively correlated to the formation rate of oxidant
species such as singlet oxygen ('0,) and triplet excited states
(3DOM*:) (Coelho et al. 2011; Peterson et al. 2012; Timko
et al. 2014; McCabe and Amold 2016) while those linked to
DOM quality (average molecular weight of DOM compo-
nents, antioxidant activity) negatively correlated to the quan-
tum yields of formation of these species (Dalrymple et al.
2010; McKay etal. 2017).

Spectral properties of DOM give useful information about
the chemical characteristics and origins of their components.
The specific UV absorbance at 254 nm (SUVA,s4) gives the
aromatic carbon content of DOM (Weisshar et al. 2003). The
spectral slope (5275 295) and the ratio of the absorbance at 254
and 365 nm (E»/E3) are both linked to the relative size of
DOM molecules (De Haan and De Boer 1987; Peuravouri
and Pihlaja 1997). Fluorescence indices such as the fluores-
cence index (FI), the biological index (BIX), and the humifi-
cation index (HIX) are related to the terrestrial versus aquatic
source of DOM (Stedmon and Markager 2005; Coble 2007;
Huguet et al. 2009; Birdwell and Engel 2010), and the humi-
fication degree (Zsolnay et al. 1999). On the other hand, the
rate of reactive species photoproduction can be obtained using
probe molecules (Rosario-Ortiz and Canonica 2016).

The present study was carried out on a wetland including
the Auzon cut-off meander, the Allier River and its tributary
Vendage, as well as two aquifers, the alluvial fluvial flow and
the watershed ones (Fig. 1). This site looked very appropriate
to the study because it offers diversity regarding some param-
eters among those affecting quality and quantity of DOM:
hydrologic conditions, vegetation cover, organic matter in-
puts, and photochemical and biological degradation processes
(Sobek et al. 2007; Gao et al. 2018; McCullough et al. 2019;
Queimalifios et al. 2019). This wetland DOM is therefore
expected to vary quantitatively and qualitatively with the lo-
cation and could also change over the season (McCabe and
Armold 2016).

Previous results showed that the connection degree is
high between the cut-off meander and both the main
stream and alluvial aquifer (Beauger 2008). Indeed, a
non-negligible supply of the cut-off meander by the allu-
vial groundwater is observed, especially in its downstream
part. Our second objective, here, was to use the results on
the variations of DOM in the site in terms of chemical and
spectral characteristics to better understand the hydrolog-
ical movements of the site.

@ Springer

To achieve this work, surface water was taken at 6 places:
three in the Auzon cut-off meander, one in the Allier River and
two in boreholes, in spring, summer, and fall. Chemical and
spectral characteristics of DOM as well as their ability to gen-
erate *DOM* and 'O, were determined for all samples across
seasons and locations. Then, principal component analysis
(PCA) was performed to explore the relationships between
all the variables.

Materials and methods
Site description and samplings

The study area is a cut-off meander of the Allier River, a
tributary of the Loire River situated in the temperate zone
(Massif central, France) (Fig. la). A complete description is
given in SI text 1. The Auzon cut-off meander was formed
when the Allier River captured a gravel-pit and modified the
course of the stream (Beauger 2008; Beauger et al. 2015) (Fig.
Ib). The cut-off meander approximates 560 m length and 1s
divided into three distinct zones (Fig. 1¢): (1) the upstream
zone disconnected from the river and similar to a pond, with
an important development of macrophytes; (2) the intermedi-
ate zone corresponding to a geomorphological riffle charac-
terized by the alternation of lentic and lotic areas with domi-
nant mineral substrates; (3) the downstream zone character-
ized by bedload deposits coming from the river and macro-
phytes. For the present study, we retained two sampling sites
of surface water in the cut-off meander: B4 situated in the
intermediate zone in the middle of the lentic area where solar
irradiation is high, and B7 situated in the uppest part of the
upstream zone where the riparian forest induced less light
penetration. Moreover, two of the boreholes: one on the right
bank (PZ1) that collected the alluvial fluvial flow at 5 m depth
and the other on the left bank (PZ5) that collected the ground-
water of the watershed at 12 m depth were also retained as
well as one in the Allier River, and another in the Vendage
River, a small tributary of the Allier River. Samples were
collected in March, July, and October 2018 allowing us to
study seasonal variations in the ability of DOM to produce
reactive species. They were taken from surface water (be-
tween 10 and 30 c¢m) in pre-rinsed glass bottles and
transported 1n ice to the laboratory. All samples of natural
water underwent a 2 steps vacuum filtration at 1.2 pm and at
0.45 pm using cellulose membranes filters. The filtered sam-
ples were placed in cap sealed Pyrex-glass bottles and stored
at 4 °C until uses.

Chemicals

Furfuryl alcohol (FFA, 98%) and 2.4.6-trimethyphenol (TMP,
certified reference material) were purchased from Sigma-
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Fig. 1 a Location of the Auzon site. b Scheme of the Auzon site. ¢ The three zones of the Auzon cut-off meander. Sampling points are noted as open

squares and boreholes as black stars

Aldrich and used as received. Acetonitrile and methanol for
HPLC were from Carlo-Erba and VWR, respectively. All the
solutions were prepared in water purified using a reverse 0s-
mosis RIOS 5 and Synergy (Millipore) device (resistivity
18 MQ2 ecm, DOC <0.1 mgL ™).

Chemical analyses

Dissolved organic carbon (DOC) concentrations were mea-
sured using a Shimadzu TOC-L analyzer. Phthalic acid was
used for calibration. Analyses were done in triplicate. The
reproducibility of measurements was of 2% maximum.
Major anions (Cl, Br, NO;, NO, ) were analyzed using a
Thermofisher Dionex DX120 HPLC.

Spectral measurements

Absorption spectra were recorded using a Varian Cary 3 spec-
trophotometer in a 5-cm path length quartz cell. Spectra were

scanned from 200 to 800 nm at 1-nm interval and corrected for
the ultrapure water reference. A,gy was obtained by dividing
the absorbance at 280 nm by 5. SUVA,s,4 was obtained by
dividing the decadic absorption coefficient at 254 nm (m ')
by the DOC concentration (mg L™"). It gives the aromatic
carbon content of DOM from the relationship proposed by
Weisshar et al. (2003):

Percent aromaticity = 6.52 x SUVAjs4 + 3.63 (1)

The ratio E,/E3 was obtained by dividing the absorbance at
254 by that at 365 nm (Peuravouri and Pihlaja 1997). It is an
indicator of the aromaticity and the average molecular weight
(Mw) of DOM. Mw was calculated using the relationship
proposed by Lou and Xie (2006) in the case of humic and
fulvic acids isolated from a forest soil and from Suwannee
River (International Humic Substances Society):

Mw = 0.315 x exp(4.96/(—1.72 + E,/E;)) (2)

@_ Springer

95



Manuscript 1

Environ Sd Pollut Res

The spectral slope S575—9s was calculated as the slope of
the linear regression of In(ay) on A, between A=275 and
295 nm, where a, is the napierian absorption coefficient
expressed inm ', ...

Fluorescence spectra were scanned on a Perkin Elmer LS-
55 spectrofluorometer in a 1-cm path length quartz cell. Both
slit widths were set to 10 nm, and the scanning speed at
240 nm min ', When necessary, the solutions were diluted
to have an absorbance <0.10 at 250 nm. Emission spectra
were recorded between 250 and 600 nm for different excita-
tion wavelengths (260, 310, and 370 nm). FI that is an indi-
cator of relative contribution of aquatic/microbial and terres-
trial DOM sources was obtained by dividing the emission
intensity at 450 nm by that at 500 nm with excitation at
370 nm (McKnight et al. 2001). BIX informs on the impor-
tance of freshly autochthonous DOM, it was obtained by di-
viding the ratio of emission intensity at 380 nm to that at
430 nm with excitation at 310 nm (Huguet et al. 2009).

Irradiation experiments

TMP and FFA were used independently as chemical probes
to estimate the formation rate of *DOM* and 'O, in the
water samples, respectively (Rosario-Ortiz and Canonica
2016 and references therein). The processes are the follow-
ing. *DOM* produced after reactions 3 and 5 undergoes
deactivation through reaction 5, transfers its energy to O,
through reaction 6, or oxidizes TMP by reaction 7. '0, is
deactivated by the solvent in reaction 8 and oxidizes FFA
through reaction 9. 6-Hydroxypyran-3-one (P) is the main
oxidation product of FFA by singet oxygen (chemical yield
of 85%) (Haag et al. 1984).

DOM + hv— 'DOM” (3)
'DOM*— 3DOM” (4)
SDOM" —DOM (5)
3DOM™ + 0;—DOM + 10, (6)
3DOM” + TMP—DOM,, i + TMP_y° (7)
10, + solvent—O, (8)
'0, + FFA—P (9)

According to these reactions, the rate of TMP consump-
tion, R™F is equal to:

R™P =R, x @1 x ks[TMP]y/ (kg + ks[TMP],) (10)

where R, is the rate of light absorption by DOM
(Einstein L™ s 1), @y, the quantum vield of *pOM” forma-
tion, ks, the rate constant of reaction between *DOM” and
TMP (reaction 7), [TMP]y, the initial concentration of TMP
and kg, the first order rate constant decay of ‘boM’ by

@ Springer

deactivation (reaction 5) and reaction with oxygen (reaction
6), the sum ks + k.
The rate of RY is equal to

RP = 0.85 x Ry x ®so x ke[ FFA],/ (ks + ko [FFA],) (11)

where ®gq is the polychromatic quantum yield of singlet ox-
ygen formation, k', the rate constant of reaction between sin-
glet oxygen and FFA (reaction 9, 1.2 % 10® s_l) (Haag et al.
1984), [FFA]y, the initial concentration of FFA and k. the
first-order rate constant of deactivation of singlet oxygen (re-
action 8, 2.5 10° s in water) (Wilkinson et al. 1995).

R, was obtained using the relationship:

A2
Ry =33 (1-1074) x AX x 10008~ (12)
¥

where I(];\ 1s the amount of photons at A reaching the solution,
averaged between A—2.5 nm and A+2.5 nm
(photons em > nm ' s ) A, s the averaged absorbance of
the solution at A calculated between A-2.5 nm and A+2.5 nm
for a path length equal to 1.4 cm; A, and A; are the integration
limits, N is the number of Avogadro, and AA is the wave-
length interval chosen at 5 nm.

Solutions containing FFA (100 uM) or TMP (50 uM) were
put in a cylindrical reactor (1.4 cm, 1.d.) made out of Pyrex-
glass open to air and irradiated in a device equipped with six
polychromatic tubes (Sylvania, F15 W/350BL) emitting with-
in the wavelength range 300450 nm (maximum emission at
365 nm, Fig. S1-2). A radiometer QE65000 from Ocean optics
was used to measure the spectral distribution of the light emit-
ted by the tubes. In addition, the use of metamitron as a chem-
ical actinometer (Kouras et al. 2011) allowed us to get the
amount of light received by the solution per nm and second.
Fifteen milliliters of solutions were irradiated for each exper-
iment. Aliquots (500 pL) were removed at selected intervals
and immediately analyzed by HPLC. Irradiations had a dura-
tion of 30 min where FFA and TMP reached a conversion
extent comprised between 10 and 20%. TMP and P concen-
trations were monitored by HPLC using a Waters apparatus
equipped with a 2695 separation module, a 2996 photodiode
array detector and a reverse phase Nucleodur, Macherey-
Nagel Cg column (5 pm, 150 mm * 4.6 mm). A flow rate of
1 mL min"" was used for all analyses and the eluent was a
mixture of 20% methanol and 80% water acidified with or-
thophosphoric acid (0.1%) for the experiments with FFA
while a mobile phase of 50% acetonitrile and 50% acidified
water was used for the experiments with TMP. All experi-
ments and HPLC analyses were carried out in duplicate. The
initial rates of TMP disappearance (R™P) and of P formation
(R”) were obtained by plotting the concentration of TMP and
P over irradiation time, respectively.
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Statistical analyses

Statistical analyses and tests discussed in this work (Pearson
correlation, principal component analysis (PCA), and hierar-
chical clustering) were performed with the R statistical soft-
ware (R version 3.6.1, R Foundation for Statistical
Computing). PCA is a powerful tool used for reducing the
dimensionality of a set of variables and for identifying the
main axes of variance within a dataset. PCA thus allows for
easy data exploration and visualization by transforming it into
fewer dimensions that nonetheless retains most of the infor-
mation and brings out strong trends and patterns (Lever et al.
2017). PCA can also help identify clusters in the data which
are grouped using hierarchical clustering. Distinct PCAs were
conducted for DOM optical indices with and without sensitiz-
ing parameters. Pearson correlation coefficients were reported
for all correlations where data were normally distributed. P
values <0.01 were considered statistically significant.

Results and discussion
Chemical and spectral properties of DOM

Tables 1 and SI-1 summarize results obtained from chemical
and optical analyses of the samples and Fig. SI-3 presents the
absorption spectra. The pH varied within a very narrow range
around the neutrality. Nitrite, nitrate, and chloride were found
as major ions. Nitrite concentration was less than

0.165 mg L ! and nitrate concentration less than 2.7 mg Lt
except in the Allier River where it reached 5.3 mg L'in
March and in the Vendage River with values up to
21 mg L. These levels are too low to have a significant effect
on the photochemical experiments in our irradiation condi-
tions (Vione et al. 2005). DOC ranged between 3.28 and
36.0 mg C L' with lowest values measured for B4 and B7
in March and October and PZ1 in October and highest values
for the Vendage River and PZ5 in July. DOC of Allier River
samples varied moderately over the year ranging from 4.74 to
6.39 mg C L', while, for the other sites, a strong DOC in-
crease was measured in July with values exceeding those
measured in March and October by factors comprised be-
tween 2.9 and 5.3. In July 2018, the water surface of the cut-
off meander and Vendage River was covered with aquatic
plants. The presence of these aquatic plants may explain the
high DOC increase in July considering that macrophytes can
release organic matter through photosynthetic processes
(Reitsema et al. 2018). It was reported that released DOC
mostly consists of small (< 1000 Da) molecules that include
amino acids and simple sugars (Sendergaard 1981).

The UV-visible absorption spectra were typical of DOM
showing a featureless decreasing exponential decay from 200
to 500 nm and a more or less pronounced shoulder between
250 and 300 nm attributable to aromatic moieties (Fig. SI-3).
Except in July, the DOM of the two riverine sites, Allier and
Vendage, exhibited the highest Azgp and SUVA;s4 values
(0.394-0.629 and 2.82-1.55 mg C L' m™") and the highest
aromatic content (22—-15.2%). These values were however in

Table 1 Chemical and optical characteristics of water samples (see experimental part). *Aagy was measured in a 5-cm path length cell
Site Season pH DOC(mgCL™") Az SUVA(Lm'mgC") Aromaticity (%) Sazsaes mm™') Ey  Mw(kDa) BIX FI
E;

Allier March 747 55 0.516 2.60 21 0.0126 522 13 0.812 1.35
July 729 64 0.629 2.82 22 0.0138 524 13 0.988 1.46
Oct. 698 4.7 0.394 236 19 0.0147 538 1.2 0.936 1.38

B4 March 730 49 0.128 0.78 87 0.0156 601 1.0 .10 1.54
July 713 14 0.150 0.30 56 0.0148 557 1.1 225 159
Oct. 740 49 0.209 1.15 11 0.0127 512 1.4 1.06 1.6

B7 March 693 33 0.139 110 11 0.0152 543 1.2 1.09  1.58
July 685 15 0.569 0.49 6.8 0.0134 4.6 1.8 1.02 155
Oct. 691 4.6 0.224 1.26 12 0.0117 552 1.2 1.09 1.6

Vendage March 7.82 96 0.594 1.78 15 0.0139 638 091 0.956 1.45
July 787 36.0 0.578 0.44 6.50 0.0139 575 11 0.980 1.49
Oct. 771 10.5 0.581 1.55 13.7 0.0117 456 1.8 LIT 154

PZ1 March 7.04 6.66 0.234 1.08 10.7 0.0166 93 0.61 1.02  1.54
July 711 145 0.271 0.55 722 0.0146 6.50  0.89 1.25  1.60
Oct. 726 336 0.143 1.25 11.8 0.0152 7.06 0.80 1 1.57

PZ5 March 7.15 997 0.094 0.30 5.59 0.0177 108 0.54 .22 1.71
July 7.10 338 0.309 0.280 5.46 0.0156 812  0.68 1 1.62
Oct. 741 64 0.112 0.53 7.09 0.0176 819 0.68 116 1.66
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the low range of those found for other river samples (Weisshar
et al. 2003). The lowest aromatic content was measured for
PZ5 water samples (5.06-7.09%), and it was comparable to
those reported for some oceanic samples (Weisshar et al.
2003). DOM of PZ1 samples exhibited higher values (7.22—
11.8%) closer to those of the two cut-off meander samples.
SUVA,s4 dropped significantly in July for B4, B7, PZ1, and
Vendage River samples, indicating that the organic matter
released in summer was less aromatic than in the other sea-
sons. In contrast, for PZ5, SUVA s, did not change although a
significant DOC increase showing that in this case the nature
of DOM was more constant over the year.

Variations of Sy75_ 295 among samples paralleled those of
E-/E;5 as often reported (Helms et al. 2008). Highest values
were measured for PZ5 and PZ1 samples for which we could
therefore estimate that calculated Mw were low (0.543—
0.889 kDa) compared to those of the other water samples
(1.0-1.75 kDa). The low Mw values in PZ1 and PZ5 can be
explained by the adsorption of larger macromolecules to the
soil constituents during the percolation/transter processes.

Emission spectra recorded for excitation at 260, 310, and
370 nm were used to calculate indices. All the samples exhib-
ited an intense emission at 340 nm and a humic-like peak
(Aexc 260 nm/Aem 380-460 nm) (Coble 2007) (Fig. SI-4).
Values of fluorescence indices 1.35<FI<1.7 and 0.81 =
BIX <2.2 showed that all the samples predominantly
contained DOM of autochthonous origin with freshly pro-
duced organic matter (McKnight et al. 2001; Huguet et al.
2009; Birdwell and Engel 2010). With lowest FI values, the
Allier and Vendage River samples had the highest terrestrial
organic matter content in accordance with the highest aroma-
ticity and the highest Asg values.

To sum up, although DOM was mainly microbially derived
whatever the sampling sites, chemical and spectral properties
varied among the samples that can be ranked. DOM of river-
ine sampling sites Allier and Vendage are on the top of the
scale for their absorbance, aromaticity, average molecular
weight and highest terrestrial organic matter content while
DOM from PZ5 is clearly on the bottom of the scale. DOM
from B4 and B7 lay in the medium of the scale and PZ1
approaches B4 and B7 for SUVA,s,, and aromaticity but
PZ5 for average molecular weight.

Sensitizing properties

The use of TMP and FFA as chemical probes had for objective
to compare the ability of the different samples to generate
*DOM* and 102 under irradiation and thus to get information
on their ability to photodegrade micropollutants.

All the water samples were able to photodegrade TMP and
to oxidize FFA into P (Fig. SI-5) in accordance with the pho-
tochemical generation of 3DOM* and 'O, respectively (reac-
tions 3-9). Kinetic data are reported in Table 2. R™MP ranged
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from 0.2 % 108 to 143 % 1078 M s™! for TMP (5% 107> M)
and thus varied by a factor of 7 among samples while the rate
of P formation (RP) ranged from (.73 = 1077 and 4.09 % 1077
M s ! for FFA (104 M) varying by a factor 5.6. According to
Eq. 10, R™F i proportional to the rate of light absorption by
the water samples, the quantum yield of SDOM* formation
and the percentage of *DOM* trapped by TMP at 5 % 107> M.
If we make the hypothesis that this percentage is quite con-
stant among water samples, then we get, R™7 = Cte =
R, ® @+. On the other hand, according to Eq. 11, R is equal
to Cte’” x R, * Pgq. The linear increase of R™P with RY (R =
0.80, p<0.01, Fig. 2) as already observed (McKay et al.
2017) confirmed that @ variations paralleled those of ®gq
in accordance with the direct involvement of *DOM* in the
formation of 'O,.

R™P and R® were the highest for Allier and Vendage
Rivers in July and October, and for PZ1 and PZ5 in July and
the lowest for B4 and B7 samples in March. As PZ1 and PZ5
did not contain the more highly absorbing DOM. it means that
variations of R™F and R” did not parallel those of light ab-
sorption. Therefore, in a second step, we corrected R™" and
RY for the rate of light absorbance and got access to the R™?/
R, ratios that are proportional to @1 and to ®gq according to
our mechanistic hypotheses. This gives a better view of the
capacity of DOM chromophores to generate reactive species
and allows us to rank them in terms of sensitizing capacity.
Moreover. our data can be compared with the ones reported in
the literature for other DOM sampled in various aquatic sys-
tems. Ranging from 0.010 to 0.063, ®gq fall within the values
previously published 0.010-0.039 for Sandvik et al. (2000)
and 0.009-0.055 for Peterson et al. (2012).

Correlations among variables

PCA was run with 11 variables: Asgg. SUVA, E5/Ea, S575/59s.
BIX, FI, Ra, R™F RP, R™P/Ra, and ®gp. This analysis re-
vealed that the first two principal factors (PC1 and PC2) ex-
plained 54.19% and 20.62% of the total variance, respectively
and thus 74.81% of the total variance (Fig. 3). The score plot
of the different samples and the Pearson correlation coefti-
cients are also shown in Fig. 3. Variables E»/Es, S375/295,
R™PRa, Pgp, and FI occurred in the positive part of PC1
axis and were positively correlated. The correlation coefficient
of ®go with R™F/Ra, S575/50s, Eo/E5 and FI was equal to
0.93, 0.74, 0.77 and 0.67 respectively with p <0.01. It was
often reported in the literature that fryp (= ®1 % ks/ky) that 1s
close to our R™"/Ra ratio as well as $go were positively
correlated with E»/Es and thus increased when Mw of DOM
decreased (Dalrymple et al. 2010; McKay et al. 2017; Maizel
and Remucal 2017). Mw of DOM increases with the abun-
dance in high molecular weight molecules. The big macro-
molecules are expected to reduce the sensitizing properties
(i) through internal deactivation processes or (ii) by
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Table 2 Results of the kinetic

data processing (see experimental Site Season  R,/10° R™MP7 1078 R™7/R, R0 Pso
part) (Einstein L™ s7") Msh Ms™h

Allier March 3.48 0.810 0.0023 205 0.010
July 4.30 1.38 0.0032 332 0.013
October ~ 2.67 1.38 0.0052 195 0.012

B4 March 0.77 0.370 0.0048 0810 0.015
July 1.03 0.520 0.0050 133 0.021
October  1.48 0.280 0.0019 122 0.014

B7 March 0.94 0.200 0.0021  0.730 0.011
July 2.14 0.850 0.0040 242 0.019
October  1.36 0.270 0.0020 141 0.017

Vendage  March 343 1.09 0.0032 189 0.0078
July 351 1.43 0.0041  4.09 0.019
October ~ 4.36 0.720 0.0016 326 0.012

PZ1 March 1.03 0.810 0.0079 220 0.030
July 1.63 1.28 0.0077  3.12 0.031
October ~ 0.75 0.600 0.0080 185 0.040

PZ5 March 0.34 0.360 0.011 121 0.050
July 1.51 1.43 0.0095 267 0.029
October  0.41 0.580 0.014 1.59 0.063

scavenging of reactive species (Boyle et al. 2009). Ay, Ra,
and SUVA are three variables connected to DOM absorbance
and are logically correlated (R = 0.63-0.98, p < 0.01). The po-
sition of these variables in the negative part of PC1 axis indi-
cated that high DOM absorbance negatively affected the sen-
sitizing properties. This appears reasonable as high DOM ab-
sorbance is associated to a high aromatic content and/or great
abundance of highly conjugated molecules. It can be also seen
that FI was negatively correlated with SUVA, A,gy and Ra
(R=-0.79, - 0.72, = 0.72 with p<0.01) in accordance with
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Fig. 2 Plot of the rate of P formation (R") vs the rate of TMP
consumption (R™F)

the lower absorptivity/molecular weight of fresh autochtho-
nous DOM compared to allochthonous DOM. PC1 seemed
thus associated to the relative abundance of low/high molec-
ular weight and low/high absorbing chromophores.

PC2 was positively correlated to R™" and R” and nega-
tively to BIX. Riverine DOM samples except Vendage
October, and piezometer DOM samples had moderate positive
loadings while cut-off meander DOM samples moderate to
low negative loadings. PC2 seemed therefore associated to
the conjugated character of chromophores. In riverine sam-
ples, the conjugated molecules have an allochthonous origin
while in piezometer samples they come from soil organic mat-
ter and microorganisms. In the cut-off meander, the organic
matter is fresh and poorly conjugated in average. The cut-off
meander DOM of microbial/macrophytes origin had little bet-
ter sensitizing properties than Riverine DOM of terrestrial
origin either due to the lower concentration of highly absorb-
ing compounds or to better inherent sensitizing properties
(Feleyn et al. 2012; Bodhipaksha et al. 2015; Maizel and
Remucal 2017; McCabe and Arnold 2017).

Links between DOM properties and hydrological
movements

Related to this study, it appeared that B4, B7, and PZ1 showed
similarities in terms of chemical, spectral and sensitizing prop-
erties of DOM. To better visualize this, we run a PCA based
on the 6 spectral variables: Asgg, SUVA, Eo/Es, Sy75/295. BIX,
and FI. The hierarchical clustering is shown in Fig. 4. A first
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cluster was composed by DOM of Riverine Allier March, July
and October and Vendage March, a second by DOM of B4
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and B7 in October, a third by DOM of Vendage in July and
October and B7 in July, a fourth by PZ5 March and October
and a fifth by PZ1 March, July, and October, B4 and B7 in
March, and PZ5 in July. B4 July showed a very singular be-
havior and was alone. These observations were reinforced by
a previous research that had underlined the supplying of cut-
off meander by the Allier River. This supply takes place by the
surface connection at the downstream confluence and by an
underground connection through the upstream paleochannel
(Quenet et al. 2019). In this latter case, B7 is the closest loca-
tion to the paleochannel arrival. B7 is fed by the Allier River
with 64% of contribution (Quenet et al. 2019). This supplies
lead to more similar physical and chemical conditions be-
tween B4, B7 and PZ1 in particular during winter and spring
(Quenet et al. 2019).

The sampling site PZS5 that is situated on the left bank is
much less affected by the Allier River. Indeed, the alluvial
groundwater was identified to supply the cut-off meander dur-
ing low flow at the left bank. Thus, PZS5, influenced by the
alluvial aquifer, is apart considering both the hydrodynamic
functioning (Quenet et al. 2019) and the results of this study
(DOM and DOC results). Moreover, PZ sampling points
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present some differences compared to the surface sampling
points as groundwater has a percolation origin. At last,
DOM river Allier all over the year and Vendage in March were
apart as they are running water crossing forests and fields.
They are enriched in organic matter from soil compared to
the other DOM and are more aromatic. DOM Vendage in
July and October were close to DOM of B4 October and B7
October suggesting connections.

To conclude, this Auzon site presents a diversity of DOMSs
that were characterized by their chemical and spectral proper-
ties and their ability to generate reactive species across the
year. Three sub-groups were identified: DOM of running riv-
ers, DOM of standing water cut-off meander and DOM of
aquifers. As expected, parameters variations were linked to
hydrologic movements, vegetation cover and organic matter
inputs. Analysis of the data also informs on the hydrological
functioning of this wetland.
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Text 1. Full description of the site

The study area is a cut-off meander of the Allier River, a tributary of the Loire River situated in the
Massif central (France) (Fig. SI-1a & b) in the southern part of a graben (in the small subsidence basin
of Brioude). The area is about 400 m a.s.| and 160 km from the source. The study area presents a
temperate continental climate with relatively hot summers (air temperatures up to 24.6°C and 23.9°C
in mean respectively in July and August) and cold winters (mean temperatures around -2 and -3°C from
December to February; “Météo-France” n.d.). Annual precipitations are moderate (692 mm on
average) due to a shelter effect which affects the valley and most of the events occur between May
and October (423 mm in cumulative precipitation; “Météo-France” n.d.). Mountainous areas of the
upper Allier catchment are more humid with a total precipitation around 2000 mm mainly occurring
during winter and late spring and minimums during summer (around 570 mm). The basin is composed
of metamorphic and basaltic bedrock and filled with Oligocene sand and clay deposits. The agricultural
activities (grazing and cereals production) remain the main anthropogenic pressures. Most of the
water resource of the area is located in the modern alluvial formations that constitute the aquifer of
the Allier River alluvial groundwater. This resource is intensely exploited for the supply of drinking
water but not on the study site. This unconfined aquifer extends over a width of between 0.5 and 2
km and a thickness of 15 m in the most favorable areas, as for the Auzon cut-off meander.

In 1989. the Auzon cut-off meander was formed when the Allier River captured a gravel-pit and
modified the course of the stream. The upper part of the channel was rapidly in-filled by sand and
gravels; since then, only the downstream end of the cut-off meander remains connected to the main
stream conferring it the first stage in oxbow cycle. The cut-off meander analyzed over its approximate
560 m length was divided into three distinct zones (Fig. SI-1c): 1) the upstream zone disconnected from
the river and similar to a pond. with an important development of macrophytes (197 m length. 13 m
width. maximum depth around 1.80 m. slope = 0.01%; 2) the intermediate zone corresponding to a
geomorphological riffle characterized by the alternation of lentic and lotic areas with dominant mineral
substrates (176 m length, width ranging from 30 cm to 8 m, maximum depth around 0.40 m, slope =
0.39%); 3) the downstream zone characterized by bedload deposits coming from the river and
macrophytes (188 m length. 17 m width. maximum depth around 1.60 m. slope = 0.06%). Since the
first studies in 2007, the site’s monitoring is extending to water quality analyses by sampling surface
water within the cut-off meander and the Allier River to complete ecological investigations in 2012. In
2014, SOAHAL Observatory (Systeme d'Observation d'une Annexe Hydraulique de I'Allier) was set with
the implantation of deep observation boreholes to monitor alluvial groundwater and complete the

water quality monitoring.
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Fig. SI-2. Fluorescent tubes irradiance.
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Fig. SI-4. Emission spectra of samples upon excitation at 260 nm. Black line for March. red line

for July and blue line for October.
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Fig SI-5. A) Typical consumption profile of TMP when irradiated in the presence of cut-off

meander DOM and B) formation of photoproduct of FFA.
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Table SI-1 : Concentration of major ions (mg.L!) in the different samples.

March CI Br NO2 NO3s
Allier 10.9 0.0 0.014 5.3
B4 31.5 0.0 0.014 0.62
B7 15.9 0.0 0.011 2.7
Vendage 56.5 0.0 0.165 21
PZ1 45.1 0.0 0.010 1.3
PZ5 78.7 0.0 0.011 1.8
July CI Br NO2 NOz
Allier 9.2 0.0 0.01 2.5
B4 19.8 0.0 0.01 1.2
B7 11.6 0.0 0.01 3.3
Vendage 52.4 0.0 1.19 16.0
PZ1 10.8 0.0 0.01 2.2
PZ5 35.0 0.0 0.02 3.9
October CI Br NO2 NOs
Allier 10.1 0.0 0.01 15
B4 19.1 0.0 0.01 0.2
B7 15.2 0.0 0.01 1.9
Vendage 84.5 0.0 1.21 13.8
PZ1 125 0.0 0.01 0.1
PZ5 82.3 0.0 0.02 0.4
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Abstract

Dissolved organic matter (DOM) controls the degradation and sequestration of aquatic pollutants and, in turn, water guality.
In particular, pollutant degradation is performed by oxidant species that are generated by exposure of DOM to solar light, vet,
since DOM is a very complex mixture of poorly known substances, the relationships between potential oxidant precursors
in DOM and their oxydative capacity is poorly known. Here, we hypothesized that production of oxidant species could be
predicted using fluorescence analysis. We analysed water samples from an alluvial plain by fluorescence spectroscopy: the
three-dimensional spectra were then decomposed into seven individual components using a multi-way algorithm. Compo-
nents include a protein-like fluorophore, e.g. try ptophan-like and tyrosine-like, three humic fluorophores, 2-naphthoxyacetic
acid, and a by-product. We compared component levels with the ability of water samples to generate reactive species under
solar light. The results show a strong correlation between reactive species production and the intensity of two humic-like
fluorophores assigned to reduced quinones. Monitoring these fluorophores should thus allow to predict the ability of DOM
degradation of pollutants in surface waters.

Keywords Dissolved organic matter - Cut-off meander - Quinonic-like components - Triplet excited states - Singlet oxygen -
Correlation

Introduction

Dissolved organic matter (DOM) encompasses ubiquitous
natural components able to generate axidant species under
solar light exposure and thus to degrade aquatic pollutants in
surface waters. Previous works have shown that the capacity
of DOM to generate reactive species under solar irradiation
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supplementary material, which is available o authorized users,
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could be predicted measuring its absorbance properties
(Dalrymple et al 2010; Mckay et al. 2017; Peterson et al.
2012; Palma et al. 2020). Previous works also suggested that
correlations may exist between DOM photoreactivity and
fluorescence parameters (Coelho et al. 2011) or individual
fluorescent components identified by deconvolution of the
three-dimensional spectra by parallel factor analysis (PARA-
FAC, Timko et al. 2014; Bai et al. 2018; Batista et al. 2016).

Here, our goal was to investigate the fluorophores linked
to the photochemical generation of oxidant species such as
DOM iriplet excited states (?DOM#) and singlet oxygen
(SO) on waters sampled in an experimental site. This site
was chosen because it offers a variety of water types: river-
ine, underground and stagnant. The individual fluorescent
components were identified using literature data and the
OpenFluor database and their spatial and temporal distribu-
tion were determined. Finally, the exploration of correlations
between component intensities and rates of oxidant species
formation allowed to connect reactive species formation to
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the presence of reduced gquinonic structures identified based
on the literature data.

Experimental
Site description and samplings

The experimental site is the SOAHAL Observatory *Sys-
teme d’Observation d’ une Annexe Hydraulique de I'ALlier’
(Peiry et al 2014). This study area, previously described
{(Palma et al 2020), is a cut-off meander of the Allier River,
a tributary of the Loire River situated in the temperate zone
{ Massif central, France). It includes the Auzon cut-off mean-
der, the Allier River and its tributary Vendage, as well as
two aquifers, the alluvial fluvial flow and the watershed ones
(Figure SI-1). Water samples were collected in March, July
and October 2018 in Allier River, in Vendage River, in the
cut-off meander at sampling sites B4 and B7, and in the
piezomelers PZ1 and PZ5 (Figure SI-1).

Fluorescence spectra recording and deconvolution

The three-dimensional fluorescence spectra recording is
described in Supporting Information. All fluorescence sig-
nals were normalized using the area under the Raman peak
at excitation 350 nm of purified water: reverse osmosis
RIOS 5 and Synergy-Millipore device, resistivity 18 MQ
em, DOC<0.1 mgL~! (Cory and McKnight 2005). Solu-
tions were diluted before measurement to have an absorb-
ance <0.1 at 250 nm, and the recorded spectra were multi-
plied by the dilution coefficient. Parallel factor analysis is
classically used to decompose the three-dimensional spectra
and facilitate the identification and quantification of inde-
pendent underlying fluorescent signals, termed “compo-
nents” (Murphy et al 2013). The multi-way parallel factor
analysis model was run for 3 to 8 components with non-
negativity constraints using the DOMFluor toolbox (ver. 1.7)
for MATLAB (R14-6.5) as described by Stedmon and Bro
(2008). Seven components were determined, based on the
examination of the residuals from models, split half analysis
and visual inspection of spectral shapes of each component,
and compared to previously validated components using the
OpenFluor fluorescence database (Murphy et al 2014).

Rates of reactive species production

2.4.,6-Trimethylphenol (Sigma-Aldrich, certified reference
material) was used to scavenge “DOM* while furfuryl alco-
hol (Sigma-Aldrich, 98%) to trap SO. The protocol used to
measure the consumption of these probes and the processes
used to establish the rate laws are described in SI and in

@ Springer

Palma et al (2020). Briefly, the rate of 2,4,6-trimethylphenol
consumption (R™F) is equal to

R™ = ROV s apygp = Ry X ®apoy X iy (1
where R*?M” is the rate of "DOM* production and apyp
the fraction of *DOM* trapped by 2,4,6-trimethylphe-
nol. R, is the rate of light absorption by DOM between
300 and 450 nm calculated using the Beer—Lambert law
L=T;(1- 10~%, the absorption spectrum of DOM and
the emission spectrum of the tubes, @;n0,4-, the quantum
yield of *DOM# production. The rate of 2-hydroxypyranone
formation (R"), the main product of reaction between furfu-
ryl aleohol and SO (chemical yield =85%) is equal to:

R" = 085 xR x apy, = 085 X R, X gy X tfpps (2)

where RS is the rate of SO production, ®g, is the quantum
yield of SO production and agg, the fraction of SO trapped
by furfuryl alcohol.

Statistical analyses

Statistical analyses were performed with the R statisti-
cal software (R version 3.6.1, R Foundation for Statistical
Computing). To reveal the relationships between the DOM
fluorescence characteristics and its capacity 1o generate reac-
tive species under irradiation, principal component analysis
was conducted on scaled and centred data of all samples
and 10 variables, i.e. the 7 individual parallel factor analy-
sis components, and the different rates. Pearson correlation
coefficients were reported for all correlations where data
were normally distributed. P-values<0.01 were considered
statistically significant.

Results and discussion

Assignment of the individual parallel factor analysis
components

The contour plots of the 7 individual components determined
by parallel factor analysis decomposition are presented
in Fig. 1. Components C1 to C5 have been successfully
matched in the OpenFluor database with similarity scores
higher than 0,95, Component C1 (4,,.=300 and < 250)
nm/A,, =390 nm) is a widespread component generally
found in marine and terrestrial aquatic environments and
attributed to low molecular weight substances (Osburn et al.
2011; Coble 2007). Component C2 (4,,.= 280 nmvd,,,,= 300,
340 nm) seems to gather the protein-like fluorophores with
emission at 300 nm for tyrosine-like and the emission at
330-350 nm for tryptophane-like fluorophores (Coble 2007;
Parlanti et al. 2000).
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Fig. 1 Fluorescence signatures of the seven components identified by
parallel factor analysis decomposition of the three-dimensional spec
tra. They wene assigned by comparison with the literature or to com
mereial compound spectrum, to widespread low molecular weight
component (Component 1—C1), w protwin-like fluorophores (Com

Component C3 (4., =245 and 315 nm/4,, =400 nm)
was already observed (Osburn et al 2012; Romero et al
2017; Stedmon et al 2003) and assigned as fluorophores
from terrestrial origin possibly produced by (photo)deg-
radation (Osburn et al 2012). Component C4 (4. =260
and 370 nm/4,,, =480 nm) is also a widespread compo-
nent that has been described as high molecular weight
fluorophores (Kowalczuk et al 2013; Murphy et al 2006;
Stedmon et al 2007). It was found to be produced during

exXc

bacterial processing of DOM (Amaral et al 2016) and
could derive from microbial metabolism (Romera-Castillo
etal 2011).

Component C4 has also strong analogies with com-
ponent SQ2 (4i,,.=270 and 380 nm/d,, =462 nm)
assigned by Cory and McKnight 2005 to reduced qui-
exe =270 and

325 nm/4,,, =345 nm) was assigned to 2-naphthoxy-

none-like component. Component C5 (4

acetic acid by comparison with an authentic sample (SI).
2-Naphthoxy-acetic acid is generally used for controlling
of preharvest fruit drop on strawberries and tomatoes. The
detection of this highly fluorescent anthropogenic com-
pound in the cut-off meander water samples is explained
by the presence of vegetable farming near the site.
Component C6 (4., < 245 nm/4,,,= 345 nm) did not
find matches in OpenFluor-database. At last, C7 had
strong analogies with component labelled SQ3 (4,,. =265
and 345 nm/A,,, =412 nm) assigned once again to a
reduced quinone-like component (Cory and McKnight

2005).

Camponent 6
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Em. {nm)
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Ex. {nm} Ex. {nm)

Coemponent 7

EC T 300 350 400 450
Ex. {nm}

Ex. {nmj
ponent 2—C2), to (photo)degraded terrestrial component (Compo

nent 3—C3), to microbially reduced quinone-like fluorophores (Com

ponent 4—C4), to 2-naphthoxy-acetic acid (Component 5—C5), to a
non-identified component probably linked to C5 (Component 6—C6),
and to reduced quinone-like component (Component 7—C7)

Spatial and temporal distribution of the individual
parallel factor analysis components

The spatial and temporal variations of the component fluo-
rescence intensities are shown in Fig. 2. The intensity of
2-naphthoxy-acetic (C5) acid and C6 was particularly impor-
tant in B4-July. Components C5 and C6 appeared together
in Allier-July, B7-Tuly, PZ5-July and Vendage-July suggest-
ing that C6 could be a degradation product of 2-naphthoxy-
acetic acid. C1 and C2 were detected in high amounts in
PZ1-July, Allier River-Tuly and B7-July, while in moder-
ate amounts in Vendage River and Allier-River-October
and in minor amounts in the other water samples. As a part
of the cut-off meander was covered with aquatic plants in
July, these results suggest a microbial or algal origin for C1
and C2. C3 was mainly present in Allier River and Vendage
River, both characterized by the highest DOM aromaticity
(Palma et al 2020). C4 and C7 were detected in all the sam-
ples in quite similar fluoresce nee intensities, suggesting that
they could have common origins and fates. Higher intensi-
ties were found in July than in March or October and in
River than in cut-off meander samples.

Correlation between individual parallel factor
analysis components and photoreactivity
of dissolved organic matter

Results on the dissolved organic matter (DOM) photore-
activity of the different samples are shown Fig. 3. The
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rivers Allier and Vendage logically contained the more
absorbing DOM (Fig. 3A) because their waters enrich in
soil aromatic organic matter while crossing forests and
fields areas. The rates of 2,4,6-trimethylphenol consump-
tion (R™P, Fig. 3B) and the rates of hydroxypyranone
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ied sites: A Allier, B Vendage, C cut-off meander sites B4, D cut-off
meander sites B7, E piezomeker PZ1 and F piezometer PZ5. Fluores-
cence intensities are reported in Raman units (R.U.)

formation (R”, Fig. 3C) shows parallel variations with
highest values in July and lowest values in B4 and B7
sampling sites.

As R™P was proportional to R'°°M" Eq. (1) and R” 10
RS Eq. (2) according to our mechanistic hypotheses, the
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Fig. 4 Variable factor map from principal component analysis (PCA)
obtained from 10 variables: the seven components determined by par-
allel factor analysis decomposition of the three-dimensional spectra
(Cl—widespread low molecular weight component, C2—protein-
like fluorophores, C3—(photo)de graded terrestrial component, C4—
microbially mduced quinone-like fAuorophomrs, C5—2-naphthoxy-
acete acid, Cé—non-identified component probably linked to the
component C5 and C7—reduced quinone-like component, the rate
of light absorption (R,), the rate of triplket excited state formation
(RFPOMY) and the rate of singlet oxygen production (R59)

principal component analysis of Fig. 4a is performed with
RIPOMT 4nd RSO, RIPOM® 4nd RSO were positively correlated
to each other (R=0.8, p <0.01) in accordance with the for-
mation of singlet oxygen from *DOM*. Moreover, R*POM*
was positively correlated to microbially derived fluorophores
C4 and to reduced quinone-like component C7 (R=0.74 and
0.72, p<0.01, respectively), R to C4, C7 and degraded
terrestrial component C3 (R =10.88, 0.88 and 0.73, with
p<0.01, respectively ) and Ra to C3, C4 and C7 (R=0.75,
0.7 and 0.69, with p<0.01, respectively) (Fig. 4a and SI-4).
The other components did not show any correlation. How-
ever, C1 assigned to low molecular weight substances was

(€)

RFo®

- & & ﬁ:? @

A

A rate of light absorption (R)), B rate of 2 4,6-trimethylphenol con-
sumption (R™"), C rae of hydraxy pyranone formation (R”)

very near to protein-like fluorophores C2 on the variable
factor map and C35, assigned to 2-naphthoxy-acetic acid, to
non-identified component C6. It shows that C1 had common
features with C2, and C5 with C6.

Previous works reported that the formation rate of sin-
glet oxygen was coupled to the abundance of humic-like
components emitting at long wavelength for DOM of both
marine (Timkoet al. 2014; Bai et al. 2018) and terrestrial
origin (Batista et al. 2016; Coelho et al. 2011). Compared to
these works, we were able to identify the moieties involved
in the correlation, and we propose that C4 and C7 could
be attributed to the reduced forms of quinonic humic-like
components (Cory and McKnight 2005). This result is in
line with the study of Zheng et al (2019} in which a positive
correlation between electron accepting capacity of DOM,
to which quinones strongly contribute, and the presence of
one of the fluorescent parallel factor analysis components
proposed to represent oxidized quinoid-like structures was
reported.

Conclusion

We found a strong positive correlation between two individ-
ual parallel factor analysis components representing DOM
guinonic moieties (C4 and C7) and DOM photoreactivity,
specifically the generation of oxidant species like DOM tri-
plet excited states and singlet oxygen. This finding confirms
the role played by quinonic compounds in the sensitizing
properties of natural organic matter and suggests that moni-
toring these compounds using fluorescence spectroscopy
could be a valid approach for a rapid estimation of the sen-
sitizing properties of DOM.
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Figure SI-1. a) Location of the Auzon site; b) Scheme of the Auzon site, c) the three zones of the Auzon
cut-off meander. Sampling points (Allier River, Vendage River, B4 cut-off meander and B7 cut-off
meander) are noted as open squares and boreholes (piezometer PZ1 and piezometer PZ5) as black

stars.
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Three dimensional fluorescence spectra recording

UV-visible spectra were recorded on a Cary 3 (Varian). The three dimensional fluorescence spectra
were measured using a Perkin-Elmer LS55 spectrofluorometer equipped with a pulsed Xe arc lamp.
Slits were set at 10 nm for excitation and 10 nm for emission. Twenty-four emissions scans were
recorded at excitation wavelength (Aex) comprised between 220 and 450 nm with 10 nm steps. The emission

wavelengths (Aem) were scanned from 250 to 600 nm.
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Rates of reactive species production

Furfuryl alcohol (Sigma-Aldrich, 98%) was used to trap singlet oxygen and 2,4,6-trimethylphenol (Sigma- Aldrich,
certified reference material) to scavenge 3DOM*. Their stock solutions were prepared in water purified using a
reverse osmosis RIOS 5 and Synergy (Millipore) device (resistivity 18 MQ cm, DOC < 0.1 mg L?) and stored at 4°C
until use. Water samples containing either furfuryl alcohol at 100 @M or 2,4,6-trimethylphenol at 50 BAIM were
irradiated with six polychromatic fluorescent tubes (Sylvania, F15 W/350BL) emitting between 300 and 450 nm,
with a maximum at 365 nm. The 2,4,6-trimethylphenol (TMP) and furfuryl alcohol (FFA) losses and the formation
of 2-hydroxypyranone (P), the main product of reaction between furfuryl alcohol and singlet oxygen were

monitored by HPLC analysis as previously described (Palma et al 2020).

We postulated that the following processes took place to establish the rate laws:

DOM + hB —  'DOM* (1)
IDOM* N 3DOM*  (2)
3DOM* —  DOM (3)

3DOM* + 0, — DOM + !0, (4)

3DOM*  +TMP —>  DOM. +TMPy  (5)

0, + solvent - 0, (6)

0, +FFA > P (7)

According to this scheme, 3DOM* can deactivate, react with oxygen to yield singlet oxygen or be
trapped by 2,4,6-trimethylphenol. The rate of 2,4,6-trimethylphenol consumption (R™F) was thus

equal to:

R™P = ksx((DOM*)x(TMP)
= ksX(TMP)xRax®3pom+/(Ks+ kax(O2)+ ksx(TMP))
= Rax®3pom*X arrmp
where R, is the rate of light absorption by DOM between 300 and 450 nm, ®@3pom+, the quantum yield
of 3DOM* production and arwp the fraction of 3DOM* trapped by 2,4,6-trimethylphenol.
The rate of formation of 2-hydroxypyranone (RF), the main photoproduct of reaction between furfuryl

alcohol and singlet oxygen (chemical yield =85%) was equal to:

= 0.85%Rax®sox(FFA)/(ke+ k7x(FFA)) = 0.85XRaXx®soX arra
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where @ is the quantum yield of singlet oxygen production and area the fraction of singlet oxygen

trapped by furfuryl alcohol.

Ra was obtained using the relationship:
Ry = 321} (1-1074) x A1x 1000N"!  eq5

where lo*expressed in Photons.cm.nm™.s%, is the amount of photons reaching the solution averaged
between A-2.5 nm and A+2.5 nm; Ag is the averaged absorbance of the solution between A-2.5 nm and
A+2.5 nm for a path length equal to 1.4 cm, A; and A,, are the wavelengths chosen for the integration
limits, N is the number of Avogadro and AA is the wavelength interval chosen equal here it is equal to

5nm.

Assignment of individual component C5 to 2-naphthoxy-acetic acid

2-Naphthoxy-acetic acid (98%) was purchased from Sigma-Aldrich. The three dimensional emission
spectrum of commercial 2-naphthoxy-acetic acid is very similar to that of the individual component C5

(Figure SI-2).

Figure SI-2: Three dimensional emission spectrum spectrum of 2-naphthoxy-acetic acid (5x10°> M) in

water
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In addition, B4-July was analyzed on a high resolution mass spectrometer Orbitrap Q-Exactive (Thermo

Scientific) coupled to an ultra-high performance liquid chromatography system (UHPLC) Ultimate 3000
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RSLC (Thermo Scientific) equipped with an Acquity Phenomenex (2.1 mmx100 mm, 1.7 um particle
size) analytical column (Waters, USA). The aqueous solvent (A) consisted of a mixture of 0.1% formic
acid and the organic phase (B) was acetonitrile. The separation was achieved with a gradient program
consisting of 0-7.5 min 5%, 7.5-8.5 min 99% of the mobile phase B. After 80.5 min the gradients were
returned to the initial conditions and analytical column was reconditioned for 3.5 min. The flow rate
was set to 0.450 ml/min. The injection volume was 20 pL. The main peak was detected in negative
mode at m/z=201.0552 corresponding to C12Hy03 with a fragment at m/z=157.0649 corresponding to
the loss of CO; (Figure SI-3).

These data confirm the assignment of component C5 to 2-naphthoxy-acetic acid.

Its concentration in B4-July was estimated to (5.0+0.5)x107 M.

Figure SI-3: UPLC-HRMS spectrum of the water sample B4-July in negative mode. The peak eluted at

4.29 min shows the same m/z value than the authentic 2-naphthoxy-acetic acid.
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Figure SI-4 : Pearson coefficients from principal component analysis obtained from 10 variables: the
seven components determined by parallel factor analysis (PARAFAC) algorithm (C1- widespread low
molecular weight component; C2 - protein-like fluorophores; C3 - (photo)degraded terrestrial
component; C4 - microbially-reduced quinone-like fluorophores; C5 - 2-naphthoxy-acetic acid; C6 -
non-identified component probably linked to the component C5 and C7 - reduced quinone-like

component), the rate of light absorption (Ra), the rate of triplet excited state production (R3*°"") and
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the rate of singlet oxygen production (R%°). The symbols not barred with a black cross correspond to

p-values < 0.01.
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ABSTRACT: In this study, we reveal the capacity of imidacloprid (a
neonicotinoid insecticide) to photoinduce the nitration and nitrosation of r/\

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 l
demonstrated during irradiation (300—450 nm) of imidacloprid (107" M).
Quantum calculations showed that the formation of NO, proceeds via
homolytic cleavage of the RN—NO, bond in the triplet state. In addition to
gaseous NO/NO,, nitrite and nitrate were also detected in water, with the
following mass balance: 40 + 8% for NO,, 2 + 0.5% for NO, 52 + 5% for
NO;7, and 16 + 2% for NO,”. The formation of nitro/nitroso probe
derivatives was evidenced by high-resolution mass spectrometry, and their
vields 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 ur$anic 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 _th_e 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).'
The formation of these byproducts seems to imply the cleavage
of the N=N O, bond; however, the fate of NO, is not yet clear.
Recently, the formation of gaseous nitrogen oxides during the
" - o irradiation of IMD at the surface of a germalrjium attenuated

o / o . o~ total reflectance crystal was investizated. © The authors

,If;"/ '[:J;“" /I\'CE/ h[:)__/(x"*' /@ S’”“ detected nitrous ux?ée (N,O), w}'Lichgwas proposed to be
o o T ) o " 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

Scheme 1. Molecular Structure of IMD and Its Main
Photoproducts

JND?

IMD deanitro-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 repurted.?_g

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 litdle 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,
tryptophan). In particular, we investigated the formation of
nitro- and nitroso-dervatives, 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.

resorcinol, and

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 IHSS, Water was purified using a reverse
osmosis RiOs 5 and Synergy (Millipore) device (resistivity 18
MQ em, DOC < 0.1 mgL™"). 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 (107" M or 25.6 mg-L.™") and irradiated from the
top with two fluorescent tubes (Sylvania F15W/BL 368, 438
mm X 26 mm, 300-450 nm, and 4, at 365 nm, see Figure
S1) placed at a distance of 5 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-cm™s~". The gas flow reactor was connected to a
NO, chemiluminescence 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

3326

lamps

Figure 1. Schematic representation of device 1 used to monitor NO,
formation upon irradiation of IMD solutions.

bwat-s

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, (<5 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 107° 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

hittpss s d olorgd 101021 /4 cLe 419007 304
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Figure 2. Consumption profile of aqueous IMD (107 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 51. Photoproducts were quantified using
the same instrument after derivatization with DNPH.*® The
derivatizing solution (15 mL) was prepared by mixing
concentrated HCl, ultrapure water, and acetonitrile at a ratio
of 2:5:1. Fifty microliters of this solution was added to 5 mL of
sample solution. The derivatization reaction was completed in
5 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 Ton Pack AS11 2 mm
® 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 wl, and the
temperature of the column oven was set to 30 “C. External
standards were prepared using NaNO; in the concentration
range 50—200 gg-L™". Nitro- and nitroso-derivatives of phenol,
resorcinol, and r-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 quantificaion was not possible. Analyses were carred 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 5 % 1077 to 4 x 107° 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

prugram.\'-.m Density functional theory (DFT) calculations

3327

(optimizations, frequency calculations, identification of tran-
sition states, and IRC calculations) were performed at the
MN12SX/6-311++G(d,p)//MN12SX/6-31+G(dp) level of
calculation. Among the large set of hybrid range-separated
functionals that we tested, MN125X™ 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 2ZA. HPLC-UV and UHPLC—HRMS analyses indicated
that the main photoproduct was desnitro-IMD (Figure 54).
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-Q) as traces (Table 52).

NO; and NO,” were detected in the aqueous phase
(Figure $4). The yield of NO,™ increased constantly to reach
72 + 5% after 50 h of irradiation (Figure 2B, white bars). In
contrast, the yield of NO,” decreased from 27% after 7 h of
irradiation to 6% after 50 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;” + he = NO, + 0* @ = 001 (1)
NO,” + v = NO,” + O0P) @ = 0,001 (2)
NO,” + hw + HY = NO + HO" d = 0.025 (3)
NO,” + = NO, + ¢, ~ © < 00019 (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.

it e d olongy 101021 facsest3b07 304
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Table 1. Formation of NO, after 2 h of Irradiation of IMD (107" M) or NO, /NO, Mixtures in Device 1

conditions
IMD (107* M)
NOL™ (L8 = 1079 M) + NO,” (1.7 % 107 M)
NO,” (2 % 107° M) + NO,” (5 x 107° M)

380 £ 20 pg

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

quantity of NO formed (molar yield)

24+ 5 pg (40 £ 8%) 088 + 0.20 pg (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
iradiation of IMD (107" M) in device 1. Examples of collected
data are shown in Figure 52. During the first 2 h of reaction of
iradiation, 24 ug of NO, and 0.88 ug of NO were produced,
whereas the IMD loss was around 380 pig (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;7/NO, in the agueous solution
could potentially generate NO," 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 107" M and
NO,” =17 x 107° M corresponding to the concentrations
estimated after 2 h of irradiation in device 1 (Figure 54). The
iradiation of this mixture for 2 h yielded 15-fold less NO, and
4.4-fold more NO than the irmdiation of IMD (107" M)
(Table 1). The amount of NOQO, 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,7, through reaction 3. At higher concentrations of
NO, /NO,” (20 x 10° M and 5 % 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 107° M) was still below the one formed upon
iradiation 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-
}:irinl.:i}:iles”’1t¢ and crystallographic imrest:igat:icmsw (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 55a)) at the TD-
MNI12SX/6-31 1++G(d,p ), PCM / /MNI125X/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 5,—5
transition is optically active (284 nm). The oscillator strength of
this transition is 0,02, which is significant (an € of about 6000 L-
mol hem™ can be estimated from this value, when a UVovis half-
width at halfheight of 0.333 eV is used to model the absorption
spectrum ).

dissociation pathways of interest are depicted in this figure:
NQO, 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 §; by performing partial optimizations
of imidacloprid for fixed RN—NO, bond distances. The MEP
maximum is indicated by a dashed level in Figure 4.

S, 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-0 (R(0-0Q) =
1.523 A; 564 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 5, the dissociation of the RN—=NO, bond required
14.0 keal'mol™ (MEP maximum). In addition, the in-cage
dissociation complex '"RN=NO, is less stable (853 kcal
mol™") than the respective reactant (79.3 keal'mol™). Thus,
dissociation in 5, 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 exothemnic; 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 tiplet (T, green), and first singlet (S, blue) excited states of
imidacloprid ('"RNNO,). Calculations were performed by the MN12SX/6-311++G(d,p), PCM/ /MN125X/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 IRNNO + *0 are also given in the fgure. 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 5| 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 AG]. the
dissociation Gibbs free energy for both heteruh&ic and
homolytic NO, cleavage. In this calculation, RT % In(24.46)
was added to AG},. to account for the free energy change of 1
mol of an ideal géu: from 1 atm to 1 M.* AGY . = AGE .+
RT % In(24.46) was 58.6 and 49.2 kcal-mol™ !, respectively, for
the heterolytic and homolytic dissociation reactions, thus a
difference of 94 kcallmol™' (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, §,/T, intersystem-crossing (isc) is
favored because minimum energy geometries in 5, and T are
very similar for RNNO,, and the energy gap is small (less than
0.1 kecal-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-0 is
thermodynamically less stable than the respective reactant
YRNNO,, 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
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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
kcal-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 nitrmosation 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

0 Q,

phenol

resoreimol

conditions, the loss of IMD irradiated alone reached 60%
{Figure 7). We first compared the probes’ consumption (107
M) in the absence and in the presence of IMD (107" 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% 107° M) and NO,™ (5 % 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 (107! M) after 2 h of Irradiation
in Device 2 in the Presence of IMD (107" M) or NO,™ (5 x 107* M)“

conditions % resorinol converted
IMIY + resordnol TO0+£03
IMIY 4 resordnaol + NOM 1841
N0, 4+ resorcinol <1
N0, 4+ resorcinol 4 NOM <1

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

nitroso-derivatives formed l:p! L™

nitra-derivatives formed (p! L")

83 + 8 4+ 4
110 + 10 B+ 9
042 1+ 01
S5+ 5 3+ 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 {107 M) and resorcinol (107" 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 54. 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 107" 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 107" 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 54).
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] s7".

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 $4). For these

comparisons, we fixed NO,”/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,”/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; /NO,”
concentrations) cannot perfectly reproduce the dynamic and
complex evolution of NO,”/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 mg-L™") 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
NGO, in the liquid phase (NOy ;) together with the radical RN,
as shown by the quantum calculations, and the latter mainly
gives rise to desnitro-IMD (reaction 5). 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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dimerization of NOZ[]].“’” NO;” and NOy; can also be
produced through reaction 8. In our experiments, N, O,
cannot be distinguished from NO,,. Reaction 8 is probably
the major NO formation pathway, but the photolysis of
FNNQ (reaction 11}, of NOyy (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).;? It 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 IMDY 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 (s)
IMD + b — OCP) + RNNO (6)
ZNOygy < N,Oyy (7a)
N,Oyq) + H,0 = NO;~ + 2HY + NO,~ (7h)
3NO,g, + H,0 < 2NO,” + 2H' + NOy, (8)
NOy; < NO, (9)
INOy, + O, = 2NO,, (10)
RNNO + hvy — NOy, + radical (11)
NO, + v = NO, + olp) (12)

The nitration/nitrosation of phenolic/aromatic compounds
in the presence of NO,” or NO,” has already been
studied % NO, i recognized as having a key role in
these reactions, even though the mechanisms are not fully
understood. Several studies attributed the formation of
phenox_}rl radicals to the reaction of phenols with
NO, 54 while others to their reaction with HO*'
Once formed, the phenoxyl radicals further react with NO, to
vield the ortho- and para-dervatives 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 qenerating
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,7)

NO,” + NOM*/HO" = NO, + NOM* JOH™  (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 mgL™'}) in IMD or NO,” solutions

containing resorcinol (107" M) increased the amounts of nitro-

ian

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 4M 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 wgL™', IMD could generate as
much as nitroso-/nitro-derivatives as NO,™ at 0.1 gg-L™" The
relative contributions of NO,” and IMD to nitroso-/nitro-
derivative formation depend therefore on their levels in water.
NGO, is present in surface waters at a maximal concentration
of 0.1 mg-L_].'H 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 mg-L™"}
enhanced the nitro and nitrosation reactions of phenols (1077
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 uM), 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 cumpcrunds.m_m 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 FI5W/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 (10* M) for 1 h in
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
NO; (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, A = 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+0O 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-1IMD 211.0746/ 211.0745/ 0.33 CoH11CINg4
213.0717 213.0716

Desnitro- 243.0650/ 243.0643/ 2.84 CoH11CIN4O>

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//MN12SX/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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Figure SI-6. Structures of RN* (a), RN*,H,0 (b) and RN,H,0 (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
Sl-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:

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

— _/
—

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

level

ie: Eet(RNY) =  E(RN) +  [E(RN*,H:0) - E(RN,H:0)]

151



Supporting material - Manuscript 3

Figure SI-7. Consumption profile of IMD (10 M) upon irradiation in device 2. The concentrations of

IMD were determined by HPLC-UV.

1.0+

\.\
0.8 |
\.\
]
L\O) %61 \
o
I\.
0.4 T
0.2 1
0.0 T T T 1
0 5 10 15 20

Irradiation time/h

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 NO3*(2x10°> M) and NO, (5%10® 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 | converted = derivative | derivative | (ug.L™)

IMD probe formed formed
(Mg.L™) (gL

Phenol (10* M) - <05 - - -
Phenol (10* M)+ IMD (10 M) 563 14+1 34+2 202110 236x12
Phenol (10* M)+ NO2/NO3z - 3.4+0.1 0.28+0.02 34+2 34+2
Resorcinol (10 M) - <05 - - -
Resorcinol (10* M)+IMD (10*  58+3 29+1 406240 292429 | 498+69
M)
Resorcinol (10* M)+IMD (10° 61+3 4615 4314 16+2 5916
M)
Resorcinol (10° M)+IMD (10* 623 58+5 3.6x0.8 100+20 104+21
M)
Resorcinol (104 M)+ NO,/NOs’ 6.2+0.3 99+9 70.8+7 170+16
Tryptophan (10 M) - 9145 - - -
Tryptophan (10* M)+IMD (10* 60+3 9545 19+2 9.4+0.9 2843
M)
Tryptophan (10 M)+ NO2/NOs - 9645 7.4+0.7 6.2+0.6 1442
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Abstract: Perfluoroalkyl substances (PFAS) represent one of the most recalcitrant class of
compounds of emerging concern and their removal from water is a challenging goal. In this study,
we investigated the removal efficiency of three selected PFAS from water, namely,
perfluorooctanoic acid (PFFOA), perfluorohexanoic acid (PFHxA) and pefluorooctanesulfonic acid
(PFOS) using a custom-built non-thermal plasma generator. A modified full factorial design (with
2 levels, 3 variables and the central point in which both quadratic terms and interactions between
couple of variables were considered) was used to investigate the effect of plasma discharge
frequency, distance between the electrodes and water conductivity on treatment efficiency. Then,
the plasma treatment running on optimized conditions was used to degrade PFAS at ppb level both
individually and in mixture, in ultrapure and groundwater matrices. PFOS 1 ppb exhibited the best
degradation reaching complete removal after 30 min of treatment in both water matrices (first order
rate constant .107 min ' in ultrapure water and 0.0633 min in groundwater), while the degradation
rate of PFOA and PFHxA was slower of around 65% and 83%, respectively. During plasma
treatment, the production of reactive species in the liquid phase (hydroxyl radical, hydrogen
peroxide) and in the gas phase (ozone, NOx) was investigated. Particular attention was dedicated
to the nitrogen balance in solution where, following to NO« hydrolysis, total nitrogen (TN) was
accumulated at the rate of up to 40 mg™ L1 h.

Keywords: non-thermal plasma; PFAS; NO.; water treatment; advanced oxidation processes

1. Introduction

The availability of clean water sources is worldwide rapidly diminishing, so the
availability of effective technologies capable to ensure water reuse has become a primary
necessity. This is not only a challenge for those countries having scarce freshwater
resources but also for densely populated regions like Europe where over 64% of
freshwater is collected from rivers [1]. Most operating wastewater treatment plants
(WWTPs) rely on traditional treatments (e.g., biological treatment, sedimentation and
active carbon filtration) unable to totally remove a large number of bio-recalcitrant
anthropogenic compounds often referred to as CECs (Contaminants of Emerging
Concern) that are returned to the environment [2—4]. For most CECs typical surface water
concentration ranges from few ppt to tens of ppb but removal efficiency can drastically
change depending on pollutant’s initial concentration, wastewater characteristics and the
type of adopted technology [5,6]. The presence of CECs in water bodies not only limits
water reuse but it is also deleterious for the aquatic fauna as many CECs are toxic
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compounds and often endocrine disruptors [7,8]. Among CECs, perfluoroalkyl
compounds (PFAS) represent one of the most problematic class of compounds due to their
resistance to conventional water treatments and persistence in the environment [9-11].

Advanced Oxidation Processes (AOPs) have been proposed to be implemented
together with the conventional biological treatments to efficiently address the removal of
CECs from wastewater [12-15]. These processes rely on chemical and/or physical
processes generating highly reactive radical species (such as HO* and 50:*") able to react
non selectively with the most organic compounds in solution, including, bio-recalcitrant
compounds [16,17]. Among the most conventional AOPs are the Fenton and photo-Fenton
processes, ozonation, UV photolysis, H2: and heterogeneous photocatalysis [18,19].
While ozonation and UV photolysis are relatively simple processes that have also been
proven effective in degrading CECs, their large-scale application has been strongly
limited by high operational costs.

Water plasma is attracting today the attention of a growing number of researchers
due to its promising performances in water treatment applications [20]. Non-thermal
plasmas in particular have been intensively studied due to a series of practical advantages
like low energy consumption and simple operative equipment [21,22]. From a chemical
standpoint, the main advantage in using such technology is the ability to activate different
processes at the same time such as the formation ofhighly reactive species like H+, O, HO*
radicals, free electrons and ozone, as well as oxidants (e.g., hydrogen peroxide), the
generation of ultraviolet light due to the plasma discharge light emission and the
generation of shockwaves and high-density electric fields. The degradation mechanism of
pollutants is therefore complex. Different electrodes configuration has been explored but
the most used geometry for water plasma application is the so called point-to-plane or
needle-to-plane geometry where positive or negative polarity is applied to a needle-like
electrodes while a larger plate-shaped electrode is grounded [22-24]. According to the
polarity applied to the electrode, important differences in terms of treatment efficiency
can be observed [21,25]. Due to the chemical stability of the C-F bond in PFAS, these
compounds are extremely refractory to degradation resulting in insufficient abatement
when using traditional water treatment technologies. Recently, the use of non-thermal
plasma for PFAS removal has been investigated by several research groups. Despite the
promising results obtained so far, an exhaustive comprehension of the degradation
mechanism and the study of simultaneous treatment of different PFAS in real water
matrices is poorly documented in the literature [26,27].

The aim of this work was to optimize the performances of a custom-made high
voltage discharge generator (European Patent n EP 3 023 392 B1) for water treatment
applications and then, to test the removal efficiency of the optimized plasma system on
three perfluoroalkyl compounds (PFAS). In the first part of the work, a modified full
factorial design (with 2 levels, 3 variables and the central point in which both quadratic
terms and interactions between couple of variables were considered) was used to
maximize water pollutants removal and the discoloration of methylene blue solution was
used as response. Then, the generation of reactive species like hydrogen peroxide, ozone
and NO« has been evaluated during plasma treatment. Attention was dedicated to the
nitrogen balance in the solution. Last, the removal efficiency of the plasma treatment on
three recalcitrant PFAS (perfluorooctanoic acid (PFOA), perfluorohexanoic acid (PFHxA)
and pefluorooctanesulfonic acid (PFOS)) was investigated individually and in mixture,
both in ultrapure water and in a real groundwater matrix. Compared to other systems,
this discharge generator is capable of delivering high voltage pulses that rise from zero to
120 kV in five nanoseconds. This fast-rising potential is a crucial feature capable of
ensuring the generation of the streamer even when working with highly conductive water
matrices. Each pulse consists of multiple peaks of 10 nanoseconds reaching 90 to 120 kV.
The total duration of the pulse is approximately 250 nanoseconds, considerably shorter
than standard Pulsed Electric Field (PEF) systems.
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2. Materials and Methods
2.1, Chemicals

PFOA (Perfluorcoctanoic acid, analytical standard), PFOS (Perfluorooctanesulfonic
acid, solution 40% w/w), PFHxA (perfluorohexanoic acid, analytical standard), methylene
blue (MB, purity > 95%), methyl orange (MO, purity 85%), furfuryl alcohol (FFA, purity
98%), sodium nitrite (purity 2 97%), sodium nitrate (purity = 99%), ammonium chloride
(purity = 99.5%), potassium hydrogen phthalate (purity = 99.5%), sodium hydroxide
(purity = 98.0%), ammonium heptamolybdate tetrahydrate (purity = 99.0%), potassium
iodide (purity z 99.0%) and hydrogen peroxide (solution 30% w/w) were purchased from
Sigma-Aldrich and used without further purification. Dry natural organic matter was
purchased from International Humic Substances Society (product code 2R10IN}). 2-
Propanol and chromatographic UHPLC-grade methanol were purchased from Carlo Erba
Reagents. All aqueous solutions, if not differently specified, were prepared using
ultrapure water Millipore Milli-Q™ (TOC < 2 ppb, 18.2 M cm).

2.2, Plasma Generator

The high voltage discharges were generated with a custom-built Marx generator
powered with 220 V AC equipped with a pulse-width modulation circuit, a high-voltage
transformer and four 990 pF capacitors. A small continuous flow of compressed air with
relative humidity around 14% was fed to the spark-gaps’ chamber to stabilize the
generator’s internal atmosphere. The discharge’s peak voltage was typically 100-130 kV
with peak current values of 2040 A. The pulse duration was approximately 250 ns and
the frequency of discharge could be manually adjusted between 5 and 17 Hz. Electrical
measures have been performed using a BK Precision 2190D oscilloscope. Total absorbed
power of the generator laid between 299 and 322 W. Water was treated using two different
reactors: a 20 mL cylindrical polypropylene (PP) reactor was used in the first part of the
work aimed to the optimization of working parameters while a 50 mL Pyrex glass (PG)
reactor was used for all other experiments. The PP reactor on one site limited the risk of
damage of the reactor wall as a consequence of the generated shock waves, whilst on the
other side caused Total Organic Carbon (TOC) and Total Nitrogen (TN) potential
contamination from plastics and rubber parts. For both reactors, the same electrodes have
been used consisting in one stainless steel bar having 10 mm diameter and a tungsten
sintered electrode with a diameter of 3 mm on the other side. In the PG reactor the distance
between the electrodes determined whether the discharge was forming underwater
(distance < 2 mm) or at the water surface (distance > 2 mm). For both reactors, the
headspace was in connection with the room air. Schematic representation of the
experimental setup is shown in Figure 1. Both the plasma generator and the reactors were
positioned inside a Faraday cage.
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Figure 1. Schematic representation of the plasma generator connected to the Pyrex glass (PG)
reactor (A): (1) plasma generator, (2) air inlet, (3) air outlet, (4) plasma switch and frequency
control, (5) ground, (6) 220 V power supply, (7) PG reactor, (8) sintered tungsten electrode, (9)
stainless steel electrode. polypropylene (PP) reactor (B).

2.3. Analytical Methods

PFAS analyses were carried out using a SCIEX X500R QTOF system coupled to a
Shimadzu ExionL.C UHPLC system equipped with a Luna®™ Omega Polar C18 100 LC
Column (3 um particle size, 100 x 2.1 mm) heated at 40 °C. Injection volume was 50 uL
and the mobile phase was a mixture of 5 mM Ammonium Acetate in H20 (A) and 5 mM
Ammonium Acetate in MeOH (B) at a 0.350 mL/min flow. The gradient elution started
with 95% A and 5% B, which was held up to 1 min and then gradually changed up to
100% B within 10 min. This ratio was kept for 2 min and then gradually reversed into the
initial conditions until 15 min of elution. MS analysis was performed with the X500R
QTOF mass spectrometer, which operated innegative Electrospray lonization mode (ESI).
The source conditions were set as the following: gas temperature 500 °C, Curtain gas
pressure 30 psi, ion spray voltage 4500 V. The acquisition was done using the SWATH
(Sequential Window Acquisition of All Theoretical Fragment Ions) mode, which is a Data
Independent Acquisition (DIA) method where all the precursor ions within the
determined m/z range are fragmented in a methodical and unbiased way. The SWATH
mode consisted of a TOF MS full scan, followed by MS/MS experiments with fixed
quadrupole (Q1) isolation windows. The full scan covered a mass range of m/z 100-1500
with an accumulation time of 0.05 s. The Q1 precursor ions’ isolation strategy (MS/MS
scans) covered a mass range of mfz 50-1500 with window width of 25 Da and each
SWATH window had an accumulation time of 0.03 s. A collision energy (CE) of 35 eV
with a CE spread of 15 eV was applied. The chromatograms and mass spectra were
processed with the SCIEX OS5 1.7 software. PFAS quantification was based on six-points
calibration curves (10, 50, 100, 500, 1000 and 5000 ppt) having R2 > 0.99 for all compounds.

The concentration of NO, NOz, NO. and Os produced during plasma treatment was
determined using the Horiba APOA-360 Ambient Ozone Monitor and the Horiba APNA-
370 Ambient NO. Monitor. Air was sampled 2 cm above treated water surface using a
polytetratfluoroethylene (PTFE) gas sampling tube and the air flow was then split in two
and sent to the NO: and ozone analyzers simultaneously. Total sampling flow was 1.5
L/min.

Total nitrogen was measured using a Shimadzu TOC-VCSH Total Organic Carbon
Analyzer, equipped with an ASI-V autosampler and fed with zerograde air. Main nitrogen
inorganic ions (NOs, NO:» and NH+") were determined with a Dionex DX 500 ion
chromatograph equipped with a gradient pump GP40, an electrochemical suppression
unit (ASRS 300 for anions and CERS 500 for cations), an ED40 detector and a Rheodyne
injector (100 uL injection loop). The separation columns used were Dionex Ion Pac AS9-
HC with an AG9-HC guard column for the anions and Dionex CS12A with a CG12A
guard column for the cations. The used eluents were 9 mM K:COs (anions) and 20 mM
methanesulfonic acid (cations). In both cases, the total flow rate was 1 mL/min.

The formation of H:0: along plasma treatment was determined
spectrophotometrically at 350 nm in presence of iodide (method is reported in
Supplementary Materials).

All spectrophotometric analyses were performed using a Varian CARY 100 Scan
double-beam UV-Vis spectrophotometer, using quartz cuvettes with 10 mm path length.

3. Results and Discussion
3.1. Plasma Parameters Optimization

As the plasma generator used in this work had never been tested for organic
pollutants degradation, the first part of the experimental work was dedicated to the
optimization of the following operational parameters: applied polarity, frequency of
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discharge, water conductivity, distance between the electrodes and reactor material. This
first experimental part was carried out using the polypropylene (PP) reactor.

3.1.1. Applied Polarity

To understand the effect of polarity in our system, the degradation of Methyl Orange
(MO} was performed using both positive and negative polarity applied to the pointy
tungsten electrode. The test was performed on 15 mL of MO solutions at two different
concentrations, 3 = 10° M and 5.5 x 10~ M. Degradation tests of 15 min were performed
with both polarities and in both cases the degradation profiles for MO were faster with
positive polarity (at the two MO concentrations the slope was higher by 1.8 and 3.9-fold)
(Figure 51).This behavior has been previously reported for similar setups and can be
explained in terms of volume of solution covered by the discharge [21]. Higher rate of
formation of HO" for positive discharges have been reported as well [25].

3.1.2. Water Conductivity, Frequency of Discharge and Distance between Electrodes

The development of the DOE was carried out to investigate the role of three factors
on the degradation of methylene blue (MB) (fulllist of the experiments is reported in Table
51). The investigated variables and explored ranges are:

a. frequency of the electrical discharge (5-17 Hz)
b. distance between the electrodes (1-10 mm)
c.  water conductivity (20-300 pS/cm)

MB was selected because exhibited faster degradation rates compared to MO and
gave a more reliable and faster feedback. The initial absorbance of the solution at 665 nm
was fixed to 0.7 and discoloration was monitored measuring the absorbance at this
wavelength (Abssssnm). All solutions were prepared in ultrapure water and conductivity
was adjusted using sodium chloride. The DOE consisted of a series of 13 duplicated
experiments performed in randomized order. The obtained regression equation (R? for the
model 95.6%) avoiding the not statistically relevant terms is:

k=0.1883+0.03144 x a - 0.07976 = b + 0.001587 x c + 9.763 x 10# x a » b- 8.206 x 105 x a x ¢+ 6.383 = 103 = b2 —

3.847 = 106 x ¢

where k is the exponential term of the fitting equation used for the degradation profiles
of MB (Absss = yo+ A x 10%(-k 1)), ais the frequency of discharge (Hz), bis the electrodes
distance (mm) and c is water conductivity (LuS/cm).

The frequency of discharge showed a positive correlation with the rate of
discoloration of the MB solution (Table 52). This is intuitively explainable in term of higher
production rate of reactive species. The water conductivity was negatively correlated with
the rate of discoloration. This can be explained considering that as water conductivity
increased, plasma discharge formation was limited by the competitive phenomenon of
charge transport by ions in solution. Furthermore, at higher conductivities the length of
the discharge shortened and the efficiency of reactive species production might decreased
[28]. Considering the results of DOE, all following experiments have been performed in
the Pyrex glass (PG) reactor in the optimized conditions, that is, with a frequency of
discharge of 17 Hz, distance between electrodes of 5 mm and without addition of sodium
chloride.

3.2. Identification of Reactive Species
3.2.1. Role of HO*

To estimate the contribution of HO® in the degradation process during plasma
treatment, a solution of MB 10° M, was treated in the PG reactor, in the presence of
increasing concentration of 2-propanol (0-2 mM). Figure 2 shows the degradation profile
for MB in the presence of different concentration of 2-propanol and the transformation
rate of the substrate with the increase of the concentration of the scavenger. The initial
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degradation rate of MB (computed as the product between the first order kinetic constant
obtained from the exponential fit of the MB degradation profiles and the initial substrate
concentration) was inhibited by 2-propanol up to a plateau value of 1.5 x 10-* M s-. The
high inhibition of the MB transformation rate with the increase of 2-propanol suggested
(i) a high production of hydroxyl radicals; (ii) an active role of this species during the
degradation of MB in the explored experimental conditions and (iii) the presence of other
processes concurring in the degradation of MB alternative to its reaction with HO* (e.g.,
oxidation/reduction of the substrate at the electrodes, UV/Vis photolysis...).

50
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—=— 0 uM o
08 5k ~4
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0.4 E ] §
€154 e
k
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0 2 4 [ 8 00 05 1.0 1.5 20
Treatment time (min) Concentration of 2-propanol (mM)

Figure 2. Degradation profiles of methylene blue (MB) (initial concentration 10 M) in the
presence of increasing concentrations of 2-propanal, treated in the PG reactor (A). Evolution of the
reaction rate for MB degradation in presence of increasing concentration of 2-propanol (-2 mM
range) (B).

3.2.2. H2O: Production

The formation of H20: is commonly observed in plasma treated solutions [28,29]
through the reactions reported below (Equations (1)«7)). The formation of H20: is
initiated by the formation during the high energetic discharge of high-energy electrons
(*e") able to react both with dissolved oxygen (Equation (1)) and water (Equation (2))[30].

Oz + % — 20+ "% (1)
H:0 + *e- — HO*+ H* + *e- (2)
O+ 0— O (3)

H:0 + O —2 HO* (4)

2 HO* — H:O» (3)
HO*+ Oa— HOO* + Oz (B)
2HOO* — Hx:2+ Oa (7)

We quantified the formation of H2(: and determined how the position of the
discharge in the PG reactor could affect this production rate. 50 mL of MilliQ water were
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exposed to the two types of discharge for 10 min and the concentration of H20: was
determined along treatment. Figure 3 shows the concentration of H20: as a function of the
treatment time in the case of surface and underwater discharge. The results not only
confirmed that H20z was formed along plasma treatment but also showed that the rate of
formation is strongly dependent by the type of plasma discharge. Surface discharge led to
a production rate 18-fold higher than underwater discharge (21.9 puM/min against 1.2
uM/min, respectively). This difference could be explained considering that, in the case of
surface discharge, reactions (1-6) could take place at the liquid-air interface where the
concentration of dissolved oxygen reach its maximum [31].

0.25

A gsurface discharge
020d ® underwater discharge

0.15- rate=21.9 pM/min

0.10+

[H,0,] (mM)

0.05+
rate=1.20 uM/min

0.00p— %

Treatment time (min)

Figure 3. Concentration of hydrogen peroxide produced during plasma treatment of 50 mL of
ultrapure water in PG reactor with surface and underwater discharge.

3.2.3. Ozone and NO« Production

The formation of ozone and NOx in plasma discharges is commonly reported in the
literature [31-34]. Significant concentration of Os in the gas phase was measured when
working with surface discharge. Data was registered for a total duration of 10 min divided
in 1 min of background acquisition, 6 min of plasma discharge and 3 min of post-discharge
analysis. NO, NOz, NOx and Os concentration profiles are shown in Figure 4. Background
concentration of ozone in the room air was 1 ppb with negligible fluctuation over time.
After plasma discharge was turned on, ozone concentration rapidly reached a stationary
concentration of around 45 ppb and then dropped back to the pre-discharge values in
around 4 min after interruption of the discharge. NO and NO: concentrations on the other
hand linearly increased throughout sampling period even after the discharge was turned
off without reaching a stationary value. In particular, NO concentration increased at a
slightly higher rate starting immediately after the plasma discharged was turned on and
according to the literature it was the main NO. specie formed inside the plasma: NO was
oxidized by the ozone produced during the plasma treatment to give NO: and some
authors even reported this reaction to be quantitative [34]. The increase of the
concentration of NO: was concomitant with the change in the accumulation rate of ozone,
as predicted by the reaction between NO and Os: that give NO: and limited the
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accumulation of ozone. According to this theory, the production rate of both NO and O3
could be significantly higher than the measured ones.
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Figure 4. NO, NOz, NOx and Os concentration profiles measured before, during and after plasma
treatment of 50 mL of ultrapure water in the PG reactor using superficial discharge.

3.3. Total Nitrogen and Nitrogen Speciation in Solution

As the formation of NO« was observed in the gas phase, TN concentration with
superficial and surface discharge was measured during experiments carried out in
ultrapure water. In both cases the treatment duration was set to 8 min and TN was
measured with intervals of 2 min. The nitrogen fixation appeared to be strongly
dependent on the type of discharge adopted with TN increasing around 8 times faster
with surface discharge with respect to underwater discharge due to the hydrolysis of the
NO« produced when the plasma discharge takes place in contact with air [35,36]. To
investigate TN evolution in a more complex mixture, the same experiment was repeated
replacing ultrapure water with a solution of Natural Organic Matter (NOM) 10 mg/L.
Treatment time was extended to 30 min. The presence of NOM did not significantly
modify the evidences observed in ultrapure water and confirmed that nitrogen fixation
was more efficient with surface discharge. The TN concentration increased linearly (i.e.,
rate of production constant) with the treatment time both in ultrapure water and in NOM
solution and both with underwater and surface discharge. The TN accumulation rates for
the two samples are reported in Figure 5A (measured concentrations are reported in
Figure 52). The zero order kinetic for the fixation of nitrogen (d[TN]/dt = constant) is in
agreement with the hypothesis that this was directly related to the production of NOx at
the liquid/air interface as a consequence of the high energetic discharges, the frequency of
discharge was constant during the treatments.

Furthermore, for the sample of NOM treated with surface discharge, nitrite, nitrate
and ammonium concentrations were measured, in addition to TN, using ionic
chromatography. These results showed that most part of nitrogen (~90% w/w of nitrogen)
was fixed in solution in the form of nitrate ions with little formation of nitrite ions (<10%
w/w of nitrogen) and negligible production of ammonium.

164



Manuscript 4

Molecules 2021, 26, 924

9 of 14

50
Bl Underwater discharge A sop -~
ELE . —b— ammanium
Surface dischar = 404
e - o -5]40 —il— nifrites
— E and — nirales -
£ 35 k=" a i A
250 0 5 10 15 20 25 30
< 25 Treatment time (min)
E=)
é 204 T e — Y AB
@ ] 304 —dhe— ammonium
E aiO- —&—riiriles
104 E —E—ritrales ./.
104 P — —— 8
5 . -
o 1} 5 10 15 20 25 30

Ultrapure water ~ NOM 10mg/L Treatment time (min)

Figure 5. Comparison between the TN accumulation rate during treatment with surface and
underwater discharge for a solution of ultrapure water and for a solution of NOM 10 mg/L (A);
Concentration of ammonium, nitrite and nitrate ions over 30 min treatment with surface discharge
in a solution on ammonium 40 mg/L (B} and in a solution of nitrite 60 mg/L (C).

To better understand if the observed nitrate ions were formed directly in the plasma
discharge or if they derived from the oxidation of other inorganic nitrogen species, two
experiments were carried out. The first with ammonium (40 mg/L), the second with
nitrites (60 mg/L) in ultrapure water with superficial discharge. The concentration of
nitrites, nitrates and ammonium was monitored along treatment. When ammonium was
spiked in the treated solution its concentration did not change along treatment meaning
that ammonium was not produced in the first place and that the plasma discharge was
not capable of oxidizing it at a significant rate. When nitrites were spiked in solution on
the other hand, their concentration at the end of the treatment was reduced to around 40%
of the initial value. At the same time the increase of nitrates’ concentration was
considerably higher than before confirming that the plasma was able to oxidize a
significant portion of nitrite to nitrate ions. Nitrates formation in the system under study
takes therefore place both in a direct (especially in the first 20 min of treatment) and
indirect way via the oxidation of previously formed nitrite ions (significant after 20 min
of treatment).

3.4, Metals Release from the Electrodes

Since the electrodes were visibly consuming with use, the concentrations of Fe, Cr,
Ni, W and Hg was measured in sample of ultrapure water treated with surface discharge
for 15 min. Iron and tungsten release was found to be significant being these two metals
the main components of the electrodes used in this work (stainless steel and sintered
tungsten). The release of chromium and nickel in treated solutions was limited while no
mercury was detected (Table 1). The metal release in solution due to electrodes
consumption is a potential drawback of this technology very little mentioned in the
literature. These data highlight how an appropriate choice of electrodes material is crucial
when designing water plasma applications. As an example, in the tested experimental
conditions the release of iron was not a problem being its concentration lower than the
commeon limit of law for the discharge of treated water in surface waters (e.g., for the
Italian legislation 2 mg/L [37]) furthermore iron species in solution could trigger
additional processes(e.g., Fenton and photo-Fenton ones) able to produce further reactive
species. On the contrary the concentration of tungsten should be a significant problem,
being its measured concentration >1 mg/L after 15 min of treatment.
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Table 1. Concentration in pg/L of Fe, Cr, Ni, W and Hg measured in a sample of ultrapure water
treated with surface plasma discharge for 15 min. LOD = Limit of Detection.

min Fe Cr Ni W Hg
0 4.8 0.0 3.5 142 <LOD
1 6.2 0.0 45 217 <LOD
3 5.3 0.0 4.6 285 <LOD
5 10.8 0.1 4.3 418 <LOD
10 252 1.7 53 787 <LOD
15 521 4.5 6.9 1118 <LOD

3.5. Degradation of PFAS

Individual solutions of PFOA, PFOS and PFHxA were prepared in MilliQ and in
groundwater matrices (chemical parameters of groundwater are reported in Table 53) at
a concentration of 1 ppb. 50 mL of each sample solution were treated with surface plasma
discharge in the PG reactor for 30 min and samples were taken at different time intervals
during treatment in order to evaluate the degradation profiles. A mixture solution of these
three compounds was prepared as well, in the same matrices with a final concentration of
1 ppb for each compound. Treatment time was extended to 1 h. All experiments were
performed in triplicates.

In all the cases an exponential decay of the concentration of the substrates with the
treatment time was observed (i.e., the degradation process had alwaysa pseudo first order
kinetics).

When compounds were treated individually, the best results were obtained for PFOS
whose degradation was complete in ultrapure water and reached 85% in groundwater
(Figure 6A). Removal efficiency of PFHxA on the other hand was slightly better in
groundwater than in ultrapure water with degradation after 30 min of 40% and 35%,
respectively (Figure 6B). PFOA was degraded of around 50% of initial concentration
regardless the matrix (Figure 6C).
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Figure 6. Degradation of pefluorooctanesulfonic acid (FFOS) (A), perfluorohexanoic acid (PFHxA )
(B) and pertluorooctanoic acid (PFOA) (C) treated individually in ultrapure and ground water
matrices. Degradation of perfluoroalkyl substances (PFAS) treated in mixture (D) in ultrapure
(solid symbols, solid lines) and groundwater (open symbols, dashed lines).

When treated in mixture the degradation profiles obtained for the three compounds
showed that degradation is generally slower due to the competition among substrates for
the produced reactive species. In mixture the data largely confirmed the results obtained
for individual solutions with PFOS no longer detected after 30 min, PFOA removed for
around 46% after 1 h in both matrices and PFHxA being the most recalcitrant compound with
29% removal in ultrapure water and 38% removal obtained in groundwater (Figure 6D). The
first order degradation rate constants for the three investigated substrates both
individually and in mixtures are reported in the Figure 53.
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4, Conclusions

In this work, the operational parameters of a custom-built non-thermal plasma
generator have been optimized using an experimental design. The analysis of the reactor
gas phase revealed that significant production of ozone and NOx takes place during water
treatment. In solution NO« hydrolysis led to an increase of total nitrogen (up to 40 mgL
h~') mainly under the form of nitrate ions. A significant release of iron and tungsten in
solution was observed as a consequence of the gradual oxidation of the electrodes
material.

Secondly, the plasma generator running on optimized conditions has been used for
the degradation of three perfluoroalkyl compounds PFOA, PFOS and PFHxA in solution.
The compounds were treated both individually and in mixture using two different water
matrices, ultrapure water and groundwater. In both cases PFOS removal was found to be
the most efficient with the parent compound no longer detected after 30 min of treatment.
The promising degradation results obtained for tested compounds and in particular for
PFAS, suggest that this technology could be efficiently used for the treatment of
contaminated groundwater, especially when water conductivity is low; environmental
concentrations of PFAS in contaminated groundwater where the illicit discharge was
done, typically fall within the concentration range explored in this work [9,38-42]. Being
the PFAS probably the most recalcitrant compounds among the contaminants of emerging
concern, the promising results with PFAS makes us confident that the plasma technology
here investigated is also able to degrade less inert compounds.

Preliminary investigations regarding the nature of the transformation products
obtained during the plasma treatment of the tested perfluorinated compounds
highlighted the formation of shorter-chain PFAS compounds in both ultrapure and
groundwater. The identification and quantification of the transformation products of
PFOA, PFOS and PFHxA produced during plasma treatment is currently under
investigation.

Supplementary Materials: Method for the determination of HxD: is reported at p.l of
Supplementary Material, Figure 51: effect of applied polarity on the degradation of methyl orange,
Figure 52: TN values measured in samples of ultrapure water (A) and for a solution of NOM 10
mg/L (B) treated with surface and underground discharge, Figure 53: First order kinetic constant of
PEAS degradation (min™) for individual treatment and in mixture in both ultrapure and
underground water, Table 51: Experiments list of the DOE including the variables values used for
each experiment and the observed experimental result (k), Table 52: Regression equation and p
values obtained for the three parameters (frequency of discharge, electrodes distance and water
conductivity) explored in the DOE, Table 53: Chemical parameters of underground water sampled
in the city of Volpiano (Turin, Italy) used for the preparation of PFAS solutions.
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Measurement of hydrogen peroxide

The formation of H,0, along plasma treatment was determined using two reagent solutions prepared
as follows in two 250 mL flasks: solution A contained 16.5 g of potassium iodide, 0.5 g of sodium
hydroxide and 0.05 g of ammonium heptamolybdate tetrahydrate, and solution B contained 10 g of
potassium hydrogen phthalate. Both flasks were brought to volume using ultrapure water and the
solutions were maintained under stirring until complete solubilisation. Determination of H,0, was
performed by mixing 3 mL of sample with 1 mL of solution A and 1 mL of solution B that were let to
react for 1 min before measuring the absorbance at 350 nm. H,0; concentrations were determined

using a calibration curve.
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Table S8. Experiments list of the DOE including the variables values used for each experiment and the

observed experimental result (k). Reported k values are average values of two repetitions.

. Electr. H.O
Experiments Frequency . -
number (Hz) Distance conductivity k
(mm) (uS/cm)
1
2
3
4
5
6
7
8 17 10 300 0,4448
9 01976
10 0,4415
11 0,3511
12 17 5,5 300 0,2900
13 11 5,5 160 0,3729
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Table S9. Regression equation and p values obtained for the three parameters (frequency of discharge,

electrodes distance and water conductivity) explored in the DOE.

Parameter Coeff. Sigma t p value Signif.
Constant 0,23055 0,08196 2,813 0,02 Yes
Frequency (Hz) 0,0224286  0,005373 4,175 0,002 [Nen
Electr. Distance (mm) -0,0006329 0,007545 -0,084 0,935 No
H,0 conductivity (uS/cm) -0,0005632 0,0002303 -2,446 0,037 Yes

Table $10. Chemical parameters of underground water sampled in the city of Volpiano (Turin, Italy)

used for the preparation of PFAS solutions.

pH 8,1
Conductivity uS/cm 195,45
TOC ug/L 270
nitrites mg/L n.d.
nitrates mg/L 8
Chlorides mg/L 3
Sulphates mg/L 8
Sodium mg/L 4
Potassium mg/L 1,0
Calcium mg/L 22,8
Magnesium mg/L 11,6
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Abstract

The present study aimed to investigate the changes in the chemical composition, and in the optical
and photooxidant properties of Suwannee River Natural Organic Matter (SRNOM) induced by UVC (254
nm) treatment. The extent of the photodegradation was first assessed by UV-visible/fluorescence
spectroscopies and organic carbon analysis. An in-depth investigation of the chemical changes was also
conducted using liquid chromatography-mass spectrometry and gas chromatography-mass
spectrometry after derivatizations. A series of mono, di and tricarbonyls and mono and dicarboxylic
acids in C;-Cs were identified in samples irradiated from 1 to 4 h. After 3 h of irradiation, carbonyls
accounted for 46% of the organic carbon remaining in solution whereas carboxylic acids represented
about 2%. Then, we investigated the modifications of the photooxidant properties of SRNOM induced
by these chemical changes. At 254 nm, UVC pre-irradiated SRNOM photodegraded glyphosate 29 times
faster than original SRNOM and the reaction was fully inhibited by 2-propanol (5x103 M). This
enhanced photooxidant properties at 254 nm toward glyphosate was therefore reasonably due to ¢OH
radicals formation, as confirmed by additional ESR measurements. A mechanism involving a chain
reaction was proposed based on independent experiments conducted on carbonyl compounds,
particularly pyruvic acid and acetone. The findings of this study show that UVC pre-treatment of NOM
can enhance the removal of water pollutants and suggests a possible integration of a NOM pre-

activation step in engineered water treatment sytems.

Key-words: Natural organic matter, carbonyls, hydroperoxides, chain reaction, glyphosate, ¢OH

radicals

1. Introduction

Natural organic matter (NOM) is a complex mixture of organic compounds formed in soils,
sediments and natural waters as a result of microbial and chemical transformation of plant tissues and
microbial remains and it is an ubiquitous constituent of surface waters and drinking water supplies.
NOM needs to be removed in the process of drinking water production because it can affect the color
and organoleptic parameters of water and it can act as a carrier of toxic organic compounds [Zoschke
etal, 2012 ; Tang et al , 2014]. Under UVC radiations (200-280 nm), typically used to remove bacterial
and chemical contamination [Sillanp&da et al., 2018], NOM undergoes extensive degradation even
though complete mineralization is not usually achieved; the generation of potentially harmful by-
products originating from NOM degradation is a crucial aspect of drinking water production [Buchanan

et al, 2006]. Even though great efforts were put toward a better understanding of the fate of NOM in
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UVC treaments [lke et al, 2019 ; Paul et al, 2012 ; Varanasi et al, 2018 ; Sarathy et al, 2011 ; Kulovaara
et al, 1996; Schmitt-Kopplin et al, 1996 ; Corin et al, 1996 ; Polewski et al, 2005 ; Lamsal et al, 2011,
Rougé et al, 2020], many questions related to the nature of intermediary photoproducts formed and
their photoreactivity remain unanswered and need to be further investigated.

Due to its heterogeneity and chemical complexity, NOM transformation was often studied by
monitoring global parameters using techniques such as absorption or fluorescence spectroscopy, total
organic carbon analysis, *C NMR, pyrolysis and gel permeation chromatography [lke et al, 2019 ; Paul

et al, 2012 ; Hao et al, 2020 ; Sarathy and Mohseni, 2007 ; Fukushima et al, 2001 ; Schmitt-Kopplin et

al, 1996 ; Polewski et al, 2005]. These analytical techniques allowed to assess an overall decrease of
NOM UV-visible absorbance, of aromaticity and of molecular weight during oxidation processes.
Several studies focused on the identification of small molecules, generated from NOM breakdown, by
coupling derivatization techniques with liquid chromatography-mass spectrometry (LC-MS) or gas
chromatography-mass spectrometry (GC-MS). Formation of C;-C4 carbonyl compounds and C;-Cs
carboxylic acids, amino acids and alcohols in UVC treatments was reported [Thomson et al, 2004 ;
Agbaba et al, 2016 ; Zhong et al, 2017 ; Corin et al, 1996]. Some of these photoproducts were also
found upon irradiation of NOM with natural or simulated solar-light (> 290 nm) [Brinkmann et al, 2003 ;
de Bryun et al, 2011 ; Goldstone at al, 2002 ; Kieber et al, 1990].

The presence of NOM in UVC treatments has been generally reported to lower treatment
efficiency due to its ability to scavenge the reactive species generated under irradiation and/or to
absorb photons competitively, therefore decreasing the degradation rate of target compounds [Wang
et al, 2016]. However, NOM is able to generate oxidant species such as hydroxyl radicals (¢OH), singlet
oxygen (10,) and triplet excited states (3NOM*) under irradiation [Vione et al, 2014] and can also
promote the degradation of contaminants during UVC treatment [Lester et al, 2013]. The
photosensitizing properties of NOM may evolve during the UVC treatment because NOM itself
undergoes chemical changes. Yet, to the best of our knowledge, very few studies investigated the
effect of such modifications on the ability of NOM to generate photooxidants in the course of
engineered water treatments. Treatments of NOM with hypochlorous acid and ozone were reported
to increase its capacity to generate 10, in simulated solar light due to the possible formation of
qguinone-like molecules [Mostafa and Rosario-Ortiz, 2013 ; Leresche et al, 2019] but also to decrease
its capacity to generate 3NOM* due to photosensitizers destruction [Wenk et al, 2015]. On the other
hand, UV/chlorine treatment of NOM at high chlorine dosage was found to increase its ability to
generate 3NOM*, 0,, and *OH, upon irradiation within the range 290-400 nm [Zhou et al, 2021]. Again,
these effects were proposed to be due to the formation of quinone and ketone functional groups.

The goal of this work was to study the chemical changes of SRNOM under UVC irradiation and

to determine how these changes affect its photodegrading properties. In the first part, spectral
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changes of irradiated SRNOM solutions were monitored by UV-visible and fluorescence spectroscopies
while photoproducts were analyzed by derivatization of SRNOM followed by liquid chromatography
coupled to high resolution mass spectrometry (UHPLC-HRMS) or gas chromatography coupled to mass
spectrometry (GC-MS). In the second part, we studied the effect of the UVC pre-irradiation on the
photosensitizing properties of SRNOM. For the experiments at 254 nm, we chose glyphosate, as a
probe molecule, for two reasons. It is non-absorbant at 254 nm and thus poorly subject to photolysis.
Moreover, its aliphatic and saturated structure makes it difficult to oxidize except by very oxidant
species such as ¢OH. The photooxidant properties of carbonyls at 254 nm was also studied for
comparison. For the experiments at A > 300 nm, we used recommanded probe molecules to compare
the formation of ¢OH, 3SRNOM* and singlet oxygen before and after UVC pre-irradiation [Rosario-Ortiz
and Canonica, 2016].

2. Material and methods
2.1. Chemicals

SRNOM (2R101N) was purchased from the International Humic Substances Society (IHSS). Glyphosate
(99.7%) and H,0, (> 30%) were obtained from Fluka. Methylglyoxal (40% in weight), pyruvic acid (98%),
glycolic acid (98%), acetone (> 99.5%), 2,4,6-trimethyphenol (TMP, certified reference material),
furfuryl alcohol (FFA, analytical grade), terephtalic acid (98%), hydroxyl-terephtalic acid (97%), 2,4-
dinitrophenylhydrazine (DNPH, 97%), bis(trimethylsilyl)trifluoro-acetamide containing 1%
trimethylchlorosilane (BSTFA + 1% TMCS, 98.5% exluding TMCS), NaH,PO4 (= 99.5%), Na;HPO4 (> 99%),
horseradish peroxidase (52 units per mg of solid), 4-hydroxyphenylacetic acid (98%), 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO, > 98%) and catalase (2000-5000 units per mg of protein were purchased
from and Sigma Aldrich. Water was purified by reverse osmosis RIOS 5 and Synergy, Millipore device,

with resistivity 18 MQ ¢cm and DOC < 0.1 mg L%, All chemicals were used as received.

2.2. UVC pre-irradiation of SRNOM

Briefly, 10 mg of SRNOM were dissolved in 250 ml of purified water to reach a concentration of 40 mg
L't. SRNOM solutions were buffered at pH 7 using phosphate buffers (10 M) except for experiments
conducted to monitor the pH evolution during irradiation or designed to the detection of carboxylic
and hydroxylic intermediates. In these cases, SRNOM solutions were neutralized to pH =7 £ 0.2 using
freshly prepared NaOH (0.1 M). All the solutions were stored at 4°C. SRNOM solutions (30 mL) were
poured in a quartz glass cylindrical vessel (2 cm i.d. x 19 cm) and were irradiated in a device equipped
with 4 germicidal tubes (253.7 nm, General Electric, 15 W). The photon flux entering the solution,

corresponding to 2.9 x 10® EinsteinL™s?, was calculated by measuring the rate of glyphosate loss in
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the presence of H,0; (SI-Text 1, Fig SI-1). SRNOM solutions were irradiated for 1 h, 2 h,3 hand 4 hin
separate experiments and labelled SRNOM;j,, SRNOM;,, SRNOMs;,, and SRNOMya,, respectively.
Irradiated solutions were used for analyses or sensitizing investigations within the 24 h following

irradiation.

2.3. Analysis of original and UVC pre-irradiated SRNOM

UV-visible spectra were recorded on a Varian Cary 3 UV-Vis spectrophotometer. Fluorescence spectra
were recorded using a Perkin Elmer LS 55 Luminescence Spectrometer. The excitation wavelength was
set at 255 nm and the absorbance of solutions was adjusted at 0.10 + 0.01 at 255 nm by dilution with
purified water. The emission spectra were corrected for the dilution coefficient. Dissolved organic
carbon (DOC) was measured using a Shimadzu 5050 TOC analyser. Carbonyls contained in SRNOM and
irradiated SRNOM were analyzed by DNPH derivatization [Soman et al, 2008] (S| Text 2). Analyses were
performed by ultra-high performance liquid chromatography (UHPLC) coupled to high resolution mass
spectrometry (HRMS). HRMS was performed on an Orbitrap Q-Exactive (Thermoscientific) coupled to
Ultimate 3000 RSLC (Thermoscientific) UHPLC. Analyses were run in negative (ESI) electrospray modes.
The column was a Kinetec EVO Ci5 100 mm / 2.1 mm, 1.7 um (Phenomenex). Details of separation
conditions are given in (S| Text 3). Molecular formulas were obtained setting the difference between
experimental and accurate masses to < 5 ppm while structures are proposed based on the number of
DNPH molecules linked to carbonyls and on the number of double bonds in the carbonyl (NDB). In
several cases, several isomers are possible and given structures are thus only indicative. Pyruvic acid
and methylglyoxal were used as references to estimate the concentration of the other carbonyls (Sl
Text 3 and Fig. SI-2).

Carboxylic and hydroxylic intermediates were detected by a method using BSTFA derivatization
(SI Text 4) followed by analysis with gas chromatography/electron impact MS (GC/EI-MS) [Yu et al,
1998]. Solutions were analyzed on an Agilent 6890N Network gas chromatograph coupled to a 5973
Network mass selective detector and Agilent 7683B series injector. Data acquisition and processing
and instrument control were performed by Agilent MSD ChemStation software. Separation conditions
are described in (SI Text 4). Mass spectra were scanned between m/z 50 and m/z 500 with the source
temperature set at 230°C. Identification was based on matching query spectra to spectra present in
the reference library (NIST17), with a minimum spectral similarity measure of 95%. Glycolic acid was
derivatized by BSTFA as for SRNOM samples and used as a reference for the quantification of other
compounds. SRNOM and SRNOM3, were also analyzed by ionic Chromagraphy-Mass spectrometry (IC-

MS). Details are given in Sl-text 5.
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2.4. Sensitizing properties of original and UVC pre-irradiated SRNOM

Glyphosate was used to probe the formation of very oxidant species such as ¢OH from original and
pre-irradiated SRNOM solutions at 254 nm. The solutions containing glyphosate (10° M) and SRNOM
were prepared by adding 25 L of the stock solution of glyphosate (102 M) to 10.2 mL of SRNOM (40
mg L) and by adding purified water to reach the final volume of 25 mL. For SRNOM3;, solutions, the
same spike of glyphosate was added to 25 mL of non diluted solution. This way, the two solutions
showed the same absorbance of 0.34 at 254 nm. Then, 15 mL of each solution were irradiated in the
above-described device. 2-Propanol was used as a quencher of ¢OH. Glyphosate (10 M) was also
irradiated in the presence of acetone (10 M), pyruvic acid (10* M), H,0; (10° M), acetone (10 M) +
H,0, (10 M). Furthermore, acetone (10* M) was irradiated alone and in mixture with H,0, (10 and
103 M). All these experiments were conducted in air-saturated solutions. The effect of oxygen on the
rate of glyphosate photodegradation in the presence of SRNOMs, was studied by saturating the
solution with N». Glyphosate concentration was monitored by UHPLC-HRMS by integrating peak area
at m/z =168.0056 (+ 5 ppm). AMPA (aminomethylphosphonic acid) with m/z = 110.0002 (+ 5 ppm) was
the only glyphosate photoproduct detected. Acetone loss and photoproducts formation were
monitored by derivatization with DNPH followed by UHPLC-HRMS analysis. Photodegrading properties
of SRNOM and SRNOMs;, solutions were also investigated under irradiation between 300 and 400 nm.
Both solutions were diluted by a half during preparation of mixtures. Terephthalic acid (2 x 10> M) was
used to probe *¢OH radicals, 2,4,6-trimethyphenol (2 x 10° M) to probe 3SRNOM* and 3SRNOMs,* and
furfuryl alcohol (5.8 x 10° M) to trap '0,. Solutions buffered at pH 7 were irradiated in a device
equipped with 6 fluorescent tubes emitting between 300 and 400 nm [Palma et al, 2020]. Pseudo-first-
order rate constants of probes phototransformation were determined by plotting In(Ci/Co) = kxt, where
C: and Co are the probe concentration at time t and before irradiation. All the experiments were

duplicated.

2.5. Peroxides titration

Peroxides concentration was measured by the spectrofluorimetric quantification method previously

described by Miller and Kester, 1988. Details of the experiments are given in Sl-text 6.

2.6. ESR experiments

ESR experiments were carried out using a Bruker EMX, 9.8 GHz equipped with a cavity ER4105DR and

a xenon lamp (Xenovia 200 - 900 nm). The ESR spectra were obtained at room temperature under
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irradiation inside the cell of the following mixtures : DMPO (25 mM) in the presence of SRNOM (20 mg
L'?), SRNOM 3 or H,0; (5 x 1073 or 10° M).

3. Results and discussion
3.1. Spectral changes of SRNOM upon 254-nm irradiation

Fig. 1A shows that the SRNOM solution progressively photobleached. The absorbance at 254 nm
declined by 59% and 77% after 3 and 4 h of irradiation, respectively (Table 1). The reduction of DOC as
a function of irradiation time revealed that SRNOM also underwent substantial mineralization (35%
after 4 h) while the specific ultraviolet absorbance (SUVA) decreased by 42% and 64% after 3 and 4 h
of irradiation, respectively, indicating a loss of unsaturated/aromatic moieties [Weisshar et al, 2003]
(Tablel). Yet, the spectrum shape (Fig. 1B) and the E,/ E3 ratio (Table 1) did not change much indicating

that photoproducts negligibly contributed to the absorption and were poorly absorbing compounds.
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Figure 1. Spectral changes of SRNOM solution (40 mg L, phosphate buffers pH 7) upon irradiation at
254 nm. Curve 0 :t=0;curvel:t=1h;curve2:t=2h;curve3:t=3h;curve4:t=4h. AandB:UV-
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visible spectra. In B, curve 3 is rescaled to have the same absorbance at 300 nm as curve 0. C and D :
Fluorescence spectra recorded at an excitation wavelength of 255 nm, and an absorbance adjusted at
0.10 # 0.01 at 255 nm. In C, spectra are corrected for the dilution coefficient. In D, spectra are

normalized by their respective maximum fluorescence intensity.

Irradiation also led to a breakdown of fluorescent species in accordance with previous studies [Patel-
Sorrentino et al, 2004]. The fluorescence intensity at the emission maximum declined by 53% after 3 h
of irradiation, and by 68% after 4 h (Fig 1 C). Fig 1D also shows that the blue part of the fluorescence
emission spectra disappeared the fastest leading to emission spectra red-shifted by 10 - 15 nm or to a
band contraction. On the contrary, treatment of NOM with radicals such as SO4¢” [Zhang et al, 2019]
or *OH [Varanasi et al, 2018] was reported to induce a blue-shift of fluorescence emission spectra
attributed to preferential degradation of high molecular weight moieties into smaller entities. In these
treatments, radicals are expected to react preferentially with biggest macromolecules offering the
largest number of attack sites while in photolytic treatment the reactivity of generated excited states
is the critical factor. Our results suggest that smaller fluorescent entities initially present in SRNOM or
produced during treatment were more subject to photodegradation than larger ones. The reasons
could be that they were more light absorbing because more oxidized and/or underwent less
deactivation processes than bigger constituents being less embedded in large structures than these

latter.

Table 1. Spectral parameters of original and pre-irradiated SRNOM

NOM Azsa DOC SUVA EJ/Es
mg L* L mgCtm?

SRNOM 0.83 15.6 5.34 4.88

SRNOMip 0.58 13.7 4.24 3.79

SRNOM2n 0.42 13.3 3.16 3.36

SRNOMzh 0.34 10.9 3.12 3.69

SRNOMa4 0.19 10.1 1.92 4.70

3.2. Carbonyls and carboxylic acids formation upon 254-nm irradiation of SRNOM

Table 2 summarizes the chemicals detected by DNPH or BSTFA derivatization and by CI/MS in SRNOM
before irradiation and after irradiation. Detailed MS data are given in Figure SI-3, Tables SI-1 to SI-3
and the structures of photoproducts observed in irradiated samples are shown in Figure 2. In starting
SRNOM, we detected 5 carbohydrates in Cs and Cs (xylose, rhamnose, fucose, glucose and galactose)

mentionned in the IHSS web page, along with 2 monocarboxylated alkanes in Cs and Cys (glyceric and
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oleic acids) and 3 dicarboxylated alkanes in Cg, Cs and C;2 (hexanedioic, nonanedioic and dodecanedioic

acids) (Tables 2 and SI-1). Several carbonyls were found, but only as traces.
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Figure 2. Carbonyls detected in irradiated SRNOM.

In SRNOM3;, none of the carbohydrates observed in SRNOM were found while 11 carboxylated alkanes
were detected: 5 monocarboxylated in C; (formic acid), C; (acetic and glycolic acid), Cs (lactic acid) and
Cs (4-aminobutanoic acid), 7 dicarboxylated alkanes in C, (oxalic acid), Cs (malonic, tartronic,
dihydroxymalonic acids), C4 (butanedioic and malic acids), Cs (glutaric acid) and Cs (tricarballylic acid)
(Tables 3 and SI-2). In all the irradiated samples, 16 carbonyls in C;-Cs were detected among them 7
monocarbonyls (formaldehyde, acetaldehyde, glycoladehyde, glyoxylic acid), 7 dicarbonyls (glyoxal,
methylglyoxal, butenedial) and 2 tricarbonyls. Some of these compounds were already reported to be
produced by irradiation of natural surface waters or synthetic waters containing NOM with natural or
simulated solar-light, by ozone treatment or by UV-based AOPs of solutions of humic substances. This
is the case for formic, acetic and oxalic acids [Brinkmann et al, 2003 ; Goldstone et al , 2002],
formaldehyde, acetaldehyde, glyoxal and methylglyoxal [Thomson et al, 2004 ; Agbaba et al, 2016 ;
Zhong et al, 2017 ; de Bryun et al, 2011 ; Kieber et al, 1990], malonic and butanedioic acids [Corin et
al, 1996], and pyruvic acid [Thomson et al, 2004 ].

The concentration of the different carbonyls after 1, 2, 3 and 4 h of irradiation were estimated
using derivatized methylglyoxal and pyruvic acid (Table SI-4). Figure 3A shows the concentration profile
of the most concentrated ones, i.e. formaldehyde, glyoxylic acid, pyruvic acid, glyoxal and
glycolaldehyde, as a function of irradiation time. The concentration of formaldehyde and glyoxylic acid
was maximum after 2 h of irradiation and then declined while that of pyruvic acid, glyoxal and
glycolaldehyde increased throughout the 4 h of irradiation. It shows that SRNOM photodegradation

still proceeds beyond 4 h although a significant absorbance decrease at 254 nm.
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Figure 3: Evolution of carbonyls detected in irradiated SRNOM by DNPH derivatization. A) Concentration
of the main carbonyls vs irradiation time and B) Sum of carbonyls concentration ( O, left y-axis) and

mass percentage of carbon contained in detected carbonyls ( A, right y-axis) vs irradiation time.

The total pool of C1-Cs carbonyls was estimated by summing the individual concentrations.
Figure 3B shows that their cumulative concentration increased during the first 2 h of irradiation to
reach the value of 2.8 x 10* M. Based on these concentrations and on the DOC measurements, the
mass percentage of carbon atoms contained in the detected carbonyls could be calculated using Eq 1.
This percentage was maximum after 3 h of irradiation where it reached 46% (Figure 3B). This high value
demonstrates the very important contribution of C;-Cs carbonyls to the pool of photoproducts. As most
of these compounds poorly absorbed below 300 nm, their high concentration explains the unchanged

spectrum shape following irradiation.

=N M
Mass percentage;= % Eql
t

where [ci]: and M are the concentration at time t and the molecular mass of carbonyl i, and DOC is the

organic carbon content in the solution at time t.

The concentration of carboxylic acids detected in SRNOMS3;, are shown in Table SI-5. In general,
BSTFA-GC-MS and CI-MS analyses gave consistent results regarding the concentration estimations.
BSTFA-GC-MS was however less performant than CI-MS in the analysis of compounds containing 2 or
3 CO;H or OH functions such as tartronic, dihydroxymalonic acid, oxalic acid and tricarballylic acids.
The difficulty to solubilize lyophilized SRNOMs, in acetonitrile to conduct the BSTFA derivatization or a
partial derivatization of these compounds probably explain these discrepancies. Malic, oxalic,
butanedioic, glycolic, and malonic acids were the most concentrated acids. However, their

concentration in SRNOMs;, that laid below 2.8 x 10 M, were much lower than those of carbonyls. Eq
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1 allowed to determine that the detected carboxylic acids contained only 2% in mass of the SRNOM 3y

carbon atoms.

Nitrate ions were also detected by CI-MS in SRNOM at a level of 2.9 x 10°® M, but not in
SRNOMzp.

The detection of all these compounds suggests that the photodegradation of SRNOM under UVC
resulted from a complex set of reactions involving the direct photolysis of SRNOM constituents as well
as their oxidation by the radicals generated in the course of the irradiation. Many radicals such as Re,
ROe, RO;¢, HO,¢ /0Oy and *OH can be formed by C-C, C-O, and O-0O bond cleavage, phenyl-O and RCOy
photoionization, addition of oxygen on radicals and various radicalar attacks. Once formed, these
radicals could contribute to further degradation of SRNOM constituents and of their by-products.
Among them, ¢OH radical is likely to play a significant role for several reasons. It is the most oxidant
species able to react with a wide variety of chemicals by addition on double bonds or by H atom
abstraction [Buxton et al, 1988]. NOM was shown to generate ¢OH radicals [Vaughan and Blough,
1998 ; Page et al, 2011; McKay et al, 2015 ; Gan et al, 2008 ; Sun et al, 2015 ; Dong et al, 2012 ; Aguer
and Richard, 1999] under irradiation. In reactions where ¢OH radicals are purposely produced
[Varanasi et al, 2018] the oxidation degree of photoproducts, given by the O/C ratio, is generally high
(1-2), as observed here. Last, the photolysis of chlorosalicylic acid, that was proposed to occur via the
intermediary formation of ¢OH radicals [Tafer et al, 2016], yielded glycolic, lactic, and butanedioic
acids, acetaldehyde, glycoaldehyde, methylglyoxal, C4H403, and C303H; that were also detected in the

present work.

Table 2. Chemicals detected in SRNOM and photoproducts detected in irradiated SRNOM.

Compound N° Name Method of Samples in which the
detection compound was detected
CH;0 1 formaldehyde DNPH SRNOM .2h.3h.4h
CH;0; 2 formic acid CI/IMS SRNOMgz,
C,H,O 3 acetaldehyde DNPH SRNOM .2h.3h.4h
CoH40; 4 acetic acid CI/MS SRNOMsh
CoH40, 5 glycolaldehyde DNPH SRNOMlh,zh,ShAh
C.,H,0, 6 glyoxal DNPH SRNOMlh,zh,ShAh
C2H403 7 glycolic acid BSTFA SRNOMsh
CoH,03 8 glyoxylic acid DNPH SRNOMlh,zh,ShAh
CyH,04 9 oxalic acid CI/IMS SRNOMgz,
CsH40, 10 methylglyoxal DNPH SRNOMlh,zh,ShAh
C3HgsO3 11 lactic acid BSTFA SRNOMz3;
C3H403 12 pyruvic acid DNPH SRNOM i 2h.3h.4n
C3H.03 13 DNPH SRNOM i 2h.3h.4h
C3H.04 14 DNPH SRNOM i 2h.3h.4h
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C3sH404 15 malonic acid BSTFA SRNOM3;,
C3HsO4 16 glyceric acid BSTFA SRNOM
C3H40s5 17 tartronic acid BSTFA SRNOM3;,
C3H40s 18 | dihydroxy malonic acid BSTFA SRNOMan
C4HsO, 19 DNPH SRNOM 1 .2h,3h.4h
CsH40, 20 butenedial DNPH SRNOM 1 .2h.3n.4n
C4Hs03 21 DNPH SRNOM .2h.3h.4h
C4H403 22 DNPH SRNOM .2h.3h.4h
C4HeO4 23 butanedioic acid BSTFA SRNOM3;,
C4H40, 24 DNPH SRNOM 1 2h 3h.4n
C4HeOs 25 malic acid BSTFA SRNOM3;,
CsHyoNO, 26 4-aminobutanoic acid BSTFA SRNOM3;,
CsHs04 27 glutaric acid BSTFA SRNOM3;,
CsHeO4 28 DNPH SRNOM 1 2h 3h.4n
CsH1005 29 xylose BSTFA SRNOM
CsHeOs 30 DNPH SRNOM 1 2h 3h.4n
CsH1004 31 hexanedioic acid BSTFA SRNOM
CsH1205 32 L-rhamnose BSTFA SRNOM
CsH1205 33 fucose BSTFA SRNOM
CsH1206 34 glucose BSTFA SRNOM
CeH1206 35 galactose BSTFA SRNOM
CsHsOs 36 BSTFA SRNOM3;,
CeHsOs 37 tricarballylic acid BSTFA SRNOM3
CoH1604 38 azelaic acid BSTFA SRNOM
C12H204 39 dodecane-dioic acid BSTFA SRNOM
CisH340- 40 oleic acid BSTFA SRNOM
Ci1sH360; 41 stearic acid BSTFA SRNOMg3;,

3.3. Effect of SRNOM pre-irradiation on the oxidant properties at 254 nm

In order to explore the photooxidant properties of pre-irradiated SRNOM, we chose glyphosate as a

chemical probe. We first checked that it is photostable when irradiated in our device (k < 2 x 10* min-

! Table 3). For these experiments, we selected SRNOM3, that showed the highest concentration of

intermediary carbonyl compounds (2.4 x 10 M) and SRNOM and SRNOMj3;, were tested at the same

absorbance at 254 nm (0.34). In the presence of SRNOM, glyphosate (10> M) disappeared with a rate

constant k of 0.0013 + 0.0002 mint in air-saturated solution (Figure 4A and Table 3).constant k of

0.0013 + 0.0002 mintin air-saturated solution (Figure 4A and Table 3).
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Figure 4. Loss of glyphosate (10° M) (A) and formation of AMPA (B) under irradiation at 254 nm in
presence of SRNOM ( @), SRNOMsy, (4), SRNOMsy, + 2-propanol (5 x 103 M) (O), and SRNOM 3y, in N-
saturated medium (@®). Azss of SRNOM and SRNOM3;, is equal to 0.34 in a cuvette and 0.68 in the

reactor.

Making the hypothesis that the reaction was due to the reaction of glyphosate with ¢OH radicals, we
used this rate constant to estimate the quantum yield of *OH radicals formation by SRNOM (Elox>*NOM)
in the first stages of the reaction. Once formed by process 1, *OH radicals react with glyphosate (kg =
(3.37+£0.10) x 10’ M1 s, Vidal et al, 2015) (process 2) and with SRNOM (process 3). We took for ksgnom
the value of 1.6 x 108 Mc? s reported in the literature for Suwannee river fulvic acid [Westoffer et al,

2007].

SRNOM +hv — SRNOM* — eOH la, Gor>*NM (1)
*OH + Glyphosate — kaly (2)
¢OH +SRNOM —> ksrnom (3)

The rate of glyphosate photodegradation (Rey) can be written (SI-Text 7):

kgly [Gly]
kgiy[Gly]l + ksgrnom [SRNOM]

RGly = I 1- 10_ASRNOM)(D~S}I?_INOM ror

193



Manuscript 5

where I, (1 — 10~4srNoMm) is the rate of light absorption by SRNOM. As SRNOM was diluted 2.44 fold

to reach the same absorbance at 254 nm as SRNOMzap, [SRNOM] was equal to 6.35 mgC L* or 0.529

mMc?, taking 12 for the molar mass of carbon. In these conditions, one gets that glyphosate trapped

0.38% of ¢OH radicals and that ¢o+>"N°M was equal to 0.024; this value is in the range of that reported

by Lester et al (2013) at 254 nm (0.047).

Table 3. First-order rate constants of glyphosate loss, and rates of glyphosate, acetone and pyruvate

photodegradation at 254 nm under different conditions.

Conditions k (min?) Raly Racetone Rpyruvate
M st M st M st

Glyphosate  alone | <2 x 10* <3x10

(10° M)

+ SRNOM 0.0013 +0.0002 | 2.2 x 1010

+ SRNOMzp 0.038 + 0.004 6.3 x 10°

+ SRNOMs, + 2-|0.0036 +0.0004 | 6.0 x 100

propanol (5 x 107 M)

+ SRNOMaz, N2 |0.002+0.002 |3.3x107%

purged

+ H202 (10° M) 0.0093 + 0.001 1.5 x 107

+ acetone (10*M) | 0.0020 + 0.001 | 3.3x10°(0-| < 0.9 x 10®

(0-10 min) 10 min) (0-10 min)
0.024 + 0.003|40 x 10°|24 x 10°
(10-30 min) (10-30 min) | (10-30 min)

+ pyruvate (10° M) | 0.021 £0.002 | 3.5 x 10° 0.5 x 10° (0-6
min)
2.1x10%(6-30
min)

+ acetone (10 M) + | 0.0050 + 0.0007 | 8.3 x 1070

2-propanol (10* M)

+ pyruvate(10¥ M) + | 0.0057 + 0.0008 | 9.5 x 1010

2-propanol (10* M)

+ acetone (10* M) 0.016 £ 0.0002 | 2.7 x 10 1.7 x 108
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+ H202 (10 M)

acetone alone < 09 x 108

(2.4 x 10* M) (0-10 min)
39 x 108
(10-30 min)

+ H20, (10° M) 3.5x 108

+ H202 (10° M) 1.8 x 107

In the presence of SRNOMsh and in air-saturated solution, glyphosate disappeared much faster
than in the presence of SRNOM (Figure 4A) with k= 0.038 + 0.004 min (Table 3). In N>-purged SRNOMj3;,
solution, the glyphosate photodegradation rate was significantly reduced compared to the one
conducted in air-saturated medium (k = 0.002 + 0.002 min! in the first 10 min of the reaction, Figure
4A, Table 3) demonstrating the important role played by oxygen in the reaction. Moreover, we
irradiated glyphosate and SRNOMgsp in the presence of 2-propanol to determine whether ¢OH radicals
were involved in the loss of glyphosate. Using Ka-propanol = 1.9 x 10° M s [Buxton et al, 1998] for the

bimolecular rate constant of reaction between ¢OH and 2-propanol :
*OH + 2-propanol — K2-propanol (4)

we added 5 x 10° M of 2-propanol expecting an inhibition of the reaction > 90% based on
ksrnomsn[SRNOMzn] ~ 9 x 10% s, as for SRNOM. The inhibition was of 90% (Figure 4A, Table 3) in

accordance with a significant contribution of eOH.

Spin trap experiments using DMPO as the spin-trapping reagent were also conducted to
confirm the formation of ¢OH radicals. Figure 5 shows that the four-line signal with an intensity ratio
1:2:2:1 characteristic of the DMPO-OHe adduct was not detected when DMPO was irradiated in the
presence of SRNOM (plot a) or H,0, (10°°) (plot c¢) while it was observed with SRNOMs;, (plot b) and
H,0; (5 x 102 M) (plot d). Again, this result is in line with the production of eOH radicals upon irradiation
of SRNOM3s;, in UVC.
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Figure 5 : ESR spectra obtained upon irradiation of DMPO (25 mM) in the presence of SRNOM (20 mg

L) (a), SRNOM 3y (b), H202 (10° M) (c) and H:0: (5 x 10° M) (d).

Postulating that the disappearance of glyphosate was only due to the reaction with ¢«OH, we made the
same calculation for SRNOMg3y as for SRNOM, after having replaced processes 1 and 2 by processes 1’

and 3’ respectively:

SRNOMsy +hv — SRNOMsy* — eOH la, onStNOM3N (1)

*OH + SRNOM3y — ksrnomsh (3')

and substituting SRNOM by SRNOMsy, in EQL. The TOC analyses showed that SRNOMs, had a DOC
content of 10.9 mgC L™ or 0.907 mMc* (Table 1). To estimate the percentage of *OH radicals reacting
with glyphosate in SRNOMa3;, solution, we also need to know the value of ksgnomsn. Since SRNOMsy, is
much less aromatic than SRNOM, and ¢OH radicals react more easily with aromatic or conjugated
structures than with saturated ones, ksgnomsn is possibly smaller than ksgnom. Postulating that the rate
constant decrease may parallel the absorbance decrease at 254 nm, we opted for ksgnomsh = (0.7 £ 0.3)
x 108 Mc?! st From this value, the percentage of *OH radicals trapped by glyphosate in SRNOMsy,
solution would lay between 0.3 and 0.8 % and ¢don**"°™3" would be comprised between 0.21 and 0.55,

a value between 10 and 20 times higher than that found for ¢ou>*°M. This value must be considered
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as a maximal value and would be lower if radicals other than ¢OH also contributed to the degradation
of glyphosate. To better understand the enhancing effect of the pre-irradiation on the photooxidant
properties of SRNOM, we conducted additional experiments and tested potential candidates for their

ability to photodegrade glyphosate.

3.4. Peroxides formation and role of H,0; in the oxidant properties at 254 nm

Peroxides are sources of ¢OH radicals through direct photolysis (process 5) or photo-Fenton reaction
and we quantified their formation in our system. Measurements of H,0, and RO;H + RO2R were
performed on SRNOM and SRNOM3;, irradiated for 30 min (Figure 6). In SRNOM, H,0, and RO;H + ROzR
accumulated linearly. After 30 min of irradiation, the total concentration of H,O;, + RO;H + RO2R was
equal to 16 uM; H,0, was by far the most abundant species (14.2 uM) while RO,H + RO3R contributed
to the pool of peroxides in a minor way (1.8 uM). In SRNOMsy, the peroxides formation was auto-
inhibited, slowing down after 10 min. The total concentration reached 15.8 uM after 30 min ; H,0,and
RO.H + RO2R were in equivalent amounts of ~ 8.0 uM. The formation of H,0, in the photolysis of NOM
is well documented in the literature [Garg et al., 2011]. It is formed by dimutation of O," that arises
from reduction of dissolved O,. Peroxides and hydroperoxides are generated after the reaction of R
radicals with dissolved O, to yield RO, and the reaction of these peroxyl radicals with O,7/HO» [Sun et

al., 2021].
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Figure 6 : Formation of peroxides upon irradiation of SRNOM at 254 nm. H,0,+ ROOR + ROOH in
SRNOM ( @) and in SRNOM 3, ( ©O); ROOR + ROOH in SRNOM ( @) and in SRNOM 3, ( O).
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To determine the contribution of H,0, to the formation of eOH via process (5), we proceeded
as follows. We first measured Rgy in the presence of H,0, (10° M) alone. The value of 1.5 x 10° M s’
! allowed us to check that glyphosate reacted with ¢OH and to measure the photon flux lo in the

H202 ;

irradiation device (SI-Text 1). Then, we calculated Rayy"*** in SRNOM solution using Eq 2, supposing that
the photolysis of H,0; produced during the irradiation of SRNOM was the only source of ¢«OH through

process 5 (SI-Text 5).

I ZCZ 7 OH gOH (5)
H202 SRNO H202 gly
R(;ly Cl,I‘IIVZOMZ ¢ EQZ

M kgiy[Glyl + ksrnom [SRNOM] + kpyp0, [H202]

Taking [H202] = 14 uM (corresponding to the highest value reached for SRNOM), €202 = 19.6 Mt ecm™?
at 254 nm, Azs4 =0.34 for SRNOM and € = 2, we calculated 135}\2’8%” using the Beer-Lamber law for a
mixture (SI-Text 8). Then, taking ki202 = 2.7 x 10 M 1.5 [Stephan et al, 1996], we got that glyphosate
trapped 0.38% of ¢OH and using don"?°? =1 [Yu and Barker, 2003], we finally obtained Rg),"?°? = 7.0 x
1012 M s%, In the case of SRNOM3p, we took [H,0;] = 8 uM and the same calculation led to Rg),?%2 =
(3.0-9.0) x 1012 M s, Both values are very small compared to the experimental values 2.2 x 10° M s
1and 6.5 x 10° M s respectively measured for SRNOM and SRNOMsp, and it can be concluded that the
photochemical decomposition of titrated hydroperoxides negligibly contributed to the oxidation of
glyphosate. Spontaneous decomposition of unstable hydroperoxides into ROe and ¢OH might be an

alternative source of *OH radicals. This was considered by Badiali et al (2015) and Krapf et al (2016) in

their studies on secondary organic aerosols.

3.5. Role of carbonyls in the photooxidant properties at 254 nm

Given the high concentration of carbonyls detected in SRNOMs, and the known potential of these
chemicals as sensitizers, we tested if they could induce the transformation of glyphosate at 254 nm.
We first tested pyruvic acid since this compound had been previously detected in our irradiated
SRNOM samples. In the presence of this ketoacid (10 M), in pH 7 buffered solutions, glyphosate (10°
M) disappeared with an apparent first order rate constant equal to 0.021 + 0.002 min* (Figure 7A,
Table 3). Pyruvate was also photodegraded and the reaction auto-accelerated. During the first 6 min
of irradiation, only 1.8 x 10°® M of pyruvate were transformed against 3.1 x 10° M between 6 and 30

min (Figure 7B). The rate of pyruvate loss, Rpyruvate, in the second part of the curve was equal to 2.1 x
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10® M s, and Reyy to 3.5 x 10° M s™. The experiment was repeated in the presence of 2-propanol
added to trap *OH radicals. The concentration 10* M was chosen for 2-propanol for a theoritical
trapping of more than 95% based on Kpyruvate acia = 3 x 108 M s (process 6) [Buxton et al, 1998]. After
30 min, the rate of glyphosate loss was reduced by 75% confirming a significant contribution of «OH in

the reaction.

*OH + pyruvate - products Kpyruvate (6)

Although it was not detected in irradiated SRNOM samples, acetone was chosen to represent
monocarbonyls because it is a simple molecule, it can be purchased in high purity, it was already
studied and its quantum yield of photolysis is known (dacetone = 0.061 at 270 nm, Anpo and Kubokawa,
1977). At 10* M, a concentration falling within the range of that found for intermediary carbonyls,
acetone increased the rate of glyphosate photodegradation and the reaction was also auto-accelerated
(Figure 7A, Table 3). During the first 10 min of reaction, an averaged k = 0.002 + 0.001 min? was
obtained while, between 10 and 30 min, we measured k = 0.024 + 0.003 min. In parallel, the decay of
acetone was monitored by UHPLC-HRMS after DNPH derivatization. Acetone also disapppeared by an
autoaccelerated reaction (Figure 7B). Between 0 and 10 min, the loss of acetone was lower than 5%
corresponding to a rate of acetone photodegradation (Racetone) < 0.9 x 108 M s while, between 10 and
40 min, acetone disappeared by 43% and Racetone Was equal to 2.4 x 108 M s (Table 3). During this
reaction H,0, was formed (Figure 7B). The H,0, production was of 2 uM between 0 and 10 min and 10
UM between 10 and 30 min which mirrored the autoaccelerated decrease of glyphosate and acetone.
In the presence of 2-propanol (10* M) and acetone (10* M), glyphosate disappeared by 10% instead
of 42% in the absence of 2-propanol after 30 min of irradiation (Figure 7A, Table 3) confirming again a

significant contribution of ®OH in the reaction (75%).
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Figure 7: Photolysis of glyphosate (10° M) (A) in the presence of H,0, (10° M) ( 4), acetone (10 M)
(4), acetone (10* M) + H,0, (10° M) ( ®), pyruvate (10* M) ( 4), acetone (10* M) + 2-propanol (10*
M) (@) and pyruvate (10* M) + 2-propanol (10*% M) ( @). B: loss of acetone (4, @), of pyruvate (4),
and formation of H,O, (M. Solutions buffered at pH 7.

Acetone was also irradiated alone to check that the observed auto-acceleration was not due to the
presence of glyphosate. At 2.4 x 10 M, acetone also disappeared in an auto-accelerated reaction with
Racetone < 0.9 x 10 M s between 0-10 min and Racetone = 3.9 X 108 M st between 10-30 min (Table 3).
The photoproducts were pyruvic acid, methyl glyoxal, hydroxyacetone, formadehyde as described by
Stephan and Bolton (1999) when they studied the photolysis of acetone in the presence of H,0, at 254
nm. Using the quantum vyield of acetone photodegradation in diluted solutions (0.061), and €acetone =

16 M1 cm™at 254 nm, it is possible to calculate the rate of acetone photodegradation by direct

photolysis R using EQ3:

acetone

d _
Ragetone = IO (1 — 10 Aacemne) Qacetone EQ3

For [acetone]= 10“ M, one gets R”? _ =1.3x10° M s and for [acetone]= 2.4 x 10*M R =

3.1x 107 s, These values are consistent with the ones obtained between 0 and 10 min (< 9x10° M s’
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dp

acetone P€INg negligible behind Racetone measured in the second part of

1), and one can conclude that R

the curves, other reactions should take place.

An autoaccelerated reaction is generally due to the accumulation of key intermediates. Here,
the intermediary chemicals were the acetone photoproducts and peroxides, among which, H,0,. We
therefore studied the effect of H,0,, used a hydroperoxide model, at the concentration of 10 and 10
3 M on the photodegradation of acetone (2.4 x 10* M). The photodegradation of acetone was fast till
the very beginning of the irradiation (Racetone = 3.5 X 10%and 1.8 x 107 M s, respectively, Table 3) and
no auto-accelerating effect was observed. In this mixture, acetone can disappear by reaction with «OH
produced from H,0, photolysis (process 7, Kacetone= 1.1 x 108 Mt s}, Buxton et al, 1998). Process 8 is a

potential competiting pathway of eOH disappearance (kw02 = 2.7 x 107 M s Buxton et al, 1998).

*OH + acetone — products Kacetone (7)

¢OH + H,0, —  products ki202 (8)

For [H,0,] = 102 M and [acetone] = 2.4 x 10* M, process 8 was expected to significantly reduce the
percentage of ¢OH radicals trapped by acetone. Taking into account that acetone should trap about
50% of OH, one obtains Racetone = 1.3 x 107 M.s 't against 1.8 x 107 M s measured experimentally. For
[H,0,] = 10° M and [acetone] = 2.4 x 10 M, process 8 was negligible, and acetone was expected to
trap all the *OH radicals produced by H,0, photolysis. Its rate of decay through process 7 (R®,cetone)

was equal to 2.6 x 10° M saccording to EQ 4.:

Rgfetone =1 (1 - 1O_AH202) Q)SII%IOZ EQ4

This calculated rate accounted for only 6.6% of the measured rate indicating that an additional radical
source was responsible for acetone degradation. Then, we simultaneously irradiated glyphosate (10
M), H20; (10° M) and acetone (10* M). In this case, the glyphosate photodegradation was fast till the
beginning of the irradiation (k = 0.016 min?) (Figure 7A, Table 3) showing that H,0O; or other

hydroperoxides are important intermediaries in the reaction.

The results obtained for acetone can be tentatively explained by the chain-reaction mechanism
shown in Scheme 1. In the classical chain oxidation of a chemical RH bearing a labile H atom, the
initiator produces the primary radicals that start the chain through a transfer reaction by generating

the radical Re (process 7). Then Re produces RO, by adding O; (process 10) and RO, ® regenerates Re
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along with RO;H by abstracting of a H from RH (process 11). The longer the chain length the faster the

reaction;in fact, when the chain is long enough, the rate of the propagation reactions becames much

higher than the rates of initiation and of transfer. In our case, the calculated rate of acetone photolysis

RYP

acetone

involvement of a chain reaction.

was lower than the experimental rate of acetone photodegradation consistently with the

Scheme 1. Mechanism of photodegradation of acetone at 254 nm. In red, in the presence of glyphosate.

i

C
/ N\

hv
—

tis

30*
[

cC —

/ N\

radicals

o

hydroperoxides

ihv

products -~ ROO™-...»

@)

I
HsC—C—CHs
0

[l
HsC—C—CH*
0

]
H;C—C—CH,00°*
o)

[
H;C—C—CH,00H
0

[l
HsC—C—CH,0®

gly
pool of initiating radicals
o) o)
0" ‘c‘: (‘Z‘OOH ‘c‘:o
I —Ce 0, — —CO*
L9 | he Oz ﬂ CH0*
/ \ CHs CH;00H HO®

mg\

ROOH R.

products <— ROO*

202



Manuscript 5

The irradiation of acetone was expected to yield radicals by B-cleavage of the triplet excited
state (process 9) [Pearson, 1963]. The triplet could also abstract a H-atom from methyl groups of
acetone, however, neither acetone itself nor glyphosate were concentrated enough to compete
significantly with cleavage [Anpo and Kubokawa, 1977]. Due to the oxidation of these radicals and to
the photolysis of the formed hydroperoxides, there should be a pool of initiating radicals in the system.
The acetonyl radical, Re, formed by process 7 [Stephan et al, 1996], should easily react with oxygen
(process 10) to yield the peroxyl radical ROOe [Stephan et al, 1996]. This peroxyl radical likely abstracts
an H-atom from acetone (process 11) to regenerate the acetonyl radical and produce the
hydroperoxide ROOH. The recombination of two peroxide radicals (process 12) terminates this chain

reaction.

In this chain reaction, glyphosate might be oxidized by several of the radicals formed in this
complex mixture. However, while the reaction with ¢OH was evidenced, the oxidation with the other
radicals remains to be demonstrated. If we make the hypothesis that ¢OH contributed significantly to
the glyphosate degradation, the source of *OH needs to be explained. Indeed, calculations showed
that the photolysis of the different hydroperoxides did not yield enough radicals to explain the high
rate of glyphosate degradation. An alternative formation of eOH could be the spontaneous
decomposition at room temperature of unstable hydroperoxides, here CH;-CO-CH,OO0H (process 13).
According to the works of Badiali et al (2015) and Krapf et al (2016), the formation of very unstable
hydroperoxides is plausible. Therefore, despite processes 7, 10 and 11 still taking place, the key process
becomes process 13 since it introduced a continuous source of *OH and ROe radicals; consequently,

glyphosate degradation reached a significant rate reaction when RO,H was sufficiently accumulated.
CH3-CO-CH,00H — CH3-CO-CH,0e + eOH (13)

In the case of SRNOMsyp, carbonyls were present at 2.4 x 10* M and hydroperoxides were
potentially generated at a fast rate, therefore making it possible the mechanism already proposed in
the case of acetone to occur. In accordance, ROOH + ROOR were formed along with H,0;. In SRNOM3,
solution, Rgy was equal to 6.3 x 10°M s*. Considering that glyphosate trapped between 0.3 and 0.8 %
of eOH radicals in competition with SRNOMsy constituents, the rate of ¢OH formation should be
comprised between ~ 8 x 107and2 x 10°°M s. In the model solution containing glyphosate (10° M),
H,0, (10 M) and acetone (10* M), Rgly was equal to 2.7 x 10° M s, Considering that «OH contributed
to the reaction at 75% and that glyphosate trapped 3% of *OH in competition with acetone, then the
rate of eOH formation should be equal to ~ 7 x 108M s™. For acetone (2.4x10* M), it might be ~ 1.7 x
107 M sL. This value is smaller than that estimated for the SRNOM sy, solution, and several explanations
of this difference can be proposed: (i) SRNOMs, was a much more complex system than H,0, + acetone

and quantitative results cannot be directly transferable; furthermore, calculation lays on an
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approximate value of the bimolecular reaction rate constant of SRNOMs;, with ¢OH; (ii) Acetone was
chosen as a model compound but among the carbonyls formed in SRNOM3,, some may absorb more
than acetone, especially those bearing double bonds, and/or photodissociate much more easily [Anpo
and Kubokawa, 1977]; (iii) SRNOM s also contained chemicals acting probably as better H-donors than
acetone and glyphosate, which should favour process 11 and thus the formation of unstable
hydroperoxides; (iv) Oxidant species other than ¢OH might contribute to the photodegradation of

glyphosate.

In the case of SRNOM, Rgiy was much higher than Re),?°% as for SRNOMs3y suggesting that chain
reactions might take place as for SRNOMsy, although leading to a much slower production of ¢OH.
Accordingly, the 6-times less formation of ROOR+ROOH from SRNOM than from SRNOMj3;, suggests
that unstable hydroperoxides should be produced in smaller amounts by SRNOM than by SRNOMa3,.
Spectral measurements showed that SRNOM is much more aromatic than SRNOMs;, which constitutes
an important difference in terms of ¢OH reactions. The ¢OH radicals are known to add on phenols
[Lundquist and Eriksson, 2000] to finally produce unreactive phenoxyl radicals while they generate
radicals oxidable into hydroperoxides when they abstract hydrogen atoms from aliphatic compounds.
Hence, the presence of carbonyls in SRNOMa3;, could not only favour the formation of radicals through

their photolysis but also constitutes a pool of aliphatic compounds oxidable into hydroperoxides.

AMPA was the main glyphosate photoproduct detected by UHPLC-HRMS (Figure 4B). In the
literature, other oxidation products were also detected such as sarcosine [Chen et al, 2007], not
detected in this work. After 30 min of irradiation, the highest yield of AMPA was measured with H,0,
(66%), followed by SRNOMsh (62%), acetone (57%) and pyruvic acid (38%). Interestingly, when 2-
propanol was added to acetone and pyruvate solutions, the yield of AMPA dropped to 10% and 17%,
respectively. The formation of AMPA may be thus an indirect evidence of the involvement of ¢OH

radicals in the photodegradation.

3.5. Effect of SRNOM pre-irradiation on *OH, 0, and 3SRNOM* formation under simulated

solar light

We also compared the ability of SRNOM and SRNOM 3, to photoproduce photooxidants 3SRNOM™ 10,
and ¢OH in simulated solar light. After normalization for light absorption, the rate of 2,4,6-
trimethyphenol was found to be 1.5 times higher in SRNOM than in SRNOM sy, in accordance with lower
rate of 3SSRNOM* formation. Therefore, chromophores yielding 3SRNOM* were partly degraded under
UVC irradiation. In the case of 0, titrated using furfuryl alcohol, we found rates of formation varying

by less than 10% between SRNOM and SRNOM3y. At last, results on terephthalic acid used to estimate
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the rate of «OH formation showed a higher rate of ¢OH formation in SRNOMg3, solution than in SRNOM
solution. Taking ksrvom = 1.6 x 102 Mc! st and ksrnomsn = 0.7 x 108 Mc? st for the bimolecular rate
constants of reaction with ¢OH, we got a rate of *OH formation higher by 40% for SRNOMg3 solution
than for SRNOM solution. This enhancement was much lower than the one observed at 254 nm with
glyphosate. The dependence of the ¢OH formation enhancement on the irradiation wavelength
supports the hypothesis of the involvement of poorly conjugated and light absorbing carbonyl

compounds in the photochemical production of «OH.

4. Conclusion

This work aimed to investigate the effect of UVC irradiation on the ability of SRNOM to generate
oxidant species, in particular *OH radicals under UVC. Through in-depth analytical and kinetic studies,
we demonstrated that SRNOM irradiation drastically increased the pool of aliphatic carbonyls together
with its capacity of photoinducing the degradation of glyphosate at 254 nm. Several experimental
results suggest that «OH radicals contributed to this degradation. To better understand the role of
carbonyls in the reaction, we studied the photodegradation of glyphosate in the presence of acetone
and pyruvate. Experimental data were explained by a mechanism involving a chain reaction in which
*OH radicals may be formed through the spontaneous decomposition of unstable hydroperoxides. The
same mechanism might prevail in pre-irradiated SRNOM and explain its high efficiency to
photodegrade glyphosate upon irradiation at 254 nm. These results show that in UVC treatments NOM
could favour the degradation of micropollutants through its high capacity to generate very oxidant
radicals. Such a pretreatment of NOM would deserve to be further studied in combination with other

engineered water treatment sytems.
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Supporting information

Evolution of SRNOM photo-oxidant properties under UV-C

irradiation: role of carbonyls in the production of OH radicals

Davide Palma!, Amina Khaled!, Mohamad Sleiman?, Guillaume Voyard!, Claire Richard'*

! Université Clermont Auvergne, CNRS, SIGMA-Clermont, ICCF, F-63000 Clermont-Ferrand, France

Text 1: Measurement of |y, the photon flux entering into the solution from the UV-C source
lo was evaluated by chemical actinometry from the rate of glyphosate consumption in the
presence of H>O> in the device. Irradiation of H2O yields *OH radicals that react with

glyphosate according to:

H.O0, —» 2+0OH ®on =1 (Yu and Barker. 2003)
Gly + «OH — products Kgly
*OH + H0, — H20 + HO»e Krzo2

Based on kgiy = 3.7x10” M5 [Vidal et al. 2015] and Kuz02 = 2.7x10” M1.s? [Stephan et al.
1996], one gets that glyphosate (10° M) in presence of H2O, (10° M) traps 58% of OH

radicals. The rate of glyphosate loss (Rqyy) is thus equal to :

Rty = 1a87292x®01%0.58 = lox(1-10AH29%)xDo14x0.58
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where 1,292 s the rate of light absorption by H.0,, A2°2 is the absorbance of the solution at
254 nm. As only H20O- absorbs 254 nm radiations, one gets :

AH202 = g1p09x[H202] %L

with enzo2 = 19.6 Mt.cm™?, [H202] =10° M and £ = 2 cm.
From Rgiy = (9.3% 0.5)x10® min (Fig SI-1), we get lo = 2.9x10°® Einstein.L.s™

Fig SI-1. Loss of glyphosate (10 M) upon irradiation in the presence of H2O, (10®° M) in the
UV-C device equipped with 4 germicidal tubes (General Electric, 15W).
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Text 2. Analysis of carbonyls by DNPH derivatization.

In the presence of DNPH carbonyls yield imines and water according to:

Rl
NH, /N:<
HN HN R?
N02 Rl NOZ
+ \C—O
,, =0 —— + H,0
R
NO, NO,

The m/z value of the imine is used to determine the chemical formula of the carbonyl. Pyruvic acid

(CsH403) gives an adduct detected at m/z = 267.0374 in negative mode corresponding to CoH7OgNL.
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Methyl glyoxal (CsH4O) that contains 2 carbonyls is derivatized 2 times and gives an adduct detected

at m/z = 431.0709 corresponding to C15H110gNs.
Pyruvic acid and methylglyoxal were used as references for peak quantification for mono and

dicarbonyls, respectively.

Fig SI-2: Calibration curve of pyruvic acid and methylglyoxal.
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Text 3. UHPLC conditions in UHPLC-MS analyses.

UHPLC separation conditions were the following: The aqueous solvent (A) consisted of a mixture of
0.1% formic acid, and the organic phase (B) was acetonitrile. Separation was achieved with a gradient
program consisting of 0—7.5 min 5% and 7.5-8.5 min 99% of mobile phase B. After 8.5 min, the gradient
was returned to the initial conditions and the analytical column was reconditioned for 3.5 min. The flow
rate was set to 0.450 ml.min*. The spectrometer operated in negative and positive modes. The formulas

are proposed based on ppm < 5.

Text 4. Analysis of carboxylic and hydroxylic intermediates by BSTFA derivatization.
The reaction between compounds containing OH (alcohols or carboxylic acids) yields the following

silylated derivative that is volatile and detectable by GC-MS:

217



Supplementary material - Manuscript 5

_Si(CHa)s
0 0
PN 0 P
ROH + FC™ “N T 7 RTSiCHys + FCT TNH
Si(CH3)3 Si(CHg)3

Compound separation was achieved by an HP-5MS (5% phenyl methyl siloxane) capillary column
with 30 m length, 0.25 mm internal diameter, and 0.25 mm film thickness. The injector temperature was
set at 250 °C and the injection volume was 1.0 pL (split ratio of 20:1). The GC oven temperature program
was: 50 °C for 1 min followed by a gradient of 10 °C min to 250 °C and held for 5 min. Mass spectra
were scanned between m/z 50 and m/z 500 with the source temperature set at 230 °C. Identification was
based on matching query spectra to spectra present in the reference library (NIST17). with a minimum
spectral similarity measure of 95%.

Glycolic acid was used as a reference compound for the quantification of the other photoproducts.

Text 5. Determination of the rate of glyphosate consumption in SRNOM solutions.

Based on the following processes:

SRNOM +hv —> SRNOM* — +OH laorSRNOM (1)
*OH + Glyphosate — Kaly 2
‘OH +SRNOM — KSRNOM ©)

the rate of glyphosate (Raiy) l0ss is equal to :
Raly = keiy[*OH][Gly]

Using that the rate of «OH formation is equal to its rate of loss once the quasi stationary state is reached,

one can write that:
IacDOHSRNOM = kGIy[’OH]qss[Gly] + kSRNOM[’OH]qss[SRNOM]
This gives:

[*OH]gss = 1a®or>FNM/ kaiy[Gly] + ksrnom[SRNOM]

This finally gives:
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kgly [Gly]

Rey = I (1- 10_ASRN0M)®(S;II?_INOM

Text 6. Rate of light absorption of a compound in a mixture.

The rate of light absorption of | alone is equal to:

lar = lo(1-10-AY)

while the rate of light absorption of I in mixture with 11, (la))", is equal to:

(1a)" = lo Al/(A + Ay) (1-10"A+AID)

Where A, and Ay, are the absorbance of | and Il respectively.

kgiy[Gly] + ksgnom [SRNOM]

Figure SI-3. Spectrofluorometric quantification of peroxides. The calibration curve measures the

concentration of the dimer of 4-hydroxyphenylacetic acid. The excitation wavelength was set at 320 nm.
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Table SI-1: Carboxylic acids and carbohydrates detected in non-irradiated SRNOM by BSTFA

derivatization coupled to GC-MS. The number of OH functions correspond to the number of TMS linked

to the compound. NDB is the number of double bond.
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Compounds | Number | NDB Name N° m/z adduct and
of OH fragments
functions
C3HeO4 3 Glyceric acid | 16 322, 307, 292, 189,
1 147,103, 73
Hexanedioic | 31 290, 275, 172, 147,
CesH1004 2 2 acid 111, 73
Acids
CoH1604 2 2 Azelaic acid | 38 | 332,317, 217, 147,73
Dodecane-
C12H2204 2 2 dioic acid 39 | 374,357,217, 147,73
C18H3402 1 2 Oleic acid 40 | 396, 339, 183, 129, 73
CsH100s 4 1 Xylose 29 | 438,217, 204, 147, 73
CeH1205 4 1 L-Rhamnose | 32 452,204, 147,73
Carbohy CsH1205 4 1 Fucose 33 | 452,217, 204, 147, 73
-drates CesH1206 5 1 Glucose 34 | 540, 217, 204, 147, 73
CeH1206 5 1 Galactose 35 | 540, 217, 204, 147,73
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Table SI-2: Carboxylic compounds detected in SRNOMay by BSTFA derivatization coupled to GC-MS
and/or by CI coupled to MS. The number of OH functions corresponds to the number of TMS linked to

the compound.

Compound | Number | NDB Name N°
of OH m/z adduct and fragments
functions
CH202 1 1 Formic acid | 2
C2H402 1 1 Acetic acid 4
C2H204 2 2 Oxalic acid 9
C2H403 2 1 Glycolicacid | 7 220, 205, 177, 147, 73
C3HesO3 2 1 Lactic acid 11 234,219,191, 147, 117, 73
C3H404 2 2 malonic acid | 15 248, 233, 147,73
C3H40s 3 2 Tartronic 17 | 336, 321, 292, 221, 147, 102, 73
acid
C3H406 4 Dihydroxy | 18
2 malonic acid 424, 409, 381, 307, 221, 147, 73
C4HeO4 2 2 Butanedioic | 23 262, 247,147, 73
acid
350, 335, 307, 245, 233, 175,
C4HeOs 3 2 Malic acid 25 147,73
2 1 4-amino 26 274, 260, 184, 147, 73
butanoic acid
CsHsO4 2 2 glutaric acid | 27 276, 261, 204, 147, 129, 73
Tricarballylic | 37 392, 377, 302, 259, 217, 185,
CeHsOs 3 3 acid 107,73
C18H3602 1 1 Stearicacid | 41 356, 341, 145, 117, 73
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Table SI-3: Carbonyls compounds detected by DNPH derivatization and UHPLC-HRMS in irradiated
in SRNOM solutions. The number of CO functions corresponds to the number of DNPH linked to the

compound.
Number of CO m/z adduct in
Compound functions NDB Name N° | Appm ES
formaldehyde 1 209.0309
CH-0 1 1 1.9
C2H40 1 1 acetaldehyde 3 2.8 223.0469
C2H402 1 1 glycoaldehyde 5 35 239.042
C2H202 2 2 glyoxal 6 3.1 417.0554
C2H203 1 2 glyoxylic acid 8 4.5 253.0213
C3H4O2 2 2 methylglyoxal 10 2.7 431.0709
C3H403 1 2 pyruvic acid 12 4.7 267.0374
Cs3H203 3 3 13 3.0 625.0793
C3H204 2 3 14 3.9 461.0454
C4HeO2 1 2 19 5.0 265.0581
C4H40; 2 3 butenedial 20 2.1 443.0706
C4HeO3 1 2 21 4.6 281.053
C4H40O3 2 3 22 2.1 459.0662
C4H40q4 2 3 24 3.2 475.0615
CsHeO4 3 3 28 4.0 489.0767
CsHsOs 2 3 30 3.7 505.0720
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Table SI-4. Concentration of carbonyls (M) in original and irradiated SRNOM.

Compound N° SRNOM | SRNOM:H | SRNOMz+ | SRNOMz3H | SRNOMaH
formaldehyde 1| 4.6E-06 2.1E-05 1.7E-04 1.2E-04 7.5E-05
glycoaldehyde 5| 8.3E-09 4.1E-06 7.8E-06 8.2E-06 8.7E-06
glyoxylic acid 8| 5.4E-08 1.4E-05 3.3E-05 2.2E-05 1.3E-05

pyruvic acid 12 | 5.4E-08 5.3E-06 1.0E-05 1.1E-05 1.2E-05

C4HeO2 19| 1.2E-08 8.3E-07 1.2E-06 1.0E-06 7.9E-07
glyoxal 6 | 0.00E+00 5.1E-06 2.0E-05 2.3E-05 2.5E-05
methylglyoxal 10| 1.4E-07 2.5E-06 5.1E-06 7.6E-06 8.9E-06
C3H203 13 1.1E-07 1.7E-06 1.1E-05 1.6E-05 2.0E-05
C3H204 14 | 0.00E+00 8.0E-07 2.8E-06 2.5E-06 5.8E-07
butenedial 20 | 0.00E+00 0.00E+00 8.3E-08 1.8E-07 7.1E-08
C4H403 22 | 0.00E+00 7.5E-07 7.1E-07 3.1E-06 1.2E-06
C4H404 24 | 0.00E+00 2.9E-07 3.1E-07 9.6E-07 3.9E-07
CsHeO4 28 | 0.00E+00 0.00E+00 4.2E-07 6.2E-07 5.0E-07
CsHeOs 30 | 0.00E+00 3.6E-08 1.1E-07 2.6E-07 1.7E-07
C3H203 13 | 0.00E+00 0.00E+00 7.5E-07 3.4E-06 5.0E-06
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Table SI-5. Concentration of carboxylic acids in SRNOM and SRNOMa.

SRNOM SRNOMz3H
Compound N°
Cl BSTFA Cl BSTFA

Formic acid 2 traces nd traces nd
Acetic acid 4 1.57E-7 nd 1.12E-6 nd
Glycolic acid 7 3.85E-7 nd 1.39E-6 9.11E-7
Oxalic acid 9 3.07E-6 nd 6.42E-6 nd
Lactic acid 11 nd nd 4.80E-7
Malonic acid 15 1.65E-7 nd 1.66E-6 1.12E-6
Tartronic acid 17 traces nd 4.49E-7 1.57E-7
Dihydroxymalonic | 18 6.70E-8 nd 1.05E-6 1.10E-7
acid

Butanedioic acid 23 7.08E-7 nd 1.77E-6 1.32E-6
Malic acid 25 4.07E-7 nd 2.09E-6 2.80E-6
Glutaric acid 27 traces nd 1.17E-7 5.36E-8
Tricarballylic acid | 37 traces nd 1.80E-6 2.23E-7
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