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RÉSUMÉ

Assurer l’accès à l’eau potable peut être difficile pour les services d’approvisionnement en
eau lorsque leur source d’eau est périodiquement affectée par les proliférations d’algues. Une
solution potentielle à court terme ou temporaire est de changer la source d’eau à une autre
source exempte d’algues. Cependant, cette solution est souvent impossible en raison des
investissements requis pour modifier les infrastructures hydrauliques existantes ainsi que par
manque de ressources financières.

La prolifération saisonnière des algues se produit généralement en été et au début de l’automne.
Lors d’un événement de prolifération d’algues, la production de composés responsables aux
goûts et odeurs tels que le 2-méthylisoborneol (MIB) et la géosmine (GSM), ainsi que la
production potentielle de toxines doivent être surveillées et contrôlées.

Plusieurs technologies sont disponibles pour le traitement des eaux en présence de cyanobac-
téries. Parmi eux, la filtration sur charbon actif en poudre et granulaire, l’ozonation, et les
membranes haute pression (nanofiltration et osmose inverse) se sont avérées efficaces pour
adresser la problématique des toxines. Cependant, toutes ces solutions impliquent soit une
technologie complexe et / ou des coûts d’investissement et d’exploitation importants. Compte
tenu de la présence saisonnière des fleurs d’eau de cyanobactéries, les technologies à forte in-
tensité de capital (par exemple l’ozonation ou les membranes) sont particulièrement difficiles
à mettre en œuvre s’il n’y a pas d’autre objectif de traitement de l’eau pouvant justifier leur
application.

En raison de ces problèmes, l’objectif principal de ce projet était d’évaluer une technologie
simple, abordable et écoresponsable qui pourrait être utilisée par des systèmes d’approvisionne-
ment en eau petits et éloignés. L’utilisation du rayonnement ultraviolet (UV) à 254 nm dans
la désinfection de l’eau est appliquée depuis plusieurs décennies dans l’industrie de l’eau
potable. La désinfection est atteinte lorsque les rayons UV à 254 nm attaquent l’ADN cellu-
laire rendant la reproduction des cellules impossible. La plage de photons avec des longueurs
d’onde comprises entre 10 nm et 200 nm dans la région UV du spectre électromagnétique
est communément appelée UV sous vide (VUV par son acronyme en anglais). Les photons
VUV sont assez énergiques pour réaliser la photolyse des molécules d’eau, générant un fort
et non sélectif radical hydroxyle (•OH). Contrairement à d’autres processus d’oxydation
avancée, aucun produit chimique n’est injecté pour la formation de •OH, ce qui représente
un avantage évident pour les petits systèmes en permettant l’oxydation simultanée de traces
de contaminants organiques et la désinfection.
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La viabilité du processus VUV doit être évaluée en termes de performances ainsi que de son
impact sur la qualité de l’eau de source (matière organique naturelle, matière organiques
algues et solutés inorganiques) en particulier pour les eaux de source affectées par les fleurs
d’eau de cyanobactéries. Ce projet inclut pour la première fois l’application de VUV pour
l’inactivation des cyanobactéries et cyanotoxines ainsi que la dégradation des gouts et odeurs
dans les sources d’eau naturelles contaminées par une prolifération d’algues. L’influence de
matière organique naturelle et algues et des solutés inorganiques naturellement présents dans
les sources d’eau sur la performance de VUV a été évaluée tout au long du projet. Sur cette
base, les objectifs suivants ont été fixés:

i. Évaluer la dégradation des cyanotoxines et des gouts et odeur par les VUV dans les eaux
naturelles (Article 1)

ii. Comprendre le rôle de la matière organique naturelle et de la matière organiques des
algues sur les performances et la formation de sous-produits de désinfection des VUV
(Article 2)

iii. Confirmer la possibilité de désinfecter et de dégrader simultanément les traces de con-
taminants organiques avec les VUV après la chloration (Article 3)

L’originalité de ce projet provient de l’étude d’une technologie en développement, sans pro-
duits chimiques et avec l’utilisation de matrices d’eau chargées d’algues naturelles de trois
lacs de la province du Québec au Canada. Les lacs sélectionnés pour ces travaux ont des qual-
ités et des caractéristiques d’eau différentes. Bien que les trois soient régulièrement touchés
par les cyanobactéries, des échantillons ont été prélevés en absences de proliférations, en
présence modérée de cellules et en présence importante de cyanobactéries. De plus, un lac
reconnu pour sa forte concentration de chlorures et d’alcalinité a été sélectionné pour évaluer
l’influence de ces ions sur le traitement des VUV.

Les résultats obtenus tout au long de ce travail montrent:

i. 40% et 60% de dégradation des cyanotoxines et des gouts et odeurs dans les conditions
de prolifération ont été atteints respectivement. Bien qu’il s’agisse d’une dégradation
considérable, elle peut ne pas être suffisante pour éliminer la toxicité et les gouts et
odeurs à la fluence appliquée (Article 1)

ii. l’application de VUV a entraîné une augmentation faible (<10%) ou modérée (jusqu’à
20%) de la formation de trihalométhanes et d’acide haloacétique (Article 2)
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iii. Par rapport à l’inactivation des cyanobactéries, 5 log et 4 log ont été obtenus avec des
eaux ultrapures et des eaux de surface respectivement (Article 3)

En conclusion, cette étude a démontré que les VUV est une option de traitement potentielle
pour atteindre une photolyse directe sans produits chimiques ainsi qu’une oxydation avancée
de l’une des toxines de cyanobactéries les plus communes et toxique (microcystin-LR) et des
molécules de gouts et odeurs métabolites dérivés des algues (MIB et GSM). L’influence de la
de la matière organique naturelle et algues sur les performances de VUV a été évaluée. Il a été
constaté que la substance humique, une fraction de la matière organique naturelle, a la plus
grande influence sur la formation de sous-produits de désinfection. Dans la dernière partie
des travaux, l’influence des VUV sur l’intégrité cellulaire de deux celulles de cyanobactéries
cultivées (Microcystis aeruginsoa et Anabaena Sp.) a été étudiée ainsi que la dégradation
de leurs cyanotoxines. La désinfection et la dégradation des contaminants ont été obtenues
simultanément. Un traceur, la carbamazépine (CBZ), a été utilisée pour mieux distinguer le
rôle des radicaux •OH. La dégradation de CBZ obtenue par VUV a dépassé 99%.

Dans le cadre des futurs travaux dans ce domaine, la conception d’un réacteur à grande échelle
qui permet l’utilisation d’ondes UV185 nm dans une couche mince de quelques millimètres sera
un grand défi. Une conception hydrodynamique améliorée est nécessaire pour atteindre des
performances d’oxydation élevées en utilisant le UV185 nm.

Sans doute, un point à analyser avant d’appliquer un procédé d’oxydation de contaminants
dans l’eau potable à l’échelle réelle est la formation de nouveaux produits / contaminants.
Les futures études devront aborder la question, car les nouveaux produits / contaminants
formés pourront possiblement être encore plus toxiques que les originaux.
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ABSTRACT

Ensuring access to safe drinking water can be challenging for water utilities when their source
water is periodically impacted by algae blooms. A potential short-term solution is to change
the water supply to another source free of algae. However, this is most often impossible
due to the investments required to modify the existing water infrastructures and the lack of
financial resources.

Seasonal algal bloom usually occurs in summer and early autumn. During a bloom event, the
production of compounds responsible for taste and odor (T&O), such as 2-Methylisoborneol
(MIB) and geosmin (GSM), and the potential production of toxins must be monitored and
controlled.

When the predominant species within a bloom is cyanobacteria, a so-called cyanobacterial
bloom arises and cyanobacteria is responsible for the production of cyanotoxins.

Several technologies have been successfully applied to the treatment of water impacted by
cyanobacteria,among them, powdered and granular activated carbon filtration, ozonation,
and high-pressure membranes (nanofiltration and reverse osmosis). However, all these al-
ternatives involve either a complex technology and/or significant capital and operational
costs. Given the seasonal nature of cyanobacterial blooms, capital-intensive technologies
(e.g. ozonation or membrane) are especially challenging to implement if there is not another
water treatment objective justifying their application.

In view of these problems, the main objective of this project was to test an emerging simple,
affordable and eco-friendly technology that could potentially be used by small and remote
water supply systems.

The use of ultraviolet (UV) radiation at 254 nm in water disinfection has been applied for
several decades in the drinking water industry. The disinfection is achieved when UV254 nm

attacks the cellular DNA making the cells reproduction not possible.

The range of photons with wavelengths between 10 nm to 200 nm in the UV region of the
electromagnetic spectrum is commonly referred to as vacuum UV (VUV). VUV photons are
energetic enough to photolyze the molecules of water, generating strongly and non-selective
hydroxyl radicals (•OH ). As opposed to other common advanced oxidation process (AOP),
no chemicals are injected for the formation of •OH , a clear advantage of this treatment
technique for small water systems which allows simultaneous oxidation of trace organic con-
taminants and disinfection.
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The viability of the VUV process needs to be assessed in terms of its performance as well as
its impact on source water quality (background natural organic matter (NOM), algal organic
matter (AOM) and inorganic solutes) especially in the case of source waters impacted by
cyanobacterial blooms. This project combines for the first time the application of VUV:

i. for cyanobacterial inactivation and

ii. cyanotoxins and T&O degradation in natural water sources contaminated by algal bloom

The influence on VUV perfromance of NOM, AOM and inorganic solutes, naturally present
in the water sources,was evaluated throughout the project. On this basis, the following
objectives have been set:

i. Assess cyanotoxins and T&O degradation by VUV in natural waters (Article 1)

ii. Understand the role of background NOM and AOM on VUV performance and disinfec-
tion by-products (DBP) formation after chlorination (Article 2)

iii. Confirm the possibility to simultaneously disinfecting and degrading organic trace con-
taminants with VUV (Article 3)

The originality of this project lies in the use of an incipient and chemical-free technology as
applied to natural algae-laden waters matrix of three different lakes in the province of Quebec,
Canada with correspondingly differing water qualities and characteristics. Although all three
are regularly impacted by cyanobacteria, samples were collected in the absence of blooms,
in the moderate presence of cells and in the presence of a significant cyanobacterial bloom.
In addition, one lake, recognized for its high concentration of chlorides and alkalinity, was
deliberately selected to assess the influence of these ions on VUV treatment.

The results obtained throughout this work show:

i. 40% and 60% degradation of cyanotoxin and T&O, respectively, were achieved under
bloom conditions. While this represents a considerable degradation, it may not be suffi-
cient to completely eliminate toxicity and T&O at the fluence applied (Article 1)

ii. the application of VUV led to, on average, a low (< 10%) or moderate (up to 20%)
increase in the formation of trihalomethanes (THM) and haloacetic acid (HAA) when
chlorine was used as final disinfectant (Article 2)
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iii. In terms of cyanobacterial inactivation, 5-log and 4-log were achieved in ultra-pure and
surface water, respectively (Article 3)

In conclusion, this study demonstrated that VUV is a potential treatment option for achieving
a chemical-free direct photolysis and advanced oxidation of one of the most common and toxic
cyanobacterial toxins (microcystin-LR) and algae-derived T&O metabolites (MIB and GSM).
The influence of NOM (background NOM and AOM) on VUV performance was evaluated.
It was found that humic substance, a fraction of NOM, has the greatest influence on the
formation of DBP.

In the last part of the research, the influence of VUV on the cellular integrity of two cul-
tured cyanobacterial (Microcystis Aeruginsoa and Anabaena Sp.) was studied, as well as
their cyanotoxin degradation. Disinfection and contaminants degradation was obtained si-
multaneously. A probe, carbamazepine (CBZ), was used to better discriminate the role of
•OH radicals. The degradation of CBZ obtained by VUV exceeded 99%.

Related to future work in this field, the design of a full-scale reactor allowing the use of
UV185 nm where •OH radical are present in a thin layer measuring only a few millimeters
will be a great challenge. Improved hydrodynamic design is needed to achieve high oxidation
performance using UV185 nm.

Undoubtedly, another a point worth analyzing before applying any process of oxidation of
contaminants in drinking water in real scale is the formation of new products or intermediates
contaminants. Further studies should address the issue because formation of new products
/ contaminants that could be even more toxic than the original ones is a possibility.

VUV is a promising technology to be applied in the drinking water industry but there remain
significant issues of concern such as the two aforementioned must be addressed before a real
scale application.
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CHAPTER 1 INTRODUCTION

Access to quality drinking water should be guaranteed for every population, no matter its lo-
cation. Unfortunately, many small communities experience significant challenges in providing
safe drinking water. Insufficient resources and remote location are some of the common prob-
lems they face. Approximately 12% of the population of Canada is served by small drinking
water systems or private water supplies (instead of large municipal treatment plants) [4].
While microbiological contamination is still the primary concern, disinfection by-products
(DBP) formation, seasonal algal toxins and taste and odor (T&O) compounds pose signifi-
cant risk to public health and represent major issues to be overcome [5].

Nowadays, lake eutrophication has become an important concern around the world [6]. The
combination of several factors such as climate change, growth of the population and land
use increase algal bloom occurrences. Seasonal algal blooms, usually occur during summer
and have a direct impact on drinking water consumers because of the T&O compounds
commonly generated during these events. Occasionally, summer recreational activities in
a eutrophicated lake must be restricted because of the potential toxicity caused by these
blooms [7]. The simple presence of a bloom does not imply toxicity, but it is an indication
of possible toxin production.

When the predominant species within a bloom is cyanobacteria, the bloom, called a cyanobac-
terial bloom, can often lead to health concerns as a result of risks related to cyanotoxin
production. Even once the bloom has disappeared, some toxins can remain in the water
and in sediments [4]. Even though cyanotoxins can be considered as natural contaminants,
the fact that the increased number of events is related to anthropic activities suggests that
better management of land use at the watershed level would be the key to minimizing their
occurrences. Meanwhile, treatment solutions are required to guarantee safe drinking water
to the population being served.

Cyanotoxins can roughly be classified into three categories: i) hepatotoxins: microcystins,
nodularis and cylindrospermopsins; ii) neurotoxins: anatoxin-a, anatoxina(s), and saxitoxins;
and iii) dermatotoxins: lyngbyatoxin-a and aplysiatoxins [8]. Among the most common
cyanotoxins found in natural water sources, microcystins are the most frequent. A survey of
227 New Zealand water bodies conducted between 2001 and 2004 revealed that microcystin is
the most detected cyanotoxin in that country [9]. While more than 70 variants of microcystins
were reported, microcystin-LR (MC-LR) is the most widespread species [8]. Its toxicity is
estimated to be 50 µg MC-LR per kilogram bodyweight (lethal dose (LD50)). MC-LR is
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released during cell death and lysis. Possible human health issues related to the development
of this toxin are liver damage, increased risk of cancer and potential damage to the nervous
system [10].

When talking about cyanotoxin removal in drinking water treatment, it should be considered
that cyanotoxins can be either extracellular (released by the cells and already dissolved in
water) or intracellular (within cells). While intracellular toxins can be removed by traditional
treatment, removal efficacy is linked to the species of cyanobacteria present in the water.
Samples from a full-scale drinking water treatment plant (DWTP) during a cyanobacterial
bloom revealed that Aphanizomenon cells were poorly coagulated and thus were not retained
by the filter. On the other hand, Microcystis, Anabaena and Pseudanabaena cells were
removed by clarification and filtration processes [11]. Furthermore, the possibility of cell
accumulation within the plant must be considered because a conventional coagulation /
sedimentation / filtration treatment may not be efficient for all cells. Active cells could be
retained within the plant and start producing toxins at any time [12].

The first treatment strategy in water sources contaminated with cyanobacteria involves the
removal of the cells without producing lysis. In this way there is no release of intracellular
toxins [13]. However, as mentioned above, cell removal efficiency is a function of the type
of cells. Accumulation of improperly coagulated algae cells on the surface of settlers may
also pose a risk, as discussed above. These constraints make the selection of an optimal
water treatment strategy difficult to define. Westrick et al. (2010) suggest that additional
treatment barriers must be implemented [13]. A multi-barrier strategy for intracellular and
extracellular cyanotoxins is applied in many drinking water plants. This approach consists of
choosing an appropriate intake location, physical treatment to remove cells by coagulation,
flotation or settling and filtration, as well as additional treatments to degrade or adsorb
extracellular toxins [13].

Among the additional treatments, powdered or granular activated carbon and/or O3 are com-
mon treatment options. All of these add additional costs and complexity to water treatment,
a difficult challenge for most small water systems. A simpler treatment option which does not
require highly qualified operators for its operation is desirable for these small and remotely
located communities. Throughout this project, UV radiation was used at a wavelength of
UV185 nm and UV254 nm in natural water matrices, with and without cyanobacteria, to assess
its efficiency and applicability as a simpler treatment option.

The region of the electromagnetic spectrum of light covered by photons with wavelengths
between 10 nm to 200 nm in the UV region is called vacuum UV (VUV). VUV photons are
energetic enough to photolyze water molecules, generating strongly and non-selective •OH.
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By not requiring the addition of chemicals such as H2O2 for •OH production, VUV technology
is an easy and more environmentally-friendly solution for small and remote communities.

As it is producing •OH, it is considered an advanced oxidation process (AOP). An AOP
relies on the availability of •OH, a highly reactive and non-selective oxidant. Nowadays, the
most commonly available AOPs applied in drinking water treatment are [14]: O3 + H2O2,
UV light + O3, UV light + H2O2, UV light + TiO2, and different combinations of them.

However, given its non-selective oxidant characteristic, •OH will react with other compounds
present in water, such as natural organic matter (NOM), and VUV performance could be
negatively affected. NOM is a complex mixture of organic substances in surface waters. Its
presence adds color to water and may create aesthetic problems, such as T&O. The NOM
fraction originating from algal growth is known as algal organic matter (AOM). The presence
of cyanobacteria will increase this fraction. In addition, NOM acts as a reservoir of precursors
for the production of disinfectant by-products (DBP) following its reaction with free chlorine.

The UV254 nm lamps used in disinfection generate a minimum fraction of UV185 nm. When the
material that surrounds the lamp (i.e., the sleeve) is made of ultra-pure quartz, the UV185 nm

fraction that reaches the water can be maximized. In this way, disinfection and degradation
of contaminants can be targeted in parallel. Despite its interest, the use of VUV by the
drinking water industry did not seem initially be practical due to the minimal UV185 nm

penetration length in water. About 90% of UV185 nm photons are expected to be absorbed,
but only in the 0.3 cm layer close to the lamp [15]. Nevertheless, ongoing research shows
encouraging results, and VUV’s application in small-scale water treatment plants appears
promising [16, 17]. In line with this trend, this project tested VUV technology in natural
water matrices regularly affected in differing degrees by cyanobacteria in order to assess its
efficiency and applicability. To the best of our knowledge, there is no data published on this
topic. As the problem of water sources impacted by cyanobacteria is increasing around the
world, the need to find a simple and ecological treatment has become imperative. We hope
the results of this research will contribute to assessing a possible solution.

We focused on the application of VUV with 185 nm energy and compared the performance
of this technology and the characteristics of the treated water with that of 254 nm energy.
This will provide key insights into this field, particularly as applied to natural waters, and
strategies for the development of small and remote DWTP.
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1.1 Objectives

The viability of the VUV process needs to be assessed in terms of its performance as well as
its impact on water source quality (background natural organic matter (NOM), algal organic
matter (AOM) and inorganic solutes), particulary in water sources affected by cyanobacterial
blooms. This project encompasses for the first time the application of VUV for cyanobacterial
inactivation and cyanotoxins and T&O degradation in natural water sources contaminated
with algal blooms. We evaluate the influence of NOM, AOM and inorganic solutes naturally
present in the water sources on VUV performance. On this basis, the following objectives
are outlined:

i. Assess cyanotoxins and T&O degradation by VUV in natural waters (Article 1)

ii. Understand the role of background NOM and AOM on VUV performance and disinfec-
tion by-products (DBP) formation (Article 2)

iii. Confirm the possibility of simultaneously disinfecting and degrading organic trace con-
taminants with VUV (Article 3)

1.2 Hypothesis

Each objective has an associated hypothesis:

i. Cyanotoxin and T&O degradation from natural matrix water can be achieved by VUV
(Article 1)

ii. AOM has a greater impact on VUV performance than NOM (Article 2)

iii. VUV can disinfect and degrade organic trace contaminants simultaneously (Article 3)
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CHAPTER 2 LITERATURE REVIEW

2.1 Cyanobacterial blooms

Cyanobacteria, commonly known as “blue-green algae”, are the Earth’s oldest oxygenic pho-
toautotrophs and have had major impacts on shaping its biosphere. They are photosynthetic
prokaryotes with the ability to synthesize Chlorophyll-a. This chlorophyll production capac-
ity gives them the popular name of “algae” when they actually are bacteria. Because of their
long presence on Earth, they have a long evolutionary history that has enabled them to adapt
several changes. Some of these include geochemical and climatic. Nowadays, anthropogenic
modifications of aquatic environments, eutrophication, water diversions, withdrawals, and
salinization are the most usual changes that this microorganism faces [18,19].

During the Precambrian era, cyanobacteria’s proliferation caused a significant modification
to the biosphere. The evolution of terrestrial plant and animal life took place thanks to
the fact that anoxic biosphere was modified by the concentration of O2. Cyanobacteria
played a key role at that time because it is presumed that they were responsible for this
crucial development of life on Earth [19]. The reason why cyanobacteria population is a
successful one is complex and it can be summarized in a short list. First, the optimum
growing temperature, at least for many cyanobacteria, is higher than for most eukaryotic
algae. This is the reason why they can survive warmer climates. Second, they can support
water stress for a long period. Also, cyanobacteria are among the most successful organisms in
highly saline environments (for example Anabaena sp. was found in the Baltic Sea [20]) [21].
Many genera have the ability to fix atmospheric nitrogen (N2, an anaerobic process), while
they can store phosphorus (P) and sequester iron (Fe) and a range of essential trace metals.
These traits have enabled them to exploit both nutrient-scarce and nutrient-rich diverse
terrestrial and aquatic environments worldwide [18].

At present, this ancestral microorganism has become a huge concern around the world since
dense populations of freshwater cyanobacteria forming water blooms have increased. As this
microorganism is able to produce a wide variety of toxins that cause animal poisonings and
human health risks, their presence in water sources is a major problem. While some of the
factors leading to the formation of such blooms are well understood, some others remain
unknown. The toxicity of these blooms increases the awareness and concern of governmental
agencies in charge of water management. Currently, the biggest challenge relates to the ability
to predict the possible toxicity of a bloom [21]. How environmental factors impact cyanotoxin
production is the subject of ongoing research, but nutrient (N, P and trace metals) supply
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rates, light, temperature, oxidative stressors, interactions with other biota (bacteria, viruses
and animal grazers), and most likely, the combined effects of these factors are involved [18].

Cyanotoxin becomes a health concern when a cyanobacteria bloom occurs in a water source.
So, what is a bloom? There is not an exact definition for the term “bloom”. Generally, a
bloom refers to a phytoplankton biomass significantly higher than the water body average.
Frequently, one or two species are dominant within a bloom, for instance, cyanobacterial
bloom, diatom bloom [22]. A bloom usually takes place during the warm season, from early
spring to late summer. As a consequence of a bloom, the water body’s turbidity and color
change [23].

Events named as red tides in the past are now grouped under the descriptor og harmful algal
blooms (HABs) [24]. At this point, it is necessary to differentiate two types of HABs. One
type of HABs includes toxins or harmful metabolites, such as toxins linked to wildlife death
or human seafood poisonings. The other type of HABs that can be developed are nontoxic,
but can still cause damage, even without being toxic. Sometimes, in the presence of small
blooms a high algal toxin concentration is produced, while other times, nontoxic HAB causes
highly invasive damage: an immense biomass developing, leading to foams or scums, the
depletion of oxygen as blooms decay, or the destruction of habitat for fish or shellfish by
shading of submerged vegetation [24].

In reference to cyanobacterial blooms, the concern is greater in the presence of a toxic bloom,
especially if it occurs in a body of water that serves as a source of drinking water. The
impossibility to predict the toxicity of a cyanobacterial HAB, is the focus of many investiga-
tions [25–27]. Cyanobacteria can bloom under low light availability by taking advantage of
periods between episodic sediment loading events when the water clears, or by using mech-
anisms for buoyancy regulation to position themselves near the water surface [24]. Many
cyanobacterial genera have optimal growth rates and bloom potentials at relatively high
water temperatures; hence, global warming plays a key role in their expansion and persis-
tence [19].

Regarding safe management of recreational water affected by cyanobacterial blooms the
World Health Organization (WHO) proposed in 2003 the following guidelines based on the
probability of adverse health effects [28]:

i. Low probability, when the concentration of cells is bellow 20,000 cellsmL−1 or 10 µg
Chlorophyll-a L−1

ii. Moderate probability, when the concentration of cells is between 20,000 cellsmL−1 to
100,000 cellsmL−1 or between 10 µg to 50 µg Chlorophyll-a L−1
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iii. High probability, when cyanobacterial scum formation in areas where whole body contact
and/or risk of ingestion/aspiration occur.

2.1.1 Cyanotoxins

Cyanobacteria are photosynthetic microorganisms found in diverse environments including
oceans, freshwater, bare rock, and soil. They appear to be unable to colonize, invade, and
grow in human or animal hosts to cause disease. In order to realize the photosynthesis,
water serves as electron donor. Cyanobacteria can be found in water columns (planktonic),
aggregated on the water surface (metaphytic), attached to other algae, cyanobacteria or
macrophytes (epiphytic) and attached to substrates (benthic) [20]. Most of them produce the
phycobilin pigment, phycocyanin, which gives the cells a bluish color when they are present
in sufficiently high concentration, and is responsible for the popular "blue-green algae" name.
In some cases the red accessory pigment, phycoerythrin, is formed as well [29].

This microorganism is able to produce a wide variety of toxins that cause animal poisonings
and human health risk. They also produce a large number of bioactive compounds that have
potential as drug leads and cell reagents [30]. Cyanotoxins can be classified as follow [8]:

i. Hepatotoxins: microcystins, nodularis, and cylindrospermopsins

ii. Neurotoxins: anatoxin-a, anatoxin-a(s), and saxitoxins

iii. Dermatotoxins: lyngbyatoxin-a and aplysiatoxins

The hepatotoxins are produced by various species (Microcystis, Anabaena, Oscillatoria,
Nodularia, Nostoc, Cylindrospermopsis, andUmezakia) and most of them are microcystins [18].
More than 80 different structural variants of microcystins have been identified to date [31].
Among them, microcystin-LR (MC-LR) is the most widespread and one of the most toxic,
with a lethal dose (LD50) estimated to be 50 µg MC-LR per kilogram bodyweight. Table 2.1
shows a list with the main cyanotoxins. A survey conducted by Wood et al. in 227 different
New Zealand water bodies between 2001 and 2004, verified that microcystin is the most
detected cyanotoxin in that country [9]. Table 2.2 shows LD50values for several cyanotoxin.

According to the WHO, there are insufficient data to derive a guideline value for cyanobac-
terial toxins other than MC-LR. The guideline value for total MC-LR (free plus cell-bound)
is 1 µg L−1 in drinking water. Due to the limited available database, this value is provi-
sional [32]. In Canada, the maximum acceptable concentration (MCA) for the cyanobacterial
toxin microcystin-LR in drinking water is 1.5 µg L−1. Quebec has adopted this MCA from
Guidelines for Canadian Drinking Water Quality produced by Heath Canada.
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Potential risk for human exposure varies from short-term adverse health outcomes (skin
irritations, gastrointestinal illness) to long-term illness with some cyanobacterial species [33].
This toxin is bioaccumulative and it has been found in different species used by human
seafood consumption, such as mussels, crayfish, and fish. Therefore, it is important to monitor
microcystin during and after the occurrence of cyanobacterial blooms [34].

2.1.2 Cyanobacteria within drinking water treatment plant

Extensive research has been performed on drinking water treatment plants (DWTP) fed
by source contaminated with cyanobacterial blooms. Table 2.3 summarizes cyanobacterial
species reported on DWTP from different studies.

In 2012, Zamyadi et al. analyzed bloom events during three consecutive years (2008, 2009,
and 2010) breaking through a DWTP, located in the Missisquoi Bay on Lake Champlain
(southern Quebec, Canada). This work was conducted based on two main objectives:

i. to estimate the breakthrough and accumulation of toxic cyanobacteria in water, scums
and sludge inside a DWTP

ii. to determine whether chlorination can be an efficient barrier to the prevention of cyan-
otoxin breakthrough in drinking water

A high cyanobacterial cell numbers and total microcystins concentrations were measured at
the clarifiers of the DWTP. Even for the chlorinated drinking water, microcystins was found
in high concentration. Based on these results, authors suggested that natural bloom samples
are more resistant than cultured cells [39].

Studying two different DWTP fed by the Richelieu River (southern Quebec, Canada) with
low cyanobacterial occurrences, the same authors affirmed that pre-ozonation of raw water
helped with the removal of cells in the clarification process. Samples from clarification and

Table 2.1: Cyanobacterial toxins (Adapted from [1])

Classification Toxin Toxigenic genera

Hepatotoxins
Microcystins Microcystis, Anabaena, Nostoc, Anabaenopsis, Planktothrix, Oscillatoria, Hapalosiphon
Nodularins Nodularia, Theonella (spongecontaining cyanobacterial symbionts)
Cylindrospermopsins Cylindrospermopsis, Aphanizomenon, Umezakia, Anabaena, Raphidiopsis

Neurotoxins
Anatoxin-a (including homoanotoxin-a) Anabaena, Oscillatoria, Phormidium, Aphanizomenon, Rhaphidiopsis
Anatoxin-a(s) Anabaena
Saxitoxins Aphanizomenon, Anabaena, Lyngbya, Planktothrix Cylindrospermopsis

Dermatotoxins and cytotoxins Lyngbyatoxin-a Lyngbya, Schizothrix, Oscillatoria
Aplysiatoxins Lyngbya, Schizothrix, Oscillatoria
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filtration basin were analyzed in order to determine presence of cyanobacteria. Microcystis
was the dominant specie in the clarification basin while Gloetrichia dominated the filtration
basins. In this particular case, the low concentration and toxicity of the cells at the water
intake studied, did not contribute significantly to the DBP production. Nevertheless, the
potential DBP production has to be determined before the implementation of a pre-ozonation
process [12].

The breakthrough of cyanobacteria in well water following bank filtration was evidenced and
reported by Pazouki et al. (2016). The system under study comprises two artificial lakes
located in Southern Quebec (Canada), near Lake of Two Mountains. The bank filtration
system consists of wells that pump water through the bank from the lakes. The presence
of cyanobacteria was monitored by using Phycocyanin. Causes of cyanobacteria passing
through filters were associated to retention time. Lake travel times shorter than one week
were found to facilitate the breakthrough. The authors emphasized on having an intensive
monitoring system not only during bloom events, but throughout the year [40]. They based
this recommendation on analyzing samples taken during winter season, where cyanobacteria
accumulate within bank filters, considering the 1.7RFU threshold recommended by Bar-
tram et al. (1999) [41]. This limit corresponds to an Alert Level 1 associated to a total
cyanobacterial biovolume of 0.2 mm3 L−1.

From August to November 2017 Almuhtaram et al 2018 sampled intakes of the four plants:
Lake Erie, Lake Ontario, the Bay of Quinte in Lake Ontario, an inland reservoir. Authors
reported cell accumulation and presence of cyanotoxins across the treatment trains of four
plants. Even when low cell influx was measured (under 1000 cellsmL−1) significant cell ac-
cumulations (over 1×10−5 cellsmL−1) were observed in clarifier sludge and filter backwash
samples. As a conclusion, they affirmed that DWTP receiving a low influx of cells can be at

Table 2.2: Cyanobacteria toxic LD50(Adapted from [2,3])

Classification Toxin Toxigenic genera LD50

Hepatotoxins

Microcystins

Anabaena flos-aquae 50
Microcystis, Anabaena, Nostoc, Planktothrix, Anabaenopsis, Hapalosiphon 25-1000
Oscillatoria agardhii var. isothrix 300-500
Oscillatoria agardhii 500-1000

Nodularins Nodularia spumigena 30-50
Cyanoginosins Microcystis aeruginosa 50

Neurotoxins

Anatoxin-a Anabaena flos-aquae 200-250
Anatoxin-a(s) Anabaena flos-aquae 20-40
Aphantoxin Aphanizomenon flos-aquae 10
Saxitoxins Aphanizomenon, Planktothrix, Anabaena, Cylindrospermopsis and Lyngbya 10-30
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risk of toxic cyanobacterial accumulation. However, the absence of a bloom at the drinking
water source does not imply absence of risk [42].

The above review provides an excellent source of information which demonstrates that
cyanobacterial bloom persists within water treatment systems. As suggested by Bai et al.
(2019), the key to cyanobacterial treatment is to achieve cell deactivation and cyanotoxin
degradation without causing lysis [43]. In this way, the risk associated with the accumulation
within the plant is minimized.

2.2 Natural organic matter

Natural organic matter (NOM) is a complex mix of organic substances present in fresh
water, especially in surface water. The origin of NOM could be either autochthonous, within
a water body, or allochthonous, generated from an external source and transported to the
water body [44]. Its presence gives color to water inducing aesthetic problems, such as taste
and odors. One of the main problems with NOM is the ability to produce disinfectant by-
products (DBP) by reacting with oxidant and disinfectant agents. Moreover, it is considered a
source of biofilm growth in distribution system, decreases the effectiveness of UV disinfection,
increases the coagulant demand, induce fouling of GAC absorbers and membranes [44].

Related to water affinity, NOM is divided in two categories: hydrophobic and hydrophilic
[40]. The hydrophobic fraction, so-called high molecular weight (HMW) represents the major
fraction of NOM, with approximately 50% of the DOC. Hydrophobic fraction is described as
humic substances and it is considered to be mainly responsible of DBP production [45, 46].
On the other hand, the hydrophilic fraction, referred as low molecular weight (LMW), Con-
ventional water treatment seems to be less efficient in LMW removal than HML removal [46].

The concern about DBP has increased in the last decades due to their anticipated negative
health effects. As the detection methods improve new components are discovered and smaller
detection limits are reached [47]. In 1974, Rook reported the formation of trihalomethanes
(THM) in water disinfection for the first time. THM form when chlorine or bromide reacts

Table 2.3: Cyanobacterial species found in DWTP

Species Location within DWTP Reference

Microcystis sp. and Anabaena sp. Full scale sludge bed clarifier [35,36]
Aphanizomenon sp. and Aphanothece sp. Scums over the clarifiers, dual sand-anthracite filter, and post chlorination [35,36]
Microcystis Gloetrichia Clarification and filtration basins [12]
Oscilatatoria sp., Psedanabaena sp. and Lyngbya sp. Flocculation basin, surface of clarifiers, and surface of filters [37]
Oscillatoria and Phormidium Biofilm of the sedimentation basin walls [38]
Lyngbya Walls of overflow weirs and troughs of the sedimentation basin and sedimentation basin scum [38]
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with organic compounds in water. Here lies the importance of removing NOM previous to
disinfection [48]. Two years later, a national survey conducted by the US Environmental
Protection Agency (USEPA) showed ubiquitous presence of THMs and DBP in chlorinated
drinking water [49]. Also in 1976, results published by the US National Cancer Institute
proved the relationship between chloroform and cancer in laboratory animals. Consequently,
major problems linked to public health entered the agenda [48–50].

The NOM fraction from algal growth is known as algal organic matter (AOM). AOM consists
mainly of LMW components and it is composed of intracellular organic matter (IOM) and
extracellular organic matter (EOM) [51]. EOM is the result of metabolic activity of cells
during exponential and stationary growth phases, while IOM can be released in the aquatic
environment following cell lysis. AOM could be produced by several processes [52]:

i. through extracellular release in response to low nutrient stress or other stressful condi-
tions

ii. invasion by bacteria or virus

iii. through disruption and decay of algal cells

iv. release from algae species under normal conditions

AOM has a different character than allochtonous NOM [53]. In order to minimize DBP
formation and avoid cyanotoxin breakthrough to finished drinking water, it is useful to dis-
tinguish AOM from other background NOM to establish an appropriate water treatment
strategy. Thus, distinguishing AOM from the NOM background present in raw water could
help to establish an appropriate water treatment strategy [53].

2.2.1 Algal organic matter from cyanobacteria

Henderson et al. (2008) characterized four algae species: Chlorella vulgaris, a green algae;
Microcystis aeruginosa, a cyanobacteria and two diatoms Asterionella formosa and Melosira
sp. by measuring DOC, specific UV absorbance (SUVA), zeta potential, charge density, hy-
drophobicity, protein and carbohydrate content, molecular weight and fluorescence. Accord-
ing with their results, all AOM was predominantly hydrophilic with low SUVA. Microcystis
aeruginosa SUVA values range from 0.48 L m−1 mg−1 to 1.65 L m−1 mg−1 [53]. These results
are consistent with Wang et al. (2009) who affirmed that hydrophobic materials with a HMW
were mainly from allochthonous origin [54]. AOM was reported with negative zeta potential
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values in the range pH 2–10, while lower charge density was related to higher hydrophobicity.
The authors concluded that AOM characteristics differ from NOM [53].

Leloup et al. (2013) performed a characterization in two cyanobacteria: Euglena gracilis
and Microcystis aeruginosa. The AOM characterization was carried out by DOC, XAD
fractionation and SUVA analyses. Although AOM was found to be mainly hydrophilic,
it became more hydrophobic over the time [55]. The periodical character of algal blooms
may cause impacts on water sources because they have a significant contribution to organic
matter. In fact, an increase of NOM hydrophilic content and a decrease of SUVA index were
determined. The situation could be aggravated considering that organic matter accumulates.

The authors concluded that AOM characteristics showed a high dependency on growth phase
and species. They also declare that the evolution of the organic matter produced by a phy-
toplankton bloom does not stop once the bloom has collapsed. In agreement with Henderson
et al (2008), the authors affirmed that AOM properties are very different when compared to
those of NOM [53, 55]. Villacorte et al. (2015) tested three algae (Alexandrium tamarense,
a dinoglafellate; Chaetoceros affinis,a diatom and Microcystis sp. a cyanobacteria) to eval-
uate membrane fouling. The main conclusion of the work was that during algal blooms
AOM composition; size distribution and physico-chemical characteristic (stickiness) may dic-
tate severity of fouling in membrane [52]. However, there is no reported evidence of similar
behaviour in a natural bloom.

Khan et al. (2019) applied fluorescence emission-excitation matrix (FEEM) and PARAllel
FACtor analysis (PARAFAC) to investigate the possibility of using fluorescence to charac-
terise the AOM released by cyanobacterial and algal species. they used (Dolichospermum
circinalis, Cylindrospermopsis raciborskii, four strains of Microcystis aeruginosa and algal
Chlorella vulgaris). They observed that certain wavelengths could help for AOM monitoring
in conjunction with cell pigments. For example, the fluorescence of amino acid-like material
at Ex:Em = 290:345 nm dominated in the AOM originating from Chlorella vulgaris, while
that of Microcystis aeruginosa was dominated by fluorescence at Ex:Em = 355:475 nm (pre-
viously been associated only with terrestrially delivered substances). They proposed that flu-
orophores typically associated with “terrestrially-derived or humic-like” fluorescence (Ex:Em
= 335:438; Ex:Em = 355:475 and Ex:Em = 300:390) can also be produced by microorgan-
isms [56]. Henderson et al. (2008) reported similar tendency. They found that tryptophan-
like rather than humic/fulvic acid-like fluorescence dominated. During the transition to
the stationary phase they found that the excitation wavelengths related to tryptophan-like
(protein-like) decreased. Assuming that the sample condition did not change (temperature
and pH remain unchanged) they related that decrease to culture age. In relationship with
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AOM fluorescence from Microcystis aeruginosa, they affirmed that it was similar to that ob-
tained for cyanobacteria in previous studies. However, additional fluorescence was detected
in locations attributable to humic/fulvic-like [57].

2.2.2 Natural organic matter characterization

The significant variety of compounds present in NOM makes impractical the determina-
tion of its exact composition. Therefore, there exists a wide range of techniques used to
retrieve different parameters depending on their measurement complexity. There are de-
nominated bulk parameters such as TOC, DOC, biodegradable dissolved organic carbon
(BDOC), assimilable organic carbon (AOC), ultraviolet and visible UV-Vis absorption spec-
troscopy, UVA absorbance, and specific UV-absorbance (SUVA), are used to determine the
amount of NOM within a sample [14]. These parameters are simple to measure and pro-
vide a general idea of what is present in the water. On the other hand, numerous methods
are currently available for a more profound characterization, for example: resin adsorption,
size exclusion chromatography (SEC), nuclear magnetic resonance (NMR) spectroscopy, and
fluorescence spectroscopy. Methods such as pyrolysis gas chromatography-mass spectrome-
try (Py-GC–MS), multidimensional NMR techniques, and Fourier transform ion cyclotron
resonance mass spectrometry (FTICR-MS) allow to determine the NOM structures more
precisely [46].

Indubitably, the availability of techniques to measure NOM is numerous. The main question
is to find a combination of these techniques that is accurate enough to aid the decision-
makers during the treatment plant operation. Additionally, the chosen technique should not
require considerable investments in equipment or highly trained personnel. For example,
Her et al. (2008) used ultraviolet absorbance ratio index (URI = UVA210/UVA254) plus
high performance size exclusion chromatography (HPSEC) to characterize NOM. Authors
assert that the method is simple and can be easily applied to the characterization of bulk
water samples. However, they also recognize that URI results obtained on their experiment
contradict SUVA measurements [58]. Consequently, the verification of this contradiction is
required in order to ensure an accurate NOM characterization. In contrast, Villacorte et al.
(2015) have performed an excellent NOM characterization by using six different techniques.
This characterization has an invaluable contribution in the academic field because it allows
thoroughly understanding the NOM composition in the three studied species [52]. However,
it is an impracticable combination to carry out in a water treatment plant, as it requires a
variety of equipment as well as specialized technical support. Once more, an accessible char-
acterization procedure should be found in order to help water treatment suppliers, especially
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small community’s suppliers.

2.3 Oxidation processes and cyanobacterial blooms

Since cyanobacterial blooms affect drinking water sources more frequently, the need to treat
properly the affected water has become a challenge for many DWTPs. Conventional drinking
water treatment (coagulation/settling/filtration), under appropriate coagulation conditions,
can be effective for removing cells without provoking lysis but offers limited control of ex-
tracellular cyanotoxin and T&O [59, 60]. Cyanotoxins are formed within the cyanobacterial
cells and typically remain as intracellular toxin. When the cell lysis occurs due to age or
an external stress on the cells toxins are released (extracellular toxins). Ideally, an effective
treatment against both intra and extracellular toxins should be applied [61].

In this way the need arises to apply technologies that are efficient in the removal of intracellu-
lar and extracellular cyanotoxins as well as T&O components. Lately, different technologies
have been tested at various scales (laboratory and pilot and even some are already applied in
DWTP) to solve this problem. Among the available technologies we can cite: photocatalysis,
membrane technology, ozonolysis, chlorination. In the following section focus on oxidation
processes will be discussed.

The main goal of oxidation is the reduction of harmless inorganic or organic species found in
water. Ideally, oxidation should convert toxic compounds to carbon dioxide and mineral acids
and reduce T&O compounds [14]. Other reason why oxidation is applied for disinfection. The
presence of pathogens in drinking water is responsible for numerous diseases in consumers.

There are three types of oxidation processes: conventional oxidation processes, oxidation pro-
cesses carried out at elevated temperatures and/or pressure, advanced oxidation processes
(AOP). The most common conventional oxidation processes applied during drinking water
treatment are: chlorine (Cl2), chlorine dioxide (ClO2), chloramine (NH2Cl), and perman-
ganate (MnO4). These four oxidants will be developed in the next section.

When cyanotoxin are the target organic compound to oxidize the biggest drawback is that a
single oxidant is not effective for all possible cyanotoxins that can be produced in a bloom.
Rodriguez et al. (2007) affirm that O3 can effectively oxidize microcystin-LR (MC-LR),
cylindrospermopsin (CYN), and anatoxin-a (ANTX). However, special attention must be
paid in relation to bromate DBP formation when O3 is applied. MnO4 is efficient for ANTZ
and MC-LR degradation but not cylindrospermopsin or saxitoxin [62, 63]. Although Cl2 is
effective again CYN and MC-LR [62].
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2.3.1 Chlorination and chloramination

Cl2 is an excellent biocide because of the strong oxidizing characteristics of free chlorine.
Free chlorine will destroy bacterial cell membranes and oxidizing enzymes and proteins. Free
chlorine consists of molecular Cl2, hypochlorous acid (HOCl– ), and hypochlorite ion (OCl– ).
Besides being a very good disinfectant, chlorine is also a good oxidant [64]. The reduction
half reaction for chlorine at 25 ◦C and its dissociation products HOCl– and OCl– are given
by the following reactions:

Cl2(aq) + 2 e− −−→←−− 2 Cl− , E0
aq = 1.396V (2.1a)

2HOCl + 2 H+ + 2 e− −−→←−− Cl2(aq) + 2 H2O , E0
aq = 1.61V (2.1b)

2HOCl + H+ + 2 e− −−→←−− Cl− + H2O , E0
aq = 1.50V (2.1c)

OCl− + H2O + 2 e− −−→←−− Cl− + 2 OH− , E0
aq = 0.90V . (2.1d)

Zamyadi et al. (2013) evaluated toxin release and oxidation from ofMicrocystis aeruginosa by
Cl2, along with DBP formation. Dose applied range from 2 mg L−1 to 10 mg L−1 caused lysis
and oxidation of toxins produces by Microcystis aeruginosa. They observed 76% reduction
of cells [65]. These results are very important because Microcystis aeruginosa is responsible
of microcystin, the most common cyanotoxin found in fresh water [9] and upon which most
of the regulations are based.

Chloramines are formed when ammonia is added to water in presence of Cl2. The most com-
mon form of chloramines is monochloramine. In lower concentration, dichloramine, trichlo-
ramine, and organic chloramines are also produced. Monochloramine has been used as a
drinking water disinfectant for more than 90 years because it has been shown to be an
effective disinfectant. It is applied in addition to chlorination and it helps to maintain wa-
ter quality in the pipes and help to minimize DBP formation [66]. Formation of the three
chloramine species can be described by the following reactions:

HOCl + NH3 −−→←−− NH2Cl(monochloramine) + H2O, (2.2a)

HOCl + NH2Cl −−→←−− NHCl2(dichloramine) + H2O, (2.2b)

HOCl + NHCl2 −−→←−− NCl3(trichloramine) + H2O . (2.2c)

Chloramines are frequently used to provide residual disinfectant because they are poor oxi-
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dants. Its application is usually recommended when it is necessary to minimize DBP. How-
ever, chloroamine and chlorine dioxide are not effective treatment barriers for microcystin,
CYN, ANTX, and saxitoxins. If a DWTP is using chlorine dioxide or chloramines as disin-
fectant in order to reduce DBP formation then it is possible that cyanotoxin inactivation is
not complete [13].

2.3.2 Chlorine Dioxide

The main advantage of oxidation by ClO2 is that does not produce THM or HAA associates
with free chlorine [14]. The reduction half reaction for chlorine dioxide at 25 ◦C is given by
the reaction [14]:

ClO2(g) + 2 H2O + 5 e− −−→ Cl− + 4 OH− , E0
red = 0.799 V . (2.3)

However, ClO2 produce chlorite (ClO2
– ) and chlorate (ClO3

– ) ions as by-products. Regu-
lation related to those ions limited ClO2 doses. The formation of (ClO2

– ) and (ClO3
– ) is

given by the reaction [14]:

2 ClO2 + 2 OH− −−→ ClO2
− + ClO3

− + H2O . (2.4)

2.3.3 Permanganate

Permanganate (MnO4) is used for T&O control since 1960s. It is a very versatile oxidant
that was well accepted on DWTP since that date. Under acidic conditions the principal
reduction half reactions are [14]:

MnO4
− + 4 H+ + 3 e− −−→←−− MnO2(s) + 2 H2O , E0

red = 1.680 V , (2.5a)

MnO4
− + 8 H+ + 5 e− −−→←−− Mn2+ + 4 H2O , E0

red = 1.510 V . (2.5b)

(2.5c)

Under alkaline conditions the corresponding reduction half reaction is:

MnO4
− + 2 H2O + 3 e− −−→←−− MnO2(s) + 4 OH− , E0

red = 0.590 V . (2.6)

Rodriguez et al (2007) applied MnO4 to oxidize microcystins below regulated limit (1 µg L−1)



17

with MnO4 dose ranging from 1.00 mg L−1 to 1.25 mg L−1 [67].

2.4 Advanced oxidation process and cyanotoxins

Processes where the concentration of hydroxyl radical (•OH) is enough to modify the quality
of water are considered advanced oxidation process (AOP) [80]. AOP consist on a complex
chain-reaction mechanism that involve intermediate radical species [81]. The “•” presiding
OH symbolize that the outer electron orbital has an unpaired electron. •OH is a highly
reactive and non-selective oxidant. The nonselective reactivity characteristic of •OH is based
on the broad range of values that the rate constant (from 107 M−1 s−1 to 1010 M−1 s−1).
While several components, such as atrazine, benzene, geosmin, trichloroethene and tetra-
chloroethene do not react in presence on O3 they are oxidized by •OH [81]. Nowadays, the
available AOP applied to drinking water treatment are [14]: O3 + H2O2, UV light and O3,
UV light and H2O2, UV light and TiO2 and combinations of the previous technologies listed.

The main reason why AOP are practicable in DWTP stems from the possibility to generate
•OH at ambient conditions of temperature and pressure, unlike other oxidation processes
also producing •OH [80]. Park et al. (2018) analized the effectiveness of several AOP in
MC-LR removal. They applied photo-Fenton-like process (UV-C/FeIII/H2O2) and achived
80% of MC-LR removal after 15 min [68]. Bai et al. (2019) applied plasma reactor to produce
•OH among other radicals (H2O2, HO2

– , O2
– , O3

– , HO3) that they call total reactive oxidants
in a DWTP. They compared •OH and NaClO performance form cyanobacterial inactivation
as well cyanotoxins degradation. DBP formation was also analyzed. Regarding DBP, authors
affirm that both oxidants produce DBP under regulated limits. In relation to cell inactivation
and degradation of MC-LR, •OH proved to be much more effective than NaClO [43].

Kumar et al. (2018) suggest that efficient cyanotoxin removal with reduced toxicity level
could be achieved with a hybrid technique such as photocatalytic, ozonation and chlorination
assisted by UV and/or peroxides [61].

2.4.1 Ozone

Ozonolysis has two mechanisms of oxidation, O3 and •OH. O3 reacts with alkene groups,
activated aromatic and neutral amine functional groups. On the other hand, •OH based in
its non-selective oxidation characteristic attacks carbon-hydrogen bonds in organic molecules
[69]. MC-LR, CYN and ANTX have second order rate constants (kO3) at pH 8 (4.15×105 ±
0.1×105 M−1 s−1, 3.4×105 M−1 s−1, 6.4×104 M−1 s−1 respectively) [70]. Coral et al. (2013)
preoxydaized Microcystis aeruginosa and Anabaena flos-aquae with O3 and analyzed cell
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integrity as well DBP formation. An immediately cell membrane damage and not significant
cell lysis were observed at the conditions tested. However, DBP increase considerably [7].
Nonetheless O3 is not effective for saxitoxin degradation [71].

2.4.2 UV, UV+H2O2, UV+O3 and UV+Cl2

The UV region of the spectrum can be decomposed into four different zones (Figure 2.1):
UV-A (314 nm to 400 nm), UV-B (280 nm to 315 nm), UV-C (200 nm to 280 nm) and vacuum
UV (VUV, 100 nm to 200 nm). The UV light from regions UV-B and UV-C has a germicidial
effect when acting on microorganisms, and its combination with other disinfection techniques
offer more advantages for water treatment. Although is feasible to use the UV-A range, it
would require longer exposure times to reach significant disinfection efficiencies. The two
main wavelengths used in UV disinfection lie in the VUV (185 nm) and UV-C (254 nm)
regions.

While chemical disinfectants such as Cl2 and O3 produce inactivation of microorganisms
through cellular damage, UV disinfects by oxidation mechanisms, causing damage directly
to the DNA and RNA upon absorption of UV-C light. Thus, UV disinfection affects the
cells turning their chances of reproduction null. The absorption of electromagnetic radiation
also induces photochemical reactions to occur, among them photolysis. Molecules inside the
water to treat can absorb light with discrete levels of energy (photons) and are responsible
for the photochemical change [72].

The efficiency of photolysis for degraded contaminants is defined through two main quantities:

i. the molar absorption coefficient (ε [M−1 cm−1]), which determines the strength of the
absorption of each chemical species at a certain wavelength

ii. the quantum yield (Φ), which is the efficiency of the absorbed energy for causing a
photochemical degradation reaction.

He et. al (2015) compared the degradation of common mycrocystins (MC-LR, MC-RR, MC-
YR and MC-LA) using UV disinfection at 254 nm only, and the same UV combined with
different oxidants separately (H2O2, S2O8

2– and HSO5
– ). They observed an improvement in

the degradation efficiency with the addition of oxidants [73].

MC-LR removal efficiencies of 94% in surface waters with UV-C/H2O2 were reported by He
et al (2012). They showed that by using higher H2O2 concentrations, increases the removal
efficiency of MC-LR but with significant •OH scavenging by the H2O2 [74].
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Figure 2.1: Ultraviolet-near infrared electromagnetic spectrum of light. The detail on
the right shows the discrimination of the UV region into UV-A (314 nm to 400 nm), UV-B
(280 nm to 315 nm), UV-C (200 nm to 280 nm) and vacuum UV (VUV, 100 nm to 200 nm).
The two main wavelengths used in water treatment (185 nm and 254 nm) are depicted inside
their corresponding regions.

Liu et al. (2010) used a two steps disinfection process (UV/O3) where they applied first a
UV process, with a consecutive ozonation. They compared this process with other three (O3,
UV, and UV+O3) and found better performance for decreasing the concentration and toxicity
of MC-LR. They also reported significant transformation of micropollutants and NOM into
moieties unfavorable for O3 decomposition, when using UV treatment [75].

Analysis on the performance of UV combined with Cl2 showed efficiencies achieving a 92.5%
reduction of MC-LR, and enhanced degradation and reduced toxicity compared to the UV
only and the Cl2 only treatments, due to the presence of •OH and reactive Cl2 species (Cl2•– ,
ClO•). Increasing the chlorine concentration (lowering the pH) favored MC-LR removal [76].

UV/Cl2 preoxydation process was demonstrated to be responsible for the inactivation of
Microcystis aeruginosa. This effect is stronger for higher Cl2 concentrations. The surface
characteristics of Microcystis aeruginosa are changed to the UV/Cl2 process, enhancing the
coagulation efficiency favoring their removal [77].

2.5 Vacuum UV and drinking water treatment

UV light in the range from 100 nm to 200 nm is called vacuum UV (VUV). These UV light
range is absorbed by almost all substances, including liquid water and oxygen in air. In
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presence of air, O3 will be produced from O2 [72]. For this reason experiments with UV light
below 200 nm were historically conducted under vacuum conditions. However, experiments
may also be conducted purging the system with nitrogen.

Although VUV allows to achieve disinfection and degradation of contaminant at the same
time, it is not applied on a large scale in DWTP due to the low penetration of photons of
short wavelength. About 90% of 185 nm photons are expected to be absorbed in the 0.3 cm
layer close to the lamp [15, 78]. The absorption coefficient at 185 nm of pure water is 0.79
± 0.11 cm−1 at 3.6 ◦C and increases to 1.53 ± 0.09 cm−1 at 25 ◦C [79]. However, in recent
years, promising advances in the application of technology have been achieved, especially on
a small and medium scale [17, 80–88]. Bagheri and Mohseni (2015) afirm that introducing
baffles into a VUV reactor significantly increase the degradation of target pollutants [84].

VUV has the advantage of photolyzing water to generate •OH without any chemical addition
required [89]. Consequently it is a chemical free AOP. Futhermore, several reactive species are
produced: HO2

•, O2
•, H• and e-aq (equiatons 2.7) [90,91] . There are two primary reactions

initiating a series of oxidation and reduction reactions: the homolysis (equation 2.7a) and
ionization (equation 2.7a) of water [90].

H2O hν185 nm−−−−−→ •OH + H•, Φ = 0.3 (2.7a)

H2O hν185 nm−−−−−→ •OH + H• + e−, Φ = 0.045 (2.7b)

H• + O2 −−→ HO2
•, k = 2×1010 M−1 s−1 (2.7c)

HO2
• −−→←−− O2

•− + H+ pKa = 4.8, (2.7d)

O2
•− + •OH −−→ O2 + OH−, k = 7×109 M−1 s−1 (2.7e)

HO2
• + •OH −−→ H2O + O2, k = 6×109 M−1 s−1 . (2.7f)

A review in UV185 nm in water treatment was published by Zoschke et al. (2014) [92]. They
underline that the main advantage of UV185 nm generated by a low-pressure mercury vapor
lamp (that generated UV254 nm + UV185 nm ) is that the energy consumption is the same as
for the emission of UV light at UV254 nm exclusively. Then the disinfection can be achieved
by UV254 nm while the on-site generation of •OH by UV185 nm can degrade a wide range of
contaminants. Once again, the biggest disadvantage lies in the poor penetration of UV185 nm

in the water matrix making the technique difficult to apply in large DWTP. However, the
authors mention that UV185 nm is a good option to prepare ultrapure water or as a main
treatment process for decentralized systems.
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2.5.1 Vacuum UV and cyanotoxins

VUV, as it was mentioned before, is the portion of the UV spectrum ranging from 100 nm
to 200 nm. These high energy photons react with water molecules to produce •OH from
the water itself without the need to add other chemicals, such as H2O2 or O3 [90]. VUV
technology will be deeply discuss in the following section.

Liu et al. (2016) applied VUV to degradate MC-LR from a Microcystis Aeruginosa culture.
They reported a positive impact on MC-LR removal under pH < 7 and aeration conditions,
such that the maximal removal achieved was 44% after 20 min of exposure for a low initial
MC-LR concentration (C0 = 1.24 µg L−1). A lower removal was reported for a higher initial
concentration (C0 = 18.8 µg L−1). The final concentration was lower than that recommended
by WHO (1.00 µg L−1) when C0 = 1.24 µg L−1 [93].

Anatoxin-a was irradiated at 172 nm with a fluence of 200 mJ cm−2 by Afzal et al. (2010).
A second order rater between Anatoxin-a and •OH of 5.2×109± 0.3×109 M−1 s−1 was found
in their work. They reported that constant was independent of pH, temperature, and initial
concentration of anatoxin-a. When 30 mg L−1 of H2O2 was added more than 70% of toxin
was degraded that the dose applied [94].

Chintalapati et Mohseni (2019) applied UV254 nm and UV185 nm to degrade MC-LR in syn-
thetic and natural waters. 70% degradation was achieved by UV254 nm (fluence applied =
200 mJ cm−2). When UV185 nm was added, removal increase up to 90% for the same fluence
(H = 200 mJ cm−2).

2.5.2 Fluence applied in Vacuum UV: Actinometry

An actinometer is a chemical system that undergoes a light induced reaction at a certain
wavelength, λ, with a quantum yield, Φ. By measuring the reaction rate of the actinometer
the calculation of the absorbed photon flux is possible [95].

Actinometry at 185 nm with actinometers described in the literature required gas-tight as-
semblies and gas chromatography analysis [95]. In contrast, actinometry at 254 nm is a
relatively simple to determinate by using Ki-KIO3 actinometer [96–98].

The most accurate method to evaluate 185nm irradiation will be through a convenient acti-
nometer for 185 nm, that is insensitive to 254 nm radiation. Meanwhile, Furatian (2017)
proposes the use of Ki-KIO3 on his works with VUV [99]. Its recommendation is based on
the fact that the Ki-KIO3 actinometer does not respond to the 185 nm radiation present.
While this actinometer cannot be used to quantify 185 nm radiation in his experiments, nei-
ther does 185 nm interfere with 254 nm measurements. Standard Ki-KIO3 actinometric is
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widely applied in UV254 nm. Bolton and Linden (2003) proposed an standard method to mea-
sured fluence (UV254 nm dose). This proposal includes several correction factors to be applied
when an actinometry is realized [96]. Among them are:

i. Water factor: when the water absorb at the λ applied then decrease of irradiation must
be estimated as:

wF(UVA254) = 1− 10−a`
a` ln 10 , (2.8)

where a is the decadic absorption coefficient cm−1 or absorbance for a 1 cm path length
and ` is the vertical path length of the water in the Petri dish. Equation (2.8) is derived
from Beer-Lambert Law and valid only in well mixed samples [100].

ii. Divergence factor: Accounts for the fraction of light that diverge because the light in not
perfectly collimated.

dF = L2

(L+ `) , (2.9)

where L is the distance from the UV lamp to the surface of the cell suspension.

iii. Petri factor: is the ratio of the average of the incident irradiance over the area of the Petri
dish to the irradiance at the center of the dish. It is applied to correct the irradiance
reading at the center of the Petri dish.

iv. Reflection factor: Accounts for the fraction of light reflected in the interface air-water.
For these two media R = 0.025.

rF = 1−R, (2.10)

These four factors are those that have been taken into account throughout this work.
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CHAPTER 3 GENERAL ORGANIZATION

This thesis consists of one published article, one submitted and a chapter that contains data
to be published. The thesis is divided into 8 Chapters and 1 Appendices. The approach and
main contributions of each chapter are described below.

Chapter 1 is the Introduction. It presents background information, explaining the global
context of this thesis, as well the problem that has motivated the development of this research.
In addition, the objectives and original scientific hypotheses are presented.

Chapter 2 presents a Literature review on cyanobacterial blooms, cyanotoxin, cyanobac-
teria within drinking water treatment plant, natural and algal organic matter and the main
methods used to characterize the organic matter, oxidation processes and cyanobacterial
blooms, advanced oxidation process and cyanotoxins, vacuum UV (VUV) and drinking water
treatment, VUV and cyanotoxins, measurement of fluence applied in VUV by actinometry.

Chapter 3 presents the approach of research and the General Organization of the thesis.

Chapter 4 presents a scientific article published in the “Environmental Science Water Re-
search & Technology” journal (accepted on September 6th 2019) titled: Performance of
Vacuum UV (VUV) for the degradation of MC-LR, geosmin, and MIB from
cyanobacteria-impacted waters. The article analyses VUV process performance using
two cyanobacterial-laden Canadian source waters with different inorganic and natural or-
ganic matter contents. Degradation of MC-LR and two T&O components (MIB and GSM)
were studied. It was observed that although MC-LR, GSM, and MIB were impacted by VUV
treatment, the degradation achieved may not be sufficient to completely eliminate toxicity
and T&O at the tested fluences (up to 400 mJ cm−2). In average 20% increase of DBP was
observed in treated water by VUV when chlorination was applied.

Chapter 5 presents a scientific article published in the “Environmental Science Water Re-
search & Technology” journal (accepted on January 20th 2020) titled: Impact of vacuum
UV on natural and algal organic matter from cyanobacterial impacted waters. In
this article, water samples from three Canadian lakes periodically affected by cyanobacteria
were used to assess the impact of NOM and AOM on VUV treatment. NOM and AOM
were characterized before and after VUV by SEC and FEEM. DBP formation after VUV
treatment was analyzed and THM yield was calculated. THM yield increased between 15 and
20% after VUV treatment. Regarding DBP formation and NOM/AOM fractions from SEC,
it was found that humic substances are the most important fraction causing the increase
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in DBP formation with yield at least 3 times higher than the other fractions (biopolymers,
building blocks, low weight molecular acids and neutrals)

Chapter 6 consists data to be published as an article titled Impact of Vacuum UV on
cyanobacteria cell integrity and cyanotoxin degradation. Disinfection and cyanotoxin
oxidation could be reached without provoking cell lysis by VUV. Additionally, dissolved toxins
are oxidized as well given the non-selective oxidation characteristic of •OH produced by VUV.
MilliQ and surface water were spiked with Microcystis aeruginosa and Anabaena Sp. (cell
concentration = 106 cellsmL−1). Both cultured strains produce toxins. Carbamazepine was
used as a probe component to track and asses the •OH radical formation. VUV was more
performant than UV254 nm in terms of cell inactivation determined by FCM.

Chapter 7 presents a General Discussion of the three articles constituting Chapters 4 to
6.

Chapter 8 contains the major Conclusions of this project and provides Recommendations
for future research based on the findings of this study.

The Appendix A presents the supplementary information of Article 2.
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CHAPTER 4 Article 1 - Performance of Vacuum UV (VUV) for the
degradation of MC-LR, geosmin, and MIB from cyanobacteria-impacted waters

Article authors

Flavia Visentin, Siddharth Bhartia, Madjid Mohseni, Sarah Dorner and Benoit Barbeau

Journal and citation

Environmental Science: Water Research and Technology

F. Visentin, S. Bhartia, M. Mohseni, S. Dorner and B. Barbeau, Environ. Sci.: Water Res.
Technol., 2019, DOI: 10.1039/C9EW00538B.

4.1 Abstract

The increasing frequency with which cyanobacterial blooms are affecting sources of drinking
water is a growing concern worldwide. Such events are usually responsible for the presence of
cyanotoxins as well as taste and odor (T&O) compounds. Vacuum UV (VUV) is a promising
advanced oxidation process used to treat water impacted by cyanobacterial blooms, with
potential applicability in small and remote communities because of its simplicity. Here,
we present the performance of a VUV process, in both a collimated beam reactor (CBR)
and a pilot scale flow-through reactor, using two cyanobacterial-laden Canadian source wa-
ters with different inorganic and natural organic matter contents. First, VUV performance
was assessed by comparing the removal of microcystin-LR (MC-LR), 2-methylisoborneol
(MIB), and geosmin (GSM). The average rate constants obtained in the CBR case were
2.9×10−3 cm2 mJ−1 for MIB and GSM and 6.6×10−3 cm2 mJ−1 for MC-LR. Under bloom
conditions, removals of 40-60% for T&O compounds and MC-LR were achieved in the flow-
through reactor. It was observed that although MC-LR, GSM, and MIB were impacted by
VUV treatment, the removals achieved may not be sufficient to completely eliminate toxicity
and T&O at the tested fluences (up to 400 mJ cm−2). In addition, we observed a 20% increase
in disinfection by-products (DBPs), on an average. Hence, achieving high MC-LR, MIB, and
GSM removals with VUV may cause the generation of more DBPs.
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4.2 Introduction

Over recent decades, the occurrence of cyanobacterial blooms has increased worldwide due
to climate change, legacy nutrient loads, water resource management strategies, population
growth, and changes in land usage affecting the quality of drinking water sources [101].
Cyanobacterial blooms often lead to health concerns as a result of risks related to the pres-
ence of cyanotoxins. These cyanotoxins can roughly be classified as follows: i) hepatotoxins:
microcystins, nodularis, and cylindrospermopsins; ii) neurotoxins: anatoxin-a, anatoxin-a(s),
and saxitoxins; and iii) dermatotoxins: lyngbyatoxin-a and aplysiatoxins [8]. Codd et al.
(2005) proposed two additional categories: cytotoxins (inhibitor of protein synthesis, geno-
toxic, and can cause chromosome loss and DNA strand breakage) and irritants and gas-
trointestinal toxins [102]. As reported by Kardinaal and Visser (2005), more than seventy
different structural variants of microcystins have been identified to date [8]. Among them,
microcystin-LR (MC-LR) is the most widespread and one of the most toxic, with a lethal
dose (LD50) estimated to be 50 µg MC-LR per kilogram of body weight. Between 2001
and 2004, a study conducted by Wood et al. in New Zealand verified that microcystin is
the most frequently detected cyanotoxin in that country [9]. Possible human health issues
linked to MC-LR include liver damage, increased risk of cancer, and potential damage to
the nervous system [10]. According to the World Health Organization (WHO) there are
insufficient data to derive a guideline value for cyanobacterial toxins other than MC-LR. For
this reason, the WHO and several countries have established guidelines and standards for
maximum MC-LR levels in drinking water, ranging from 1.0 µg L−1 to 1.5 µg L−1 depending
on the jurisdiction [103–105]. In 2015, the U.S. Environmental Protection Agency health
advisory recommend 0.3 µg L−1 for bottle-fed infants and young children of preschool age
and 1.6 µg L−1 for school-age children through adults. The health advisory applies to total
microcystins using microcystin-LR as a surrogate [106]. Because other microcystins could be
also present in drinking water, a Canadian guideline for a maximum total microcystins level
of 1.5 µg L−1 has been proposed to protect human health [104].

Blooms events are also responsible for adverse taste and odor compounds (T&O), with the
most common metabolites being 2-methylisoborneol (MIB) and geosmin (GSM). Although
these compounds do not pose any risk to human health, their presence is noticeable by humans
in very low concentrations (5 ng L−1 to 10 ng L−1), and its removal implies challenges [107].
Consequently, effective water processes to reduce T&O along with cyanotoxins are also sought
by water regulation institutions.

Under appropriate coagulation conditions, conventional water treatment (coagulation, set-
tling, filtration) can be effective for removing cells without provoking lysis but offers limited
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control of extracellular cyanotoxin and T&O [59, 60]. Pre-oxidation processes, using strong
oxidants such as ozone (O3) or permanganate (MnO–

4 ), can effectively remove these con-
taminants [77, 108, 109]. Moreover, Zamyadi et al. suggested that pre-oxidation should be
considered to minimize the accumulation of potentially toxic cyanobacteria within a drink-
ing water treatment plant that uses raw water from a source predisposed to cyanobacterial
blooms. These plants are vulnerable to the accumulation and breakthrough of cells and tox-
ins. Thus, in these cases, early destruction of cells during treatment could be the best option.
Nevertheless, the impact of pre-oxidation, such as DBP’s formation, must be considered [12].

Alternative advanced oxidation processes (AOPs), such as (O3) + hydrogen peroxide (H2O2),
ultraviolet light (UV) + (O3), UV + (H2O2), and UV + (TiO2), have also been proposed to
control T&O and cyanotoxins [110–112]. Pre-oxidation and AOP both add complexity to the
treatment train. Oxidation-based processes are expected to lead to the release of intracellular
cyanotoxins [113,114]. Thus, their proper control is of paramount importance to achieve the
oxidation reaction, a challenging goal for small communities with limited technical resources.
In view of this, robust oxidation technologies with minimal operational and chemical use
requirements would be beneficial, especially for small water systems.

Recently, VUV has been suggested as a potentially simple AOP to control organic micropol-
lutants in drinking water treatment [15, 16, 78, 92, 115]. VUV relies on the use of a standard
UVC lamp with a high purity quartz envelope and sleeve that enables a portion of short
wavelength (lower than 200 nm) photons to irradiate the water. These high energy photons
react with water molecules to produce •OH from the water itself without the need to add
other chemicals, such as H2O2 or (O3) [90]. This characteristic simplifies the operation of
the system, and this process is deemed effective against pathogens (with UVC) [72] and
micropollutants [16].

The ability of VUV to destroy MC-LR from an artificial M. aeruginosa bloom, under various
water conditions, was tested by Liu et al. [93]. They reported a positive impact on MC-LR
removal under pH < 7 and aeration conditions, such that the maximal removal achieved
was 44% after 20 min of exposure for a low initial MC-LR concentration (C0 = 1.24 µg L−1).
A lower removal was reported for a higher initial concentration (C0 = 18.8 µg L−1). The
final concentration was lower than that recommended by WHO (1.00 µg L−1 of MC-LR)
when C0 = 1.24 µg L−1. Unfortunately, no information about the fluence responsible for the
degradation was reported.

Kutschera et al. [116]) studied MIB and GSM degradation under 254 nm and 185 nm radi-
ation in ultrapure and natural waters. The authors confirmed that these two T&O com-
pounds were not photolyzed at 254 nm, suggesting that the formation of •OH radicals from
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the 185 nm radiation was the main mechanism responsible for T&O degradation. The degra-
dation followed pseudo first-order kinetics with rate constants of 1.2×10−2 cm2 mJ−1 for both
GSM and 2-MIB in ultrapure water. A fluence of 200 mJ cm−2 induced 90% removal in ul-
trapure water, while complete degradation was achieved by a fluence of 400 mJ cm−2. In
natural water (DOC = 3.0± 0.3 mg L−1, [HCO3

– ] = 0.3 mmol L−1, specific UV absorbance
at 254 nm = 2.3± 0.2 L mg−1 m−1), the authors reported a decrease in the rate constants,
2.7×10−3 cm2 mJ−1 for GSM and 2.5×10−3 cm2 mJ−1 for 2-MIB, attributed to the presence
of scavenged natural organic matter [116].

Previous studies have all been conducted under controlled conditions, such as artificial M.
aeruginosa blooms or in the absence of cyanobacterial cells. In addition, most of the previous
studies used batch VUV set-ups that do not represent actual flow-through UV reactors, which
are affected by hydrodynamics. In this study, we focused on testing the efficacy of VUV to
remove MC-LR and T&O compounds using natural cyanobacterial blooms in a flow-through
UV reactor. As the presence of minerals is expected to impact VUV reactions, water from two
lakes with very different quality characteristics were selected. In parallel, the performances
of the flow-through reactor were compared to a lab-scale collimated beam reactor for which
the fluence was characterized by actinometry [117].

4.3 Materials and methods

4.3.1 Source water location

Source water samples from two Canadian cyanobacterial-impacted lakes, identified as Lakes
A and B (Table 4.1) were collected to conduct this work. Lake A is located 40 km west
of Montreal (Quebec, Canada) and constitutes a system of two lakes that supplies a bank
filtration water system. Lake B, located 160 km east of Montreal (Quebec, Canada), is a
recreational water body currently under consideration to become a source of drinking water
for the area. Samples were collected from Lake A and Lake B on August 25, 2017 and
September 7, 2017, respectively.

4.3.2 Source water characterization

Source waters were analyzed for total organic carbon (TOC), dissolved organic carbon (DOC),
and biodegradable dissolved carbon (BDOC) concentrations using a TOC analyzer (5310C
Sievers Instruments Inc., USA). BDOC analysis was performed using the 30-d incubation
batch method of Servais et al. [118]. The pH was measured using a Fisher Scientific pH-meter
(Accumet, Fisher Scientific Instruments, USA), pre-calibrated with pH 4, 7, and 10 standard
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buffers (BDH VWR Analytical). Turbidity measurements (Hach 2100N turbidimeter) were
assessed following Standard Methods #2130B [119]. Ions were measured by ionic chromatog-
raphy ICS 5000 AS-DP DIONEX (Thermo Scientific) with an As18-4µm column. Alkalinity
was measured by titration according to Standard Methods #2320 [119]. A YSI 6600 V2-4
water-quality multi-probe (YSI, Yellow Springs, Ohio, USA) equipped with a self-cleaning
wiper was used to determine the presence of cyanobacteria (i.e., the phycocyanin measured
was higher than 2.4 relative fluorescence units (RFU)) [120]. Lugol’s iodine preserved the
water samples for further taxonomic identification and cell counting.

4.3.3 Targeted cyanobacterial metabolites detection

The initial intent was to collect waters during bloom events with the hope that cyanobacterial
metabolites (GSM, MIB, and cyanotoxin) would be simultaneously present in sufficiently high
concentrations to avoid spiking. However, due to their low abundance, we had to resort to
spiking the three target compounds in the waters collected from both lakes. The source
waters were always spiked with 100 ng L−1 of MIB and GSM and 10 µg L−1 of MC-LR.

Because microcystin is the most common cyanotoxin and MC-LR the most frequent and one
of the most toxic [8,9], we decided to spike our samples with MC-LR (C0 = 10 µg L−1). Most
studies of cyanotoxin oxidation by AOP are performed using MC-LR [73, 111, 121]. For this
purpose, dry MC-LR was purchased from Alexis Chemical (Cedarlane, Canada). MC-LR
was measured by an on-line solid phase extraction coupled with ultra-high performance liq-
uid chromatography, heated electrospray ionization, and high-resolution mass spectrometry
detection, Q-Exactive (Thermo Fisher Scientific, Waltham, MA) (UHPLC-HESI-HRMS), as
described in Fayad et al. [122]. The limit of detection (LOD) of the method was 10 ng L−1,
and the limit of quantification (LOQ) was 33 ng L−1.

GSM (purity ≥ 97%), MIB (purity ≥ 98%) and cis-decahydro-1-naphthol, used as an internal
standard (IS, purity ≥ 99%), were purchased from Sigma-Aldrich (St. Louis, MO). Individual
stock solutions were prepared daily in ultrapure water (Milli-QTM) at a concentration of
10 mg L−1 in HPLC grade methanol (MeOH) from Fisher Scientific (Whitby, ON, Canada).
The contribution to carbon concentration in the water by MeOH was 4.2×10−7 mg L−1. This
represented a negligible amount of carbon introduced to the samples (0.001%).

For the MIB and GSM analysis, a GC 3800 coupled to a MS 4000 from Varian (Palo Alto,
CA) equipped with a PAL auto sampler (Zwingen, Switzerland) and a Gerstel Twister sys-
tem (Baltimore, MD) was used. The LOD and LOQ for MIB and GSM were respectively
determined as 8/27 ng L−1 and 8.5/29 ng L−1 (100 ng L−1).
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4.3.4 Disinfection by-products

Samples were chlorinated under uniform formation conditions (UFC) (1± 0.5 ppm Cl2 at
pH = 8.0 after 24 h incubation at 20 ◦C, and disinfection by-product formation was analyzed
in terms of trihalomethanes (THMs) and haloacetic acids (HAAs). Four THMs (bromoform,
chloroform, bromodichloromethane, and dibromochloromethane), total THM (TTHM) and
six haloacetic acids (HAAs) (bromoacetic acid, bromochloroacetic acid, chloroacetic acid,
dibromoacetic acid, dichloroacetic acid, and trichloroacetic acid) were measured. THMs were
acquired according to USEPA Method 524-2 (purge and trap [Aquatek 100 - Stratum 9800
de Teledyne Tekmar] coupled with GC-MicroECD [7890B de Agilent]). HAA compounds
were extracted by liquid/liquid extraction with methyl tertbutyl ether (MtBE) followed by
derivatization with acidic methanol in accordance with USEPAMethod 552.2 (GC-MicroECD
[7890B de Agilent]).

4.3.5 Vacuum UV experiments

For each sampling campaign, experiments were first conducted in duplicate using a lab-scale
collimated beam UV/VUV reactor (referred hereafter as CBR). In parallel, experiments were
also conducted in duplicate on a flow-through UV/VUV reactor (referred hereafter as FTR).

The stirred CBR setup allows observation of the precise kinetics of VUV induced reactions.
Pollutant concentrations and the local incident radiation are uniform inside the CBR, allowing
proper interpretation of the kinetics of reactions [124]. The CBR is equipped with an ozone-
generating amalgam Hg lamp (Light Sources GPHVA357T5VH/4W) placed in a T-shape
polyvinyl chloride (PVC) enclosure that is continuously purged with nitrogen to remove
oxygen present in air (Figure 4.1). To irradiate water samples, a special cylindrical reaction
vessels made with regular quartz (except the bottom part made of Suprasil® quartz to allow
185 nm and 254 nm radiation to be transmitted) was used. The diameter and height are
4.8 cm (path length = 4.67 cm) and 1.5 cm, respectively.

The FTR experiments were conducted using a lab-scale annular photoreactor, 30 cm in length,
in a configuration similar to what could be installed for application in a small water system
(Figure 4.2). The FTR was equipped with an ozone generating low-pressure mercury lamp
(Light Sources GPHVA357T5VH/4W) with a dome-ended high purity quartz sleeve housed in
a cylindrical Plexiglass® chamber. The fluence inside the FTR was controlled by adjusting
the inlet flow, which feeds a 5 mm thick water layer located between the inner core and
the outer sleeve [125]. The flow was varied from 1.0 L min−1 to 5.3 L min−1, providing a
theoretical contact time of 9.4 s to 1.8 s, respectively. Under the tested conditions, laminar
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Figure 4.1: Scheme of the collimated beam reactor (CBR) used: (1) motor, (2) stirrer, (3)
reaction vessel, (4) vacuum UV lamp, (5) quartz sleeve, (6) Teflon cylinder, (7) optical filter,
(8) Suprasil® quartz. Adapted from reference [123].

flow was obtained where Reynolds numbers in the water layer ranging from 320 to 1700.

4.3.6 Kinetic analysis

VUV treatment involves a potential direct photolysis pathway (for MC-LR) and an indi-
rect pathway (for MC-LR, GSM & MIB) due to the formation of free radicals according to
equations (4.1),

H2O + hν185 nm −−→ •OH + •H, Φ = 0.3 (4.1a)

H2O + hν185 nm −−→ •OH + H+ + e− , (4.1b)

where •OH radicals are highly reactive and non-selective oxidants. Due to the high reactivity
of •OH, the generation rate is equal to the consumption rate such that a steady state is
reached in a short period of time in comparison with the exposure time [99]. It has been
shown that the fluence at 185 nm is approximately equivalent to 5% to 16% of the fluence at
254 nm [99, 126]. Therefore, the fluence at 254 nm can be used as an indirect metric of the
formation of •OH radicals [89]. Assuming that the degradation in the VUV system is solely
the result of direct photolysis at 254 nm and indirect hydroxyl radical pathways originating
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Figure 4.2: Scheme of the flow through reactor (FTR) used: (1) water reservoir, (2) in-
let sampling point, (3) pump, (4) flow meter, (5) photoreactor, (6) outlet sampling point
(the dashed lines represent the electric connections and the solid lines indicate the water
connections), (7) ballast, (8) power meter. Adapted from reference [82].

from the fluence at 185 nm, the degradation kinetics can be described by equation (4.2) [116]:

− dC
dH = (kd,C + k•OH,C [•OH])C = (kd,C + k′)C = k′′C , (4.2)

where C is the concentration of contaminant (MIB, GSM or MC-LR), H is the fluence
at 254 mJ cm−2, [•OH] is the hydroxyl radical concentration, kd,C is the first-order direct
photolysis rate constant at 254 nm, and k•OH,C is the rate constant for an •OH based reaction.

Since MIB and GSM do not photolyze [116], kd,C can be neglected. Also, the •OH steady state
is rapidly reached, so the [•OH] can be considered constant. The contaminant degradation
can then be expressed as follows [116]:

− dC
dH = k′C , (4.3)

where k′ is the pseudo-first order rate constant, in units of cm2 mJ−1.

In contrast, MC-LR does photolyze, and thus, kd,C = 3.65×10−3 ± 0.21×10−3 cm2 mJ−1 [73]
cannot be neglected [73, 88]. Therefore, equation (4.2) also describes the degradation of
MC-LR, where a modified becomes the pseudo-first order rate constant in cm2 mJ−1.

CBR experimental data were fitted to equation (4.3) in order to determine a kinetic model
for each contaminant. For the FTR, the fluence cannot be directly computed, hence, using an
approach similar to biodosimetry [127–129], fluences were back-calculated using the kinetics
derived in the CBR and the measured performances (C/C0) in the FTR.
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4.3.7 Fluence calculations

The fluence applied in the CBR is calculated based on equation (4.4):

H0 = E t , (4.4)

where H0 is the theoretical fluence in units of mJ cm−2, E is the irradiance in units of
mW cm−2, both at 254 nm, and t is exposure time in s. Irradiance at 254 nm was mea-
sured through potassium iodide-potassium iodate KI–KIO3 actinometry [99, 117, 130]. To
obtain the applied fluence in the reactor, the fluence in equation (4.4) was multiplied by the
correction factor, cF, as defined in [96,124]:

H = H0 cF = E twF(UVA254) rF pF dF (4.5)

where wF(UVA254) is the water factor which is a function of UVA254 and source-water specific,
rF is the reflection factor (which considers the light reflected at the air-water interface), pF
is the petri factor (accounting for non-uniformity of irradiance), and dF is the divergence
factor of the beam. The values adopted were: rF = 0.98, pF = 0.95 and dF = 0.73 [124].
Knowing the irradiance and the correction factors, the time for each irradiation was adjusted
to provide the targeted fluences, which ranged from 0 mJ cm−2 to 400 mJ cm−2 at 254 nm.

4.3.8 Statistical analysis

Kinetic constants were obtained by performing regression analysis, imposing to pass through
x = 0 at y = C0. Main Effects ANOVA was conducted to discriminate the roles of source
water quality (Lake A vs Lake B), reactor type (FTR vs CBR), and contaminant type (MIB,
GSM, or MC-LR) with respect to kinetic constants. Statistical analyses were realized using
the Statistica 13 software (TIBCO, CA, USA), with the level of significance set at α = 0.05.
Outliers were removed from the dataset prior to the statistical analysis.

4.4 Results and discussion

4.4.1 Source water characteristics

Table 4.1 summarizes the water quality parameters measured during the sampling campaigns
of Lakes A and B. Lake A source water had a high alkalinity and moderate DOC. Despite the
absence of a cyanobacterial bloom at the time of sampling from Lake A, this source water
was selected due to the high concentration of alkalinity (an •OH scavenger) and chloride
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(Cl– ) (a strong absorber of 185 nm photons). For example, when the Cl– concentration is
higher than 20 mg L−1, it becomes the major absorber of 185 nm photons [130], resulting in
the formation of chlorine radicals (•Cl). When this radical is present, both •Cl and •OH can
degrade contaminants [130].

The source water from Lake B was sampled during an important cyanobacterial bloom, which
is reflected by the high levels of DOC and the presence of particulate organic carbon from
the 200,000 cellsmL−1 (88% of cells were Cyanophyceae class and 83% of the cyanobacte-
rial cells corresponded to Planktothrix agardhii). However, this source water exhibited low
mineralization, with an alkalinity of 14 mg L−1 and a Cl– concentration of 12 mg L−1.

4.4.2 Measurements of irradiance and fluence correction factors

The irradiance value obtained for the collimated beam reactor by KI–KIO3 actinometry
was 1.24± 0.04 mW cm−2 at 254 nm. The UVA254 values for Lake A and B waters were
0.085 cm−1 and 0.296 cm−1, respectively, which translate into water factors of wF,A = 0.65
and wF,B = 0.30, respectively. The overall fluence correction factor (including reflection,
Petri, and divergence factors) results cF,A = 0.44 and cF,B = 0.20, for each lake. summarizes
the uncorrected (H0) and corrected (H) fluences tested in the CBR for both Lakes.

4.4.3 Reactions in the collimated beam reactor

Figures 4.3 and 4.4 show the degradation kinetics of MC-LR, MIB, and GSM in the CBR,
for Lakes A and B, respectively. The removal of MC-LR was higher than the removal of
MIB and GSM in both source waters as a result of direct photolysis. During these tests, the
removals of T&O metabolites reached a maximum of 50%, while an MC-LR removal of almost
80% was observed at the highest fluence. Kutschera et al. [116] analyzed the effectiveness
of 254 nm and 185 nm radiation on ultra-pure and natural water (DOC = 3.0± 0.3 mg L−1)
spiked with MIB and GSM (C0 = 100 ng L−1). They proved that 254 nm was ineffective
for removing MIB and GSM. However, when the samples were irradiated with both 254 nm
and 185 nm simultaneously, around 80% removal rates for MIB and GSM were observed at a

Table 4.1: Characteristics of the waters sampled from Lakes A and B

TOC DOC BDOC pH Turbidity UVA254 Nitrate+Nitrite Sulfate Alkalinity Chloride
Lake mg C L−1 mg C L−1 mg C L−1 NTU cm−1 mg N L−1 mg SO4

– L−1 mg CaCO3 L−1 mg Cl– L−1

A 4.5 4.5 0.6 8.4 0.9 0.085 - 40 170 94
B 14.7 12.2 2.4 7.7 15.7 0.296 0.078 - 14 12
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fluence of 200 mJ cm−2 [116]. In our experiments, 50% removal was obtained with a fluence
of 160 mJ cm−2 for the Lake B.

The apparent rate constants k′ and k′′ for the waters of both lakes are summarized in Table 4.3
and compared to those reported by Kutschera et al. [116]. For Lake B, k′ values for MIB and
GSM were greater than those from Lake A (1.4 and 2.5 times greater, respectively), suggesting
that higher degradation was achieved in Lake B, where the water had a bloom/high DOC/low
mineral content. The presence of alkalinity and chloride in Lake A affect VUV performance,
as reported by Furatian [130]. However, the k′ values obtained in our experiments were
similar to the k values reported by Kutschera et al. [116] (except for the k′ for GSM in Lake
A where our value is 1.7 times lower). According to an ANOVA test, the rate constants for
T&O metabolites were marginally, yet statistically significantly, lower (p = 0.057) in Lake
A (with high minerals) compared to those in Lake B (with high DOC). GSM rate constants
were also lower than those of MIB in Lake A (p < 0.05).

Regarding MC-LR, kinetic values exhibited a similar trend to MIB and GSM, with higher
kinetic in Lake B than Lake A. The k′′ value from Lake B was three times higher than
the k′′ value from Lake A when photolysis was considered. This reinforce the idea that
inorganic components interfere with VUV performance more than the cyanobacterial bloom
(high organic carbon concentration).

The removal of MC-LR was more effective than that of MIB and GSM due to the added
effect of direct photolysis. Approximately 80% MC-LR removal efficiencies were achieved for
the highest tested fluences. The apparent rate constants were two times greater than those
of the two T&O metabolites (Table 4.3) for Lake B. It was also observed that the apparent
rate of MC-LR removal was higher in Lake B than in Lake A (p < 0.01), a similar conclusion
to the source-water matrix effect observed for GSM and MIB. Assuming that the rate of
MC-LR direct photolysis is 3.65×10−3 cm2 mJ−1 [73], the rates provided by the action of free

Table 4.2: Uncorrected (H0) and corrected (H) fluences for Lakes A and B using the CBR

Time, s Uncorrected fluence, H0, mJ cm−2 Corrected fluence, H, mJ cm−2

Lake A Lake B

80 100 44 20
159 200 88 40
318 400 176 80
477 600 264 120
636 800 352 160
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Figure 4.3: Degradation of micropollu-
tants in the CBR for Lake A (Error bars de-
note standard deviation). Experiments con-
ducted in duplicate using a lab-scale CBR
UV/VUV reactor.
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Figure 4.4: Degradation of micropollu-
tants in the CBR for Lake B (Error bars de-
note standard deviation). Experiments con-
ducted in duplicate using a lab-scale CBR
UV/VUV reactor.

radicals represented 40% of the overall removal of MC-LR for Lake B. Consequently, it is
important to account for the role of direct photolysis in the prediction of MC-LR removals.

The raw water from Lake B impacted by a natural cyanobacterial bloom with a cell concen-
tration of 200,000 L−1 was spiked with MC-LR. After irradiation, a maximum 80% MC-LR
removal was achieved (Figure 4.4), with an estimated k′′ value of 9.2×10−3 ± 0.0 cm2 mJ−1

(Table 4.2). For Lake A, without cyanobacterial bloom and the same exposure time, 80%
removal was also obtained with a k′′ value of 3.9×10−3 ± 0.9×10−3 cm2 mJ−1. It should be
noted that although the exposure times were the same, the applied fluences were different
because they depended on the UVA254 values. The same removal (80%) was achieved for both
water matrices but with different fluences: 264 mJ cm−2 and 160 mJ cm−2 for Lakes A and B,
respectively. This also suggest that higher concentrations of major solutes, such as chloride
and alkalinity, result in the need for higher fluences to obtain desirable MC-LR removal.

Liu et al. [93] studied the degradation of microcystins in natural waters using 185 nm UV
irradiation on an artificial bloom of M. aeruginosa (cultured for 3 weeks with a cell concen-
tration of 106 cellsmL−1. They observed a maximum removal of 44% (C0 = 1.24 µg L−1). At
a higher initial concentration (C0 = 18.8 µg L−1), higher exposure times were required and
lower removals were obtained, around 30%. From a graph presented in their article where
the degradation of MC-LR for different pH values were plotted, it was possible to estimate
the rate constants, ranging from 0.005 min−1 to 0.01 min−1 (for pH values from 12 to 7)
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when C0 = 1.55 µg L−1 [93]. However, there was no mention to whether the authors applied
correction factors in their analysis.

The major solutes, Cl– and HCO3
– and DOC, of a water matrix, are expected to interfere

with contaminant removal. In particular, Cl– plays a significant role, and its concentration
is more important when using VUV technologies compared to other AOPs, such as UV-
H2O2 and O3-H2O2 [99, 130], due to the strong absorption of Cl– at 185 nm. Furatian et al.
investigated the influence of Cl– in VUV water treatment using carbamazepine as a probe
and two sources of carbon (t-butanol, an effective •OH radical scavenger, and NOM) [99,130].
They found that the carbamazepine degradation rate increased with the addition of Cl– in
the presence of t-butanol to scavenge •OH radicals. However, the opposite trend was observed
when t-butanol was replaced by NOM as a source of carbon. The authors concluded that
Cl– has a negative influence on contaminant removal rates. When the Cl– concentration
is higher than 20 mg L−1, it becomes the major 185 nm absorber [130]. In our case, Lake
A had Cl– concentration of 94 mg L−1 (Table 4.1), yielding a Cl– absorbance at 185 nm
of 9.37 cm−1 (assuming a molar absorption coefficient ε185 nm = 3540 M−1 cm−1 [130], and
ε185 nm = 1.8 cm−1 for pure water [131]. The fraction fSi of absorbed photons for each
absorbing solute is given by fSi = αSi/αTotal, where αSi is the absorption coefficient for solute
Si, and αTotal is the absorption coefficient for the overall solution. Considering only the main
185 nm absorbances (water, Cl– , HCO3

– (ε185 nm = 290 M−1 cm−1) [99]) and NOM (ε185 nm,
referred as Specific UV Absorbance), we calculated that Cl– absorbs 75% of the 185 nm
photons for Lake A, whereas H2O absorbed 15%, and the remaining 10% is absorbed by
HCO3

– and NOM. In contrast, for Lake B (where [Cl−] < 20 mg L−1, water is the dominant
185 nm absorber, since 50% of the 185 nm photons are absorbed by water and 35% by Cl– .
Once more, HCO3

– and NOM absorption were lower than 10%.

The reduced performance in Lake A is related to the presence of a high Cl– concentration.
As shown by Furatian et al., the impact of Cl– on the VUV efficiency is specific to each

Table 4.3: Rate constants (k′ and k′′) for MIB and GSM. In parenthesis, the R2 of the
fitting are reported

k′ or k′′[×10−3cm2 mJ−1]
MIB GSM MC-LR

Lake A 2.5± 0.3 (R2 = 0.79) 1.6± 0.0 (R2 = 0.56) 3.9± 0.9 (R2 = 0.65)
Lake B 3.4± 0.1 (R2 = 0.85) 4.0± 0.0 (R2 = 0.85) 9.2± 0.0 (R2 = 0.82)

Kutschera et al. [116] 2.5 2.7 -
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water source. With a high Cl– concentration, the success of VUV treatment relies on Cl–

reactivity with NOM and target contaminants [99, 130]. Therefore, the negative impact of
Cl– on the removal efficiencies of MIB, GSM, and MC-LR observed here is consistent with
the conclusions of Furatian et al. [99, 130]. When Cl– absorbs photons at 185 nm, it will
generate chlorine radicals (•Cl) equation (4.6). The •Cl reacts with Cl– (equation (4.6)) and
dichlorine radical anion (•Cl−2 ) are generated [132]. •Cl and •Cl−2 are expected to react with
the background water matrix to produce •OH (equation (4.6)) [91]. Details of these reactions
between the radicals are discussed by Gonzalez et al (2004) [90].

Cl− + hν185 nm −−→ •Cl + eaq−, Φ = 0.4 (4.6a)
•Cl + Cl− −−→←−− •Cl−2 (4.6b)

•Cl/ •Cl−2 + H2O −−→←−− H+ + HOCl•− (4.6c)
•Cl/ •Cl−2 + H2O −−→←−− Cl− + •OH + H+ . (4.6d)

An important difference between Lakes A and B can also be found in their respective alkalini-
ties. Bicarbonate is responsible for radical scavenging as well as 185 nm photo-absorption [99].
Bicarbonates may react with •OH according to:

•OH + HCO3
− −−→ CO3

•− + H2O . (4.7)

The kinetic constant rate of the reaction ranges from 8.5×10−6 M−1 s−1 to 1.5×10−7 M−1 s−1

[91,133]. Duca et al. reported that atrazine removal was reduced by ten times in the presence
of 50 mg L−1 as CaCO3 of bicarbonate [134]. The high alkalinity of Lake A water source
(170 mg L−1 as CaCO3) compared to Lake B (14 mg L−1 as CaCO3) is therefore suggested as
the main reason for the lower VUV performance in Lake A. If the apparent rate constant kapp
is calculated for each lake (as the product of k times the inorganic compounds concentration,
in this case HCO3

– ) we obtained kapp = 3.4×104 s−1 for Lake A, which is 12 times higher than
that of Lake B, kapp = 2.8×103 s−1). This suggest that the high bicarbonate concentration
in Lake A may detriment the VUV performance.

DOC also acts as a radical scavenger and 185 nm photo-absorber [99, 135]. DOC in Lake
B was almost three times higher than that in Lake A (Table 4.1). The kinetic constant of
the reaction between NOM and •OH (based on moles of organic carbon) is in the range of
1.6×108 M−1 s−1 to 1.0×1010 M−1 s−1 [91, 133, 136]. This gives us a kapp of 3.75×105 s−1 and
1.2×106 s−1, for Lake A and B respectively, suggesting that DOC concentration in our study
had less influence than inorganic components on the VUV performance. Nevertheless, rate
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constants of contaminants tested during this work (MC-LR, MIB and GSM) were higher in
Lake B, allowing to infer that the presence of major inorganic solutes is more important than
DOC for explaining differences in performance.

In 2007, Rosenfeldt and Linden propose to analyze the parameter R•OH,UV in order to ex-
perimentally determine the •OH radical exposure per UV fluence given a water matrix and
initial H2O2 concentration. R•OH,UV is defined as follow [137]:

R•OH,UV = 1
H

∫ t

0
[•OH] dt , (4.8)

where R•OH,UV is in units of M s cm2 mJ−1 and H is the corrected fluence defined in equa-
tion (4.5). Although the work mentioned above uses UV+H2O2 instead of VUV as is our
case, we applied the concept of R•OH,UV to estimate the concentration of •OH in Lake A and
B. It was found that the R•OH,UV was two times larger in Lake B than in Lake A (Table 4.4),
mainly due to the lower •OH concentration in Lake A.

Assuming the same operation conditions of the reactor to treat water sources from Lakes A
and B, the explanation why R•OH,UV is lower in Lake A than Lake B is directly related to
the water matrix.

4.4.4 Flow-through reactor

A bench scale FTR was used to study the degradation of MIB, GSM, and MC-LR. For the
Lake A, 40% of MIB and 50% of GSM were removed with a residence time of 9.5 s, which
gave a reduction equivalent dose of 360 mJ cm−2 (Figure 4.5). The equivalent fluence for
MIB and GSM in Lake B was 150 mJ cm−2 and removal efficiencies achieved were 60% and
35%, respectively (Figure 4.6). An MC-LR removal efficiency of 50% was achieved in both
Lakes A (Figure 4.5) and B (Figure 4.6), but the dose required for that removal in Lake A
was two times larger than that in Lake B, 230 mJ cm−2 and 100 mJ cm−2, respectively. In

Table 4.4: R•OH,UV for Lake A and Lake B

R•OH,UV[M s cm2 mJ−1]
MIB GSM MC-LR

Lake A 8.33×10−13 1.95×10−13 2.50×10−14

Lake B 1.13×10−12 4.88×10−13 5.55×10−13
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order to achieve the same removal, a higher fluence was used to treat the water source of
Lake A. The differences in removal efficiencies could be explained in one hand by the water
matrix characteristics and its impact on the fluence received by the sample and the kinetics
involved, and on the other hand by the hydrodynamics of the reactor.

According to Bagheri and Mohseni (2015) the hydrodynamics of the reactor is correlated
with its performance [84]. About 90% of 185 nm photons are expected to be absorbed in the
0.3 cm layer close to the lamp [15] (details of the propagation of 254 nm and 185 nm photons
are presented in reference [78]). In our study, the Reynolds number in the FTR varied from
320 to 1700, suggesting a laminar flow regime and thus a strong influence of hydrodynamics
on reactor performance. The lack of turbulence along with poor distribution of VUV photons
in the reactor may also explain why we observed a plateau of performance in the FTR at
higher fluences. Consequently, increasing the turbulence inside the reactor is decisive for
improving this reactor performance [78,84,138].

When applying AOPs, the degradation of products must be considered and carefully studied
to ensure avoiding or minimizing the formation of potentially toxic by-products [139,140]. In
this study, we evaluated the impact of VUV on the formation of THM and HAA precursors. In
Lake A, a statistically significant THM formation increase of 20% in raw water was measured,
in comparison to an increase of 8% in filtered water. For HAA, an average increase of 10%
was estimated in raw water and 15% in filtered water. For both cases, p < 0.05 were obtained
in the ANOVA test of raw water vs filtered water.

Another monitored parameter was BDOC, which is the biodegradable fraction of DOC. It
can be assimilated and mineralized by the presence of bacteria in water. It is generally
comprised of 10% to 20% of the DOC [140]. In Lake A raw water, we measured BDOC0 =
0.6 mg C L−1 and average BDOC = 0.5 ± 0.04 mg C L−1 for VUV treated water, while in
filtered waters, the BDOC concentration was lower than the LOD (LOD = 0.15 mg C L−1).
In Lake B, an average BDOC increase of 20% was observed when waters were treated with
VUV. These results shed light on the implementation of VUV technologies inside a drinking
water treatment plant, suggesting that VUV reactor should be placed after DOC removal,
where the negative impact on DBP formation is minimized.

4.5 Conclusions

The performance of VUV was tested using two water sources with different inorganic, NOM,
and cyanobacterial contents. The main objective was to assess if VUV could simultaneously
destroy MC-LR, MIB, and GSM. It was observed that although MC-LR, GSM, and MIB were
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Figure 4.5: Degradation of micropollu-
tants in the FTR for Lake A (Error bars de-
note standard deviation). Experiments con-
ducted in duplicate using a lab-scale FTR
UV/VUV reactor.
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Figure 4.6: Degradation of micropollu-
tants in the FTR for Lake B (Error bars de-
note standard deviation). Experiments con-
ducted in duplicate using a lab-scale FTR
UV/VUV reactor.

reduced following VUV treatment, the removals achieved may not be sufficient to completely
eliminate toxicity and taste and odors. Under bloom conditions, removals of 40% to 60% of
T&O compounds and MC-LR were achieved in a flow-through reactor. More importantly,
the performance plateaued at higher fluences.

The impact of natural water source characteristics on the rate constants (developed in a
collimated beam using UVA254-adjusted fluences) was important. VUV performance was
higher in the lake water with higher DOC/low mineral content compared to the lake with a
low DOC/high mineral content.

The application of VUV led to a low (< 10%) or moderate (up to 20%) average increase in
the formation of either BDOC, THM, or HAA. Therefore, such negative impacts should be
considered before using VUV technologies in driking water treatment plants. This process is
a promising tool for applications in small and remote communities. However, further studies
are warranted to discriminate the role of water matrix characteristics and the identification
of the optimal VUV reactor location within a DWTP in order to optimize its performance
and minimize the formation of oxidation by-products.
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5.1 Abstract

As mentioned in previous chapters, cyanobacterial blooms are a growing concern around the
world. A feasible approach for treatment plants fed by sources contaminated with cyanobac-
teria is the incorporation of vacuum UV (VUV) technologies in their processes. VUV is a
promising advanced oxidation process used to treat water impacted by cyanobacterial blooms,
with potential applicability in small and remote communities because of its simplicity. In
this work, water samples from three Canadian lakes periodically affected by cyanobacteria
were used to assess the impact of natural and algal organic matter (NOM/AOM) on treat-
ment with VUV. NOM and AOM were characterized before and after VUV treatment by
size exclusion chromatography (SEC) and fluorescence emission-excitation matrix (FEEM).
FEEM spectra were analyzed with the parallel factor analysis (PARAFAC) tool. As a result,
we found seven principal components describing the whole dataset. Disinfection by-product
(DBP) formation after VUV treatment was analyzed and trihalomethanes (THM) yield was
calculated. THM yield increased by 15-20% after VUV treatment. Regarding DBP forma-
tion and NOM/AOM fractions from SEC, we found that humic substances are the most
important fraction causing the increase in DBP formation with at least 3 higher yield than
the other fractions: biopolymers, building blocks, low weight molecular acids and neutrals.
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5.2 Introduction

Cyanobacteria affect freshwater resources from an esthetic perspective and are a health and
safety concern. The World Health Organisation (WHO) has proposed two guideline alerts for
managing drinking source waters containing cyanobacterial cells [141]. In Quebec (Canada)
the Ministry of Environment developed a guidance manual for municipal drinking water
treatment plant managers in which they suggest different actions ranging from: monitoring
raw water quality, protective measures for the water intakes and implementation of treat-
ment solutions [142]. The presence of cyanobacteria in the raw water could lead to toxins
(cyanotoxins) in drinking water.

Amongst potential treatment options for cyanobacterial affected sources, advanced oxidation
processes (AOP), such as ozone (O3) + hydrogen peroxide (H2O2), ultraviolet light (UV) +
O3, UV + H2O2, are promising alternatives. AOP relies on hydroxyl radicals (•OH) to oxidize
contaminants present in water and they have also been proposed to simultaneously control
taste and odors (T&O) and cyanotoxins [111]. However, they can add complexity to drinking
water treatment due to the need to rely on on-line chemical injection which may vary with
water characteristics. In contrast, VUV is a robust and simpler AOP alternative that does
not require chemical addition [92]. VUV relies on the use of a standard UVC lamp with a
high purity quartz envelope and sleeve that enables a portion of short wavelength (< 200 nm)
photons to irradiate the water. These high energy photons react with water molecules to
produce •OH from the water itself [90]. This characteristic simplifies the operation of the
system, and this process is deemed effective against pathogens (as most of the fluence is
UVC) [143] and micropollutants [16]. Given its non-selective oxidant characteristic, •OH will
react with other compounds present in water, such as natural organic matter (NOM).

NOM is a complex mixture of organic substances in surface waters. Its presence adds color to
water and may create aesthetic problems, such as T&O. In addition, NOM acts as a reservoir
of precursors for the production of DBP following its reaction with free chlorine.

The main purpose of AOP is to degrade micropollutants but inevitably •OH radical will
oxidize NOM due to its non-selective nature. NOM degradation by AOP is site-specific as it
is highly related to the water matrix. In theory, VUV can be efficient for NOM degradation
because complete mineralization can be achieved [144] but the very high fluence needed
makes this option costly. Hence, at the common fluences applied the reactions lead to a
partial oxidation of NOM with an impact on DBP formation potential. In consequence,
special attention must be given to DBP formation in VUV-treated waters as NOM oxidation
may increase its reactivity with chlorine [144].
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The NOM fraction originating from algal growth is known as algal organic matter (AOM).
AOM extracted from algal cultures consists mainly of biopolymers (> 50%) while the remain-
ing fractions are comprised of humic-like substances and/or low molecular weight (LMW)
compounds [52]. AOM is composed of intracellular organic matter (IOM) and extracellu-
lar organic matter (EOM) [53]. During bloom season, EOM presence (its composition and
concentration) affect water drinking treatment performance in a different way (in compar-
ison when only background NOM is present) [145]. Thus, it can be useful to distinguish
AOM from other background NOM to establish an appropriate water treatment strategy
during bloom season. Henderson et al. (2008) demonstrates that AOM is of a very different
character than NOM [53], which can, in turn, could be impacted differently by VUV.

The significant variety of compounds present in NOM makes impractical the determination
of its exact composition. Therefore, there exists a wide range of characterization techniques.
The denominated bulk parameters such as total, dissolved, biodegradable and assimilable
organic carbon, UV absorbance at 254 nm (UVA254), and specific UV-absorbance (SUVA)
are used to determine the amount or characteristic of NOM within a sample [46]. These
parameters are simple to measure and provide a general idea of what is present in the water.
On the other hand, numerous methods are currently available for a more profound character-
ization, for example: hydrophobicity, size exclusion chromatography(SEC), nuclear magnetic
resonance (NMR) spectroscopy, and fluorescence spectroscopy such as fluorescence emission-
excitation matrix (FEEM). Among different techniques available for FEEM data processing,
PARAllel FACtor analysis (PARAFAC) has received a lot of attention. PARAFAC is used
to decompose trilinear multi-way data arrays. The decomposition allows to identify inde-
pendent underlying signal components. According to Murphy et al. (2013) between 2011
and 2012, 70% of the studies where PARAFAC was applied were related to the study of
NOM fluorescence [146]. Khan et al. (2019) applied PARAFAC to investigate the possi-
bility of using fluorescence to characterise the AOM released by cyanobacterial and algal
species. They observed that certain pairs of excitation-emission (Ex: Em) wavelengths could
help for AOM monitoring in conjunction with cell pigments. For example, the fluorescence
of amino acid-like material at (Ex:Em)= (290:345) nm dominated the AOM originating from
Chlorella vulgaris, while that of Microcystis aeruginosa was dominated by fluorescence at
(Ex:Em)= (355:475) nm (previously been associated only with terrestrially delivered sub-
stances). They proposed that fluorophores typically associated with “terrestrially-derived or
humic-like” fluorescence ((335:438) nm, (355:475) nm and (300:390) nm) can also be pro-
duced by microorganisms [56]. Henderson et al. (2008) had reported a similar observation.
They characterized AOM from algae and cyanobacteria species and found that tryptophan-
like rather than humic/fulvic acid-like fluorescence dominated. In relationship with AOM
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fluorescence from Microcystis aeruginosa, they noted that it was similar to that obtained for
cyanobacteria in previous studies. However, additional fluorescence was detected in locations
attributable to humic/fulvic-like [53].

Regarding SEC, carbon detection by chromatography is sometimes applied in drinking water
to study NOM [46]. SEC coupled to three detectors (organic carbon, organic nitrogen and
UV-absorbance), better known as LC-OCD-OND, allow to separate five NOM fractions:
humic substances (HS), biopolymers (BP), building blocks (BB), LMW organic acids, and
neutrals [147]. The OND provides information about the nitrogen content of the biopolymer
and HS fractions [147].

Although the impact of AOP on NOM has been studied [78,148], understanding the impact
of AOM on VUV performance using algae-laden surface waters have yet to be reported. In
order to understand how NOM and AOM characteristics were modified after VUV treat-
ment, three Canadian lakes were selected with the objective of testing waters with dissimilar
characteristics:

i. Lake A: low cyanobacteria concentration (< 20,000 cellsmL−1) but high inorganic anion
concentrations (chloride and alkalinity) as they are well known to impact negatively
VUV performance

ii. Lake B: high total organic carbon (TOC) concentration (14.7 mgCL−1) during a cyanobac-
terial bloom condition (195,000 cellsmL−1)

iii. Lake C: medium TOC concentration (5.6 mgCL−1) and low cyanobacteria concentration
(16,000 cellsmL−1)

iv. Lake C∗: similar TOC concentration (6.2 mgCL−1) as earlier conditions for Lake C but
with a higher cyanobacteria concentration (33,000 cellsmL−1)

Natural cyanobacterial bloom conditions were tested because previous studies showed that
cyanobacterial cells and toxins from environmental blooms were more resistant to oxidation
compared to laboratory-cultured cells mixed with dissolved toxins [35].

5.3 Materials and methods

5.3.1 Source water location

To conduct this work, we sampled waters from three Canadian cyanobacteria-impacted lakes,
identified as Lakes A, B, C and C∗ (Table 5.1). Lake A supplies drinking water to a community
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with a bank filtration system and is located 40 km west of Montreal (Quebec, Canada). This
lake, usually impacted by cyanobacterial blooms, was chosen due to its high chloride and
alkalinity concentrations which reduce VUV performance. In Lake A, we sampled within the
lake (raw water) and after the bank filtration (filtered water). Lake B is located 160 km east
of Montreal (Quebec, Canada), and although it is used as a recreational water body, it is
also under consideration as a source of drinking water for the area. Lake B was selected for
this study because of its high cyanobacterial and organic carbon concentrations. In this case,
only water from the lake was collected (raw water). Lake C is located 80 km southeast of
Montreal (Quebec, Canada) and serves as a source of drinking water for several surrounding
municipalities. Lake C experiences cyanobacterial blooms almost every summer. Lake C∗

describes a raw water collected during a severe cyanobacterial bloom. Samples from Lakes
C and C∗ were collected in the drinking water treatment plant representing both raw and
filtered water conditions.

Samples were collected from Lakes A and B on August 25, 2017 and September 7, 2017,
respectively. Lake C and C∗ samples were collected on June 27, 2017 (no bloom present) and
August 15, 2017 (cyanobacterial bloom present), respectively.

5.3.2 Source water characteristics

Source waters were characterized for total and dissolved organic carbon (TOC & DOC),
and biodegradable dissolved organic carbon (BDOC) concentrations using a TOC analyzer
(5310C Sievers Instruments Inc., USA). BDOC analysis was performed using the 30-d incu-
bation batch method of Servais et al. [118]. The pH was measured with a Fisher Scientific
pH-meter (Accumet, Fisher Scientific Instruments, USA), pre-calibrated with pH 4, 7 and 10
standard buffers (BDH VWR Analytical). Turbidity measurements (Hach 2100N turbidime-
ter) were assessed following Standard Methods #2130B [119]. Ions were measured by ionic
chromatography ICS 5000 AS-DP DIONEX (Thermo Scientific) with an As18-4µm column.
Alkalinity was measured by titration according to Standard Methods #2320 [119].

During field samplings, a YSI 6600 V2-4 water-quality multi-probe (YSI, Yellow Springs,
Ohio, USA) equipped with a fluorescence 6131 phycocyanin, Blue Green Algae sensor was
used to determine the dominance of cyanobacteria vs green algae in situ. The probe was
located at the sampling point and samples were collected once the probe’s measurements were
stable. Cyanobacteria were assumed to be the predominant species when the phycocyanin
level measured by the probe was higher than 2.4RFU [149]. In addition, as a confirmation
step, samples were preserved with Lugol’s iodine for further taxonomic counts.
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5.3.3 Vacuum UV experiments

A total of 4 sampling campaigns were conducted during the summer to autumn of 2017.
For each campaign, lab-scale experiments were conducted in duplicate using a flow-through
UV/VUV reactor (referred hereafter as FTR). The FTR is a 30-cm length annular photore-
actor in a configuration similar to what could be installed for VUV treatment in a small
drinking water treatment system. The FTR is equipped with an ozone generating low-
pressure mercury lamp (Light Sources GPHVA357T5VH/4W, with a UV output at 254 nm
equal to 110 µW cm−2 (11 W)) fitted in a dome-ended high purity quartz sleeve which was
inserted in the center of a cylindrical Plexiglass® chamber. The applied fluence (H, mJ cm−2)
inside the FTR is controlled by adjusting the influent flow which feeds the 5-mm thick water
inter-annular layer located between the inner reactive chamber and the outer sleeve [125].

A reference dose-response curve was established in a collimated beam reactor for MC-LR,
geosmin and MIB [150]. Kinetics of VUV induced could be determined with more precision
given that the pollutant concentrations and the local incident radiation are uniform in the
reactor (see reference [124] for more details). This allows us to know the fluence (H) applied
in each FTR experiment.

5.3.4 Natural organic matter characterization

FEEM spectra were measured with a spectrofluorophotometer RF-5301PC (Shimadzu, Japan)
with a 4-mL macro quart, 10-mm path length cuvette (Fisherbrand). The excitation and
emission wavelengths ranged between 250 nm to 380 nm and 350 nm to 600 nm, respectively.
The slits for both excitation and emission were set to 10 nm with slow scanning speed. A
dataset of 64 spectra were analyzed with the PARAFAC analysis decomposition routines
for Excitation Emission Matrices (drEEM, version 0.2.0 toolbox [146] running on Matlab®
R2018B software)

The dataset pre-processing was based on Murphy et al. (2010) and consisted of: (i) spectral
corrections to account for the instrument systematic biases using the measured correction
factors; (ii) correction of the inner filter effect with absorbance spectra for each sample; (iii)
conversion to Raman units dividing the spectra by the Raman peak area between the emission
wavelengths 381-426 nm at 350 nm excitation of MilliQ water; (iv) subtraction of the blank
MilliQ water spectra. Samples that were diluted before measurements were corrected for
the corresponding dilution factor. Finally, the Raman and Rayleigh scattering bands were
excised from the spectra [151]. An example sample before/after processing is presented in
the appendix (Figure A.4).
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We developed a seven-components PARAFAC model to describe our dataset (64 spectra),
where the number of components was selected after running preliminary tests and based on
the sum of squared error indices (Figure A.1). Robustness of the models were tested by
performing ten runs with random starting points under non-negativity constraint and 10−8

convergence criterion (Figure A.2). The selected final model was validated through split-
half analysis where six different dataset “halves” are assembled to produce three validation
tests [146,152].

A size-exclusion chromatography system with organic carbon detection and organic nitrogen
detection (LC-OCD-OND) was employed to characterize the samples. The system includes
a weak cation exchange column (polymethacrylate based, TSK HW 50S, TOSOH, Japan)
followed by three different detectors: organic carbon detector (OCD), organic nitrogen de-
tector (OND), and UV (254 nm) detector (UVD) [147]. The organic carbon and organic
nitrogen properties of various NOM components were characterized and quantified using a
software program provided by the manufacturer (ChromCALC, DOC-LABOR, Karlsruhe,
Germany). Prior to LC-OCD-OND analysis, all water samples were pre-filtered through a
0.45 µm polyethersulfone filter (Supor®, Pall Corporation). Details regarding the physical de-
sign and description of the LC-OCD-OND system can be found in Huber et al. (2011) [147].
Five NOM components, including biopolymers, humics, building blocks, LMW acids and
LMW neutrals, were quantified using this technique.

5.3.5 Disinfection by product precursors

Samples were chlorinated under uniform formation conditions (1± 0.5 ppm Cl2 at pH =
8.0 after 24 h incubation at 20 ◦C temperature) and free chlorine residual was quenched us-
ing ammonium sulphate (2mg(NH4)2SO4 L−1). Samples were analyzed for trihalomethanes
(THM) as described in USEPA 524-2 method (purge and trap (Aquatek 100 - Stratum
9800 de Teledyne Tekmar) coupled with GC-MicroECD (7890B Agilent)). Six HAAs (bro-
moacetic acid, bromochloroacetic acid, chloroacetic acid, dibromoacetic acid, dichloroacetic
acid, and trichloroacetic acid) compounds were extracted by liquid/liquid extraction with
methyl tertbutyl ether (MtBE) followed by derivatization with acidic methanol and analyzed
by GC-ECD in accordance with USEPA Method 552.2 (GC-MicroECD, 7890B, Agilent).

5.3.6 Statistical analysis

Statistical analyses were realized using the Statistica 13 software package (Statsoft, OK,
USA) with the level of significance set at α = 0.05. Detected outliers were removed from
the dataset prior to the statistical analysis. An ANOVA was conducted to identify the main
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factors impacting DBP formation amongst the following variables: raw water, VUV treated
raw water, filtered water and VUV treated filtered water.

5.4 Results and discussion

5.4.1 Source water characteristics

Table 5.1 presents the water quality characteristics of the three lakes representing four con-
ditions. Lakes A and C had similar TOC (4.5 mgCL−1 to 5.6 mgCL−1) and were essentially
composed of DOC as the total cell concentrations were moderate (less than 30,000 cellsmL−1).
In contrast, the TOC of Lake C∗ rose from 5.6 mgCL−1 to 6.2 mgCL−1 during the bloom
event with 0.5 mgCL−1 being present as particulate organic matter.

Nevertheless, the most important cyanobacterial bloom was observed in Lake B, with 195,000
cellsmL−1, and where TOC reached 14.7 mgCL−1, out which 2.5 mgCL−1 was particulate
in nature. In Lake C, 16,000 cyanobacterial cellsmL−1 were present indicating that WHO
Alert Level 1 was not reached. On the other hand, Lake C∗ reached WHO Alert Level 1 with
33,000 cyanobacterial cellsmL−1.

5.4.2 Vacuum UV experiments

A reference dose-response curve was established in a collimated beam reactor for which
kinetics of VUV induced could be determined with more precision given that the pollutant
concentrations and the local incident radiation are uniform in the reactor (see reference [124]
or more details). This allowed us to know the equivalent fluence H applied in each FTR
experiment.

For each source water, identical increased contact times were tested. Hence, different fluences
were applied to every matrix water due to the variable UV absorbances (Table 5.2). For Lakes
A, C and C∗ where cells concentrations were low (< 20,000 cellsmL−1, under WHO Alert
Level 1) or moderate (< 100,000 cellsmL−1, under WHO Alert Level 2) [141], H ranged from
44 mJ cm−2 to 352 mJ cm−2. In Lake B, cells concentration was high (> 100,000 cellsmL−1,
above WHO Alert Level 2) [141], therefore, the value of UVA254 was the highest measured
during this work (0.296 cm−1, Table 5.1). As H is affected by water UVA254, in Lake B, H
ranged from 20 mJ cm−2 to 160 mJ cm−2.



50

5.4.3 Natural organic matter characterisation by LC-OCD-OND

TOC and DOC are used to assess the performance of NOM removal in drinking water. For
the ranges of fluence tested, DOC reductions after VUV treatment were never observed. Our
results indicated an average decrease of UVA254 of 10% after 9.4 s of irradiation. Significant
TOC degradation can be achieved only when high fluences are applied [78]. However, frac-
tions measured by LC-OCD-OND (Figure 5.1) allow to observe how DOC composition was
altered by VUV (Figure 5.1 and Figure 5.2). Regardless of the water matrix characteristics,
the HMW fraction (BP, HS and BB) was reduced and the LMW increased. The largest vari-
ation of these two fractions is evident in Lake C∗ where the concentration of cyanobacteria
is lower than in Lake B (Figure 5.2).

Correlation between HS aromaticity and HS molecular weight was reported several years

Table 5.1: Characteristics of the waters sampled from Lakes A, B, C and C∗

Lakes
Parameters A B C C∗

TOC, mgCL−1 4.5 14.7 5.6 6.2
DOC, mgCL−1 4.5 12.2 5.5 5.7
BDOC, mgCL−1 0.6 2.4 0.8 0.8
pH 8.4 7.7 7.4 7.1
Turbidity, NTU 0.9 15.7 3.0 9.7
UV absorbance @ 254 nm (UVA254), cm−1 0.085 0.296 0.144 0.171
Alkalinity, mgCaCO3 L−1 170 14 49 54
Chloride, mgCL– L−1 94.0 12.0 7.90 8.20
Phycocyanin, RFU - 7.70 0.05 0.15
Total cell count, cellsmL−1 30,000 220,000 29,000 35,500
Cyanobacteria cell count, cellsmL−1 20,000 195,000 16,000 33,000

Table 5.2: Fluence applied to waters samples from Lakes A, B, C and C*

Lakes
Fluence (H), mJ cm−2 A B C C∗

Minimum (retention time = 1.8 sec) 44 20 34 30
Maximun (retention time = 9.4 sec) 352 160 275 247
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Figure 5.1: Five components of DOC measured by LC-OCD-ONC before and after (reten-
tion time equals to 9.4 s) VUV treatment. (1) biopolymers, (2) humic and fulvic acids, (3)
building blocks, (4) LMW acids/humics and (5) LMW neutrals.

ago [153]. In 2011, Huber et al. presented an improved HS-diagram (Figure 5.3) [147]. After
VUV treatment HS molecular weight and aromaticity decreased (except for raw water from
Lake A and C, Figure 5.2) both in raw and filtered water. This means that VUV is breaking
down larger molecules into smaller ones, as is also reflected in biodegradability. Biodegrad-
ability is observed through the increase of BDOC measurements, in our experiments BDOC
increases from 20% to 35% were measured after VUV treatment (Figure A.2). These results
are consistent with those of Imoberdorf and Mohseni (2014). Authors published a compara-
tive study of the effect of VUV irradiation on NOM for different water sources. The authors
also analyzed NOM by size exclusion chromatography and reported that HMW molecules
were readily degraded (applied fluence in the study: up to 960 mJ cm−2), and that LMW,
which increases after irradiation, are formed through partial HMW degradation and are also
partly degraded by hydroxyl radicals [154]. Similar trends were found in our experiments:
HMW fraction decreases, and LMW fraction increases after VUV treatment (Figure 5.2).
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Figure 5.2: Five components of DOC measured by LC-OCD-ONC in raw water, before
and after VUV treatment (retention time equals to 9.4 s). (BP) biopolymers, (HS) humics,
(BB) building blocks, (LMWac) low-molecular weight acids, (LMWne) low-molecular weight
neutrals.

The organic nitrogen (N) detector provides information about the subset of DOC that also
contains N (including N content of biopolymer, biopolymer N/C ratio, N content of HS)
(Figure A.1). N content of the biopolymer and the HS fraction can be used to calculate the
N/C ratio in these fractions. The N content cannot be determined in the other fractions by
LC-OCD-OND since the signals for nitrate and ammonia are masking them. The N content
of biopolymer decreased slightly (< 10% on average) in Lake C and C∗ after 9.4 s of VUV
irradiation (fluence in Lake C and C∗ after 9.4 s, 275 mJ cm−2 and 247 mJ cm−2, respectively).
On the other hand, in Lake A and B this fraction increases 26% (fluence in Lake A after 9.4
s, 352 mJ cm−2, while in Lake B for the same irradiation time the fluence was 160 mJ cm−2).
Lake B (Figure A.1(f)) showed the stronger changes in N composition before and after VUV
irradiation. After 9.4 s of VUV irradiation N content of biopolymer increased by 35%. In
filtered water, Lake C and C∗ had an 18% decrease of N concentration after 9.4 s irradiation
(in Lake A, N content of biopolymer were below quantification limit. Fluence in Lake A, C
and C∗ after 9.4 s, ranges from 247 mJ cm−2 to 352 mJ cm−2).

N content of HS in irradiated raw waters (retention time of 9.4 s) increased in Lake A (>
30%, with H = 352 mJ cm−2) and decreased, 30% in Lakes B (H = 160 mJ cm−2) and C
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Figure 5.3: Humic substances diagram (HS-diagram) before and after (retention time equals
to 9.4 s) VUV treatment. (a) Raw water: (URW) untreated raw water, (VUVTRW) VUV
treated raw water. (b) Filtered water: (UFW) untreated filtered water, (VUVTFW) VUV
treated filtered water. Based on [147].

(H = 275 mJ cm−2), and 16% in Lake C∗ (H = 247 mJ cm−2). Regarding N/C biopolymer
ratio, an increase on average more than 20% for all lakes was observed. The lower N/C
biopolymer ratio was measured in raw water from Lake A (0.03) while Lake B, C and C∗

have on average an N/C biopolymer ratio of 0.05. Moradinejad et al. (2019) reported a
similar trend when ozone was applied to two cyanobacterial cultured cells in a matrix of
natural surface water. They reported an N/C ratio increase from 0.14 to 0.40 [155].

Understanding DON fraction and composition is useful to optimize the water treatment [156].
DON can react with oxidants to form nitrogenous DBPs and affect the speciation of regulated
DBPs like THM and HAA [50, 157]. Algal events on drinking water sources may decrease
the DOC/DON ratio. Consequently, DBP production could increase, especially if low DOC
/ DON ratios are observed [158]. In our study, N content of biopolymer had a significant and
positive correlation with THM (R2 = 0.97) and HAA (R2 = 0.74) formation. DBP formation
will be discussed in the following section.
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5.4.4 FEEM and PARAFAC modeling

Online monitoring of cell pigments using probes facilitates the detection of cyanobacterial
blooms. The measurement of cell pigments can be coupled with FEEM to better understand
bloom’s composition in order to improve the operation of drinking water treatment plants.
Here, we measured FEEM in natural water samples (with and without blooms) before and
after VUV treatment in order to assess the potential of FEEM for cyanobacterial bloom
monitoring. PARAFAC helps to describe the data set (64 spectra) with a small number of
(Ex:Em) pairs (7 PARAFAC’s components). Overlapping PARAFAC with self-organising
maps SOM allows to visualize which components are more relevant in each lake (more details
can be found in the Appendix A).

The peaks of each component are shown in Figure 5.4, distributed in regions as proposed by
Chen et al. (2003) [159]: C2(1) (fulvic acid-like), C1(1), C3(1), and C4(1) (humic acid-like),
C5(1) and C7(1) (soluble microbial by-product-like) and C6(1) (aromatic protein II). The
location of each peak is presented in Table 5.3. Given their strength and the protective
characteristic of PARAFAC to overfitting [148], we also obtained, for each principal compo-
nent, the secondary and tertiary (for component 1) peaks (Figure 5.4). In the fulvic acid-like
regions there is one secondary peak, C2(2), associated to component 2. Three secondary
peaks are located in the humic acid-like region, C1(2), C3(2) and C7(2), and tertiary peaks,
C1(3). In the soluble microbial by-product like region includes the secondary peak, C6(2),
while C2(2) lies in the region of aromatic protein II.

Based on Khan et al. [56], our peaks C7(1) and C5(1) are located in Chlorella vulgaris region,
while, C1(2) peak is located in Microcystis aeruginosa region. It is important to note that we

Table 5.3: Peaks of PARAFAC components: emission and excitation primary peaks (in
brackets, secondary and tertiary peaks)

Component (Ex:Em), (nm:nm)

C1(1) 266:436, (338:436), (310:436)
C2(1) 238:408, (238:436)
C3(1) 310:400, (266:400)
C4(1) 330:412
C5(1) 298:372, (246:372)
C6(1) 238:336, (266:336)
C7(1) 282:356, (282:408)



55

200 250 300 350
Excitation wavelength, nm

250

300

350

400

450

500

Em
is
si
on

wa
ve
le
ng
th
,n
m

REGION I
Aromatic protein I

REGION II
Aromatic protein II

REGION III
Fulvic acid-like

REGION IV
Soluble microbial by-product-like

REGION V
Humic acid-like

C1(1) C1(2)C1(3)

C2(1)

C2(2)

C3(1)C3(2) C4(1)

C5(1)
C5(2)

C6(1) C6(2)
C7(1)

C7(2)

Figure 5.4: Location of the peaks of the seven-components resulted from the PARAFAC
mode based on 64 spectral dataset (raw and filtered water from Lake A, C and C∗, and raw
water from Lake B). In brackets are indicated the primary (1), secondary (2), and tertiary
(3) peaks. The distribution of the regions is after Chen et al. [159].

used natural cyanobacterial blooms and Microcystis aeruginosa was not the most abundant
species in our samples. While Khan et al. used pure culture [56].

Further studies with natural cyanobacterial blooms in this field should be carried out to reach
a stronger conclusion. Furthermore, location of C3(1) and C4(1) peaks, typically associated
to humic acid-like, could be re-categorized as “microbial origin” as Khan et al. (2019) and
Henderson et al. suggested [53,56]. We found a secondary peak C1(2) located in that region
suggesting that in natural cyanobacterial bloom it is possible to have a peak generated by
cyanobacteria in the humic/fulvic-like region. We further investigate the correlation of peaks
intensities in different regions. The maximum of fluorescence intensity (Fmax) in C1(2) is
highly correlated with C3(1) and C4(1) (R2 > 0.90). High correlations (R2 > 0.90) were
found between Fmax of different components (Figure A.4). The component C5(1) (located
in the soluble microbial by-product-like region) is highly correlated with C3(1) from humic
acid-like region (R2 = 0.94). At the same time, C3(1) has a high correlation with C1(1)
(R2 = 0.97) and C4(1) (R2 = 0.93), all three are located in the humic acid-like region. C7(1)
located in the soluble microbial by-product-like region is also correlated (0.68 < R2 < 0.71)
with components from humic acid-like region: C1(1) (R2 = 0.68), C3(1) (R2 = 0.68) and
C5(1) (R2 = 0.71). These correlations are useful to better understand fluorescence in humic
acid-like region that could be generated by cyanobacterial blooms. As Henderson et al. (2008)



56

and Khan et al. (2019) suggested further work is required to elucidate current observations.
Future work could focus on natural cyanobacterial blooms and their fluorescence in the region
beyond (Ex:Em)= (250:300) nm. In terms of correlation between FEEM components and LC-
OCD fractions, a high correlation (R2 > 0.80) was found for C6(1) and C7(1) with BDOC
and BP. A lower correlation (0.59 < R2 < 0.80) was found for the same pair of components
(C6(1) and C7(1)) and DOC and HS. On the other hand, no correlation was found between
LC-OCD-OND fractions and peaks located in the humic acid-like region that are suspected
from microbial origin (C3(1) and C4(1)).

5.4.5 DBP formation and yield after VUV treatment

In our study, humic substances, biopolymers and LMW all showed positive correlations with
THM and HAA formation. LMW acid and neutral showed positive correlations with THM
and HAA formation (R2

THM = 0.74 and R2
HAA = 0.67). A positive correlation was also

found for humic substances (R2
THM = 0.67 and R2

HAA = 0.84). THM formation increased on
average 12% (raw water) and 20% (filtered water) after 9.4 s of VUV irradiation (Figure 5.5).
THM showed a positive correlation with UV254 nm (R2 = 0.97), SUVA (R2 = 0.75), DOC
(R2 = 0.95) and DON (R2 = 0.97). They also showed a positive correlation with components
C7(1) (R2 = 0.82) and C6(1) (R2 = 0.63), i.e. the two PARAFAC components associated
to microorganisms (more information about PARAFAC component correlation and THM is
detailed in Figure A.9 in the Appendix).

Regarding HAA formation, 5% and 17% increases were measured on average after VUV treat-
ment in raw and filtered water, respectively (fluence range from 20 mJ cm−2 to 352 mJ cm−2)
(Figure 5.5). HAA also showed a positive correlation with UV254 nm (R2 = 0.93), SUVA
(R2 = 0.87), DOC (R2 = 0.97) and DON (R2 = 0.74). About PARAFAC, HAA showed
negative correlations with components C7(1) (R2 = 0.56) and C6(1) (R2 = 0.54) (more de-
tails about the correlation between the PARAFAC components and HAA are presented in
the Appendix (Figure A.9). Despite the positive correlations found between the different C
fractions (HS, BP, BB, LWM acids and neutrals) and the formation of DBP, the fraction
that was most important in the production of DBP was HS given that the waters had not
been coagulated. Therefore, HS was the most abundant NOM fraction. This is the fraction
that most contribute to the DBP production (slope values reported in Table A.3). We also
calculated the THM yield (in µgTHMmgTOC−1, Table 5.4). Lake B showed the highest
yield among all the raw water (43 µgTHMmgC−1). However, Lake C∗ showed the highest
yield after VUV treatment (27% higher than raw water). Even though Lake B had a 351
more intense bloom than Lake C∗, it is likely that the background DOC was so high that it
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Figure 5.5: DBP formation (THM and HAA) in raw and filtered water, before and after
VUV treatment. Error bars denote standard deviation.

reduced the oxidation and release of AOM from algae cells. Increased yield values are related
to •OH exposure. •OH formation in VUV varies from lake to lake because it is related to
the water matrix [150]. The •OH radical concentration would be producing hydroxylation of
aromatics or the transformation to a more reactive form of NOM [160].

THM formation in Lake C and C∗ did not show any statistically significant difference. How-
ever, HAA formation in raw water from Lake C and C∗ were significantly different (p < 0.05),
suggesting that AOM and not DOC background could be responsible for the HAA increase
in Lake C∗.



58

5.4.6 Effect of VUV treatment on contaminants degradation

During this work the performance of VUV was tested using tree different source waters with
different inorganic, NOM, and cyanobacterial contents. Special focus on background NOM
and AOM was done.

In a previous study, we assessed if VUV could simultaneously destroy MC-LR, MIB, and
GSM in the same source waters. Under bloom conditions, removals of 40% to 60% of T&O
compounds and MC-LR were achieved in the flow through reactor [150].

5.5 Conclusions

In this work, VUV was tested on three lakes with different inorganic, NOM, and AOM
contents. The main objective was to assess how NOM and AOM were impacted by VUV
treatment with respect to their characteristics as well as their propensity to form DBP.

In relation to the objectives set for this work, it can be summarized that:

1. VUV impact on natural cyanobacterial blooms. For the fluences investigated,
minimal changes on the aggregate NOM measurement (DOC) were observed. How-
ever, LC-OCD-OND showed that the HMW fraction decreased while LMW increased
after VUV treatment for all conditions tested (with and without natural cyanobacterial
bloom). This observation was coherent with the slight reductions in UVA observed.

2. FEEM as a tool to predict or identify cyanobacterial blooms. FEEM is
considered as a potential technique for online monitoring in drinking water. When
cyanobacteria are present in raw water, attention should be given to Regions V and IV.
Cyanobacterial blooms and their fluorescence in the region of excitation wavelengths

Table 5.4: Water yield, µgTHMmgC−1, before (untreated) and after VUV irradiation (VUV
treated, retention time equals to 9.4 s)

Lakes
A B C C∗

Untreated Raw Water (URW) 36 43 38 39
VUV Treated Raw Water (VUVTRW) 36 46 41 50
Untreated Filtered Water (UFW) 24 - 32 30
VUV Treated Filtered Water (VUVTFW) 28 - 37 38
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larger than 250 nm and emission wavelengths larger than 300 nm need to be better
evaluated.

3. DBP formation after VUV. In this work, in addition to analyzing the production
of DBPs after VUV treatment, THM yield was calculated. In this way it was found
that:

a. While there are correlations between different carbon fractions and DBP formation,
HS fraction is the one that causes the greatest increase in DBPs. The rate of change
HS fraction with respect to DBPs (slope values reported in Table A.3) is at least 3
times higher than the rate of change from the rest of the fraction (BP, BB, LWM
acids and neutrals).

b. THM formation in raw and filtered water increased respectively by 12-20% after
VUV treatment while HAA formation increased by 5% and 17%, respectively. These
increases are coherent with the increased DBP reactivities (15-20%) calculated after
VUV treatment in raw and filtered waters.

c. PARAFAC components associated with cyanobacteria showed positive correlation
with THM formation.
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CHAPTER 6 Impact of Vacuum UV on cyanobacteria cell integrity and
microcontaminants degradation

6.1 Introduction

In this chapter we present a study of the inactivation of cyanobacteria and the simultane-
ous degradation of cyanotoxins following VUV treatment. The objective was to validate
the third hypothesis proposed in this thesis: VUV can simultaneously disinfect water and
degrade organic trace contaminants. Algae are known to be quite resistant to UV disinfec-
tion. For example, Malayeri et al. (2017) summarized the literature on UV efficacy against
various microorganisms [161]. Fluences in excess of 200 mJ cm−2 are needed to achieve more
than 3 logs of inactivation of M. aeruginosa. Cyanobacteria are not considered per se as
pathogenic but it is of interest to assess means to inactivate them given that they have been
shown to regrow within water treatment plants [12]. Due to the release of •OH radicals,
VUV is expected to provide an improved disinfection performance compared to UVC. For
ozone applications, Cho et al. 2003 showed that the presence of free hydroxyl radicals could
improved the inactivation of B. subtilis endospores by 40% [162]. With regards to VUV,
Bai et al. (2019) recently studied the inactivation of natural cyanobacterial blooms and the
concurrent degradation of cyanotoxins by •OH. They installed a plasma reactor that produce
•OH to treat a coagulated-settled water from a drinking water treatment system in China.
Authors conclude that •OH is an alternative for cyanobacterial inactivation and degradation
without causing lysis [43]. However, other side reactions than •OH radicals oxidation may
have caused the observed effects. To the best of our knowledge, not studies have reported
up to now the impact of VUV on cyanobacteria inactivation.

To study whether the •OH produced by VUV can disinfect water while degrading cyanotoxins,
we used two water matrices (buffered ultra-pure and surface water) in order to assess the
role of NOM and mineralization. A mixture of cultured cyanobacterial cells (Microcystis
aeruginosa and Anabaena sp.) that produced cyanotoxins were spiked to each water matrix.
Both strains are hepatotoxins producers. A probe compound, carbamazepine (CBZ), was
used to asses •OH radical formation during VUV treatment. CBZ is an antiepileptic drug
very persistent in the aquatic environment resisting conventional water treatment. CBZ is a
useful indicator because of its negligible direct photolysis at 254 nm relative to •OH oxidation
under experimental conditions [163].

Two sets of experiments were carried out to treat water samples under UV185 nm + UV254 nm

and UV254 nm only. Algae inactivation was assessed by cytometry after staining the organisms.
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6.2 Materials and methods

6.2.1 Preparation of spiked cyanobacteria samples

Microcystis aeruginosa (MA) strain CPCC 300 and Anabaena sp. (Ana) were cultured in Z8
and BG-11 medium, respectively. Cultures were incubated at 21 ◦C for 12 h light-darkness
rotations at a photosynthetic photon flux density (PPFD) of 70 µmol s−1 m−2. Cultures
were harvested at stationary phase and spiked into buffered ultra-pure water (UPW, lightly
buffered at a pH value of 7.0 with sodium phosphate. Final concentration of sodium phos-
phate = 2.5×10−3 M. This concentration allow us to simulate an alkalinity of 25 mg L−1 as
CaCO3) and in filtered surface water (SW) from Lake Champlain, southern Quebec (Canada),
in order to reach a concentration of 106 cellsmL−1 composed of 50% (in numbers) of each
species (MA and Ana). The SW sample was collected from a water treatment plant intake in
April and July 2019 (SF water quality parameters are summarized in Table 6.1) and filtered
with a 0.45 µm membrane (Supor 45 µm, 47 m, PES PALL, Port Washington, NY, U.S.) prior
to its use.

6.2.2 Cell counts, morphology and integrity

The cell count of MA was done with a Neubauer Chamber while Ana were counted with a
Sedgewick Rafter counting cell. For flow cytometry, samples were stained with SYBR Green
I (SG) and SG propidium iodide (PI) to determine total and compromised/dead cells [164].
The stains used both react with the nucleic acids but propidium iodide (as opposed to SYBR
TM green) can only penetrate cells with compromised membranes. Use of PI to assess
cells damaged by oxidation (e.g. chlorination or ozonation) has been commonly used in
the past [165]. Cell integrity was determined using flow cytometry (BD Accuri C6 Flow
Cytometer, San Jose, CA, USA) [155].

Table 6.1: Characteristics of the waters sampled.

DOC pH UVA254 Alkalinity Chloride
Date mg C L−1 cm−1 mg CaCO3 L−1 mg Cl– L−1

Apr-2019 5.8 7.1 0.317 71 7.1
Jul-2019 5.2 7.8 0.153 89 7.1
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6.2.3 Organic carbon characterization

Water samples were characterized for dissolved organic carbon (DOC) concentrations using
a total organic carbon analyzer (5310C Sievers Instruments Inc., USA). A size-exclusion
chromatography system with organic carbon detection and organic nitrogen detection (LC-
OCD-OND) was also employed to characterize the samples. The system includes a weak
cation exchange column (polymethacrylate based, TSK HW 50S, TOSOH, Japan) followed by
three different detectors: organic carbon detector (OCD), organic nitrogen detector (OND),
and UV (254 nm) detector (UVD) [166]. The organic carbon and organic nitrogen properties
of various NOM components were characterized and quantified using a software provided by
the manufacturer (ChromCALC, DOC-LABOR, Karlsruhe, Germany). DOC and LC-OCD-
OND samples were filtered via pre-rinsed (with 1 L of ultra-pure water) 0.45 µm membrane
(Supor 45 µm, 47 m, PES PALL, Port Washington, NY, U.S.) and stored in carbon free glass
vials. Details regarding the physical design and description of the LC-OCD-OND system
can be found in Huber et al. (2011) [166]. Five NOM components, including biopolymers,
humics, building blocks, LMW acids and LMW neutrals, were quantified using this technique.

6.2.4 Characteristics of UV/VUV irradiation assays

Experiments were conducted in duplicate using a lab-scale collimated beam UV/ VUV reactor
(referred hereafter as CBR). The stirred CBR setup allows the determination of the precise
kinetics of VUV and UV induced reactions. Pollutant concentrations and the local incident
radiation are uniform inside the CBR, allowing proper interpretation of the reaction kinetic.
For VUV experiment, the CBR is equipped with an ozone-generating amalgam Hg lamp Light
Sources GPHVA357T5VH/4W (UV output at 254 nm = 57 µW cm−2) placed in a T-shape
polyvinyl chloride (PVC) enclosure that is continuously purged with nitrogen to minimize
the reaction of VUV radiation with the oxygen present in air (Figure 4.1) [123].

The water samples were contained in specially-designed cylindrical vessel made with regu-
lar quartz, except for the bottom part which is made of Suprasil quartz to allow 185 nm
and 254 nm light to be efficiently transmitted. The vessel diameter and height are 4.8 cm
(path length = 4.67 cm) and 1.5 cm, respectively. For experiments requiring 254 nm irradia-
tion exclusively, the lamp was changed for a UVC amalgam germicidal lamp (Light Sources
GPHVA357T6L/4W, UV output at 254 nm = 130 µW cm−2).
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6.2.5 Fluence calculations

The fluence applied in the CBR is calculated based on the following equation [143]:

H = E t (6.1)

where H is the fluence in mJ cm−2, E is the irradiance in mW cm−2, and t is exposure time
in s. Irradiance at 254 nm was measured through potassium iodide–potassium iodate (KI–
KIO3) actinometry [117]. To obtain the applied fluence in the reactor, the fluence in (6.1)
was multiplied by the correction factor, cF [96, 123]:

H = cFE t = wF(UVA254) rF pF dFE t (6.2)

where wF(UVA254) is the water factor which is a function of UVA254 and source-water specific,
rF is the reflection factor (which considers the light reflected at the air-water interface), pF
is the petri factor (accounting for non-uniformity of irradiance), and dF is the divergence
factor of the beam. The values adopted were: rF = 0.98, pF = 0.95 and dF = 0.73 [124].
Knowing the irradiance (EVUV = 0.87±0.13 mW cm−2 and EUV-254nm = 1.03±0.10 mW cm−2)
and the correction factors, the time for irradiation was adjusted to provide the targeted
fluences, which ranged from 150 mJ cm−2 to 950 mJ cm−2 at 254 nm. The targeted fluences
were selected to provide the expected treatment conditions needed to eliminate cyanotoxins.

6.2.6 Carbamazepine analysis

Samples were spiked with 100 µg L−1 of CBZ. CBZ initial concentration was selected based on
literature review that suggest that k•OH-CBZ [CBZ] >> k•OH-Si [Si] of all other scavengers [99].
CBZ was analyzed by ultra-high performance liquid chromatography coupled to tandem mass
spectrometry (UHPLC-MS/MS) through a heated electrospray ionization source (heated-
ESI). The system consists of a HTC thermopal autosampler (CTC analytics AG, Zwingen,
Switzerland) with a 50 µL sample loop, a quaternary pump Accela 1250 (Thermo Finni-
gan, San Jose, CA) and a TSQ Quantiva mass spectrometer (Thermo Fisher 125 Scientific,
Waltham, MA). The chromatographic separation was performed with a Hypersil Gold C18
column (100 mm × 2.1 mm, 1.9 µm particle size). The column temperature was set at 50 ◦C
in a thermostated compartment [167]. The limit of detection (LOD) was 10 ng L−1.
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6.2.7 Toxins analysis

A multi-toxin method based on on-line solid-phase extraction ultra-high performance liquid
chromatography high-resolution mass spectrometry (SPE-UHPLC-HRMS) was applied dur-
ing this work [168]. Chromatographic separation was done with a Thermo Scientific Dionex
UltiMate 3000 RS pump and column compartment. A Dionex UltiMate 3000 pump was
coupled to the system used for on-line solid phase extraction. Pumps were controlled by
a Chromeleon 7.2 Software (Thermo Fisher Scientific, Waltham, MA and Dionex Softron
GMbH part of Thermo Fisher Scientific, Germany). Sample injection was done with a PAL
system RTC autosampler (Zwingen, Switzerland). A Hypersil Gold aQ (20 × 2 mm, 12 µm
particle size, 175Å pore size) column was used for on-line SPE. Chromatographic separa-
tion was performed with a Hypersil Gold C18 column (100 mm × 2.1 mm, 1.9 µm particle
size, 175Å pore size) kept at 55 ◦C. A Q-Exactive mass spectrometer was controlled by the
X-Calibur 3.0 software (Thermo Fisher Scientific, Waltham, MA) [168,169]. Table 6.2 sum-
marizes the cyanotoxins analyzed along with the limit of detection (LOD) and the limit of
quantification (LOQ) for each toxin.

6.3 Results

6.3.1 •OH radical formation

CBZ was used as a probe to assess VUV performance in comparison with UV254 nm. During
our experiments CBZ degraded, in average, twice faster under VUV irradiation at 185 nm
than at UV254 nm irradiation (Figure 6.1 and Table 6.3). As expected, CBZ degradation was
more efficient in buffered ultra-pure water than in surface water due to the low presence
of NOM and other inorganic compounds that act as •OH scavengers [163]. It is worth
highlighting the similar values of the rate constants k′ for ultra-pure water under UV254 nm

and surface water under VUV. Later on, the energy consumption of each assay will be
discussed, but we can anticipate that the UV lamp consumed 3 times more energy than the
VUV lamp.

VUV irradiation of CBZ allowed determining the R•OH,UV which can be defined as the free
radical activity as described in Rosenfeldt and Linden (2007) [137] and described in Eq. (6.3):

R•OH,UV = 1
H

∫ t

0
[•OH] dt = k′DT − k′Dd

k•OH-CBZ
(6.3)

where the R•OH,UV concept is defined as the experimentally determined •OH radical exposure
per UV fluence in M s cm2 mJ−1, H is the fluence in mJ cm−2, k′DT is the rate constant obtained
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VUV irradiation, k′Dd is that rate constant obtained under UV254 nm irradiation and k•OH-CBZ

is the rate constant of CBZ under •OH oxidation. The R•OH,UV was 2.4 times higher in
ultra-pure water than in surface water (Table 6.3).

Our results agree with previous studies on CBZ degradation by VUV and UV254 nm. In
ultra-pure water, our pseudo-first order rate constants for CBZ degradation (obtained as
k′ values from Table 6.3 multiplied by E, irradiance in mW cm−2 for VUV and UV254 nm

Table 6.2: List of cyanotoxins analyzed, LOD (ng L−1) and LOQ (ng L−1)

Cyanotoxins Acronyms LOD, ng L−1 LOQ, ng L−1

Anatoxie-a ANA-a 18 59
Cylindrospermopsin CYN 41 135
Microcystin Total MCtot 5 15
Microcystin-RR MC-RR 11 37
[Asp3] Microcystin-RR dmMC-RR 5 17
Microcystin-YR MC-YR 10 34
Microcystin-HtyR MC-HtyR 26 88
Microcystin-LR MC-LR 15 49
[Asp3] Microcystin-LR dmMC-LR 9 30
Microcystin-HilR MC-HilR 14 45
Microcystin-WR MC-WR 37 123
Microcystin-LA MC-LA 9 32
Microcystin-LY MC-LY 29 97
Microcystin-LW MC-LW 8 27
Homoanatoxin-a HANA-a 12 39
Anabaenopeptin-a AP-A 20 67
Anabaenopeptin-b APB 6 19

Table 6.3: CBZ rate constants and R•OH,UV (R-square fitting result is reported for each
case)

k′ × 10−3, cm2 mJ−1
R•OH,UV × 10−13, M s cm2 mJ−1

VUV UV254 nm

Ultra-pure Buffered Water 8.7± 2.9 (R2 = 0.98) 4.0± 0.0 (R2 = 0.95) 3.9± 0.7
Surface Water 3.3± 0.5 (R2 = 0.96) 2.0± 0.0 (R2 = 0.98) 1.6± 0.6
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Figure 6.1: CBZ degradation by VUV in ultra-pure and surface water. Error bars denote
standard deviation.

informed in Material & Methods section), are 7.6×10−3 s−1 (under VUV irradiation) and
4.1×10−3 s−1(under UV254 nm irradiation). In surface water, values are 2.8×10−3 s−1 (under
VUV irradiation) and 2.1×10−3 s−1 (under UV254 nm irradiation). Matrix water highly affect
VUV performance, in ultra-pure water under VUV irradiation CBZ degradation was 2.6
faster than in surface water.

Zhu et al. (2019) studied the degradation of CBZ under VUV and UV254 nm irradiation in
synthetic water (ultra-pure water with NOM from Suwannee River, International Humic Sub-
stances Society, USA). The pseudo-first order rate constants for CBZ degradation in their ex-
periments under VUV treatment were: 6.3×109 M−1 s−1 without NOM and 1.5×109 M−1 s−1

with 4 mgC L−1 of added NOM. They affirmed that CBZ was not significantly removed under
UV254 nm irradiation during their experiments (CBZ rate constant under UV254 nm obtained
from a graph in their article = 1.7 × 10−4 s−1). However, under VUV irradiation, 97.6% of
CBZ degradation was achieved (with a second-order rate constant of the reaction between
CBZ and •OH of 1.4×109 M−1 s−1, and an optimal VUV intensity estimated by the authors
as 7.5×10−8 Einstein s−1, based on the electrical energy per order calculation). Although
partially CBZ degradation could be caused by photolysis since the lamp used emits in simulta-
neous 254 nm and 185 nm, the authors concluded that CBZ degradation could be attributed
to oxidation caused by reactive radicals formed during VUV irradiation. They arrived to
this conclusion based on the fact that photons emitted at 185 nm are completely absorbed
by water molecules (molar absorption coefficient, ε, of H2O at 185 nm = 1.8 cm−1 [131]).
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Consequently, no photon acts directly on CBZ degradation [163].

6.3.2 Cell inactivation assessment using flow cytometry

FCM technique allows us to monitoring cell integrity before and after treatment. Figure 6.2
presents FCM results before and after (H = 250 mJ cm−2) VUV and UV254 nm treatment.
At that fluence, cell lysis was not observed (more details in the following section). Higher
fluence (> 500 mJ cm−2) may reflect the inability of the dye to properly stain the damaged
DNA after the UV treatments, rather than an actual lysis of the cyanobacterial cells. On the
mentioned figure is possible to observe viable (green delimited area) and dead (red delimited
area) cells. In ultra-pure water 99.1% and 99.6% of cells added ([MA] = 5×105 cellsmL−1

+ [Ana] = 5×105 cellsmL−1) were viable. For the same conditions, VUV was more effective
in cell inactivation than UV254 nm. Cells inactivation under VUV were 1.5 faster than under
UV254 nm exclusively (Table 6.4). These results show that the concentration of •OH present
influences cell viability. In 2019, Bai et al. reported the inactivation of natural cyanobacterial
blooms by •OH. Authors also used FCM to evaluate cell inactivation and they affirmed that
the •OH inactivation is caused by the breakage of DNA strands.

In terms of water matrix effect on cell inactivation, not influence was observed (either in
VUV and UV254 nm), since k′ values in ultra-pure and surface water are similar.

To achieve 3-log of inactivation, a fluence of 500 mJ cm−2 of VUV irradiation were needed.
Regarding UV254 nm, more than 600 mJ cm−2 should be applied to get the same log inactiva-
tion.

6.3.3 Cyanotoxin degradation

Cyanotoxin analysis showed that concentrations of CYN, ANA-a, dmMC-RR, MC-RR, MC-
YR, MC-WR, MC-LA, MC-LY, MC-LW were below the LOD. The other toxins have been
detected (mostly different structural variants of MC) but in this chapter only MCtot data
are presented.

Table 6.4: Cell inactivation rate constants (R-square fitting result is reported for each case)

k′ × 10−3, cm2 mJ−1

VUV UV254 nm

Ultra-pure Buffered Water 13.0± 1.4 (R2 = 0.94) 9.5± 2.1 (R2 = 0.93)
Surface Water 13.0± 0.7 (R2 = 0.87) 9.0± 2.8 (R2 = 0.77)
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Figure 6.2: Cell integrity measured by FCM in ultra-pure water with MA + Ana: a) before
VUV treatment, b) treated with VUV, H = 250 mJ cm−2; c) before UV254 nm treatment, b)
treated with UV254 nm, H = 250 mJ cm−2.

The first attempt was conducted exclusively with MA (106 cellsmL−1) to observe the response
to VUV treatment and analyzing the MC total (Figure 6.4). The extracellular and total
fractions were measured (the intracellular fraction was obtained as the difference between
these two). In the untreated samples, the concentration of MC total was C0 = 64 µg L−1

(Figure 6.4). After applying the first fluence of VUV (250 mJ cm−2) a reduction of only 10%
was obtained. Although the reduction seems relatively small, the most important point to
note here is that, at this fluence, there was no intracellular cyanotoxin release. The release of
intracellular cyanotoxin becomes noticeable at a fluence of 500 mJ cm−2, reaching a full release
at the maximum fluence tested (950 mJ cm−2) (Figure 6.4). When analyzing the total fraction
(intracellular + extracellular) altogether we observed between 40% to 50% degradation at
the highest fluence. These results are consistent with those obtained by Visentin et al. 2019,
where the effect of the water matrix on the degradation of MC-LR was studied [150]. Their
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Figure 6.3: Removal after VUV and UV254 nm in ultra-pure & surface water with MA +
Ana.

results showed higher removal (up to 80%), at lower cell and initial cyanotoxin concentrations
(1.95×105 cellsmL−1 and C0 = 10 µg L−1 of MC-LR). Moreover, in that case (Chapter 4) only
MC-LR was spiked, while here, the data is for a mix of MC and the initial concentration
is 6 times higher (C0 = 64 µg L−1 of MCtot vs. C0 = 10 µg L−1 of MC-LR). Higher initial
concentration and a mix of cyanotoxin could explain why less degradation could be achieved
in this section (in comparison with Chapter 4).

6.3.4 Electrical Energy Consumption per Order

The concept of electrical energy per order (EEO) was introduced by Bolton & Cater (1996)
to benchmark the relative performance of different AOPs. It is defined as the number of
kWh of electrical energy required to reduce the concentration of a pollutant by 1 order of
magnitude (90%) in 1 m3 of contaminated water. The EEO can be estimated as follow [170]:

EEO = P t

V log (Ci/Cf)
(6.4)

where EEO is the kWh m−3 order−1, P is the energy input from UV light in kW, t is the
irradiation time in h, V is the reaction volume in m3, Ci is the initial concentration of CBZ
in mol L−1 and Cf is the final concentration of CBZ in mol L−1.

In both ultra-pure and surface waters, EEO in UV254 nm was, on average, 3 times higher than
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Figure 6.4: MCtot (intra and extracellular) degradation in ultra-pure water with MA
treated by VUV.

for VUV (Table 6.5 and Table 6.6). This means that to obtain a similar degradation with
UV254 nm, a larger amount of energy is required than when applying VUV. This estimation
does not consider the cost of H2O2 required by UV254 nm for the production of •OH radicals
that could improve the performance of UV254 nm. VUV, without needing to aggravate any
chemical product would be, for the conditions tested in this case, more economical in terms
of energy consumption.

6.4 Conclusions

In this chapter cyanobacteria cell integrity and cyanotoxin degradation by VUV were studied.
Ultra-pure (pH = 7) and surface waters were spiked with MA and Ana (total cell concen-

Table 6.5: EEO in ultra-pure water

Fluence EEO, kWh m−3

mJ cm−2 VUV UV254 nm UV254 nm/VUV

250 11 29 2.6
500 10 45 4.4
950 14 47 3.4

Table 6.6: EEO in surface water

Fluence EEO, kWh m−3

mJ cm−2 VUV UV254 nm UV254 nm/VUV

150 40 100 2.5
300 43 117 2.7
650 52 182 3.5
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tration added of 106 cellsmL−1, both strains were cyanotoxin producers) and treated under
UV254 nm and VUV irradiation. For that purpose, two UV lamps were used in a CBR: one
that emits UV light at wavelength of 254 nm and another one that emits at (185+254) nm
(VUV). The use of CBZ as a probe allows us evaluating the •OH concentration produced by
VUV. With regards to whether VUV can disinfect water contaminated by cyanobacteria and
degrade cyanotoxins at the same time, we outlined the following conclusions:

6.4.1 •OH radical formation

TheR•OH,UV increased 2.4-folds (3.9×10−13 M s cm2 mJ−1 in ultra-pure water and 1.6×10−13 M s cm2 mJ−1

in surface water). This is expected since the absence of NOM (which acts as a scavenger)
allows UV185 nm to break more H2O molecules and increase the [•OH].

6.4.2 Cell inactivation

The reduction in cells integrity achieved was:

1. 5-logs in ultra-pure water (H = 250 mJ cm−2) by VUV irradiation

2. 4-logs in surface water (H = 150 mJ cm−2) by VUV irradiation

3. 3-log of inactivation were achieved at 500 mJ cm−2 by VUV irradiation

4. 3-log of inactivation were achieved at 600 mJ cm−2 by UV254 nm irradiation

Cells integrity was measured by staining the genetic material of the cyanobacterial suspension.
We suspect that these very high fluences are reflecting the inability of the dye to properly stain
the damaged DNA after the UV treatments, rather than an actual lysis of the cyanobacterial
cells.

6.4.3 MCtot degradation

1. For fluences < 250 mJ cm−2, intracellular MCtot was not released, and thus, preventing
the production of intracellular MC degradation.

2. In average, 45% of MCtot was degraded after VUV irradiation (C0 = 64 µg L−1 for an
average fluence of H = 800 mJ cm−2).
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6.4.4 Energy consumption

1. For CBZ degradation, VUV consumes less energy than UV254 nm for the same removal.

2. In average, the EEO was 3 times lower under VUV irradiation that UV254 nm.
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CHAPTER 7 GENERAL DISCUSSION

This chapter highlights the main findings from this research project. The overall objective
was to analyze the effectiveness of VUV in surface waters affected by natural cyanobacterial
blooms. The increasing frequency with which cyanobacterial blooms are affecting sources
of drinking water is a growing concern worldwide. Small and remote communities exposed
to this problem need a practical and simple solution because of the limited technical and
financial resources they have at their disposal. The interest of VUV lies in its simplicity
since it does not require the addition of chemicals to simultaneously disinfect and degrade
contaminants .

Throughout this work, we examined the performance of VUV for the degradation of cyan-
otoxin and of T&O compounds. The disinfection was also analyzed based on the inactivation
of cyanobacterial obtained after the VUV irradiation.

To achieve the objectives set out in Chapter 1, two different types of reactors were used: a
collimated beam reactor (CBR) and flow-through reactor (FTR).

The CBR allowed us to study the reactions of pollutants of interest and to understand
the degradation mechanisms that occur during the treatments. To verify the efficiency of
UV185 nm with respect to UV254 nm, two lamps were used in this reactor (Chapter 6). The first
lamp emits energy at two wavelengths: 185 nm and 254 nm. The UV185 nm fraction produces
•OH radicals, known for their non-selective oxidation capacity. The other lamp emits energy
at 254 nm. This energy disinfects and degrades certain contaminants via photolysis, such
as MC-LR, but is inefficient for the degradation of others, such as GSM, MIB and CBZ.
Exchanging the lamps, one for the other, allowed as to assess the effect of •OH radicals on
the disinfection and degradation of pollutants.

The FTR was used to reproduce real conditions in a drinking water treatment plant (Chap-
ter 4 and (Chapter 5). This allowed us to determine the performance of UV185 nm in similar
conditions to those found in the treatment of raw water affected by cyanobacteria.

VUV performance has been previously tested in the treatment of drinking water. The effects
of temperature, inorganic compounds and NOM have been reported. In ultra-pure water
with CBZ as a probe, from temperatures ranging 5 ◦C to 35 ◦C, VUV was less sensitive than
UV254 nm+H2O2 [126]. In regard to NOM mineralization, these studies showed VUV perfor-
mance depended on the nature of the NOM and on the presence of inorganic compounds,
such as alkalinity, in the water matrix [78]. Concerning inorganic compounds, such as Cl– ,
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experiments conducted in ultra-pure water with NOM from Suwannee River (International
Humic Substances Society) showed that when the Cl– concentration is higher than 20 mg L−1,
becomes the major 185 nm photon absorber rather than the water and chlorine atom radical
(•Cl) is produced. •Cl and •OH both contribute to contaminant degradation [130]. The im-
pact of Cl– on the performance of VUV is directly related to the contaminant to be degraded
and the water matrix to be treated. The impact, therefore, is site-specific and difficult to pre-
dict, because it depends on the reactivity of Cl– with the compounds present in water [130].
Therefore, tests should be done in each case, especially if the concentration of Cl– is greater
than 20 mg L−1. Bicarbonate, meanwhile, was found to be a radical scavenger as well as a
185 nm photon absorber (HCO3

– , ε185 nm = 290 M−1 cm−1) [99].

Based on these previous findings, a lake with high natural contents of Cl– and alkalinity
(HCO3

– ) was selected for this project. The second lake had a low concentration of Cl– and
HCO3

– , but a high concentration of DOC due to a cyanobacterial bloom. In this way, the
interaction of NOM/AOM and inorganic ions could be evaluated against VUV treatment
(Chapter 4). Our results showed that VUV performance was higher in the lake water with a
high DOC/low mineral content compared to the lake with a low DOC/high mineral content.

Regarding cyanotoxin degradation MC-LR can be substantially degraded by UV254 nm [73].
In combination with UV185 nm, greater degradation rates can be achieved. Chintalapati and
Mohseni (2019) reported 90% MC-LR degradation in unfiltered bloom water at high cell
densities (230,000 cellsmL−1) by VUV (UV185 nm + UV254 nm) [88].

Originally, the idea of this project was based on the treatment of natural blooms and toxins.
Natural cyanobacterial bloom conditions were selected, because previous studies showed that
cyanobacterial cells and toxins from environmental blooms were more resistant to oxidation
as compared to laboratory-cultured cells mixed with dissolved toxins [35]. To better under-
stand the performance of VUV, it is preferable to test toxins arising from natural blooms.
Unfortunately, this is a bit difficult to accomplish since, so far, it is not possible to predict
when a bloom will be toxic. Regrettably, natural cyanotoxins were not produced during
our first batch of experiments so we decide to spike our samples with a commercial MC-LR
(Chapter 4). While MC-LR is the most commonly cyanotoxin found, the effect of VUV was
evaluated on a single toxin instead of a mix. Our results show MC-LR degradations that
vary between 60 and 80% for a cyanobacterial bloom with similar cell concentrations as the
one tested by Chintalapati and Mohseni (2019) (our sample contained 200,000 cellsmL−1,
88% of cells were Cyanophyceae class and 83% of the cyanobacterial cells corresponded to
Planktothrix agardhii) but for a DOC 3.5 times higher. However, the lower performance in
our tests may be due to the scavenger effect of the DOC. Having used raw water with a
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high concentration of cells meant that the degradation of contaminants did not reach the
recommended limits (total MC-LR (free plus cell-bound) is 1 µg L−1 in drinking water [104]).

In the second part of the work (Chapter 6), a mix of cyanotoxins was treated by VUV, but
they were produced by a laboratory-cultured cells. Despite being a mixture of cyanotoxins,
most of them were MC. In this case, we observed between 40% and 50% degradation of
MC-LR for a cell concentration of 1,000,000 cellsmL−1. Once again, the weaker performance
may be related to the high concentration of carbon in the sample.

The effect of VUV on the degradation of other toxins such as CYN, saxitoxin and ANA-
a were not assessed throughout this project. It is important to evaluate the degradation
of a wide range of cyanotoxins because a robust treatment is required in the presence of
cyanobacterial bloom. Not all oxidants are effective for all cyanotoxins, for example O3 is
efficient for the oxidation of MC, CYN and ANA-a but not for saxitoxin. Cl2 is effective
for the oxidation of MC, CYN, and saxitoxin, but not for ANA-a. •OH radical is effective
by oxidizing MC, ANA-a and CNY, but no data has been found regarding its effectiveness
in degrading saxitoxin [171]. Verifying if VUV (UV185 nm + UV254 nm) is effective for the
degradation of all toxins would be very advantageous.

Another point to note that may explain the lower performance of our tests in FTR is related to
reactor hydraulics. During the experiments, the flow inside the reactor was laminar (Reynolds
from 320 to 1700). The reactor design is key to the effective operation of VUV. The 185nm
photons are expected to be absorbed in the 0.3 cm layer close to the lamp [15]. This means
that under a laminar regime, there is distinct probability a particle enters and leaves the
reactor without having come into contact with this thin layer and consequently, the chances
of being oxidized by the •OH located within that layer are minimal. Increasing the turbulence
of the reactor would increase the chances that the particles come into contact with the
•OH and thus be oxidized. Incorporating buffers into the reactor would favor an increase in
the Reynolds [84].

The great advantage of VUV lies in the formation of •OH from the photolysis of water
directly without adding any chemicals by UV185 nm. In addition, being a wavelength that
is always accompanied by another (UV254 nm) with a disinfection potential, it is extremely
advantageous to be able to achieve simultaneous disinfection and degradation of a wide range
of pollutants due to the character of oxidant non-selective •OH. VUV is simple to operate, has
no toxic sorbents, backwash concentrates or cleaning chemicals which must later be disposed
off. This is certainly appropriate for rural and remote community settings. However, the
possibility of employing these new technologies at competitive costs and of integrating them
into a pre-exixting treatment system remain unknown.
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Another significant issue is the use of mercury lamps in UV drinking water treatment. In case
of lamp breakage, it is the plant operators and the cleaning staff who are exposed to greater
risks than the consumers [172]. A correct management and ultimate disposal in case of lamp
breakage, implies training and cost that some small communities assume. At this point, the
advances that have been made in UV-light emitting diode (LED) are very encouraging. UV-
LED has the same advantage as the UV of mercury lamps, it does not require the addition
of chemicals to photolyze contaminates and to disinfect. In addition they are also mercury
free and more robust. Moreover, they feature virtually instantaneous start-ups and tunable
wavelengths which gives great flexibility for reactor design [173].

7.1 Were the project hypotheses validated?

In Chapter 1 we defined the objectives and hypothesis for the project. The results obtained
during this work can be summarized as follow.

i. Cyanotoxin and T&O degradation from natural matrix water can be achieved
by VUV

We found that VUV degrades all three contaminants. Although the maximum acceptable
concentration (MAC) for MC-LR was not reached (this will be discussed below) and
T&O concentrations are greater than 10 ng L−1 (also discussed below), it was possible
to degrade the contaminants between 40% and 80% from their initial concentrations.
The degree of influence of different compounds (organic or inorganic) affecting the VUV
efficiency in each water matrix was also determined. (Article 1, Environ. Sci.: Water
Res. Technol., 2019,5, 2048-2058)

The impact of natural source water characteristics on the rate constants (developed in
a collimated beam using UV254 nm-adjusted fluences) was important. VUV performance
was higher in the lake water with a high DOC/low mineral content compared to the lake
with a low DOC/high mineral content.

Application of VUV led to a low (< 10%) or moderate (up to 20%) average increase in
the formation of either BDOC, THM, or HAA. Therefore, such negative impacts should
be considered before applying VUV if chlorination is used as final disinfection.

VUV is a promising option for application in small and remote communities affected
by cyanobacterial blooms. However, further studies are warranted to discriminate the
role of water matrix characteristics and the identification of the optimal VUV reactor
location within a drinking water treatment plant in order to optimize its performance
and minimize the formation of oxidation byproducts.
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ii. AOM has a greater impact on VUV performance than NOM

In contrast to what was initially stated, NOM background seems to have greater influence
on the formation of DBP after the chlorination of water treated by VUV. The C fractions
determined by SEC and a correlation analysis with DBP show that the humic acid (HS)
fraction is responsible for the increase in DBP formation. While there are correlations
between different carbon fractions and DBP formation, HS fraction is the one that causes
the greatest increase in DBPs. The rate of change HS fraction with respect to DBPs
(slope values reported in Supplementary information, Article 2, Environ. Sci.: Water
Res. Technol., X, Y, Z) is at least 3 times higher than the rate of change from the rest
of the fraction (BP, BB, LWM acids and neutrals)

iii. VUV can disinfect and degrade organic trace contaminants simultaneous

We found that VUV can disinfect water contaminated by cyanobacteria and degrade
organic trace such as CBZ and cyanotoxins. (Article 3)

7.2 MC-LR degradation from surface water

The MC-LR degradation achieved was 50% in the FTR reactor, which simulates the real
working conditions. These results were published in the first article (Environ. Sci.: Water
Res. Technol., 2019,5, 2048-2058): for Lake A, the initial concentration was C0 = 5.5 µg L−1,
and the final concentration obtained reached Cf = 2.2 µg L−1; for Lake B, the initial condition
C0 = 11.5 µg L−1 was degraded down to Cf = 5.2 µg L−1. The final concentration obtained in
this work (Article 1) after degradation does not comply with the MAC of 1.5 µg L−1 for MC-
LR in drinking water, proposed by Health Canada. A possible explanation for these could
be that the experiments were carried out in raw water without pre-treatment. The presence
of particulate fractions of NOM and AOM and inorganic compounds highly affect VUV
efficacy. Lake A contained high concentration of Cl– (94 mg L−1) and alkalinity (170 mg L−1

as CaCO3), both interfere with of VUV performance. Lake B contained a high carbon
concentration mainly from a cyanobacterial bloom, leading to a high absorption of 185 nm
and 254 nm radiation, directly interfering with the performance of the VUV treatment.

7.3 T&O degradation from surface water

Under bloom conditions, removals of 40% to 60% of T&O compounds were achieved in the
FTR. The degradation obtained is not sufficient to allow a proper mitigation of a T&O event
which can reach, for example, 40 ng L−1 in St. Lawrence River. It should be noted that a



78

human can detect these compounds with a sensitivity as low as 10 ng L−1 [174]. Therefore,
any treatment for their degradation must be highly efficient. For the degradation of pollutants
to be optimal, the production of •OH must be optimized, as discussed below. As suggested
in the previous section, carrying out a pre-treatment (coagulation-settling-filtration) on the
water affected by cyanobacteria could help to achieved the optimum conditions.

7.4 Influence of inorganic components from surface water on VUV performance

DOC and the major solutes, Cl– and HCO3
– , of a water matrix are expected to interfere

with the elimination of contaminants under VUV treatment. Throughout this work, the
use of different water matrices allowed evaluating the influence of these compounds on the
effectiveness of VUV. For example, Lake A was chosen due to its high concentration of Cl–

(94 mg L−1) and alkalinity (170 mg CaCO3 L−1) (Article 2).

Analyzing the fraction of absorbed photons (fSi = αSi/αTotal) in Lake A, we found that
Cl– absorbed 75% of the 185 nm photons while H2O absorbed 15%, and the remaining 10%
is absorbed by HCO3

– and NOM. The way Cl– acts on VUV performance is specific to
each location [130]. For Lake A, it would appear to be responsible for the low efficiency
in the degradation of contaminants due to the estimated high absorption. In contrast, for
Lake B (where [Cl– ] < 20 mg L−1), we determined that H2O is the dominant 185 nm light
absorber, since 50% of these photons are absorbed by water and 35% by Cl– . In this case the
absorption of NOM is almost 10%. Then the efficiency is clearly affected in Lake B by the
high concentration of NOM and AOM, rather than HCO3

– . Due to the important impact of
Cl– on VUV performance, water utilities should consider using a sulfate-based rather than
a chloride-based coagulant for their physico-chemical treatment as the carryover of chloride
to filtered water (the most probable location of the VUV step) would negatively impact its
performance. (Article 1, Environ. Sci.: Water Res. Technol., 2019,5, 2048-2058).

7.5 NOM and AOM impact on VUV performance and DBP formation

Using chlorination as a disinfection method lead to chlorinated DBP formation. The inter-
action of chlorine with the NOM is the main route of production of DBP. In this project,
water samples from three Canadian lakes periodically affected by cyanobacteria were used
to assess the characteristics of NOM and AOM upon VUV treatment. NOM and AOM
were characterized before and after VUV treatment by size exclusion chromatography and
fluorescence emission-excitation matrix. DBP formation after VUV treatment was analyzed
and trihalomethanes (THM) yields ((in µgTHMmgC−1) were calculated. The THM yields
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increased by 15% to 20% after VUV treatment. Humic substances were found as the most
important fraction causing the DBP formation to increase, with a yield at least 3 times higher
than the other fractions: biopolymers, building blocks, low weight molecular acids and neu-
trals (Article 2). An appropriate NOM removal pre-treatment, like for example filtration,
seems to be the best strategy to minimize DBP.

7.6 •OH production in ultra-pure and surface water

•OH production was estimated by using CBZ as a probe during experiments carried out with
VUV and UV245 nm. CBZ was partially degraded by photolysis. Under VUV irraditation
(185 + 254 nm) •OH is the main responsible for CBZ degradation [43]. Since •OH is a
non-selective oxidant it reacts with CBZ as well as with other components present in the
irradiated water. •OH production in ultra-pure water was 5 times higher than in surface
waters. This can be explained due to the lack of competing NOM and inorganic compounds
in ultra-pure water. Thus, more 185 nm photons are available to react with water molecules
and produce more •OH radicals. Larger concentration of •OH radicals available leads to more
efficient contaminant’s degradation and disinfection in ultra-pure water.

7.7 Simultaneous cyanobacteria inactivation and cyanotoxin degradation by
VUV

The degradation of cyanotoxins and T&O compounds through the application of VUV was
demonstrated during this work. The use of different water matrices allowed us evaluating
which NOM and AOM fractions have a greater impact on VUV efficiency. Among the carbon
fractions identified by SEC, humic substances are the one that have the greatest influence on
VUV performance (Article 2).

The formation of •OH was crucial not only for the degradation of cyanotoxins but also for
the inactivation of cyanobacteria. These results encourage a strategy to considering VUV
technology as a feasible and efficient drinking water treatment.

Particularly, due to its simplicity and high efficiency, the simultaneous disinfection and degra-
dation of contaminants without injection of on-line chemicals, make VUV technology a smart
and green option for small and remote locations.
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7.8 Operating costs of VUV (UV185 nm+UV254 nm) vs. UV-C (UV254 nm)

Two different reactors were used to understand how VUV perform in cyanobacterial bloom
contaminated water. The CBR allows studying the reactions at laboratory scale, while the
FTR reproduces real working conditions using a lab scale reactor.

The performance of the UV treatments were compared using two different lamps, VUV
(UV185 nm+UV254 nm) and UV-C (UV254 nm). An estimation of the electrical energy per order
(Chapter 6) was also made.

To reach acceptable contaminants removal efficiencies with UV-C (UV254 nm) it needs to be
combined with H2O2. The H2O2 reacts with UV254 nm light to produce •OH. One of the
disadvantages of this method is its inefficient use of H2O2. It requires an injection of a high
dose of H2O2, when only a minimum fraction actually reacts with UV254 nm to produce OH
radicals. Consequently, at the end of treatment there is a high concentration of H2O2 unused
that must be removed [175]. This adds extra cost and complexity to the process by the
inefficient use of H2O2 and its subsequent removal step.

In Chapter 6 we showed that VUV (UV185 nm+UV254 nm) has a lower electrical energy per
order than UV-C (UV254 nm) under the conditions studied. Previous works, for the same
contaminants (atrazine, carbamazepine, diclofenac and sulfamethoxazole), showed that the
electrical energy per order could be 2 to 7 times higher when using VUV in comparison with
UV-C (UV254 nm) + H2O2 [125, 176]. The energy consumption of UV-C (UV254 nm) could be
lower but requires the injection of H2O2 and its removal in the final step.

7.9 Benefits of using VUV to treat drinking water

UV light was used for the first time in Marseille (France) in 1910 for water disinfection. Since
then, the conventional low pressure mercury lamp has become a mature technology and a
method of choice for disinfection of chlorine-resistant pathogens. However, the presence of a
heavy metal inside the lamp represents a possible mercury hazard [72]. Lamps that contain
mercury (and the special management thus incurred) can be replaced by cleaner and more
efficient ones, such as LED [177].

The possibility of changing traditional UV lamps for UV-LED has many advantages, for
example: they are mercury free, compact, more durable and reach full power faster [173].The
recent advances made in the application of the UV-LED for water disinfection are very
promising. In lab tests, UV-LED is as efficient as the conventional low pressure UV lamps
for microbe inactivation in water [178]. Recently, Jarvis et al. (2019) published an article
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with data of a full-scale UV-LED reactor for disinfection of pathogenic microorganisms in
drinking water treatment. The authors affirm that the full-scale UV-LED reactor was at least
as effective as conventional mercury UV reactors for the inactivation of Cryptosporidium spp..
In a similar vein, the validation of a UV-LED reactor for the disinfection of municipal drinking
water was published by Austin et al. (2019) [177]. This type of validation is necessary because
current UV disinfection standards and protocols were developed exclusively for UV mercury
lamps. But, they do not necessarily represent UV-LED disinfection performance [173].

The fact that the VUV technology is simple to operate without the on-line addition of
chemicals in the process, makes it an “eco-friendly” solution. If this is added to the possibility
of using mercury-free lamps, then VUV is even more interesting. Unfortunately, so far no
published information related to VUV and LED has been found which leaves the door open
for future work in this field.

7.10 Disadvantages of VUV in drinking water treatment

There is the possibility, as in any oxidation process, that a compound degraded by VUV
produces a new compound (intermediates or products) even more toxic than the original.
Zhu et al. (2019) studied CBZ degradation after VUV and toxicity of identified intermedi-
ates or products [163]. They found that VUV reduces CBZ ecotoxicity but also generates
products with higher toxicity. This must undoubtedly be studied in depth before a real-scale
application is designed.

7.10.1 Indirect impact of VUV

Although in most countries chlorination of drinking water is a common practice, it is known
to produce DBP [48,64]. DBP levels in drinking water are usually regulated. In Quebec, the
“Règlement sur la qualité de l’eau potable”, requires a maximum annual average concentration
of total THM to be 80 µg L−1. It also suggest a guideline of 60 µg L−1 for HAA5. Meeting
the local DBP standard is of utmost importance since DBP are considered potentially car-
cinogenic. Since the use of Cl2 as residual disinfectant combined with VUV increases the
DBP formation (Article 2). The use of any treatment option lowering NOM concentration
prior to VUV treatment (e.g. a carbon filter) should be an effective solution. In the cases
where the use of a free chlorine residual disinfectant is not required, VUV could be the last
treatment step. However, under this scenario, the formation of BDOC should be considered
as more important regrowth could be favoured by the effect of VUV on NOM which leads to
increase in its biodegradability.
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CHAPTER 8 CONCLUSION

8.1 Summary of Works

Cyanobacterial bloom occurrences are becoming more frequent around the world. In Canada,
many small systems are supplied by lake waters which are prone to cyanobacterial blooms. In
this study, VUV was demonstrated to be a potential treatment option for achieving chemical-
free direct photolysis and advanced oxidation of one of the most common and toxic cyanobac-
terial toxins (MC-LR) and algae-derived T&O metabolites (MIB and GSM). The influence
of NOM (background NOM and AOM) on VUV performance was evaluated. In the last
part of the work, the influence of VUV on the cellular integrity of two cultured cyanobacte-
rial (Microcystis Aeruginsoa and Anabaena Sp.) .) was studied, as well as their cyanotoxin
degradation. A probe, carbamazepine, was used to better establish the role of •OH radicals.
The conclusions of this study and recommendations for future work are discussed below.

i. NOM from cyanobacterial-impacted water and its influence on VUV perfor-
mance

NOM and AOM composition changed after VUV treatment according UV254 nm and
SUVA values. Even though minimal changes in DOC were observed, LC-OCD-OND
fractions after VUV treatment were altered. The HMW fraction decreased while LMW
increased after VUV treatment for all conditions tested (with and without natural
cyanobacterial bloom).

Recent publications based on the study of certain cultured cyanobacterial species have
pointed toward FEEM as a useful tool to predict or identify cyanobacterial blooms.
In this work, we performed FEEM analysis on natural blooms before and after VUV
treatment. In congruence with the data discovered during the literature review, it was
found that cyanobacterial bloom and its fluorescence need to be carefully evaluated
to ensure that FEEM coupled with pigment online monitoring, can serve as a good
cyanobacterial predictor. A closer study is required because it seems that certain species
of cyanobacteria emit fluorescence in regions typically associated to humic substances.

ii. Contaminant degradation achieved during this project: MC-LR, GSM, MIB
and CBZ

Under bloom conditions, removals of 40% to 60% of T&O compounds and MC-LR were
achieved in a flow-through reactor. MC-LR was reduced following VUV treatment.
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However, for an C0 = 15 µg L−1 the WHO and Canadian guideline of 1 µg L−1 was not
achieved (in Article 1: for Lake A, the initial concentration was C0 = 5.5 µg L−1, and the
final concentration obtained reached Cf = 2.2 µg L−1; for Lake B, the initial condition
C0 = 11.5 µg L−1 was degraded down to Cf = 5.2 µg L−1). The performance plateaued
at higher fluences, due to matrix water influence (NOM, AOM and Cl– , alkalinity, etc.)
and the pilot reactor’s hydrodynamic design. Given the limited depth of penetration
of UV185 nm, the reactor’s hydrodynamic design, ideally, should be designed to generate
turbulence in order to increase the probability of exposure to the radiation present mostly
near the sleeve wall. The low Reynold numbers achieved in our flow-through reactor (320
to 1700) were not favorable to achieve this objective.

iii. Water quality impacts on VUV performance

Water quality highly impacts VUV performance. NOM, AOM and inorganic compo-
nents (such as Cl– and HCO3) interfere with contaminant degradation. The interference
of these compounds and their effect on the efficacy of VUV is therefore highly site-
specific. For example, MR-LR, GMS and MIB degradation in matrix water with higher
DOC/low mineral content was more efficient when compared to the matrix water with a
low DOC/high mineral content, suggesting that a high alkalinity/chloride concentration
is more detrimental than a high DOC.

Regarding major solutes, Cl– plays a significant role on VUV performance. The strong
absorption of Cl– at UV185 nm concentrations higher than 20 mg L−1 had already been
shown to produce a decrease in performance [130]. However, Cl– reacts with UV185 nm

to produce •Cl and •Cl−2 radicals so they can be expected to react with the background
water matrix to produce •OH. This •OH radicals can also degrade targeted contaminants.
However, the net effect is to reduce the performance of VUV. The impact, therefore, is
site-specific and difficult to predict, because it depends on the reactivity of Cl– with the
compounds present in water [130].During this work, VUV performance decreased in the
presence of high Cl– concentration (> 90 mg L−1 ).

iv. DBP formation after VUV treatment in cyanobacterial affected water

The application of VUV led to a low (< 10%) or moderate (up to 20%) average increase in
the formation of either BDOC, THM, or HAA. Therefore, such negative impacts should
be considered before using VUV technologies in drinking water treatment plants. This
process is a promising tool for applications in small and remote communities. However,
further studies are warranted to determine the role of water matrix characteristics and
to identify the optimal VUV reactor location within a drinking water treatment plant in
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order to optimize its performance and minimize the formation of oxidation by-products.
Our results suggest that providing for a biological filtration post-treatment would be
a good solution, given the fact that LMW compounds generated by VUV are in part
biodegradable, as shown by the increase in BDOC concentrations (BDOC measured in
mg C L−1 before and after UV185 nm, 2.4 millig/L to 3.1 millig/L).

v. Cyanobacterial cell integrity after VUV treatment (data not yet published)

In the case of the analysis of cell integrity two UV lamps were used: one that emits UV
light at a wavelength of 254 nm and another one that emits at (254 + 185)nm (VUV).
In this way, the effect of •OH radicals on disinfection could be evaluated. UV185 nm was
more efficient than UV254 nm in ultra-pure (buffer at pH 7 with sodium phosphate) and
surface water. Reduction in cell integrity of 5 and 4-logs in ultra-pure and surface water,
respectively, were achieved. 3-log of inactivation were achieved at 500 mJ cm−1 by VUV
irradiation. To obtain the same inactivation with UV254 nm it was necessary 600 mJ cm−1.

Cells integrity was measured by staining the genetic material of the cyanobacterial sus-
pension. We suspect that these very high effects reflect the inability of the dye to
properly stain the damaged DNA after the UV treatments, rather than actual lysis of
the cyanobacterial cells.

vi. CBZ as a probe and •OH concentration produced by VUV

The use of CBZ as a probe in the last part of the work allowed us to estimate the
concentration of •OH present during UV185 nm treatment. The same tests performed
with ultra-pure water (buffer at pH 7 with sodium phosphate) and surface water showed
that in the first matrix, the R•OH,UV is increased 2.43-folds (3.86×10−13 cm2 M s mJ−1

in ultra-pure water and 1.59×10−13 cm2 M s mJ−1 in surface water ). This is expected
because the absence of NOM (which acts as a scavenger) allows UV185 nm to break up
more H2O molecules and give rise to more •OH.

8.2 Limitations

i. Fluence applied throughout this project and energy consumption

From the point of view of disinfection (fluence tipicaly applied on disinfection of parasites
in Quebec 40 mJ cm−2), the fluences (doses) applied throughout this work are higher than
usual (20 mJ cm−2 to 352 mJ cm−2). Nevertheless, it should be considered that the main
objective was the degradation of cyanotoxins and and to achieve this, a larger dose was
needed than for disinfection. It is clear that a higher fluence (dose) implies more energy
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expenditure, and consequently VUV would be more costly to operate than a standard
UVC process.

ii. Cyanotoxin

Initially, it was the intent to use cyanotoxins from a natural cyanobacterial bloom because
it is known that these are more resistant than purified cyanotoxins produced by cells
grown in laboratories or synthetic ones. Unfortunately, this was not possible in the first
part of the work as the sampled natural bloom contained minimal concentrations of
cyanotoxins. Therefore, purified MC-LR was spiked in the natural cyanobacteria bloom.
Despite this, the use of natural cyanobacterial bloom allowed us to better understand
the influence of NOM and AOM on VUV treatment.

8.3 Future Research

i. New products or daughter component formation

Undoubtedly, a point worth analyzing before applying a process of oxidation of contam-
inants in drinking water in real scale is the formation of new products / contaminants.

Throughout this work, the degradation of toxins, T&O components and a probe was
observed and large reductions in their concentrations (from 40% to 99%) were noted.

However, a toxicity test was not carried out to evaluate the possibility of the formation
of new products that could be even more toxic than the original ones. Further studies
should address this issue.

ii. Reactor design in large scale treatment

During this project, two reactors were used, one on a laboratory scale and the other on
a pilot scale. The design of a full-scale reactor that allows the use of UV185 nm in a thin
layer of a few millimeters will be a great challenge. Improved hydrodynamic design is
needed to achieve high oxidation performance using UV185 nm.

iii. Use of LED lamps

The use of mercury lamps within the drinking water industry is a risk that needs to be
managed. In future, the use of an LED lamp could avoid this risk. Since currently there
are advances in the field of disinfection with LED at UV254 nm, the next step could be
LED UV185 nm for degradation of pollutants and simultaneous disinfection.
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iv. Energy consumption and costs

Linked to the issue of reactor design, energy consumption and costs must also be con-
sidered.
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APPENDIX A IMPACT OF NATURAL NOM AND AOM IN VACUUM
UV TREATMENT

SUVA values before and after VUV treatment

SUVA, defined as UVA 254 normalized to DOC, is a good predictor of the aromaticity of
NOM. In 1999, Edzwald and Tobiason proposed that a SUVA value greater than 4 indicates
the predominance of aquatic humic matter, highly aromatic and hydrophobic character, and
high molecular weight. While SUVA values between 2 and 4, are composed by a mixture of
aquatic humic and non-humic matter, with a mix of aromatic and aliphatic character and
low to high molecular weight. When SUVA lower than 2, then a high fraction of non-humic
matter is present, aliphatic and hydrophobic character and low molecular weight [179].

Table A.1: SUVA, L m−1 mgC−1, values before and after VUV treatment

Lakes
A B C C∗

Untreated Raw Water (URW), retention time = 0 s 2.70 4.27 4.01 3.89
VUV Treated Raw Water (VUVTRW), retention time = 9.4 s 2.49 3.97 3.84 3.48
Untreated Filtered Water (UFW), retention time = 0 s 3.06 - 2.71 2.73
VUV Treated Filtered Water (VUVTFW), retention time = 9.4 s 2.91 - 2.55 2.48
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LC-OCD-OND chromatograph

Figure A.1 (a, d, g and j) shows the ultraviolet detector (UVD) signal from the LC-OCD-
OND for the four lakes. Without VUV treatment, in Lake A (where a bank filtration water
system is responsible for NOM removal), the UVD signal in filtered water is 25% lower than
in raw water. Among the four lakes, Lake B shows the higher UVD signal due to the high
cell concentration (almost 4 times higher than Lake A and two times Lake C and C∗). DOC
measurement was stable and UVD declined, thus modest reductions of SUVA were obtained
(about 0.2-0.4 units) (Table A.1). In terms of TOC in Lake C and C∗, it also remained
stable (reductions: 1% to 6%). This was expected given the low fluence applied. DOC
characterization by LC-OCD-OND are depicted in Figure A.1 (b, e, h, and k). The figure
revealed a change in the molecular weight of NOM components after VUV treatment. While
the overall reduction in DOC was small, humics were strongly bleached (strong reduction
in UV254 nm response). An increase in biodegradability is observed through the increase in
BDOC measurements (from 20% to 35%). Figure A.2 as the HMW fraction decreases.
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Figure A.1: LC-OCD-OND spectra (URW = Untreated Raw Water, VUVTRW = VUV
Treated Raw Water, UFW = Untreated Filtered Water, UVTFW = VUV Treated Filtered
Water; a.u. denotes arbitrary units).
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Biodegradability though biological dissolved organic carbon (BDOC) measure-
ments
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Figure A.2: BDOC before and after VUV treatment. RW = Raw Water, FW = Filtered
Water.
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PARAFAC modeling

250 275 300 325 350
Excitation wavelength, nm

0

5

10

15

20

25

30

Su
m
of
sq
ua
re
d
er
ro
rs
(S
SE
)

(a)

300 400 500 600
Emission wavelength, nm

0

5

10

15

20

Su
m
of
sq
ua
re
er
ro
rs
(S
SE
) (b)

5 comp.
6 comp.
7 comp.
8 comp.

0 2 4 6 8 10
Model run number

200

300

400

500

Ite
ra
tio
ns
un
til
co
nv
er
ge
nc
e (c)

0 2 4 6 8 10
Model run number

510

520

530

540

550

Su
m
of
sq
ua
re
d
er
ro
rs
(S
SE
)

(d)

Figure A.3: (a-b) SSE of PARAFAC models with different number of component. (c-d)
Robustness of the 7-components PARAFAC model. Ten runs with random starting points.
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Figure A.5: Components obtained from PARAFAC modeling.
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Figure A.6: Correlation plot of the Fmax values between each PARAFAC component.



114

SOM modeling

SOM is a pattern recognition method. It clusterizes and reduces the dimensionality of input
FEEM without make assumption about the data structure [180]. A dataset of 64 spectra
were analyzed with the PARAllel FACtor analysis (PARAFAC) decomposition routines for
Excitation Emission Matrices (drEEM, version 0.2.0 toolbox [146]) and self-organizing maps
(SOM) with the SOM-Toolbox version 2.1 [181] both running on Matlab®R2018B software).

Figure A.7 shows the U-matrix from the best SOM map selected along with the component
planes of each of the components retrieved by PARAFAC. The U-matrix shows the distance
between neighbouring neurons in the map, where large values (darker color) indicate highly
dissimilar neurons. The component planes are useful to visualize the importance of different
excitation-emission pairs or variables for each sample (neurons, from the SOM solution). We
selected the pairs corresponding to the components proportions from PARAFAC (Figure A.6).

The distribution of the samples obtained from the solution of SOM is shown through the
best matching unit (BMU) graphics. In Figure A.7 we show a combined image of the BMU
overlapped with multiple hits histograms (colored hexagons) for each lake showing the im-
portance of each neuron representing the lakes and the type of water (the larger the colored
hexagon the higher number of hits in that neuron). The BMU is the best solution found by
SOM and shows the distribution of the four lakes across the map for raw (R) and filtered
(F) water. For example, samples associated to Lake B are located at different neurons in
the map (the top-left and bottom-left in Figure A.7), indicating the differences in NOM
composition from raw and filtered. Basically, raw water contains NOM and AOM (particu-
late + dissolved) and filtered water only contains the dissolved fraction of NOM and AOM.
Thus, SOM maps locate raw and filtered water in different region (Figure A.7). Therefore,
SOM allows discriminating differences in cell concentration between samples. We identify
two clusters for Lake A: one (bottom-right) belongs to raw water from the lake while the
other (middle) corresponds to filtered water through the well (Lake A supplies a bank filtra-
tion water system). Lakes C and C∗ show share similar neurons in the map, because they
represent the same lake without (Lake C) and with (Lake C∗) bloom conditions. For a given
lake is seen that the SOM solution properly discriminate between raw and filtered water,
particularly those with bloom condition (Lakes B and C∗).

By comparing Figure A.6 and each component plane from Figure A.7 is possible to correlate
that PARAFAC components C1(1), C6(1), C6(2) and C7(1) characterize Lake B. Further-
more, C6(1), C6(2) and C7(1) are essentially due to samples from Lake B. This allows us to
conclude that Lake B is mostly characterized by humic acids-like and (Region V, Figure 5.4)
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Figure A.7: SOM map with multiple hits overlapped showing the sites distribution for raw
and filtered water.

and soluble microbial by-product-like (Region IV, Figure 5.4). Component planes show that
raw water in Lake A is associated to C1(1), C5(1), C5(2) and C7(2), while filtered water
correlates to C1(2), C3(1), C4(1) and C7(2). Here also the regions that characterize the lake
are V and IV (Figure 5.4). Lakes C and C∗ are characterized by C1(2), C1(3), C3(2), C4(1)
and C7(2), lying in regions V and IV.

By overlapping PARAFAC and SOM results, it is possible to distinguish components that
characterise each lake. All four lake could be characterize by a reduced number of regions
(Figure 5.4): region IV (humic acid-like) and V (soluble microbial by-product-like) (Ta-
ble 5.4). By focusing on this FEEM region, it could be possible to make a relationship with
NOM/AOM and DBP’s formation and reactivity.

Combination of PARAFAC components and SOM allowed to characterize each lake with
fewer components:

• Components C1(1), C6(1), C6(2) and C7(1) characterize Lake B

• Raw water in Lake A is associated to C1(1), C5(1), C5(2) and C7(2), while filtered
water correlates to C1(2), C3(1), C4(1) and C7(2)
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Table A.2: SOM and PARAFAC. Characteristic component of each lake

Lake PARAFAC component

A C1(1), C5(1), C5(2) and C7(2) (raw water)
A C1(2), C3(1), C4(1) and C7(2) (filtered water)
B C1(1), C6(1), C6(2) and C7(1)

C and C∗ C1(2), C1(3), C3(2), C4(1) and C7(2)
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Figure A.8: U-matrix and component planes for the proportions of PARAFAC components
resulted from SOM analysis.
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Disinfection by-products formation: correlation data

Table A.3: Carbon fractions and yields values from DBP’s formation correlation

Yields, µgF µg(THM or HAA)−1

C or N fraction (F) THM HAA

DOC 27 43
DON 0.9 0.6
HS 20 28
BP 6.9 4.7
BB 3.8 7.2
LMW Ac 0.5 1.2
LMW Neutral 1.9 1.2
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Figure A.9: THM and HAA correlation with PARAFAC compoments.
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Figure A.10: THM and HAA correlation with UVA254, SUVA, DON and DOC.


	DEDICATION
	ACKNOWLEDGEMENTS
	RÉSUMÉ
	ABSTRACT
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF SYMBOLS AND ACRONYMS
	1 INTRODUCTION
	1.1 Objectives
	1.2 Hypothesis

	2 LITERATURE REVIEW
	2.1 Cyanobacterial blooms
	2.1.1 Cyanotoxins
	2.1.2 Cyanobacteria within drinking water treatment plant

	2.2 Natural organic matter 
	2.2.1 Algal organic matter from cyanobacteria
	2.2.2 Natural organic matter characterization

	2.3 Oxidation processes and cyanobacterial blooms
	2.3.1 Chlorination and chloramination
	2.3.2 Chlorine Dioxide
	2.3.3 Permanganate

	2.4 Advanced oxidation process and cyanotoxins
	2.4.1 Ozone
	2.4.2 UV, UV+H2O2, UV+O3 and UV+Cl2

	2.5 Vacuum UV and drinking water treatment
	2.5.1 Vacuum UV and cyanotoxins
	2.5.2 Fluence applied in Vacuum UV: Actinometry


	3 GENERAL ORGANIZATION
	4 Article 1 - Performance of Vacuum UV (VUV) for the degradation of MC-LR, geosmin, and MIB from cyanobacteria-impacted waters
	4.1 Abstract
	4.2 Introduction
	4.3 Materials and methods
	4.3.1 Source water location
	4.3.2 Source water characterization
	4.3.3 Targeted cyanobacterial metabolites detection
	4.3.4 Disinfection by-products
	4.3.5 Vacuum UV experiments
	4.3.6 Kinetic analysis
	4.3.7 Fluence calculations
	4.3.8 Statistical analysis

	4.4 Results and discussion
	4.4.1 Source water characteristics
	4.4.2 Measurements of irradiance and fluence correction factors
	4.4.3 Reactions in the collimated beam reactor
	4.4.4 Flow-through reactor

	4.5 Conclusions

	5 Article 2 - Impact of vacuum UV on natural and algal organic matter from cyanobacterial impacted waters
	5.1 Abstract
	5.2 Introduction
	5.3 Materials and methods
	5.3.1 Source water location
	5.3.2 Source water characteristics
	5.3.3 Vacuum UV experiments
	5.3.4 Natural organic matter characterization
	5.3.5 Disinfection by product precursors
	5.3.6 Statistical analysis

	5.4 Results and discussion
	5.4.1 Source water characteristics
	5.4.2 Vacuum UV experiments
	5.4.3 Natural organic matter characterisation by LC-OCD-OND
	5.4.4 FEEM and PARAFAC modeling
	5.4.5 DBP formation and yield after VUV treatment
	5.4.6 Effect of VUV treatment on contaminants degradation

	5.5 Conclusions

	6 Impact of Vacuum UV on cyanobacteria cell integrity and microcontaminants degradation
	6.1 Introduction
	6.2 Materials and methods
	6.2.1 Preparation of spiked cyanobacteria samples
	6.2.2 Cell counts, morphology and integrity
	6.2.3 Organic carbon characterization
	6.2.4 Characteristics of UV/VUV irradiation assays
	6.2.5 Fluence calculations
	6.2.6 Carbamazepine analysis
	6.2.7 Toxins analysis

	6.3 Results
	6.3.1 .OH radical formation
	6.3.2 Cell inactivation assessment using flow cytometry
	6.3.3 Cyanotoxin degradation
	6.3.4 Electrical Energy Consumption per Order

	6.4 Conclusions
	6.4.1 .OH radical formation
	6.4.2 Cell inactivation
	6.4.3 MCtot degradation
	6.4.4 Energy consumption


	7 GENERAL DISCUSSION
	7.1 Were the project hypotheses validated?
	7.2 MC-LR degradation from surface water
	7.3 T&O degradation from surface water
	7.4 Influence of inorganic components from surface water on VUV performance
	7.5 NOM and AOM impact on VUV performance and DBP formation
	7.6 .OH production in ultra-pure and surface water
	7.7 Simultaneous cyanobacteria inactivation and cyanotoxin degradation by VUV
	7.8 Operating costs of VUV (UV185 nm+UV254 nm) vs. UV-C (UV254 nm)
	7.9 Benefits of using VUV to treat drinking water
	7.10 Disadvantages of VUV in drinking water treatment
	7.10.1 Indirect impact of VUV


	8 CONCLUSION
	8.1 Summary of Works
	8.2 Limitations
	8.3 Future Research

	REFERENCES
	APPENDICES

