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ABSTRACT

Titanium dioxide (TiO2) photocatalysis has been considered a promising advanced
oxidation process, which in combination with solar energy could effectively address the
ever increasing concerns for pollution abatement and water purification. Although it
appears to degrade a great variety of compounds in water, it generally requires UV
irradiation for activation of the catalyst. Consequently, research on the development of
new TiO, based catalysts has been receiving increased attention. TiO, photocatalysis
can be effective for water purification from new classes of emerging pollutants such as
cyanobacterial toxins (cyanotoxins) and metabolites, which can be produced by several
genera of cyanobacteria. Cyanotoxins are considered an important risk for water quality
since they are harmful to human and animal health. In this study, the photocatalytic
degradation of cyanotoxins (microcystin-LR, MC-LR and Cylindrospermopsin, CYN) and
water taste and odor compounds (Geosmin, GSM and 2-methylisoborneol, MIB) was
studied. TiO, based photocatalysts (Degussa P25, Kronos vip-7000, Ref-TiO,, N-TiOy,
NF-TiO,, GOTiO, and ECT-1023t) were tested for their photocatalytic ability towards
degradation and mineralization of target analytes in water using UV-A, solar and visible
light. In order to evaluate the photocatalytic performance of the materials, several
parameters such as light intensity, presence of oxygen, catalyst loading, initial
concentration of substrate, adsorption, pH, irradiation wavelength, mineralization,
intermediate products and toxicity, were investigated. Identification of the intermediate
and final products was carried out and a complete degradation pathway is proposed
were hydroxyl radicals (*OH) play a key role. Assessment of the residual toxicity in the
case of MCLR using TiO, photocatalysis, complete detoxification of the solutions can be
achieved. In addition, photocatalytic degradation of GSM and MIB using a
polyoxometalate photocatalyst, H4sSiW1,049 was studied and compared with TiO,.
Elucidation of the mechanism using *OH radical scavengers showed that process takes
place via *OH radicals for both catalysts. Overall results of this study show that TiO,
based photocatalysis can be very effective in removing cyanobacterial toxins and taste
and odor compounds from water and its applications can be extended to the visible-

solar region of the spectrum by development of novel modified photocatalytic materials.

SUBJECT AREA: Photocatalysis

KEYWORDS: Titanium Dioxide, Polyoxometalates, Cyanotoxins, Water Taste & Odor
Compounds, Degradation & Mechanism Elucidation






NEPIAHWH

H owtokardhuon pe xprion odio&eidiou tou TITaviou (TiOz) eivar pia TTponyuévn
TEXVOAOYiQ 0&eidwong, n OToia 0 OUVOUAOMPO ME TNV NAIOKN €VEPYEIQ WTTOPEI va
EQPAPHUOCTEI ATTOTEAECHUATIKA YIO TOV KABAPIOPO TOU VEPOU aATTO PEYAAO QACHA TOGIKWV
evwoewyv. H atmaitnon 6pwg utrepIwdoug akTIvVOBOAIag yia va EETTEPAOTEN TO EVEPYEIAKO
xaoua Tou TiO,, atroTeAei TO AOyO NG €viovng €PEUVNTIKAG dpaoTnpIOTNTAS YUPW aTTO
TNV avamTuén véwv BeATiwPévwyY KataAuTwy. H TTapoucia KuavoBakTnpiwv oTa vepd
atroteAei onuavtikG TTPORANUa, dedouévou Ot didgopa yévn WTTOPOUV va TTapdyouv
TOCIVES (KUAVOTOEIVEG) NE ONUAVTIKES ETTITITWOEIS OTAV avOpwTTIvn uyeia. ETITTAéoy, gival
mlavov va TTapaxBouv evwoelig TTou TTPoodidouv yelon Kal OO OTO vePO UE
ATroTEAEOHA TNV UTTORABUION TNG TTOIOTNTAG TOU. XTn TTApouca gpyacia PHEAETAONKE n
PWTOKATOAUTIK}  aTTrolkodopnon  kuavotogivwyv  (microcystin-LR, MC-LR  kai
Cylindrospermopsin, CYN) kai ouciwv 1Tou TTpocdidouv ooun oTta vepd (Geosmin, GSM
and 2-methylisoborneol, MIB). 'Eyive xprion ewTokataAutwy pe Bdaon 1o TiO, (Degussa
P25, Kronos viIp-7000, Ref-TiOz, N-TiO,, NF-TiO;, GO-TiO, and ECT-1023t) yia Tnv
TTAlPN  aTToIKOdOUNON TWV EVWOEWV QUTWV O0€ UudaTtikd JdloAupata e XpHon
uTTEPILLOOUG, NAIOKNG KAl 0paTAG akTIvOBoAiag. MNa tnv agioAdynon g dpacTikOTNTAG
TWV QWTOKATOAUTWY, EEETAOTNKE N €TTiIOPACN dIAPOPWYV TTAPAPETPWY OTTWGS N TTAPOUTia
oguydvou, T0 €idog Kal n £vTaon aKTIVOBOAIAG, N CUYKEVTPWON TWV KATAAUTWYV Kal TWV
UTTOOTPWHATWY, To pH, N TTpoopdPNOoN OTOV PWTOKATAAUTN, KABWGS KAl 0 OXNUATIONOG
EVOIAUECWY TTPOIOVTWYV Kal N TogIkOTNTA. Mg BAON TOV TTPOCBIOPICHO TWV EVOIAUECWV
KAl TEAIKWV TTPOIOVTWYV TTPOTEIVETAI PNXAVIOUOS TTOIKOOONNONG, OTOV OTTOI0 ONPAVTIKO
poho €éxouv ol pilec udpofuliou (*OH). EmmAéov MPEAETABNKE N QWTOKATAAUTIKN
arroikodounon Twv evwoewv GSM kai MIB trapoucia TNG TTOAUOGOUETAAANIKNG €vwong
H4SiW 12040, ZUYKPITIK MEAETN pE TN xprion deopeutwv *OH kaTéAnge oe pnxaviouo
avTtioToixo ue ekeivo TTapoucia TiO,. Ta ouvoAlika atroTeAéouATA TNG EPYOOIAS QUTAG
deixvouv o611 n ewTtokaTtdAuon pe TiO, eival TTOAU atTroTEAeOPATIKA OTNV aTTOMdKpUVOn
KUQVOTOSIVWV KAl OUCIWV TTOU TTPO0didouv duodApeaTn yeuon Kal oopr oto vepd. Ol
EQPAPHUOYEG TNG TEXVOAOYIOG QUTAG MTTOPOUV VA ETTEKTOBOUV Kal OTNV OpPATH-NAIGKN

TTEPIOXT) TOU QACHATOG E AVATITUEN VEWV TPOTTOTTOINUEVWY QUTOKATOAUTIKWYV UAIKWV.

OEMATIKH MNMEPIOXH: dwTtokatdAuon

AEZ=EIZ KAEIAIA: Aio&gidio Tou Titaviou, NMoAuoZopeTaANIKEG evwoelg, KuavoTogiveg,
Oopég, Mnxaviouog GwTokaTaAuTIKAG ATTOIKOBOUNONG
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Chapter 1

Introduction

Cyanobacteria (blue-green algae) are considered an important water quality problem,
since several genera can produce toxins, called cyanotoxins that are harmful to human
health. Continuous occurrence of associated human and animal toxicoses conferms the
health significance of these products, which include genotoxic-, tumour-promoting-,
hepato- and neurotoxic agents [1, 2]. Because of cyanotoxins increasing appearance in
water resources and their high lethality, cyanotoxins are considered of a new class of

emerging contaminants.

Microcystins (MCs, MC-LR) are within the family of cyanotoxins and present high
hepatotoxicity. During the last years there is a growing concern regarding the health
effects of MCs, because they act as tumor promoters, through the inhibition of protein
phosphatases 1 and 2A, which play a key role in cell regulation [3]. In response to this
concern, WHO has recommended for provisional adoption the value of 1 ug/L as a
Guideline Value for MC-LR concentration in drinking water [4]. Humans are exposed to
toxigenic cyanobacteria via drinking water and accidental ingestion while engaging in

recreational activities.

Cylindrospermopsin (CYN) an alkaloid-type cyanotoxin has been shown to be cytotoxic,
dermatotoxic, genotoxic, hepatotoxic and may be carcinogenic. It was first isolated in a
tropical cyanobacteria, Cylindrospermopsis raciborskii. The toxin is now approaching an
almost cosmopolitan distribution pattern with CYN producers being recorded from
habitats including lakes, reservoirs, rivers, ponds and dams [5].

In addition, potential production of taste and odor compounds from cyanobacteria can
cause many water quality concerns. The most usually occurring taste and odor
compounds produced by cyanobacterial blooms as secondary metabolites, are geosmin
(GSM) and 2-methylisoborneol (MIB) [6]. They are often found in surface waters, such
as lakes, rivers and eutrophic drinking water reservoirs [7]. GSM has a distinct earthy-
muddy flavor and aroma, and is responsible for the earthy taste of and is often
responsible for the musty taste and odor to drinking water and to malodorous off-flavor

in fish and aquaculture products. Human nose can detect the odor of GSM and MIB and
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their threshold odor concentration in water has been reported to be 9 and 4 pg mL’

respectively [8, 9].

Communities whose water supply depends on surface water periodically experience
episodes of unpleasant water. Upon cellular death of these cyanobacteria, GSM/MIB
are released into the local water supply, impacting greatly on the aesthetic quality and
general consumer acceptability of drinking water [10]. For these reasons, the removal of

these compounds from water is very important for its use and consumption.

1.1. Objectives and Challenges of the Study

This dissertation aimed in the photocatalytic degradation and mineralization of
cyanobacteria metabolites such as cyanotoxins (MC-LR and CYN) and taste and odor
compounds (GSM and MIB). TiO, photocatalysts (Degussa P25, Kronos vip-7000, Ref-
TiO2, N-TiO2, NF-TiO,, GO-TiO, and ECT-1023t) were tested for their photocatalytic
ability towards degradation and mineralization of the analytes from aqueous solutions
using UV-A, solar and visible light. Parameters like light intensity, presence of oxygen,
catalyst loading, initial concentration of substrate, adsorption, pH, different irradiation
wavelength, were investigated for their influence in the process. Also, mineralization
and the identification of intermediate products and their toxicity under different
experimental conditions was studied. Emphasis was given to the mechanistic
understanding of the process by identification of intermediate and final products formed
during photocatalysis process and a complete degradation pathway is proposed for MC-
LR, CYN, GSM and MIB. Assessment of the residual toxicity during the course of

treatment showed that detoxification of the solutions was achieved.

1.1.1. Objective | Degradation and mineralization of cyanobacterial toxins and
water taste and odor compounds under UV-A, solar and visible light

A variety of traditional water treatment methods were used for the removal of MC-LR,
CYN, GSM and MIB but with limited success. Consequently, research on new methods
for water purification is developing in different ways, including advanced oxidation
processes (AOPs) which have been receiving increased attention for the detoxification
of the aquatic environment. Among those, TiO, photocatalysis demonstrated [11-18, 20]
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that can be effectively applied for the degradation of cyanotoxins and taste and odor
compounds in aqueous solution [15, 20-24], while studies concerning the mineralization

of cyanobacterial metabolites are limited.

This dissertation aimed in the study of the photocatalytic degradation and mineralization
of cyanobacterial metabolites (MC-LR, CYN, GSM and MIB) using TiO, based
nanomaterials under UV-A, solar and visible light irradiation. Within the study of the
mineralization of each compound, final products will be determined using TOC and
inorganic ions (NO2", NO3", SO4% and NH;*) measurements.

1.1.2. Objective Il Determination of mechanistic pathways followed during UV-A,
solar and visible light degradation of MC-LR in water

Even though employing TiO, photocatalysis has been proved to be very useful and
successive for the degradation of organic pollutants in aquatic environment, the
elucidation of degradation pathway and the determination of intermediate products, is
also necessary for the verification of detoxification. So far, a number of studies have
examined degradation pathways of MC-LR when conventional oxidants or AOPs are
applied, including ozonation [25, 26], chlorination [27], ultra-sonication [28], photolysis
[29], TiOL/UV-A [18, 19, 30, 31] and N-TiO/UV-A [18]. Aim of this study was also to
study the reaction mechanism for the photocatalytic degradation of MC-LR, through
identification of intermediate products formed during the process under UV-A and solar
light and compare. Assessment of the residual toxicity was also carried out using the
protein phosphatase inhibition assay (PPIA), enabling the evaluation of the
detoxification activity of the nanostructured TiO, photocatalysts under different

experimental conditions.

1.1.3. Objective Il Determination of mechanistic pathways followed during UV-A,
solar and visible light degradation of CYN in water

So far, studies have demonstrated that TiO, photocatalysis can effectively destroy CYN
in aqueous solution [21, 22]. However, the assessment of CYN disappearance is not
sufficient to ensure the absence of residual products since the photocatalytic treatment

is a complex procedure leading to the formation of degradation products, which in some
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cases may be more toxic and stable than the parent compound. To the best of my
knowledge so far, no other study dealt with identification of intermediate products of
CYN formed during the photocatalytic process using TiO,. Based on the identified

intermediates, a degradation pathway can be proposed.

1.1.4. Objective IV. Determination of mechanistic pathways followed during UV-A
and solar light degradation of GSM and MIB in water

Polyoxometalates (POM) have previously been used for degradation of several organic
pollutants in water [32-36]. In almost all cases final degradation products were CO,,
H>0O and inorganic anions. POM are acid condensation products, mainly of molybdenum
and tungsten [37-39], that upon excitation with near visible and UV light become
powerful oxidizing reagents capable of destroying a great variety of organic compounds

+

in aqueous solutions through a hole-electron (h © + e °) mechanism [40-42]. Hydroxyl
radicals ("OH) generated by reaction of POM with H,O seem to play a key role in the
process [42]. Oxygen oxidizes (regenerates) the catalyst and through reductive
activation may or may not participate further in the process, depending on the substrate
[43]. Due to their photocatalytic performance, POM can be recognized as an AOP [33-
35]. POM are almost as effective as the widely published TiO, [42], presenting similar
behaviour with the semi-contacting oxide [42]. ‘OH radicals have been used to explain
similarities of the two photocatalysts although in some cases the nature of substrate and

the mode of investigation seem to play an important role in the process [44].

Objective of this work was to study and compare the photocatalytic degradation and
mineralization of GSM and MIB in water using a representative POM (SiW 1,040 and
TiO,. The comparative study of processes included also the identification of
intermediate products formed as well as the effect of hydroxyl radical scavengers. To
the best of my knowledge (a) the photocatalytic degradation of both GSM and MIB with
POM and (b) the mineralization and the complete degradation pathways in the presence
of POM or TiOz is reported here for the first time.
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1.1.5. Objective V. Evaluation of the photocatalytic activity of TiO, based catalysts

Heterogeneous TiO, photocatalysis has been considered as a very promising AOP,
which in combination with solar energy could effectively address the ever increasing
concerns for pollution abatement and water purification. Although it appears to degrade
a great variety of compounds, it requires UV irradiation to overcome its wide band gap-
energy. Consequently, research on the development of new TiO, based catalysts has
been receiving increased attention. Evaluation of the photocatalytic activity of TiO,
based photocatalysts is highly depended on a number of parameters that govern the
kinetics of photodegradation and mineralization. Parameters that were taken under
consideration in this study for the photocatalytic degradation of cyanobacterial toxin MC-
LR, CYN and water taste and odor compounds GSM and MIB, might be the light
intensity, dissolved oxygen concentration, catalyst loading, initial concentration of the
substrate, adsorption, pH, light wavelength and even mineralization, intermediate
products and toxicity. All those parameters are able to affect in a different way the
photocatalytic activity of a catalyst, and the evaluation should be performed under
investigation of those.
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CHAPTER 2

Cyanotoxins: New generation of water contaminants

2.1. Introduction

Cyanobacteria belong to a group of prokaryotic organisms identified by a variety of
names, including cyanobacteria, blue-greens, blue-green algae, myxophyceans,
cyanophytes, cyanophyceans, and cyanoprokaryotes. These primitive and highly
adaptable organisms are most often referred to as either blue-green algae or
cyanobacteria [45].

They produce a wide range of biologically active compounds in marine, transient,
freshwater and terrestrial ecosystems, with some of them showing very high toxicity (mg
kg™' body weight) in mammalian systems. Continuous occurrence of associated human
and animal toxicoses conferms the health significance of these products, which include

genotoxic-, tumour-promoting-, hepato- and neurotoxic agents [1].

Cyanobacteria secondary metabolites play a key role in their interactions with the
environment. Although the functions of some of these secondary metabolites are still
unknown, cyanobacteria have undergone to develop strategies beneficial for their
survival and/or dominance in an environment. Some of these secondary metabolites
include taste and odor compounds, terpenoids, anti-microbials, metal chelators,
lactones, protease inhibitors, indole alkaloids, and most importantly potent toxins
frequently called cyanobacterial toxins or cyanotoxins known to affect a wide range of

living organisms [2].

2.2. Cyanobacteria and Cyanotoxins

Cyanotoxins are formed at all stages of cyanobacteria growth and are generally found in
the cell (intracellular toxin) from where they are released into the surrounding medium
via secretory pathways, senescence or cell lysis (extracellular toxin). Cyanotoxins are
classified into three main groups based on their chemical structure, i.e. cyclic peptides,

alkaloids, and lipopolysaccharides [46].
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2.2.1. Cyclic Peptides - Microcystins and Nodularins

These cyclic peptides comprise two groups of molecules, the cyclic heptapeptide
microcystins and the cyclic pentapeptide nodularins.

Microcystins (MCs) are produced by various cyanobacteria genera such as Microcystis,
Anabaena, Plankothrix and Nostoc [47]. They have the general structure cyclo(-d-Ala-L-
X-D-erythro-B-ethylAsp(iso-linkage)-I -Y-Adda-D-Glu(iso-linkage)- N -methyldehydro-
Ala) where Adda is the novel B-amino acid, 3-amino-9-methoxy-2,6,8- trimethyl-10-
phenyldeca-4 ( E ), 6( E )-dienoic acid and X and Y are sites of amino acid substitutions
at positions 2 and 4 of the peptide ring. For example, microcystin-LR possesses L-
leucine and L-arginine at the variable amino acid positions and this is the basis for the
nomenclature of microcystin variants [48], as shown in Figure 2.1.a. The Adda is the

amino acid common to all cyclic cyanobacterial toxins.

To date, more than 90 variants of MCs have been isolated. The most common variant is
Microcystin-LR (MC-LR). Other common MCs variants include YR, RR, and LW. MCs
are inhibitors of serine/threonine phosphatases 1 (PP1), PP2A, PP3 and PP4 leading to
excessive phosphorylation of proteins in the cells [49]. Protein phosphatases play a
central role in the control of many cellular processes, including the control of the cell
cycle, metabolic regulation, and growth factor signaling pathways, protein synthesis,
transcriptional regulation and neurotransmission in animals and plants. MCs are potent
tumor promoters and cause an acute and chronic hazard to wildlife, domestic animals
and humans. Some symptoms include vomiting, diarrhea, anorexia, cold extremities,
general malaise, and pallor of the mucous membranes. The major concern, however, is
the long-term chronic human health hazard. Continuous sublethal or low-level
exposures to MCs can potentially lead to the development of gastrointestinal and liver
disorders [50-52].

Microcystin production appears to be widespread, throughout cyanobacterial taxa, with
examples from fresh, transient and marine waters, and terrestrial environments.
Microcystin-producers in the latter include free-living [53] and symbiotic cyanobacteria
(Table 2.1.) [1].
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Nodularins (NODs) are another group of potent inhibitor of eukaryotic protein
phosphatases. NODs are cyclic pentapeptides closely related to the MC toxins, which
are two amino acids smaller than microcystins, have the general structure cyclo( -D-
erythro- b —methylAsp (iso-linkage) —L —Y -Adda -DGlu (iso - linkage) -2- methylamino -
2 (Z)- dehydrobutyric acid). The nodularins generally show less structural variability than
the microcystins and L-Arg is often the amino acid at position Y in nodularin-R [54].
There are about 10 variants of NODs of which NOD-R (Figure 2.1.b) with the variable L-
amino acid to be arginine, is the most commonly found in blooms. They primarily are
regarded as potent hepatotoxins since their main target organ is the liver and enters the
hepatocyte via the bile-acid transport system and NOD was first isolated from
cyanobacterium, Nodularia spumigena, in brackish water in New Zealand [48].
Nodularin production, by contrast to MCs, currently appears to be restricted to Nodularia
spumigena, with the possibility of a similar pentapeptide in the marine sponge

Theonella, originating from a cyanobacterial symbiont (Table 2.1.).

The drinking water industry is constantly challenged with surface water contaminants
that must be removed to protect human health. Toxic cyanobacterial blooms are an
emerging issue worldwide due to increased source water nutrient pollution caused by
eutrophication. Stable nature and persistence of peptide cyanotoxins pose a challenge
to public health authorities and water treatment plant operators. The cyclic structure and
presence of novel amino acids render the MCs resistant to heat, hydrolysis, and
oxidation and they can persist for months or even years in cooler, dark bodies of water
[55].

Human and animal exposure to these toxins occurs most frequently through ingestion of
water, through drinking or during recreational activities in which water is swallowed.
Microcystin initially binds rapidly to PP1 and PP2A followed by a slower covalent
interaction (within hours). Inactivation of PP1/PP2A involves the interaction of the
nucleophilic phosphatase residue and the Mdha in the toxin which precedes covalent
complex formation. The covalent adduct is formed between the cysteine residues of
PP1 and PP2A and the bound toxin [56, 57].

Varying levels of toxicity have been reported for each microcystin isoform. For example,
the LD50 of the most common isoform, MC-LR, is 50 ug per kilogram of body weight in
mice [58], while the MC-RR requires a significantly higher dose of 600 ug to produce

the same lethal effect [59]. Microcystins can accumulate in multiple organs and tissues
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in mammals and fish: heart, liver, gonad, lung, brain and kidney with consequent
physiological, tissue and cell damage [60, 61]. In mammals, microcystins and
nodularins in acute doses can cause death by hypovolaemic shock. Several studies
showed that chronic exposure to microcystin can indeed promote skin and liver tumors
in rats and mice [62]. Epidemiological data suggest that hepatocellular carcinoma may
also be observed in humans [63]. The consumption of water containing toxic blooms
with NOD has led to the death of domestic and native animals by massive liver
haemorrhage [48]. In sub-acute doses, nodularin, like microcystin, is thought to act as a

liver tumor initiator and promoter [64].
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Figure 2.1. Structures of common cyanotoxins produced by cyanobacteria [2].
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Table 2.1. Cyanobacteria known to produce the major classes of cyanotoxins (Adapted
from Sivonen and Jones 1999 [65]; Dow and Swoboda 2000 [66]; Codd et al. 2005 [67])

[1]

Toxin

Published producers

Microcystins

Chroococcales: Microcystis spp.,

M. aeruginosa, M. viridis

Oscillatoriales: Oscillatoria (Planktothrix) agardhii,
Plectonema boryanum, Phormidium corium , # Phormidium
splendidum, ° Arthrospira fusiformis ©

Nostocales: Anabaenasp., Anabaena

flos-aquae, A. subcylindrica, #A. variabilis,  Nostocsp.,
Nostoc spongiaeforme, ® Anabaenopsissp., Gloeotrichia
echinulata,d Rivularia biasolettiana,

R.haematites,® Tolypothrix distorta®

Stigonematales: Hapalosiphon sp.

Nodularins

Nostocales: Nodularia spumigena

Anatoxin-a

and homoanatoxin-a

Oscillatoriales: Arthrospira fusiformis,

Phormidium formosum, ¢ Phormidium sp., Oscillatoria sp.
Nostocales: Anabaena spp., Aphanizomenonsp.,
Anabaena flos-aquae, Anabaena planktonica,

Cylindrospermum sp., Raphidiopsis mediterranea

Anatoxin-a( S)

Nostocales: Anabaena flos-aquae,

Anabaena lemmermannii

Saxitoxins

Oscillatoriales: Lyngbya wollei, Planktothrix sp.
Nostocales: Aphanizomenon fl os-aquae,

Anabaena circinalis, Cylindrospermopsis raciborskii

Cylindrospermopsins

Nostocales: Cylindrospermopsis raciborskii,
Aphanizomenon ovalisporum, Anabaena sp.,
Anabaena Iapponica,f'g Raphidiopsis curvata

Stigonematales: Umezakia natans

2 Mohamed et al. (20086), ° Aboal et al. (2005), © Ballot et al. (2004), ® Carey et al.
(2007), © Skulberg et al. (1992), " Spoof et al. (2006), ¢ Kokocinski et al. (2009)
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2.2.2. Alkaloids - Cylindrospermopsin

Alkaloids are compounds produced by cyanobacteria that contain mostly basic nitrogen
atoms and generally exhibit bioactivities and pharmacologic effects in humans, animals,
and plants. Alkaloid neurotoxins are mostly produced by species and strains of
Anabaena, Aphanizomenon, Planktothrix (Oscillatoria), Cylindrospermopsis, Microcystis
and Trichodesmium [68].

Anatoxins [anatoxin-a, homoanatoxin-a and anatoxin-a(S)] which are commonly known
as fast death factor, are neurotoxic alkaloids that can also cause gastrointestinal
irritation and “swimmer’s itch”. They were also implicated in fatal and nonfatal
poisonings in humans, dogs, livestocks, fish and waterfowl that ingested water
containing cyanobacterial blooms producing the toxin. Anatoxin-a (ana-a) (Figure 2.1.c)
is a bicyclic amine neurotoxin which is an analogue of acetylcholine was the first toxin to
be structurally characterised from a cyanobacterium [69, 70], this neurotoxin acts rapidly
in mammalian and avian systems, with a toxic dose being able to kill mice in under 20
min. Anatoxin-a has been identified in planktonic species/strains of Anabaena,
Arthrospira, Aphanizomenon, Planktothrix and Raphidiopsis, and in mats of benthic
Oscillatoria (Phormidium). Ana-a binds to and stimulates the nicotinic acetylcholine
receptor 3.6 times greater than acetylcholine. When anatoxin-a binds to acetylcholine
receptors, a is not degraded by cholinesterase or any other cellular enzymes resulting in
muscle cells continuous stimulation that causes muscular twitching, fatigue, and
paralysis. Severe over-stimulation of the respiratory muscle may result in respiratory
arrest and rapid death [71] with such paralysis been observed for example in birds,
where contraction of muscles at the base of the neck results in opisthotonous: the
forced positioning of the bird’s neck and head along its back. Homoanatoxin-a (Figure
2.1.d) is a methylated variant of anatoxin-a, and is of similar toxicity to anatoxin-a [72].
Anatoxins share toxicological properties and are analogs of cocaine. The
phosphorylated cyclic N- hydroxyguanine anatoxin-a(S) [ana-a(S)] (Figure 2e) Ana-a(S)
is a potent acetylcholinesterase inhibitor and 10 times more toxic than ana-a [73]. Like
synthetic organophosphorus pesticides, anatoxin-a(S) causes hypersalivation (hence
the suffix “S”) and lachrymation in mammals. Anatoxin-a(S) production has so far only
been found in strains of Anabaena flos-aquae and Anabaena lemmermannii [74-76] and

has been found to be responsible for wildlife poisonings.
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The most significant harmful algal bloom toxins are commonly known as paralytic
shellfish poisons (PSPs, “red tides” toxins) [77], with this name applied since human
illness and deaths have been caused by the consumption of shell fish contaminated
after filter-feeding on marine dinoflagellates. PSPs are neurotoxins produced by
microscopic algae, such as dinoflagellates, diatoms, and cyanobacteria. PSPs comprise
of over 21 analogues have been identified in strains and environmental samples of the
fresh and transient water genera Anabaena, Aphanizomenon, Planktothrix,
Cylindrospermopsis and Lyngbya, with varying toxicity and are classified into saxitoxins,
neosaxitoxins, gonyautoxins, decarbamoyl gonyautoxins and decarbamoyl saxitoxins,
depending upon the functional groups in their molecule. Saxitoxin (STX) (Figure 2f) is
the most toxic cyanobacterial toxin (LDsg = 5 pug/kg) and is 1000 times more toxic than
the nerve gas sarin and a single dose of 200 g is fatal to human. Produced by at least
eight species of marine dinoflagellates, evidence for saxitoxin production by marine
macroalgae also exists and it is possible that saxitoxins are produced by marine
bacteria, including free-living species and bacterial symbionts associated with
dinoflagellates [78].

Saxitoxins block voltage-gated sodium channels in excitable membranes by reversible
binding to specific regions of the saxiphilin protein [78-80], inhibiting the generation of
functional action potential in nerves and muscle fibres and can rapidly (minutes) lead to
paralysis and death by respiratory arrest. Are classified as Scheduled Chemical
Weapons [81, 82].

Cylindrospermopsin (CYN) (Figure 2.1.g) is a tricyclic guanidine alkaloid and has
been shown to be cytotoxic, dermatotoxic, genotoxic, hepatotoxic in vivo,
developmentally toxic, and may be carcinogenic. The toxin molecule is a sulfated
guanidinium zwitterion and is stable in varying heat, light and pH conditions [83]. It is
also highly water-soluble, and has a relatively low molecular weight of 415 Daltons [84].
At present, three structural variants of cylindrospermopsin have been identified:
cylindrospermopsin, 7-epicylindrospermopsin and deoxycylindrospermopsin and it is
unclear if 7-epi-CYN and 7-deoxy-CYN are precursors, CYN variants, or degradation
products [85]. It was first isolated in a tropical cyanobacteria, Cylindrospermopsis
raciborskii which is present in rivers, lakes, and water supply reservoirs [86]. This
organism is believed to be responsible for a major human poisoning in the “Palm Island
mystery disease”, a serious incident of human poisoning from cyanobacterial toxins in

Australia, in 1979 [87]. Cylindrospermopsin and 7-epi-CYN showed similar toxicity in
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mouse bioassay [88]. The 7-deoxy-CYN (no hydroxyl group in C-7) is generally nontoxic
in mouse bioassay by intraperitoneal injection exhibiting about 1/10™ the toxicity to that
of CYN [89], however, it was shown to be cytotoxic and a potent inhibitor of protein
synthesis and cell proliferation in vitro similar to CYN [90, 91]. Toxicity assessment of
breakdown products of cylindrospermopsin has indicated that the uracil moiety of the
molecule is necessary for toxicity [92]. The pathology of mice administered with
cylindrospermopsin indicated that this cyanotoxin causes multiple organ and tissue
damage [93]. CYN has been shown to inhibit glutathione and cytochrome P450; and
induces breaks and adducts formation of DNA. CYNs are produced by species such as
Anabaena bergii, Aphanizomenon flos-aquae, Anabaena planctonica, Anabaena
lapponica, Aphanizomenon ovalisporum, Aphanizomenon gracile, Rhaphidiopsis
mediterranea, Rhaphidiopsis curvata, Umezakia natans and Lyngbia wollei [94].
Distribution of C. raciborskii was reviewed by Padisak [95], who catalogued blooms
occurring in tropical and subtropical nations as well as those expanding into temperate
climes. The toxin is thus now reported from Asia, Africa, North and South America,
central, southern and northern Europe, and Australia/New Zealand—every continent
except the Antarctic (Figure 2.2.). The toxin is now approaching an almost cosmopolitan
distribution pattern and CYN producers are recorded from habitats including lakes,
reservoirs, rivers, ponds and dams [5]. According to Kling [96], improvements in water
quality monitoring is a key contributor to the number of new locations from which C.
raciborskii has been recorded. However, it is also likely that the organism is expanding
into suitable habitats made newly available by a combination of climate change,
increased eutrophication and the species’ own adaptability [96]. Padisak [95] noted that
the ability of C. raciborskii to travel long river courses, to survive swampy or slightly
saline conditions, and to produce resistant akinetes has contributed to expansion of this
species on a global scale. Global climate change has also been examined as a trigger
for the increasingly widespread distribution, frequency and duration of C. raciborskii

blooms, especially into the sub-tropical and temperate regions [97-99].
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Figure 2.2. Global distribution of algal blooms known to contain CYN or a CYN-analog.

Note: ‘non-toxic’ denotes a bloom from which toxicity was not confirmed or not studied;
Figures are not exhaustive as some records from central and eastern United States not
shown [5].

The excitotoxic non-protein amino acid b- N-methylamino-L-alanine (BMAA) (Figure
2.1.h) was originally discovered in marine cyanobacteria and extracted and
characterized from cycad seeds [100] originating from the symbiotic Nostoc growing in
the cycad’s coralloid roots [101]. Bell [102] first associated BMAA with Amyotrophic
Lateral Sclerosis/Parkinson Dementia Complex (ALS-PDC), a motor-neuron disease. Is
an amino acid and has now been detected in majority of field and laboratory isolates of
free and symbiotic freshwater cyanobacteria. Controversy still exists on the nature of
BMAA neurotoxicity due to the inability to reproduce human ALS-PDC pathology in
animal models [103].

Lyngbyatoxins is a group of cyclic peptide indole alkaloid toxins first isolated in Lyngbya
majuscula collected from Hawaiian Islands [104]. It is known to cause “swimmer’s itch”
and a potent protein kinase (PK) C activation. Malfunction of PKC can lead to tumor
development and diabetic complications. The biological function of lyngbyatoxins in
cyanobacteria is still unclear but studies suggested they are defensive secretion to
protect cyanobacteria from predation [105]. In Figure 2.1.i the chemical structure of
lyngbyatoxin-a is presented.
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Aplysiatoxins (brominated and debrominated poly-acetates) are structurally different
from lyngbyatoxin-a and can cause “swimmer’s itch” [106]. The acute contact dermatitis
involves severe cutaneous inflammation with blistering, erythema and desquamation.
Aplysiatoxins are also protein kinase C activators [107]. Aplysiatoxin is produced by
strains of Lyngbya majuscula and the similarly toxic debromoaplysiatoxin is produced by
Schizothrix calcicola and Oscillatoria nigroviridis. Both cyanotoxin classes are protein
kinase C activators, and thereby tumour-promoters [108, 109]. Is not clear whether
aplysiatoxin and debromoaplysiatoxin are exclusively cyanobacterial products. In animal
intoxications by extracts of the red alga Gracilaria coronopifolia, the toxins may originate

from the growth of cyanobacterial endophytes or from the rhodophyte [110].

2.2.3. Lipopolysacharides

A characteristic of the cyanobacteria, as with other Gram negative bacteria, is the
presence of the lipopolysaccharide toxins (LPS) (Figure 2.1.k) in the outer membrane of
the cell envelope [111] which are the least studied and frequently assumed to have
similar activities of heterotrophic bacterial LPS [112]. LPS from cyanobacteria have
different chemical and biological characteristics compared to the heterotrophic bacteria
[113]. The structure of LPS constitute of a core oligosaccharide, an O-polysaccharide
(outermost) component and an innermost lipid A region, and are structural components
of the outer membrane of Gram-negative heterotrophic bacteria (including

cyanobacteria) [114].

The lipid A moiety of LPS (highly hydrophobic) is primarily responsible for LPS toxicity,
including in humans: hypertension, inflammatory responses and gastrointestinal upset
and LPS had been implicated for skin irritations in swimmers and for gastrointestinal
illness in people who ingested water from a reservoir contaminated with cyanobacteria.
Since cyanobacterial LPS are less toxic than salmonella LPS, health concerns about
them have received little interest [113]. If untreated in susceptible humans, exposure to
LPS from some of the Enterobacteriaceae, including Salmonella spp., may result in
death. A high variation occurs in lipid A composition between cyanobacterial species
and strains of the same species and between enteric bacteria and cyanobacteria [111,

115, 116]. Few in vivo toxicity determinations with purified cyanobacterial LPS
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conducted have been conducted and indicated low toxicity identified by multiple

physicochemical methods [117, 118]

2.3. Taste and Odor Compounds — Geosmin, 2-methylisobornoel

Cyanobacteria cause many water quality concerns, including potential production of
toxins and taste and odor compounds. The most usually occurring taste and odor
compounds produced by cyanobacterial blooms as secondary metabolites, are geosmin
(GSM) and 2-methylisoborneol (MIB) [6]. They are often found in surface waters, such
as lakes, rivers and eutrophic drinking water reservoirs, [7] indoor air, [119] fish tissues
[120, 121] and foods. [122-124] Both GSM and MIB (Figure 2.3.) are neutral bicyclic
alcohols with moderate solubility, volatility and hydrophobicity, that exist as (+) and (-)
enantiomers, with the naturally produced (-) enantiomers being far more potent taste &
odor contributors than the (+) molecules. GSM (4S,4aS,8aR-4,8a-Dimethyl-
1,2,3,4,5,6,7,8-octahydronaphthalen-4a-ol) whose name in Greek means “earth odor”,
is a bicyclic tertiary alcohol (Figure 2.3.a) produced by certain species of Oscillatoria,
[125, 126] Anabaena [127] and actinomycetes. [128] GSM has a distinct earthy-muddy
flavor and aroma, and is responsible for the earthy taste of beets and contributes
strongly to “petrichor’, the scent of rain faling on dry earth. MIB (1,6,7,7-
Tetramethylbicyclo[2.2.1]heptan-6-ol) is a terpenoid (Figure 2.3.b) also produced by the
cyanobacterial species of Oscillatoria [125, 126] and Phormidium [129]. Although MIB is
often responsible for the musty taste and odor to drinking water and to malodorous off-
flavor in fish and aquaculture products [130], it is the source of pleasing aromas of Brie
and Camembert cheeses. Human nose can detect the odor of GSM and MIB and their
threshold odor concentration in water has been reported to be 9 and 4 pg mL’
respectively [8, 9], while the lowest concentration at which an odor can be sensed is
about 1 ng/L [131].

Communities whose water supply depends on surface water periodically experience
episodes of unpleasant water. Upon cellular death of these bacteria, GSM/MIB are
released into the local water supply, impacting greatly on the aesthetic quality and
general consumer acceptability of drinking water [10]. For these reasons, the removal of

these compounds from water is very important for its use and consumption.
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Figure 2.3. Structures of (a) geosmin and (b) 2-methylisoborneol

The biochemical and genetic mechanisms responsible for the production of GSM are
not yet fully understood. However, aa recent discovery of the geosmin synthase gene in
cyanobacteria, that catalyzes the conversion of farnesyl diphosphate to GSM has
provided the fundamental knowledge on investigating how growth conditions affect the
expression of the gene and the production of GSM [132]. Accordingly, MIB is
synthesized by the cyclization of the methylated isoprenoid substrate, 2-methylgeranyl

diphosphate, a reaction catalyzed by 2-methylisoborneol synthase [133].

GSM and MIB production by cyanobacteria during their growth depends on
environmental factors and these compounds are released in water mainly after the
death and biodegradation of the cells. It is essential to recognize that GSM and MIB
occur in surface waters as cellular (cell-bound) and dissolved fractions and that the
differentiation between these two fractions is key to the effective management of water
quality control and treatment [130]. They have been reported several incidents of heavy
GSM/MIB contamination of surface and drinking waters [130] with concentrations
reaching 4.000 ng/L GSM (Carcoar Dam, Australia) and 3600 ng/L MIB (Sakagawa
River, Japan).

The presence of GSM and MIB in water was shown by numerous studies that the is not
associated with serious health effects, being mainly an aesthetic concern [134] and as a
result, these compounds are not regulated. However, Graham et al. [135] in a recent
study showed that toxins and taste-and-odor compounds are frequently co-occurring (in
91% of blooms), indicating odor may serve as a warning that cyanotoxins likely are
present. However, odor alone does not provide sufficient warning to ensure human-
health protection due to the fact that toxins seemed to occur more frequently than taste-

and-odor compounds.
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24. Summary

Cyanobacteria (blue-green algae) are a group of prokaryotic organisms that occur
worldwide in fresh, brackish and saline waters. Under favourable conditions,
cyanobacteria can multiply rapidly to form blooms and mats [136]. A lot of cyanobacteria
species and strains are toxigenic, i.e. able to produce a diverse range of potent
cyanotoxins [137, 138]. Toxic cyanobacteria blooms can be especially detrimental to
human and animal health, to aquatic habitats and to economy [139-141]. During the last
years there is a growing concern regarding the health effects of MCs, because they act
as tumor promoters, through the inhibition of protein phosphatases 1 and 2A, which play
a key role in cell regulation [3]. In response to this concern, WHO has recommended for
provisional adoption the value of 1 pg/L as a Guideline Value for MC-LR concentration
in drinking water [4]. Humans are exposed to toxigenic cyanobacteria via drinking water
and accidental ingestion while engaging in recreational activities. In addition to
ingestion, exposure can also occur through skin contact with contaminated water or by
inhalation when toxins become aerosolized and via food. Cyanobacterial metabolites
have also been detected in food supplements, shellfish, fish and may be present in

edible plants [142] exacerbating concern on exposure to these metabolites.

A variety of traditional water treatment methods, including coagulation/sedimentation
[143], activated carbon adsorption [144] and membrane separation [145], have been
attempted for the removal of cyanotoxins and taste and odor compounds, but with
limited success. Previous studies have demonstrated that TiO, photocatalysis [11-18]
can effectively destroy cyanotoxins in aqueous solution and emphasis was given to the
mechanistic understanding of the process by identification of the intermediates formed

during photocatalysis [19].

The assessment of pollutant disappearance is not sufficient to ensure the absence of
residual products since the photocatalytic treatment is a complex procedure leading to
the formation of degradation products, which in some cases may be more toxic and
stable than the parent compound. Therefore careful analytical and/or toxicological
monitoring using various techniques is important in order to control all transformation

steps, but also the final degradation products.
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CHAPTER 3

Destruction of cyanobacterial metabolites by conventional and

advanced oxidation processes

3.1. Introduction

Human exposure to cyanobacterial metabolites is most common through the ingestion
of drinking water, contaminated by cyanobacteria. Cyanotoxins (MC-LR, CYN) are
released into the water after death and lysis of the cyanobacteria cells and they can
enter water treatment plants, while their removal is necessary. For the removal of the
toxins, physical and/or chemical oxidation methods are commonly used. Although,
some physical methods, for example, activated carbon filtration [146] [147], membrane
filtration [148, 149] [150], flotation [151] or coagulation [152] showed in some cases high
removal efficiencies but under extended treatment times and it is notable that these
methods are not destructive [153]. On the other hand, the use of conventional oxidation
processes such as chlorination, ozonation and permanganate oxidation have been
studied for the destruction of cyanobacterial toxins. Advanced oxidation processes

(AOPs), have been also proposed as alternatives to chemical oxidation.

3.2. Conventional Oxidation methods

The oxidation of microcystins by common chemical oxidants used in conventional water
treatment such as chlorine, chlorine dioxide, ozone, and permanganate has been
extensively reported [154]. With respect to oxidation rate, the following general trend is
typically observed for microcystins: ozone > permanganate > chlorine >>> chlorine-
based oxidants. However, differences have been observed depending both on the type

of toxin that is oxidized and the water quality parameters.

A variety of oxidants have also been studied in degrading CYN, among them free
chlorine [155], chlorine dioxide [156], chloramine [157], permanganate [158] and ozone

[159], with the majority of those techniques being effective.
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When GSM and MIB are released during cyanobacterial bloom events, removal
processes are required. Studies have shown that employment of standard water
treatments such as coagulation, sedimentation or filtration, for GSM/MIB removal
appeared to be ineffective, especially at very low concentrations of the compounds
[160]. These compounds are resistant in common oxidants such as Cl,;, CIO, and
KMnO4 [161, 162]. Even though aeration is considered to be effective for volatile
compounds removal, due to low Henry’s Law constant of GSM/MIB, their removal using

air stripping presented to also be ineffective [163].

3.2.1. Chlorination

Chlorine is the most common reagent used in water treatment as both oxidant and
disinfectant. It is effective, easy to use and affordable in both centralized and point-of-
use treatments. Chlorine can be applied for water treatment in different forms such as
Cly, sodium hypochlorite (NaClO), chlorine dioxide (CIO;) and chloramines (NHxCI,
NHCIy).

A number of studies used free chlorine for microcystins oxidation and indicated that the
process was effective [164-176]. Chlorine-based weaker oxidants such as chlorine
dioxide and chloramines have been used as alternative to chlorine, but were found to be
ineffective for microcystins destruction [171, 174, 177]. Ho et al. studied the differences
in the chlorine reactivity of four MC analogues; the oxidation of the microcystins was
related to the chlorine exposure with the ease of oxidation following the trend: MC-YR >
MC-RR > MC-LR > MC-LA [175]. Tsuji et al. [178] examined the effect of sodium
hypochlorite on MC-LR and -RR and were the first to report by-products of MC-LR

during chlorination.

Chlorine efficiency depends on experimental parameters, including the nature of the
chlorine compounds used. In a study on MC-LR in 30 min treatments at 1 mg L™ dose
of the oxidant, toxin concentration decreased by more than 95% with aqueous chlorine
and calcium hypochlorite, and only by ~ 40% with sodium hypochlorite [179]. The
observed difference is due to the effect of pH (sodium hypochlorite solutions are highly

alkaline).
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The type of MCs analogues present in a water source and the characteristics of the
water have to be evaluated [175], due to the different reactivities of MC variants with
chlorine based on the interactions of natural organic matter (NOM) with a microcystin or
the formation of highly reactive quaternary chloramines may also play a role in [174,
179, 180]. However, it is considered that, overall, MCs are efficiently degraded when
treated with > 0.5 mg/L residual chlorine, pH <8 and with > 30 min contact time [174,
179].

Also, a major parameter influencing MCs oxidation efficiency is chlorine dose. Merel et
al. [170] showed that one mole of MC-LR reacts with 12 moles of chlorine within 30 min
of reaction. Chlorine dose must be sufficient to react with both MCs and NOM present in
water, which competes with toxins and can potentially reduce chlorination efficiency
[165].

Studies on the chlorination of CYN have been conducted much more often than other
treatment methods [94]. More than half of 20 ug L' CYN was degraded with a chlorine
exposure of 1.7 mg min L™ at pH = 8. At 4 mg min L™ of chlorine exposure complete
inactivation of C. raciborskii could be achieved, with no accumulation of CYN in the
reaction solution. The chlorination efficiency is highly dependent on the water quality
such as the pH and the presence of NOM. Speciation of chlorine and CYN is influenced
by the solution pH and the maximum oxidation rate of CYN by chlorine was observed in
ultrapure water at neutral pH [157]. Merel et al. [181] and Banker et al. [92] have

studied oxidation of CYN by chlorination, identification of the chlorination by-products.

3.2.2. Ozonation

Ozonation process is one of the most affordable treatment technologies that can be
used for cyanotoxins removal from drinking water. Ozone is a strong oxidizing agent
that proceeds through direct molecular reaction pathway and/or indirect radical
formation [182]. A number of studies have been performed dealing with the ozonation of
cyanotoxins and they mainly focused on the investigation of doses required for toxins
destruction [25, 143, 159, 171, 183-188], the effect of water quality parameters [159,
171, 184-187] and the mechanistic aspects of ozone’s reactivity with the cyanotoxins
[159]. With the majority of those focused on MC-LR degradation [143, 159, 171, 183-
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187], results indicated that ozonation as a treatment process for cyanotoxins is highly

efficient.

In a study by Rositano et al., 1998 [183], with laboratory scale ozonation experiments
on pure toxin solutions, at pH=7.0, it took only 15 s and an ozone dose of 0.22 mg L™ to
completely remove 1.0 mg L' MC-LR. They also investigated the effect of pH for the
removal of MC-LR in algal extracts and it was found that at alkaline pH the efficiency of
ozone was significantly reduced, attributed to the lower oxidation potential of ozone at
alkaline pH and the accelerated decomposition of O3 to HO® in the presence of OH". The
non-selective oxidizing nature of the HO® in contrast to the selective reactivity of ozone
(selective to organic molecules that have nucleophilic moieties) [189] result in the
advantage of ozone for treatment of waters with high levels of dissolved organic content
(DOC) [159]. Shawwa et al. [187] investigated the effect of pH during ozonation
reported that the pseudo-first order rate constant (k') of MC-LR increases by a factor of
20 between pH values from 2 to 7. In a later study [171], it was reported that ozone was
more efficient in degrading MC-LR and CYN than chlorine, chlorine dioxide and

permanganate.

Onstad et al. [159] conducted detailed studies on the kinetics of several cyanotoxins,
including CYN with ozone, showing that the reaction of ozone with CYN is pH
dependent between pH 4-10. The ozonation of CYN in natural waters is proportional to
the rate constants for the reactions of CYN with ozone, while ozone primarily attacks the

uracil ring responsible for the toxic.

Ozone being one of the strongest oxidants is capable for degrading taste and odor
compounds. Ozonation process efficiency mainly depends on solution pH, ozone dose
and water quality. In several studies ozone process was applied for GSM/MIB removal
in combination with other methods, such as UV irradiation or H,O,. According to that,
Duguet et al. [190] observed that GSM and MIB removal by ozonation was influenced
by solution pH and with an addition of hydrogen peroxide, degradation was 10 fold
faster than that obtained with ozone alone. Confirming water media influence
Terashima, [191] Jung et al. [192] and also Glaze et al., [162] presented different results
of the destruction of GSM and MIB, attributed to the nature of the water studied in each
case, resulting to different ozone dose and reaction time demand. For that reason, Ho
et al. [193] studied the effect of NOM fractionations presence on removal efficiencies of

gsm/mib, suggesting that NOM with higher MW fractions (higher specific UV
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absorbance (SUVA) characteristics) had lower contact times, thus faster reaction with
ozone, resulting in higher removal efficiencies. In contrary with that, Liang et al. [194]
found that no significant effect on the ozonation of gsm/mib was resulted in the
presence of background organics, but confirmed the significance of pH as a factor as it
is directly related to the concentration of hydroxyl radicals. Collivingarelli et al., [195]
using ozone for removal of GSM/MIB, found the compounds to be resistance to ozone
showing low removal rates, with better results followed by UV employment.

3.2.3. Oxidation with Permanganate

In the 1960s, application of potassium permanganate began in the water industry
having many potential uses as an oxidant, destroying micro-organisms and organic
pollutants [196]. Permanganate in general attacks functional bonds with multiple bonds
and may oxidize organic compounds via several reaction pathways, primarily electron

exchange, hydrogen atom abstraction, hydride ion abstraction or oxygen donation.

In an early study Rositano et al. [197] and in few more recent studies [171, 198-200], it
was reported that oxidation of MC-LR with permanganate appeared to be an effective
process for its removal in water samples. The removal of microcystins by permanganate
was also tested in natural water [199]. A fast consumption of permanganate occurred,
followed by the removal of MCs. Under the experimental conditions used (1.1 mg L™
permanganate at pH 7) about 1 h was enough for the complete removal of MCs. The
degradation of MC-RR and MC-YR was slightly faster than MC-LR.

Rodriguez et al. (2007)[157] reported that 1.5 mg L -1 dose of permanganate could only
remove 10% of CYN and an estimated half life of 4 days. Oxidation of CYN by
permanganate concentrations used in water treatment is insufficient to remove CYN. In
another study the degradation of CYN and the inactivation of C. raciborskii were both
investigated [155] by permanganate along with other oxidants and again, it was found
that very little or no degradation of CYN could be achieved by a permanganate dose of
360 mg min L. However, partial inactivation of C. raciborskii with an initial
concentration of 2 x10 5 cell mL™" could be achieved at around 65% for 240 mg min L ™

permanganate.

49



GSM/MIB removal appeared to be ineffective in common oxidants including KMnOg4
[161, 162]. KMnO4 has been found to have low removal efficiencies for GSM and MIB
even at higher dosages [161, 162].

3.3. Photolysis and Advanced Oxidation processes

Alternative to conventional oxidative methods, advanced oxidation processes (AOPS)
appeared to establish their effectiveness to completely remove compounds from water
and in the case of cyanobacterial metabolites. AOPs are environment friendly and they
mainly involve UV light in the presence of hydrogen peroxide or ozone, UV-near visible
light in the presence of TiO,, sonolysis, radiolysis, polyoxometalate photocatalysis etc.
These methods can achieve degradation and even mineralization of pollutants, and they
are based mainly on the formation of the highly oxidizing HO®. Hydroxyl radicals are
effective in destroying pollutants, reacting rapidly and non selectively with nearly all

electron rich organic compounds.

3.3.1. Photolysis

Direct irradiation of a pollutant can lead to its degradation. When a molecule absorbs
light, leading to its promotion from the fundamental state to an excited state, which can
undergo to homolysis, heterolysis or photoionization, among other processes. When
light is absorbed directly by a pollutant its bonds can be broken photolytically.In the
presence of water or oxygen, highly reactive species like HO® and O," radicals can be

generated, capable to oxidize a great variety of pollutants.

For a pollutant to be degraded only in the presence of UV light, the pollutant must
absorb light at a wavelength emitted by the light source. Many organic pollutants absorb
light at lower wavelengths and for that reason solar light is not capable to degrade them,
due to only a small part of ~ 3.5 — 8% of the solar spectrum corresponds to UV light
[201]. MCs are known to have no absorption under natural sunlight irradiation, having a
UV-vis absorption at A = 238 nm. Thus direct photolysis does not contribute to their
elimination in natural waters. MC-LR degradation was studied under natural sunlight in

distilled water, and irradiation alone had little effect on MCs with 86% of the toxin being
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present after photolysis for 26 days [29]. Addition of naturally photosynthetic pigments
greatly enhanced the destruction process with the degradation rate depending on the
pigment concentration [202] [29]. When UV-C light at 254 nm was applied, MCs were
decomposed by while decomposition depended on the intensity of the light [203].

Photodegradation of CYN is highly dependent on UV-A light, and is generally limited
under natural conditions [204]. Kutschera et al. [205] investigated GSM/MIB removal

using VUV and found that was more effective compared to UV.

3.3.2. UV/H;0; process

UV/H,0, has been widely studied and used in the degradation of organic pollutants in
water [206-210]. It is known that H,O, upon illumination undergoes homolytic splitting
into HO® radicals, which can cause degradation and mineralization of a great variety of
pollutants [211, 212]. This process is influenced by many factors such as pH,
concentration of HyO,, wavelength and intensity of irradiation, as well as initial
concentration of the substrate [213]. UV/H,0O, has been applied for the degradation of
MCs in water because of its advantages, such as, relatively low operational cost, no

sludge production, and ease of operation [214-217].

Li et al. [216] using UV/H,0, process reported the degradation of MC-LR in water. The
degradation rate of MC-LR increased with an increase in H,O, concentration without
inhibiting effects at a high UV light intensity (153 yW cm™) or at a high H,O, dose (3
mM). It was also reported that at low concentrations of MC-LR, high degradation rate
was observed. Degradation of MC-LR was also investigated in the presence of various
anions including CI, NO3,, COs%, and SO4*. Destruction of MC-LR was significantly
reduced in the presence of COs* and NOs, because NOs; could reduce UV light
intensity as an inner filter [218] and CO3? could act as a scavenger of hydroxyl radicals
[219]. Cronish et al. [214] investigated the role of hydrogen peroxide in the
enhancement of the photocatalytic oxidation of MC-LR using TiO». Higher initial rates of
the MC-LR photocatalytic destruction were observed when H,O, was present which is
was attributed to the increase of the oxidising power of the system due to additional

oxidizing hydroxyl radicals generated during the process.
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Combination of methods hydrogen peroxide with ultraviolet irradiation (H».O,/UV) was
applied in several studies for GSM and MIB, presenting successful removal of the
compounds to a level below their odor threshold. Rosenfeld et al. [220] applied direct
photolysis with UVC and addition of hydrogen peroxide improved their removal
efficiencies more than 70%. The same conclusions on improveming gsm/mib removal
had Romain [221] and Royce and Stefan [222], in similar studies. Peter and Gunten
[223] using UV/ H20, on water from two different lakes in Switzerland, they determined
second order reaction rates for oxidation with hydroxyl radicals generated from
UV/H20,. In agreement to this study, Park et al. [224] using H20,, indicated hydroxyl

radicals as the mean mechanism in mib/gsm destruction.

3.3.3. Ultrasonic degradation

Ultrasonic irradiation unlike other AOPs, does not require addition of chemicals.
Ultrasonic-induced degradation of organic compounds is a complex process that can
involve hydroxyl radicals, supercritical water oxidation, an dpyrolysis. Ultrasonic
irradiation is based on the phenomenon of acoustic cavitation, which involves the
formation and subsequent collapse of gas bubbles (cavitation) from acoustical wave
induced compression/rarefaction leading to extreme conditions (5000 K, 1000 atm),
under which the pyrolysis of water produces H®* and OH®. [225]. Generated radicals can

either react with each other or diffuse into the bulk liquid to serve as oxidants.

Studies dealt with the destruction of cyanotoxins by ultrasonic irradiation, including a
series of papers on the destruction of MCs [28, 226, 227]. The results demonstrated
that ultrasonic irradiation can lead to rapid degradation of MCs. Degradation of MC-LR
in cyanobacterial extracts was effective under a variety of conditions, with OH*® oxidation
being responsible for a major fraction of the observed degradation [226]. Song and
O’Shea [227] used ultrasonic irradiation and a complete degradation of GSM and MIB
was achieved in a matter of minutes; due to degradation of the compounds caused by
pyrolysis resulted from the heat generated when water is subjected to ultrasonic

irradiation.
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3.3.4. TiO; photocatalysis

TiO, photocatalysis is among the most efficient emerging processes for the treatment of
cyanotoxin contaminated water [154, 228-230]. This “green” emerging process is known
to efficiently perform water purification, disinfection and detoxification without
necessitating the use or resulting in the production of hazardous compounds [231-233].
Previous studies have demonstrated that TiO, photocatalysis can effectively degrade
both cyanotoxins as well as taste and odor compounds in aqueous solutions [12, 13, 17,
18, 20, 23, 234-236].

Removal of MC-LR, -YR and -YA was evaluated using a laboratory-scale photocatalytic
reactor with TiO, in suspension under UV-C light irradiation (Amax at 254 nm) [237].
Addition of TiO; to the UV-illuminated process led to an enhancement in the removal of
all MCs and when natural lake water samples were spiked with MCs subjected to
photocatalytic treatment, degradation for MCs was achieved but slower degradation
rates were obtained in natural water. Shepard et al. also immobilized TiO, onto a
fiberglass sheet and modified the design of a laboratory-scale reactor for the removal of
MC-LR, -YR and -RR with UV-C light [238]. Lawton et al. [239] studied the processes
that affect surface interactions of four MCs, MC-LR, -RR, -LW, and -LF, with TiO; in

water.

Dark adsorption and rate of toxin destruction were found to be influenced by the solution
pH, and for MC-LR, about 50% of the toxin was adsorbed on the surface of TiO, at pH
4.0 [239]. In alkaline solutions, all MCs, except MC-RR, exhibited very low adsorption
capacity on TiO,. Higher degradation rates were obtained at high extent of adsorption,
which suggests that the photocatalytic oxidation takes place at the surface of the
catalyst. MC-LR is structured by a D-methylaspartic acid and a D-glutamic acid, having
free carboxylic groups. The pKa for both aminoacids is around 3.0. MC-LR, also
contains an L-arginine unit having a basic amino group with pKa=12.48. With increasing
pH (3 < pH < 12), MC-LR loses two protons from the carboxylic groups, making the
overall charge —1. At extremely basic pH (>12), MC-LR loses the proton from the
protonated basic group and the overall charge is —2 [240]. The pH of zero point charge
(pPHzpc) of TiO2 is 6.25 [231]; below this pH the surface is positively charged. When pH <
pHzpc the surface charge of the catalysts becomes positively charged and presents

electrostatic attractions towards negatively charged species [241].

53



To the best of my knowledge a few studies have used TiO, photocatalysis for CYN
degradation [21, 22, 242]. Employment of TiO, photocatalysis appeared to be an
effective process for CYN elimination in aqueous solutions [21, 22, 242]. Senogles et al.
[21] examined he photocatalytic degradation of CYN with different TiO,
nanoparticles (Evonik P25 and UV-100) under UV irradiation. When using Evonik P25
nanoparticles, the degradation rates were independent of temperature but
dependent on pH. Higher pH values resulted in higher degradation rates although
no significant adsorption (under dark conditions) onto the TiO, surface was
observed. CYN can be adsorbed on TiO, surface via electrostatic interactions between
the positively charged surface of catalysts and the negatively charged group (SO4%) of
CYN. In another study [242], where polymorphic TiO, was used, the CYN'’s negative
group also reach the positively charged photocatalyst’s surface at pH lower than its
pHzc. On the contrary, no significant adsorption was observed reported with NF-TiO,
photocatalytic films at pH 3, since CYN at this pH is positively charged as is the
photocatalyst’s surface [22].

Lawton et al. [239] reported rapid degradation of both GSM and MIB with more than
99% removal within 60 minutes of illumination in the presence of suspended TiO,. Bellu
et al. [23], using a pellet form of TiO, completely removed GSM within 25 minutes of
treatment. In a later study using the same material in a heavy water solvent, an isotopic
effect was observed upon GSM destruction. The results of the study showed the
dependence on the photocatalyst material used and also suggested that the
photocatalytic degradation took place on the catalysts surface with ‘OH radicals
generation being the rate determining step [243]. In another study, TiO, entrapped into
EFAL (extra-framework-aluminium)-removed Y-zeolites was applied for MIB
degradation presenting enhanced photocatalytic activity. This was due to modification of
the surface states of TiO, that leads to enhancement of the photocalyst adsorption
capability [244]. A preliminary study was also performed by Pemu et al. [24] using TiO,

photocatalysis of GSM in which few intermediate products were identified.

3.3.5. Polyoxometalates photocatalysis

Polyoxometalates (POM) are acid condensation products, mainly of molybdenum and
tungsten [37-39], that upon excitation with near visible and UV light become powerful
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oxidizing reagents capable of destroying a great variety of organic compounds in
aqueous solutions [40, 41]. "OH radicals generated by reaction of POM with H,O seem
to play a key role in the process [42]. Oxygen oxidizes (regenerates) the catalyst and
through reductive activation may or may not participate further in the process,
depending on the substrate [43]. Due to their photocatalytic performance, POM can be
recognized as an advanced oxidation process. POM are at least as effective as the
widely published TiO,, presenting similar behavior with the semi-contacting oxide [42].

Photocatalytic degradation of GSM and MIB under UV and near visible light in the
presence of POM photocatalyst, SiW1,04,"", in aqueous solution has been studied and
compared with the photodegradation by TiO, suspensions for the first time, in this study

and results are presented in Chapters 5 and 8 [245].

3.4. Summary

All conventional oxidation processes (chlorination, ozonation and oxidation with
permanganate) were able to degrade at some grade cyanotoxins MC-LR and CYN, but
were found to be ineffective in degrading GSM or MIB in water. Alternative to
conventional oxidative methods, AOPs are generally more effective on degradation of
pollutants and are based mainly on the formation of the highly oxidizing HO® radicals.
Among those, TiO, photocatalysis demonstrated [11-18, 20] that it can effectively
degradate cyanotoxins and taste and odor compounds in aqueous solution [15, 20-24].
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Chapter 4

Photocatalysis with Titanium Dioxide and Polyoxometalates

4.1 Introduction

Water detoxification has become an environmental issue of ever increasing importance.
Traditional water treatment methods have been attempted for the removal of
cyanobacterial metabolites, but with limited success. In addition to conventional
technologies used for purification of water, another type of treatment process,
commonly referred as advanced oxidation processes (AOPs) is emerging. AOPs are
increasingly being considered as alternatives to conventional technologies because
they destroy hazardous organic compounds rather than transferring them to another
phase. AOPs are generally characterized by their ability to generate strong oxidizing
species, some examples being UV light in the presence of hydrogen peroxide or ozone,
and UV-A light in the presence of semiconducting photocatalysts [211, 231, 246]. TiO,
photocatalysis being widely used as an AOP, although it appears to degrade a great
variety of compounds, it requires UV irradiation to overcome its wide band gap-energy.
Consequently, research on the development of new TiO, based catalysts has been

receiving increased attention.

4.2 Titanium Dioxide TiO-»

Titanium dioxide occurs in three different forms, anatase, rutile and brookite, with rutile
being the most stable form [247]. Is typically an n-type semiconductor due to oxygen
deficiency [248]. TiO, is the most widely investigated photocatalyst due to its high

photoactivity, low cost, low toxicity and chemical/thermal stability [231].

57



(a)

Figure 4.1. Crystalline structures of titanium dioxide (a) anatase,(b) rutile, (c) brookite
[249].

4.2.1.TiO; photocatalysis, new TiO; based photocatalysts

TiO, photocatalysis which have been widely studied during the last decades is mainly
based on the generation of electron/hole pairs and highly oxidizing "OH radicals leading
to oxidation and mineralization of organic pollutants. This ‘green’ process is based on
the generation of highly reactive oxygen species (e.g., HO®, O,") through the
photoexcitation of the catalyst by absorbing radiation with energy equal to or greater
than its band gap. The adsorption of a photon excites an electron to the conduction
band (e, generating a positive hole in the valence band (hy").

TiOy + hv — hVB+ +ecg

Charge carriers can be trapped as Ti** and O~ defect sites in the TiO, lattice, or the
excited electron and hole can recombine and release the energy gained from the
excitation of the electron as heat (energy) [250]. The charge carriers can migrate to the
catalyst surface and initiate redox reactions with the adsorbed organic compounds. The
positive holes react with the moisture present on the surface and produce a hydroxyl

radicals which are extremely powerful oxidants.
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ecs + hws’ — energy
H,O + hVB+ —°*OH +H"

Hydroxyl radicals can subsequently oxidize organic species with mineralization

producing mineral salts, CO, and H,0O [251].

*OH + pollutant - — — H,O + CO;,

A reductive path can also take place, with electron in the conduction band can be
rapidly trapped by the adsorbed on the titania molecular oxygen, which is reduced to
form superoxide radical anion (0,*7). O,*” can further react with H" to generate

hydroperoxyl radical (*OOH) and further electrochemical reduction yields H,O, [252].

Oz +ecg — 02

0,*” + H" -*O0H

*O0OH +°*0O0H — H>O5 + Oy

0,°*" + pollutant - — — CO, + H,0
*OO0H + pollutant — CO; + H,0

These reactive oxygen species may also contribute to the oxidative pathways such as

the degradation of the organic compound [251].
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Figure 4.2. Schematic of TiO, photocatalytic mechanism [154].

However, TiO,-based photocatalytic processes require UV radiation (A < 400 nm) to
account for the wide band gap energy (~3.2 eV for anatase phase) that is needed for

photocatalytic activation.
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Doping of TiO; is a technique used to reduce its band gab energy requirements. As an
example, non-metal doping with nitrogen (N), fluorine (F) or carbon (C) has been shown
to yield improved materials with good photocatalytic performance in the visible light
[253-257].

In nitrogen and fluorine doping, energy states are formed inside the titania band gap
accounting for the red shift of the energy gap and the induced visible light photocatalytic
activity [258]. Similarly, C-doping e.g. Kronos TiOg, involves substitution of oxygen by
carbon atoms producing new energy states deep in the TiO, band gap, which are
responsible for the visible light absorption [256, 257].

.

Solar light
/( CB \ O;" / CB \

( ) Eg~3.2eV TiO; regeneration ( )
N doping level g N doping level
/
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\ /
\%

mineralization
H,O + CO, + ...
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TiO, ; g
OH

MiB GSM

Figure 4.3. Photocatalytic cycle for the destruction of GSM and MIB using nitrogen
doped titania (N-TiO2) nanocatalyst.

Other materials, such as the graphene oxide (GO)-TiO, composite photocatalysts
exhibit systematically enhanced photocatalytic activity that is mainly related to the
scavenging and subsequent transport of photogenerated electrons by GO after
excitation in the conduction band of TiO, by UV illumination, promoting thus charge
separation as well as the enhanced capacity of the composites for the physical and
chemical adsorption of pollutant molecules [259]. Another photocatalyst used was ECT-
1023t, which was prepared by a sol-gel method in which aggregates have been
selected before thermal treatment. The high photoactivity of this new catalyst has been
attributed to the different distribution of surface defects and its increased capacity to
yield H,O, [268].
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During the last decade, there is a remarkable number of industrial applications based on
photocatalytic materials for air cleaning, i.e. self-cleaning glazing and concretes,
photocatalytic cements and paints and indoor air purification systems. Although
photocatalytic applications for water purification are fewer there is an increasing interest
on using photocatalysis for water treatment. Recently, it has been demonstrated that
TiO, based photocatalysis (Degusa P25, N-TiO,, NF-TiO,, Kronos and GO-TO;) can
effectively degrade cyanobacterial toxins as well as water taste and odor compounds in
aqueous solutions [12, 13, 17, 18, 20, 23, 234-236]. Cyanotoxins and taste and odor
compounds can potentially be released in water during incidents of harmful algal bloom

causing many water—quality concerns [6, 125, 260].

4.3. Polyoxometalates

Polyoxometalates (POM) have previously been used for degradation of several organic
pollutants in water [32-36]. In almost all cases final degradation products were CO,,
H>0 and inorganic anions. POM are acid condensation products, mainly of molybdenum
and tungsten [37-39], that upon excitation with near visible and UV light become
powerful oxidizing reagents capable of destroying a great variety of organic compounds

+

in aqueous solutions through a hole-electron (h © + e ) mechanism [40-42]. Hydroxyl
radicals ('OH) generated by reaction of POM with H,O seem to play a key role in the
process [42]. Oxygen oxidizes (regenerates) the catalyst and through reductive
activation may or may not participate further in the process, depending on the substrate
[43]. Due to their photocatalytic performance, POM can be recognized as an AOP [33-
35]. They have also been recognized as building blocks for efficient photocatalysts by
hybridizing with photofunctional semiconductor nanostructures [261]. POM are almost
as effective as the widely published TiO, [42], presenting similar behaviour with the

semi-contacting oxide [42].

4.3.1. Polyoxometalates and their Photocatalytic Cycle
One of the characteristic properties of POM is that they keep their structure intact, upon

undergoing stepwise multielectron redox reactions. POM can also serve as oxygen

realys, replenishing the consumed oxygen with atmospheric oxygen.
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PW,0.40* PoW;506,% W;003."

Keggin Structure Dawson Structure The stucture of isopoly

Figure 4.4. The structures of several categories of POM. PW 12040, Keggin structure;

P,W 106>, Dawson-Wells structure. The stucture of isopoly W1¢032" [262].

£ x 10 'em?
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Figure 4.5. Oxidized and reduced (by one and two electrons) spectra of PW15,040°,

showing the O— M CT band, d-d transitions and the intervalence electron transfer band
(M-M CT) [262].

lllumination of POM in the oxygen to metal charge-transfer (O — MCT) band i.e. below
400 nm enhances their oxidizing ability, making them powerful oxidizing reagents able
to oxidize a great variety of organic substances through a hole-electron mechanism
similar to semiconductor photocatalysis [42].

Most of the proposed mechanisms concerning photocatalytic degradation of organic

substances (S) in the presence of POM, are supposed to proceed through the reaction
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of excited POM (POM*) with water producing highly oxidizing ‘OH radicals. In the
presence of oxygen, the overall reaction that takes place in the photocatalytic circle is:

POM — POM*i.e., POM (h* +e")

Excited POM has been reported to react with the substrate via direct reaction

POM* +S — POM (e )+ S (h*)

And via indirect reaction through ‘OH radicals [263]

POM* + H,O - POM (e )+ OH+H"

‘OH + S — hydroxylation, H abstraction, etc.

Several oxidants, including oxygen, are effective in oxidation of reduced POM,

regenerating the catalyst [43].

POM (e ) + O, — POM + O, "

This superoxide radical anion can further participate in oxidative processes.
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Figure 4.6. Schematic diagram of the photocatalytic cycle with the Keggin structure [42].

To summarise, upon photocatalysis of an aqueous solution in the presence of POM
both oxidative and reductive species are formed. The excited POM, the ‘OH radicals
and the superoxide radical anions are the oxidative species, whereas the reductive

species are the reduced POM, POM (e ) and the superoxide radical anions [32]. It
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should be noticed that POM, for example SiW1,040*, at the beginning of the photoredox
process, participate exclusively as oxidants, since tungsten exist at its highest oxidation
state (W ®).

4.3.1. Comparison with Metal Oxide Particles

As mentioned earlier POMs photochemistry resembles very much the chemistry of
metal oxide particles. POM are well-defined anions that when are dissolved in water
form homogeneous solutions, whereas, metal oxide particles (i.e., TiOy), that is SC,
disperse in water forming heterogeneous solutions. Despite that difference, these two

photocatalysts present a lot of similarities [42].

POMs can be reduced by various means, chemical, electrochemical, photolytic, etc.
producing blue species. There is a stepwise addition of several electrons for POM,
whereas, accumulation of electrons takes place also in SC depending on the strength of
the reducing reagent. Both photocatalysts absorb at the near-Vis and UV area. For
POM this absorption corresponds to O — M CT band, whereas, for SC (i.e., TiOy)
corresponds to band gap, e.g. that is promotion of an electron from the valence band
(VB) to conduction band (CB) resulting in electron hole (h*) separation. The common
photocatalytic cycle of both systems is shown in Figure 4.7. [264]. It has been
accounted for the overall similar picture presented by these two categories of catalysts.
Several research groups have undertaken the task to elucidate the main oxidant in the
primary photochemical reaction, i.e., whether it is exercised via OH radicals or holes or
both. A common oxidant, i.e., OH radicals will explain the similar behavior, whereas, the

opposite will produce diversified results.
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Figure 4.7. Schematic diagram showing the parallel photocatalytic action of POM and

semiconducting particles [42].

Several examples, from both photocatalysts, have been reported to demonstrate that
their performance is similar in terms of the overall mechanism of photodecomposition of
organic compounds, the intermediate species involved and the final photodegradation
products (i.e., CO,, HO and inorganic anions) [42]. However, parallel experiments
under similar conditions, using various substrates (atrazine, fenitrothion, 4-chlorophenol
and 2,4-dichlorophenoxyacetic acid) and ‘OH radical scavengers, have shown that the
photooxidizing mode of POM and TiOy, i.e., ‘OH radicals and/or holes (h*), depends on
the nature of substrate and the mode of investigation [44, 265]. Atrazine showed that
both POM and TiO, mainly operate through ‘OH radicals and with a lower extent with
h*, whereas fenitrothion suggested the almost exclusive operation of both
photocatalysts via ‘OH radicals. On the other hand, differences between the two
photocatalysts have been proposed with 4-chlorophenol and 2,4-dichlorophenoxyacetic
acid, with POM operating via "OH radicals and TiO, mainly via h*. Overall, the action of
"OH radicals relative to h* appears to be more pronounced with POM than TiO, [54]. An
example against the above mechanism for POM has been reported for the degradation
of dichlorobenzene in the presence of ‘OH radicals scavengers suggesting that POM
act via h” rather than "OH mediated oxidations [266]. As a conclusion, whether an ‘OH
or h* mediated mechanism is followed depends on various parameters (e.g., the kind of
substrates, the substrate-photocatalyst interaction) and should be considered on a case

by case basis [265].
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CHAPTER 5

Materials — Instrumentation — Methods — Experimental

5.1. Materials

5.1.1. TiO, based nanocatalysts

Commercial available materials such as Degussa P25 TiO, obtained by Degussa AG-
Germany and Kronos vip-7000, by Kronos Titan GmbH-Germany were used as
reference materials for comparison reasons. TiO, based nanocatalysts were
synthesized by other collaborating groups according to the procedures described [258]
[136] [267] [268] and given for the evaluation of their photocatalytic activity. N-doped
TiO, powders (N-TiO,) were synthesized as the hydrolysis condensation product of
tetrabutyl titanate reaction with urea. The reference TiO, (Ref-TiO2) nanopowders was
prepared without adding urea. NF-doped TiO, nanoparticles were prepared by a novel
synthesis route employing a simple sol-gel method containing a nonionic
fluorosurfactant, fluorine dopant and ethylenediamine. Graphene Oxide-TiO,
composites were synthesized by using the liquid phase deposition method (LPD) at
room temperature. ECT-1023t was synthesized by a sol-gel method, dispersed

mechanically and followed by annealing at 1023 °C.

N-TiO;

For the preparation of the nitrogen-doped photocatalyst, tetrabutyl orthotitanate (15 ml,
97%) was added dropwise into 100 ml of H,O, acified with nitric acid (3.0 ml). After
vigorous stirring for 4 hours, n -propanol (30 ml) was added and the translucent colloidal
solution became completely transparent. Then, urea (25% w/v) was added, followed by
a first annealing step at 100 °C, in order to dry, and further calcination for 2 hours at 450
°C [258].

NF-TiO;

The pore directing agent and fluorine source employed in the modified sol-gel solution
was a nonionic fluorosurfactant (Zonyl FS-300 (FS), ~50% solids in H,O, R{CH2,CH,0-
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(CH2CH20)H; Rf=F(CF,CF;), where x=14 and y=3). The fluorosurfactant was
dissolved in isopropanol (i-PrOH) and then a specific amount of acetic acid was added
to maintain a low pH and for esterification reaction with isopropanol to produce water
molecules in situ. Before adding the titania precursor, anhydrous ethylenediamine
(EDA) was introduced in the solution as nitrogen source. Then, titanium (IV)
isopropoxide (TTIP, 97%) was added dropwise under vigorous stirring and more acetic
acid was added for peptidization. The final solution obtained was transparent,

homogeneous and stable after stirring overnight at room temperature [136].
GO-TiO;

GOT composite was synthesized by using the liquid phase deposition method (LPD) at
room temperature. Graphene oxide dispersion (0.5 g L™") was diluted with distilled water
(250 mL), ammonium hexaflurorotitanate (IV), (NH4).TiFs (0.1 mol L™"), and boric acid,
H3BO3 (0.3 mol L"), were added to the dispersion heated in an oil bath (60 °C for 2 h)
under vigorous stirring with the aim to obtain a homogeneous suspension. The
precipitate was separated by filtration, washed with water and dried at 100 °C under
vacuum for 2 h. The obtained solid was treated in a furnace with N flow at 5 °C min™
until the desired temperature (200 °C or 350 °C) and with soak time of 3 h [267].

ECT-1023t TiO-

The new catalyst was synthesized following a sol—gel procedure. For this, an ethanol-
titanium butoxide (99.5%) and (97%) respectively) 50:3.5 ratio molar solution was
added drop by drop to a water—ethanol—citric acid (99.5%) 50:60.8:0.36 molar ratio
solution. The mixing time was 3 h. After this, the final solution was stirred for 30 min and
then allowed to age for 48 h. Then, the catalysts were dried at 373 K, 24 h. After this
aging and drying treatment, the effect of separating the aggregates by means of sieving
the catalysts with a 63 um mesh was tested. Larger aggregates than 63 ym were
separated from the smaller ones by sieving, resulting in a weight ratio of 53-47%,
respectively. The larger aggregates were removed and the smaller ones were
calcinated, being this catalyst denominated as sieved. Finally, thin films of the catalyst
bwere placed on porcelain capsules to achieve the complete contact of the catalyst with
air during calcination. A 302 K/h slope temperature program was used and the final
temperature was held for 3 h. Synthesis temperature was1073 K. The new catalyst has
been denominated “ECT” (ethanol, citric, tetrabutoxide) followed by the calcination

temperature [268].
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5.1.2. Cyanotoxins, Taste and Odor Standards, Chemicals

MC-LR was purchased from Abraxis, USA.

CYN was purchased from GreenWater Laboratories, FL USA.

GSM (98.0%) and MIB (99.8%) were purchased by Wako Pure Chemical Industries Ltd.
Silica tungstate (SiW1,040*") was obtained by Sigma Aldrich.

Extra pure oxygen and nitrogen were used for oxygenation and evaporation of the
solutions. Water was purified with a Millipore Milli-Q Plus System.

Samples were filtered through Millex PVDF Durapore-GF 13mm 0.22um (low protein
binding) filters.

5.2. Instrumentation

5.2.1. Analytical Instruments

HPLC

MC-LR degradation was monitored by HPLC, using an HPLC apparatus consisted of a
Waters (Milford, MA, USA) Model 600E pump associated with a Waters Model 600
gradient controller, a Rheodyne (Cotati, CA, USA) Model 7725i sample injector
equipped with 20 yl sample loop and a Waters Model 486 tunable absorbance detector,

set at 238 nm, controlled by the Millenium (Waters) software.

LC-MS/MS

The LC-MS/MS system used was a Thermo Finnigan (San Jose, USA) consisting of a
Thermo Surveyor LC pump, a Thermo Surveyor AS auto-sampler and a TSQ Quantum
Discovery MAX triple quadruple mass spectrometer equipped with an electrospray
ionization (ESI) interface operating in the positive ionization mode. Xcalibur software 1.4
was used to control the mass spectrometric conditions and for data acquisition. Mass
axis calibration was performed by infusion of a polytyrosine-1,3,6 standard solution at 5
uL min~". High-purity nitrogen was used as sheath and auxiliary gas and argon was

used as collision gas.
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GC-MS

The GC-MS system used through was an Agilent 6890 Series gas chromatograph
equipped with an HP-5 MS capillary column (30 m x 0.25 mm x 0.25 pm film thickness),
interfaced to an Agilent 5973 mass selective detector. Data acquisition, processing and

instrument control were performed by the Agilent MSD Chem-Station software.

TOC

Total Organic Carbon (TOC) was measured on filtered samples using a Shimadzu
TOC-5000A. Calibration of the TOC analyser was achieved using potassium hydrogen
phthalate standards.

IC

For the monitoring of inorganic ions (NO,, NOs, NH," and SO,*) an lonic
Chromatograph of Metrom which consists of an electrochemical detector 761 Compact
IC and Metrosep C2 150 and Anion Dual 2 analytical columns for cations and anions,

respectively, was used.

5.2.3. Photolysis Systems

An Oriel 1000W Xe-Hg lamp equipped with a cool water circulating filter to absorb the
near-IR radiation and a cut-off filter A > 320 nm was used, emitting spotted light of 370
mW cm for the illumination of a quartz cell, measured by a by a power meter (Newport,

optical meter).

[llumination in UV-A (320-400 nm) was also performed with a laboratory constructed
“illumination box” equipped with four F15W/T8 black light tubes (Sylvania GTE, USA).

The maximum emission of these tubes is around 365 nm, emitting ~1 mW cm™.

Solar light was provided by an Oriel photolysis apparatus (Photomax) equipped with an
Oriel 150 W Xe arc lamp, a cool water circulating liquid filter to absorb the near IR
radiation and finally with an Oriel AM1.5 G air mass filter. This filter corrects the output
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of a 150 W xenon arc lamp to approximate the solar spectrum when the sun is at a

zenith angle of 48.2 °. Light intensity was measured to be 85 mW cm™.

Visible light illumination covering the whole visible range (400 — 700 nm) was provided
by the same photolysis apparatus (Photomax) equipped with a 435 nm cut-off filter
exhibiting a zero transmittance below 410 nm. Light intensity was measured to be 107
mW cm by a power meter (Newport, optical meter). In all cases a borosilicate glass
vessel reactor was sealed and place inside a water thermostated jacket in order to
prevent evaporation and retain the sample temperature constant at 25 °C during

illumination.

5.3. Methods

In this section are included the analytical methods developed and applied for the
determination of analytes concentration, in order to estimate the degradation rate of the
starting compound and for identification of the intermediate products formed. Special
techniques like HPLC-UV, SPME-GC/MS, LC-MS/MS and LLE-GC-MS were used. Also

for the toxicity measurement the PPIA method was applied.

5.3.1. HPLC-UV for MC-LR determination

On the HPLC elution solvents used were Acetonitrile — Water both containing 0.05%
TFA, with gradient elution mode, an injection volume of 20 ul, sample manually injected

and with ambient column temperature.

The column selected was Agilent Eclipse XDB C-18, 4.6 x 150mm, Pz 3.5uym at a
column flow rate of 1.2 ml/min. MC-LR eluted at 4.72 min. The gradient elution program
is shown in Table 5.1.
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Table 5.1. Gradient elution program applied with Agilent Eclipse XDB C-18 column.

Time (min)  MeCN (0.05%TFA) %  H,O (0.05%TFA) % Flow rate (ml/min)

0.00 35 65 1.2
2.00 70 30 1.2
2.10 100 0 1.2
3.00 0 100 1.2
3.10 35 65 1.2
8.00 35 65 1.2

5.3.2. HPLC-UV for CYN determination

The HPLC-UV method for the determination of CYN developed utilized the same HPLC
equipment in the case of MC-LR, with the difference that a LiChrospher 100 RP-18 (5
pm) Hibar RT 250-4 column column was used and the UV detector was set at 262 nm.
An isocratic elution program was applied, consisted in 90 % of H,O and 10% MeOH,
with 0.05% TFA.

5.3.3. SPME-GC/MS for GSM and MIB determination

The following method aimed in the identification and quantification of MIB and GSM in
water. The two compounds are extracted from the headspace of the water sample by
Solid Phase Micro-Extraction, SPME [269]. In specific, in a 4 ml vial, 0.75 g NaCl and a
magnetic stirrer are added. Total volume of the sample is 2 ml. The temperature of the

plate is set at 70 °C and stirring is set at 1000 rpm. The sample is extracted for 30 min.

Table 5.2. GC conditions for GSM and MIB quantification

Injector temperature 250 °C

Injection mode Splitless — At 2 min split 20 ml/min

Duration of injection 2 min

Column HP-5 MS, 30m x 0.25 mm i.d. x 0.25 ym film thickness
He flow rate 1 ml/min constant flow

Oven temperature program 50 °C for 1 min, 12 °C/min to 250 °C for 6 min
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Table 5.3. The MS conditions are as in the following table:

Tuning mode Autotune, standard spectra
Acquisition mode SIM
Solvent delay 5 min

Monitored ions (m/z) MIB: 95 (basic), 108, 135 (from 5 to 10 min),
GSM: 112 (basic), 126 (from 10 min until to the end of the run)

5.3.4. LC-MS/MS for MC-LR Intermediates products

LC-MS/MS for MC-LR intermediates identification was carried out using a Kromasil 100-
5C18 (5 um, 150 mm x 2.1 mm) reversed-phase LC column. Acetonitrile (A) and high-
purity water (B), both containing 0.1 % HCOOH, were the mobile phase solutions and
gradient elution was programmed from 15 to 25 % of acetonitrile in 10 min, followed by
an increase to 40 % in 10 min and to 80 % in the next 15 min [30]. Flow rate was set at
0.2 ml min™” and the injection volume was 50 pL, using a full loop injection. MC-LR
eluted at 25.9 min.

Detection was carried out in full scan mode (300-1200 m/z). Sheath gas was set at 20
arbitrary units (a.u.), auxiliary gas was set at 5 a.u. and spray voltage was 5 kV.
Capillary temperature was set at 350 °C and collision pressure was 1.5 mbar. Collision
energy and tube lens offset were optimized for MC-LR. For full scan MS/MS specitra,
the selected precursor ions were isolated with an isolation width of 1 Da and product

ions were formed with normalized collision energy of 30.

5.3.5. LC-MS/MS for CYN Intermediates products

Identification of reaction intermediates of CYN was carried out using LC-MS/MS.
Detection was performed in full scan mode (100-520 m/z). Chromatographic separation
was performed by using a Kromasil 100-5C18 (5 ym, 150 mm x 2.1 mm) reversed-
phase LC column. For full scan MS/MS spectra, the selected precursor ions were
isolated with an isolation width of 1 Da and product ions were formed with normalized

collision energy of 30.
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Liquid chromatography configuration for CYN intermediates identification was
performed using as mobile phase A: 97.8% H,0, 2% acetonitrile and 0.2% acetic acid
and for B: 99.8% acetonitrile and 0.2% acetic acid. Gradient elution was programmed
as 2 % of B for 10 min, followed by a linear increase to 95% of B to 50 min and then
held constant for an additional 10 min. Flow rate was set at 0.2 ml min™ and the

injection volume was 100 pL, using a full loop injection.

5.3.6. LLE-GC-MS for GSM and MIB Intermediates products

Identification of intermediate products during the photocatalytic degradation of either
GSM or MIB was performed with employment of a gas chromatography-mass
spectrometry (GC-MS) system. A GC temperature gradient program from 50 °C (held
for 1 min) to 250 °C (held for 6 min), using a temperature ramp (12 °C min~") under
constant flow (1 mL min™') was used. Extraction of the intermediate products was
achieved using liquid-liquid extraction technique. For the organic phase,
dichloromethane was used as a solvent with a volume of 20 ml in triplicate and a
volume of 20 ml from the aqueous photolysed solution. Total volume of

dichloromethane was then condensed into a final volume of 0.5 ml.

Scanning was monitored at a m/z range from 20 to 300 amu. The injection was carried
out splitless at 250 °C and the injection volume was 2.0 pl. The electron energy was set
at 70 eV, the ion source temperature was maintained at 230 °C and the quadrapole

temperature at 150 °C.

5.3.7. Toxicity Measurements

Evaluation of a photocatalytic process should be consisted of data concerning the
toxicity of the photocatalytic reaction intermediates and final products. Toxicity results
obtained by the application of PPIA and Microtox bioluminescence assays. The PPIA
assay has a high specificity regarding MCs, as it was developed on the basis of the
ability of microcystins (MCs) to inhibit serine and threonine phosphatase enzymes. The
extent of inhibition of these enzymes is related to the hepatotoxicity of these compounds
and their tumor promotion properties as well. The inhibition reaction by these toxins can

be used as measure of toxin concentrations. On the other hand, Microtox assay has an
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extended use as a screening test for a broad spectrum of toxic substances and can be
sensitive in toxicity detection of byproducts and intermediates formed during
photocatalysis.

Protein phosphatase inhibition assay (PPIA)

In order to asses the residual toxicity of water samples during the course of the
photocatalytic degradation of toxin MC-LR, the protein phosphatase inhibition assay
(PPIA) was used. It was developed on the basis of the ability of microcystins (MCs) to
inhibit serine and threonine phosphatase enzymes. The extent of inhibition of these
enzymes is related to the hepatotoxicity of these compounds and their tumor promotion
properties as well. The inhibition reaction by these toxins can be used as a measure of
toxin concentrations. The most common assays used are based on colorimetric
applications because they are less expensive and more convenient than the others
using radioisotopic techniques. The PPIA assay is fast and easy to use, although it
needs a lot of work for solution preparation. The PPIA assay provides important
toxicological information regarding the bioactivity of MCs, since detection is based on

functional activity rather than on recognition of chemical structure.

Protein phosphatase 2A (PP2A) is a serine/threonine phosphatase isolated from human
red blood cells. It is isolated as a heterodimer of 60kDa (A) and 36kDa (C) subunits.
PPase-2A has the ability to dephosphorylate the a-subunit of phosphorylase kinase.
PP2A was supplied in lots of 25 units from Promega Corp., USA. P-nitrophenyl
phosphate (Interchim, France) was used as a substrate.Enzyme (PP2A) and substrate
solutions were prepared according to known procedure (Heresztyn and Nicholson,
2001). Samples (20 ul) were combined with PP2A solutions (20ul) in microplate wells
and incubated at 37°C for 5 min. After addition of 200 pl of substrate solution, the
microplate was incubated at 37°C for 1.5 h and the absorbance of the wells was
measured at 410 nm using a Tecan Infinite M200 microplate reader (Tecan Group Ltd.,

Switzerland).

Storage Buffer: 20mM MOPS (pH 7.5), 150mM NaCl, TmM MgCl,, TmM EGTA, 0.1mM
MnClz, 1mM DTT, 0.1mg/ml BSA, 60mM 2-mercaptoethanol, 50% glycerol.
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Unit Definition: One unit is the amount of PPase-2A required to release 1nmol of
phosphate from PNPP in one minute at 30°C under the assay conditions described
below.

Concentration: 0.5u/pl.

Identity: The identity of PPase-2A Catalytic Subunit is confirmed by performing an
activity assay in the presence and absence of PPase-1 Inhibitor-2 (50nM), a specific
inhibitor for type 1 protein phosphatases. In the presence of 50nM PPase-1 Inhibitor-2
the enzyme activity is inhibited by less than 10%.

Toxin concentrations were calculated from calibration curves which were plotted as
percentage inhibition of PP2A, expressed as %B /Bo, versus microcystin concentration
on a semi-log scale, where B and Bo are the absorbance values of the sample and the
blank, respectively. In blanks, microcystin standards were replaced by high-purity water

so full color development was obtained.

Calculation of Enzyme Activity:

Enzyme Activity (nmol P, / min / u0)

_ (assay volume) x (dilution factor) x (sample absorbance,,,,, - control absorbance, . )
(sample volume) X (reaction time) x (extinction coefficient) x (path length)

Where:

Assay volume = 200 pl

Dilution factor = fold dilution of enzyme

Sample volume = 20 pl

Reaction time = 15 minutes

Extinction coefficient of p-nitrophenolate (pH 7.4) = 17.5/cm[nmol/ul]
Path length = 0.4 cm

Microtox utilizes vibrio fischeri as the organism for toxicity testing. Vibrio fischeri are
nonpathogenic, marine, luminescent bacteria which are sensitive to a wide range of
toxicants. The organisms are supplied for use in a standard freeze-dried (lyophilized)
state, which serves to maintain the sensitivity and stability of the test organisms. This
bacterium emits light as a result of normal metabolic processes. A reduction in
luminescent ability during exposure to contaminants or pollutants is taken as a measure

of toxicity. The more toxic the sample, the less light will be produced by the bacteria.
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Each test uses approximately 1 million organisms and each organism is less than 1 mm
in diameter, so a very high surface-to-volume ratio is presented. Sensitivity and
statistical significance are, therefore, high; the response being an integrated effect of

the toxicant on the entire population, which is very large.

Dilutions of the sample substances are then added to vials of bacteria, and
measurements are made at certain intervals of time of the light output of these bacteria.
The standard time is fifteen minutes. The measurements of the light output are then
adjusted with changes in the control, as light outputs change naturally over time.

The effective concentration (EC50) is determined as the concentration of a toxicant that

causes a 50% reduction in light.

Toxicity Units (TU) = 100 / IC50 (EC50)

Experimental Procedure

Luminescent bacteria are exposed to a range of concentrations of the testing
substance (MC-LR). The light emitted from the bacteria (490 nm maximum emission)
is measured by a light reader (Model 500 Analyzer) to set up a dose response
relationship. 1C50, a concentration which inhibits 50% of light output, is then
determined. The results are expressed as a percentage of the control. Use of the
control sample compensates errors up to 20 %, due to pipetting and to correct samples
for the time-dependent drift in light output. Samples and standards prepared are

measured in three time intervals 5, 15 and 30 minutes.

The selected Microtox protocol uses a 50% dilution of the sample. Especially, 250 pL of
an aqueous solution of 4 % NaCl (Diluent) and 250 pL of sample were used.The final
solution has a total salinity of 2 %. Reagent solution is prepared by adding reconstitution
solution to the freeze dried bacteria in order to be activated.

After mixing and coming to appropriate temperature (15 °C for sample and 5 °C for
reagent), 10 uL of reagent was used in each cuvette. In each experiment four control
(250 ul distilled water instead of sample) and one positive (2,4-dichlorophenol, 2,4-

DCP) samples were used. Percent toxicity effect is reported for 15 min of reaction.
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The control cuvette is used to correct samples for the time-dependent drift in light

output.

toxic effect = (I, — It )/ Io
G=(lo/1)-1

Where:

lo is the average initial bacterial luminescence (l,) of the control samples
I is luminescence of the sample after time t (15 min)

G is luminescence intensity

The percentage of luminance reduction of the bacteria is calculated as below:
% Effect; = [G; /(1 + G¢)] x 100

Samples with % effect >20 are considered positive for toxicity.

5.4. Experimental

5.4.1. Degradation Experiments

In a typical experiment for MC-LR or CYN degradation, 5 mL of aqueous of the
compound solution (10 mg L™) containing 200 mg L™ of the TiO, photocatalyst were
added to a cylindrical pyrex cell, oxygenated for twenty minutes and covered air tightly
with a serum cap. lllumination was carried out at 25 °C in the photolysis apparatus

under constant stirring.

In a typical experiment for GSM/MIB degradation, aqueous solution (20 mL) containing
the photocatalyst SiW1,040* (7x10™* M, 200 mg L™") or TiO, was added to a cylindrical
pyrex cell, oxygenated for 20 min, spiked with GSM or MIB solution giving a total
concentration of 1 mg L™ and covered air tightly with a serum cap. Photocatalysts
loadings were selected according to previous studies for comparison reasons [34, 44].
lllumination was performed at ambient temperature in the photolysis apparatus. The
solutions were magnetically stirred throughout the experiment. In experiments with ‘OH
radical trapping reagents (scavengers) KBr (10'2 M) and tertiary butyl alcohol (10'2 M)

were used.

The initial rate constants were calculated from the trace of the variation of the
concentration of substrates divided by their initial concentration with time for the first 30

% of the reaction and are roughly within 20%.
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5.4.2. Mineralization Experiments

The mineralization extent of the compounds has been evaluated by employing total

organic carbon (TOC) and ionic chromatography (IC) measurements.

N/No of NO3, NH4", NO, is the ratio between the concentration (M) of each ion as
determined at various time intervals during MC-LR photocatalytic degradation divided
by the concentration (M) of nitrogen based on MC-LR chemical structure and initial

concentration.

5.4.3. Intermediates Elucidation Experiments

For the identification of MC-LR and CYN intermediate products, a solution of 12 mL
containing 10 mg L™ of the toxin and 200 mg L™ of TiO, was irradiated and samples

were taken at certain time intervals during the process.

For intermediates identification experiments in the case of GSM and MIB, a
concentration of 20 mg L' was used. Total volume (20 mL) was extracted in

dichloromethane and evaporated to 0.5 mL, using low nitrogen flow at 35 °C.
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CHAPTER 6

Photocatalytic degradation and Mineralization of MC-LR, CYN, GSM
and MIB in water under UV-A, Solar and visible light

6.1. Introduction

A variety of traditional water treatment methods, including coagulation/sedimentation
[143], activated carbon adsorption [144] and membrane separation [145], have been
attempted for the removal of cyanotoxins, but with limited success. Previous studies
have demonstrated that TiO, photocatalysis [11-18, 20] can effectively destroy
cyanotoxins in aqueous solution and that hydroxyl radical is responsible for a significant

fraction of the observed degradation.

In this chapter is reported the photocatalytic degradation and mineralization of MC-LR,
CYN, GSM and MIB under UV-A, solar and visible light irradiation in the presence of
new nanostructured TiO, photocatalysts. Commercial Degussa P25 TiO,, Kronos and
Ref-TiO2 nanopowders were used for comparison. In addition, the mineralization extent
has been evaluated by using TOC and inorganic ions (NO2, NOs and NH;")

determinations.

6.2. Photocatalytic Degradation and Mineralization of MC-LR under UV-A and
Solar light

MC-LR degradation has been the object of study to a number of papers some of them
using TiO, photocatalysis [20, 22, 270]. As far as one can tell from the literature there

are only few studies concerning the MC-LR photocatalytic mineralization [15, 20].

In this chapter is reported the photocatalytic degradation of MC-LR using UV-A and

solar light irradiation in the presence of new nanostructured TiO, photocatalysts.

6.2.1. Photocatalytic Degradation and Mineralization of MC-LR under UV-A
irradiation
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lllumination of an aqueous solution of MC-LR with Anax= 365 nm in the presence of
commercial Degussa P25 TiO,, Kronos vip-7000, N-TiOz, NF-TiO,, GO-TiO,, ECT-
1023t or Ref-TiO2 nanopowder results in the photodegradation of the substrate (Figure
6.1.), whereas experiments performed in the dark indicated that the contribution of
hydrolysis is negligible. These results are in agreement with those reported by others
concerning commercial Degussa P25 TiO, and Kronos vilp-7000. As can be seen in
Figure 6.1., under UV-A irradiation (Amax= 365 nm) all photocatalysts were effective in
toxin elimination. The higher MC-LR degradation was observed with Degussa P25 TiO,
with 98% toxin destruction followed by ECT-1023t, N-TiO2, GO-TiO,, Kronos vip-7000
and NF-TiO; with 97.5, 96.5, 88.9 and 75.6% toxin destruction, respectively, after 20

minutes of irradiation.
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Figure 6.1. Photocatalytic degradation of MC-LR under UV-A irradiation in the presence
of different TiO, based nanostructured materials.

To the best of my knowledge, the degradation process has been studied only during
limited time of irradiation. In this study, prolonged illumination of an aqueous solution of
MC-LR in presence of Degussa P25 TiO,, N-TiO, and NF-TiO, has been performed. It
was found that it leads to the almost total mineralization of the substrate giving as final
products CO, and inorganic ions (NO3~ and NH4" ) (Figure 6.2.). NO;™ that is produced

in traces during the process finally is oxidized to NO3".
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Figure 6.2. Carbon mineralization and time evolution of nitrate, nitrite, ammonium ions
and total nitrogen during MC-LR degradation under UV-A irradiation in the presence of
Degussa P25 TiO, [20].

As can be seen in Figure 6.2., after 8h of irradiation ~80% of organic carbon and ~50%
of organic nitrogen have been recovered, while degradation of MC-LR has been
completed in less than 20 min (Figure 6.1.). The complete disappearance of the MC-LR
in a much shorter time than the evolution of CO, and inorganic ions is due to the
presence of organic intermediates before the complete mineralization of the substrate.
The lack of ~20% on initial TOC value should be assigned to still remaining nitrogen
containing compounds, like linear sequences of amino acids as those identified after
intense photocatalysis with TiO, [19, 230]. Within these peptide derivatives and related
structures, there are molecules containing C-N bonds, with or without H extractable

atoms.

According to an overview on the fate of organic nitrogen in photocatalysis with TiOy, in
case of structures with extractable H on carbon [271], the proposed mechanism of
transformation accounts for an *OH attack on the a-CH bond with an hydrogen
extraction. Through further oxidation steps the nitrogen is finally released as ammonium
ions. This general model is closely related to that for amino acids, peptides and proteins
which has been deeply discussed [272, 273].

Nitrate formation cannot be explained on the basis of the mechanism described above.
When no extractable H exists on carbon, *OH radical attack seems to occur on the

nitrogen instead of the carbon atom. This is the case of guanidine and its derivatives,
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structural units of arginine in MC-LR, where OH attack occur on the amino group with
the release of nitrogen mainly as nitrite, suddenly transformed into nitrate ions [274].

After 24h of irradiation, the total nitrogen produced accounts for almost the
stoichiometric quantity of the initial organic nitrogen. The remaining organic carbon

~20% can be attributed to small aliphatic hydrocarbon compounds (Figure 6.2.).

The ratio [NH4")/[NO3] which is characteristic of the substrate molecular structure was
after 5h of irradiation, 3:4. These results are in agreement with those reported for
guanidine and methylguanidine derivatives, where the organic nitrogen is mainly
released as nitrate ions [271, 274]. The increased yield of nitrate ions can also be
attributed to a secondary pathway proposed for amino acids photocatalytic degradation,
which could occur through the release of an amino group as hydroxylamine from the
parent molecule being then transformed into nitrate ions and acetic acid [273, 275]. The
acid can subsequently undergo oxidation via a photo-Kolbe type process (oxidation via
electron transfer and decarboxylation) to generate carbon dioxide and formic acid,

which also generates carbon dioxide via a similar process [273].

In Figure 6.3. the photocatalytic mineralization of MC-LR under UV-A irradiation in the
presence of N-TiO, is presented. Based on TOC measurements, almost complete

mineralization has been achieved after illumination for 48 h.
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Figure 6.3. Mineralization of MC-LR using N-TiO2 under UV-A light [20].
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In Figure 6.4. photocatalytic mineralization of MC-LR under UV-A irradiation in the
presence of NF-TiO, is presented. Based on TOC measurements, almost complete
mineralization has also been achieved after illumination for 48 h.
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Figure 6.4. Mineralization of MC-LR using NF-TiO, under UV-A light.

At the same time period, the total nitrogen produced accounts for the stoichiometric
quantity of the initial organic nitrogen. As comes out from the time evolution curves of
nitrate and ammonium ions, the characteristic ratio [NH;'J/[NO3] was changed to 3:2

after 10h of irradiation.

The greater overall yield of NH," ions than the corresponding amount of NO;* was
attributed to the release of inorganic nitrogen from N-TiO, photocatalyst during the
process. From blank experiments which are performed upon stirring and illumination of
N- TiO; in the absence of MC-LR it was shown that after 2h, nitrogen mainly as NH4"
was released corresponding to 25% of the initial organic nitrogen present in MC-LR.

Various model compounds such as aminoacids, sorbic acid, 2-acetamidoacrylic acid
have been used to mimic degradation of individual functional groups of MC-LR [159,
273, 274]. These results should be assessed carefully because MC-LR is not simply an
assemblage of these small molecules. Finally, although there are many unclear points
in understanding mineralization pathways, it is clearly observed the complete
mineralization of MC-LR by TiO, photocatalysts.
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6.2.2. Photocatalytic Degradation and Mineralization of MC-LR under solar light

As it was shown in the previous section, the tested nanostructured TiO, catalysts exhibit
significant photocatalytic activity for the MC-LR degradation under UV-A light irradiation.
TiO, photocatalysts for toxin degradation was also used under solar light irradiation.
The employed illumination apparatus provides a very close spectral match to solar
spectra offering significant advantages such as control of the local environmental
parameters, repeated and comparable experimental conditions, unlimited availability of
solar radiation etc. Under these experimental conditions, the nanostructured TiO;

materials exhibited high photocatalytic activity as it is presented in Figure 6.5.
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Figure 6.5. Photocatalytic degradation of MC-LR under Solar light irradiation (AM 1.5G),
in the presence of TiO, based materials. Experimental conditions: MC-LR C,=10 ppm,
catalyst concentration 200 ppm, 25 °C, oxygenated and non buffered solutions.

As can be seen in Figure 6.5., N- and NF- doped TiO, nanocatalysts exhibit very close
photocatalytic activity with that of commercially available materials such as Degussa
P25 TiO, and Kronos vip-7000 for the destruction of MC-LR. GO-TiO, and ECT-1023t
photocatalysts show even better photocatalytic activity than commercially available
Kronos. Under solar light illumination, both photocatalysts (N- and NF- TiO;) have

shown complete elimination of MC-LR after irradiation for 4 h.

These results show that the prepared N-TiO2, NF-TiO,, GO-TiO, and ECT-1023t
nanocatalysts exhibit high photocatalytic activity for the destruction of microcystin MC-
LR under UV-A and solar irradiation. Under the employed experimental conditions the
tested photoctalysts achieved complete degradation of MC-LR toxin.
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The mineralization of MC-LR using N-TiO, under solar light is presented in Figure 6.6.
Based on TOC measurements, after illumination for 48 h a mineralization extent of 85%
have been achieved. The total nitrogen produced after 48 h of illumination accounts for

the 80% of the initial organic nitrogen.
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Figure 6.6. Mineralization of MC-LR using N-TiO, under solar light [20].

These results shown that the tested N- TiO, nanocatalyst exhibits high photocatalytic
activity for the destruction of MC-LR under UV-A and solar irradiation. Under the
employed experimental conditions the tested photoctalyst achieved complete
degradation of MC-LR toxin. The similar behavior of N-TiO2 with that of Degussa P25
standard material suggests common degradation pathways mainly through the *OH

radical generation.

6.3. Photocatalytic Degradation and Mineralization of CYN under UV-A and
Solar light

As far as concerning removal and degradation of CYN in drinking water treatment plants
a number of studies have been conducted. A variety of oxidants have been studied for
the destruction of CYN [155-159], with the majority of those techniques being effective
on the process. Although common oxidants have been able to oxidize CYN, AOPs have
been proposed as an alternative to chemical oxidation. In a recent study by He et al.
[276] the destruction of CYN by hydroxyl and sulphate radicals was investigated, using
UV activation of hydrogen peroxide, persulfate and peroxymonosulfate. Also, few
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studies have demonstrated that TiO, photocatalysis can effectively destroy CYN in

aqueous solution [21, 22].

6.3.1. Photocatalytic Degradation of CYN under UV-A and solar light

Complete degradation of the cyanotoxin was achieved within 15 and 40 min of
irradiation under UV-A light using Degussa P25 and Kronos vip-7000 respectively
(Figure 6.7.), whereas experiments in the absence of photocatalysts showed that direct
photolysis was negligible. Under solar light irradiation both photocatalysts appeared to
be effective in CYN degradation (Figure 6.8.) with Degussa P25 showing better

performance under either UV-A or solar light.

—e— No catalyst
—v— Degussa P25
—a&— Kronos vip-7000

(b) L

) 10 20 30 40
Irradiation time (min)

Figure 6.7. Degradation of CYN (10 mg L") in the absence and presence of
photocatalyst (Degussa P25 or Kronos vip-700, 200 mg L") under UV-A light [277].

Degussa P25 demonstrated an improved performance like in previous studies
concerning another cyanotoxin, the heptepeptide microcystin-LR [20]. This is attributed
to it's mixed-phase, (anatase-rutile). The smaller band gap of rutile extends the
photoactivity range into the visible region. The improved performance of Degussa P25
is also attributed to the slower recombination through stabilization of charge separation
by electron transfer from rutile to anatase and to the small size of rutile crystallites
facilitating this transfer, making catalytic hot spots at the rutile/anatase interface [278].
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Figure 6.8. Photocatalytic degradation of CYN (10 mg L) using TiO, photocatalysts
(200 mg L") under solar light (AM 1.5 G) [277].

In conclusion, employment of TiO, photocatalysis appeared to be an effective process
for CYN elimination in aqueous solution, coming in agreement with previous studies [21,
22].

6.3.2. Photocatalytic mineralization of CYN under UV-A light

The photocatalytic degradation process of CYN can lead to complete mineralization, i.e.
to complete oxidation to carbon dioxide and inorganic ions (NO,", NOs", NH;" and SO,%)
Monitoring of this mineralization process was carried out by measurements of TOC and
inorganic ions, in order to assess if the parent compound and intermediate products
could be completely removed from water at the end of a treatment process. There are
no reports in the literature regarding the extent of mineralization, since degradation of
CYN has been studied only under limited time of irradiation [21, 22, 242].
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Figure 6.9. Carbon mineralization and time evolution of total nitrogen (NO,, NO3 and
NH," ions) and total sulphur (8042' ion) during CYN degradation under UV-A irradiation
in the presence of P25 TiO, [277].

As shown in Figure 6.9., after 12 h of irradiation ~ 80% of total organic carbon (%TOC),
~80% of total nitrogen (% N) and ~90% of total sulphur (% S), were converted to
inorganic forms, while complete degradation of the parent CYN molecules was
completed within the first 15 min of irradiation under UV-A using Degussa P25. % N of
NO;, NOs', and NH," ions, is the ratio between the concentration (M) of each ion as
determined at various time intervals during CYN photocatalytic degradation divided by
the concentration (M) of nitrogen based on CYN chemical structure and initial
concentration. Total nitrogen % N represents the sum of % N of NO2,, NO3', and NH," at

various time intervals of illumination.

TOC and inorganic ions (NO2, NOs, SO4* and NH,") measurements showed that
complete mineralization of CYN was achieved under UV-A light in the presence of
Degussa P25 photocatalyst after 36h of irradiation. Degradation of CYN proceeds to
100 % recovery of carbon as CO, 100% sulphur as SO4* and 100 % nitrogen as NO3
and NH;". The complete disappearance of the parent compound CYN occurs in a
shorter time than the evolution of CO, and inorganic ions, suggesting the presence of
organic intermediates before the complete mineralization of the substrate. As shown in
Figure 6.9., there is a particular ratio between NH;" and NOs™ concentration. According
to an overview on the fate of organic nitrogen in TiO, photocatalysis, it has been
reported to be related essentially to the initial oxidation state of nitrogen in the organic

molecule and the structure of the organics [271].
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A mechanism proposed for the formation of NH4" applies for structures with extractable
H on carbon and accounts for an ‘OH attack on the a-CH bond resulting in hydrogen
extraction. Through a further ‘OH attack giving an ‘OH addition, cleavage on the C-C
bond and formation of a carbonyl group and an amine, the nitrogen is finally released as
NH," [279]. This mechanism is closely related to that for amino acids, peptides and
proteins which has been deeply discussed [272, 273]. Nitrate formation cannot be
explained on the basis of the mechanism described above. In this case probably the
‘OH attack seems to occur on the nitrogen instead of the carbon atom, when no

extractable hydrogen is available [274].

After 5 h of irradiation, about ~75 % of organic carbon and ~50% of organic nitrogen
were mineralized, from which the 10 % is NH;" and the 40 % is NO3™ with the ratio of
[NH4J/[NO37 being ~1/5. When complete organic carbon was mineralized after 36 h of
irradiation, total organic nitrogen was also mineralized with NH;" being ~11% and with
NOj3" coming up to ~89% of the initial, with a ratio of [NH;")/[NO37] at ~1/10. Based on
this observation and the mechanisms discussed above, the dominance of NO3™ could be
attributed to preferable attack of ‘OH radical on nitrogen rather on a-CH carbon atoms of
CYN.

6.4. Photocatalytic Degradation and Mineralization of GSM and MIB under UV-A
and Solar light

In cyanobacteria bloom events when GSM and MIB are released, removal processes
are required. Studies have shown that employment of standard water treatments and
the use of common oxidants for their removal appeared to be ineffective [160-162]. TiO,
photocatalysis was proven to be effective in their photocatalytic degradation. Lawton et
al. [235] reported rapid degradation of both GSM and MIB with more than 99% removal
within 60 minutes of illumination in the presence of suspended TiO,. Bellu et al. [23],
using a pellet form of TiO, completely removed GSM within 25 minutes of treatment. A
preliminary study was also performed by Pemu et al. [24] using TiO, photocatalysis of

GSM in which few intermediate products were identified.

In this chapter is reported the photocatalytic degradation and mineralization of GSM and

MIB in water using TiO,—based photocatalysts under UV-A and solar light irradiation.
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6.4.1. Photocatalytic Degradation of GSM and MIB under UV-A and solar light

lllumination of an aqueous solution of GSM and MIB (1 mgL™” for each compound)
under UV-A (Anax=365 nm) in the presence of 200 mgL™" of several TiO, based
nanocatalysts (commercial Degussa P25 TiO;, Kronos, N-TiO,, NF-TiO,, GO-TiOg,
ECT-1023t and Ref-TiO, nanopowders) results in photodegradation of substrates
(Figures 6.10. and 6.11., for GSM and MIB, respectively). These results are in
agreement with those reported by others in a preliminary study concerning commercial
Degussa P25 TiO; [31]. Under UV-A irradiation all photocatalysts were effective in both
compounds elimination as can be seen in Figures 6.10. and 6.11. Degussa P25 TiO,
showed the higher GSM and MIB degradation, followed by ECT-1023t, Kronos, NF-TiO,
N-TiO2, GO-TiO, and Ref-TiO, which exhibited similar photocatalytic activity.
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Figure 6.10. Photocatalytic degradation of 1 mgL™ GSM under UV-A (Amax=365 nm) in
the presence of different TiO, based nanostructured materials.
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Figure 6.11. Photocatalytic degradation of 1 mgL™ MIB under UV-A (Anax=365 nm) in
the presence of different TiO, based nanostructured materials.
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All photocatalysts were also active on degradation of GSM and MIB under solar light
illumination, as it is depicted in Figures 6.12. and 6.13. Compared to Ref-TiO, undoped
material, N-TiO, and NF-TiO, showed better performance. The same was also
observed for the commercial Kronos TiO, which is a C-doped visible light activated
photocatalyst. The better performance of Degussa P25 TiO, and ECT-1023t seems to
be due to the UV part of the solar light. Similar results have been reported for the
photocatalytic behavior of these TiO, based nanomaterials towards microcystin-LR
(MC-LR) [31]. As a result, visible light activated N-TiO, and NF-TiO, exhibit improved
photocatalytic activity for the destruction of GSM and MIB under UV-A and solar

irradiation.
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Figure 6.12. Photocatalytic degradation of 1 mgL™" GSM under solar light (AM 1.5 G) in
the presence of different TiO, based nanostructured materials.

—&— Degussa P25
=/= Ref. - TiO2
—a— N-TiO»

0.8 —O— NF - TiOy
be —A— Kronos
T 06 —C— GOT
@ ECT-1023t
S
= 04
0.2
0.0 - . J
0 1 2 3 4

Irradiation Time (h)

Figure 6.13. Photocatalytic degradation of 1 mgL™" MIB under solar light (AM 1.5 G) in
the presence of different TiO, based nanostructured materials.
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6.4.2. Photocatalytic Mineralization of MIB and GSM under UV-A and solar light
irradiation

Even though degradation of GSM and MIB is complete under both UV-A or solar light in
the first 60 minutes of irradiation, is highly important to determine total organic carbon in
the solution in order to explain the fate of starting materials under these experimental
conditions. Remaining total organic carbon (TOC) in photodegrated solutions is
monitored with organic carbon measurements. In order to accomplish appropriate
amount of TOC for measurement, the initial concentration of GSM and MIB was set at
10 mg L. Under constant stirring in dark conditions in air-tightened vessel, a solution
containing 10 mgL™ of GSM and MIB was kept, in order to evaluate forthcoming
volatilization. Results suggested that no significant volatilization of the substrates took

place.

Prolonged illumination of aqueous solution of MIB or GSM in the presence of TiO;
catalysts leads to mineralization of the substrate giving as final product CO,. Figure
6.14. shows the photocatalytic mineralization of MIB and GSM under UV-A irradiation
using Degussa P25 TiO, as a photocatalyst while in Figure 6.15. it is presented the
photocatalytic mineralization of MIB and GSM under solar light irradiation using GO-
TiO, photocatalyst.

TOC/TOC,

0.0

0 20 40 60
Irradiation Time (h)

Figure 6.14. Photocatalytic Mineralization of GSM and MIB under UV-A (Amax= 365 nm)
irradiation using Degussa P25 TiO, catalyst.

94



TOC/TOC,

0 20 40 60

Irradiation Time (h)

Figure 6.15. Photocatalytic Mineralization of GSM and MIB under solar light (AM 1.5 G)
irradiation using GO- TiO, catalyst.

Almost complete mineralization for both compounds in both UV-A and solar light was
observed. GSM mineralization seems to be a bit slower than MIB.

The shorter time needed for degradation than for mineralization is due to formation of
organic intermediates that also react with the photocatalysts. Reduction of TOC is
evidenced only after a small induction period indicating also that the mineralization
proceeds through several intermediate steps. The incomplete removal of TOC (~80% -
85%) can be assigned to the formation of small partially oxidised molecules that are

mineralized slowly.

6.5. Application in real water samples

To explore natural water degradation from cyanobacterial metabolites with TiO,
photocatalysis process, GO-TiO, nanocomposite was used. Experiments with surface
water were carried out (in the presence of the natural constituents of water), using solar
light irradiation. Surface waters that were collected from two lakes of Greece that also
serve as water reservoirs for the population of Athens (Mornos Lake and Marathonas
Lake), were used as natural matrices. The basic physicochemical parameters of these

waters are shown in Table 6.1.

95



Table 6.1. Physicochemical parameters of surface water samples (before
spiking)

Parameter Marathonas Mornos Lake
Lake

pH 8.2 8.1
Dissolved Org. Carbon (mg L™) 2.5 1.4

Total Alkalinity (mg CaCO; L) 123 132
Conductivity (mS) 386 304

Total Hardness (mg L™) 169 145

Turbitity (NTU) 1.7 1.5

Water samples were spiked with known concentrations of MC-LR, MIB and GSM at

concentrations of 10 mg L™, 1 mg L™ and 1 mg L' respectively.

Irradiation of samples was carried out with solar light and GO-TiO; (200 mg L'1) was
used as the photocatalyst. As shown in Figures 6.16. and 6.17., all pollutants were
removed from spiked natural water solutions, similarly to the experiments that were

carried out in ultrapure water.

The observed rate constants (k, x107%) for MC-LR, GSM and MIB were 5.3, 3.2 and 5.7
min™", respectively for Marathonas Lake, and 4.5, 2.3 and 3.7 min™' for Mornos Lake,
respectively. Although these rate constants were generally lower than those of ultra-
pure water, results showed that GO-TiO, remains an effective photocatalyst even in
natural waters which contain natural organic matter and other constituents (Table 6.1.)
that may compete with the target pollutants for the reactive oxidative species produced
by the photocatalytic process. The results are promising for up-scaling of the process
for natural water detoxification/decontamination (e.g. fisheries-aquaculture) as well as
for drinking water treatment. These results are in accordance with Pelaez et al. [280]
who studied the effects of water parameters on the degradation of MC-LR using TiO>
based photocatalysis. In that study they showed that the solution pH is a major factor
influencing the degradation rate, with higher pH values resulting in the reduction of the
degradation. As far as concerning alkalinity the main responsible species are
bicarbonate ion HCO3, carbonate ion COs* and hydroxide ion OH". Both HCOs and
COs% can act as scavengers of the radical species produced, also reducing the initial

degradation rates [280].
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Figure 6.16. Photocatalytic degradation of MC-LR (10 mg L) under solar light
irradiation, using GO-TiO; photocatalyst (200 mg L'1) in real water samples [270].
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Figure 6.17. Photocatalytic degradation of MIB and GSM (1 mg L) under solar light
irradiation, using GO-TiO, photocatalyst (200 mg L™) in real water samples [270].

6.6. Photocatalytic Degradation of MC-LR, CYN, GSM and MIB under visible light

Experiments have been performed to test the photocatalytic efficiency of the new TiO,
nanostructured materials under visible light illumination. As it can be seen in Figure
6.18, when illumination was performed only the visible light activated TiO,
photocatalysts (Kronos TiO,, N-TiO,, NF-TiO;) show remarkable activity in MC-LR
degradation, while Degussa P25 and Ref-TiO, are completely inactive. Among the
tested materials, N-TiO, shows the better photocatalytic activity for MC-LR degradation

followed by and NF-TiO; then Kronos TiO,. This behavior of N-TiO; is attributed to a
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red-shift of the energy band gap to the visible range at about 2.3 eV that justifies visible
light photocatalytic activity towards degradation of MC-LR [258]. The photocatalytic
activity of NF-TiO, is due to the effective doping with nitrogen and fluorine and their
synergistic effects towards visible light photoresponse [136]. C-doping in Kronos TiO;
produces new energy states deep in the TiO, band gap (substitution of oxygen by

carbon atoms), which are responsible for the visible light absorption [256, 257].
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Figure 6.18. Photocatalytic degradation of MC-LR (10 mg L™') under visible light
illumination in the presence of TiO, nanomaterials (200 mg L™).

In the case of CYN illumination under visible light the commercially available materials
were tested and only Kronos vip-7000 showed photocatalytic activity, while Degussa
P25 was completely inactive, Figure 6.19. Kronos vip-7000 is a C-doped visible light
activated TiO, based material. In conclusion, employment of TiO, photocatalysis
appeared to be an effective process for CYN elimination in aqueous solution, coming in

agreement with previous studies [21, 22].

Experiments were also performed to investigate GSM and MIB degradation under
visible light. Catalyst loading was 200 mg L™ and the concentration of GSM and MIB
was set at 1 mg L™ for each target analyte. Lower concentrations were used (2x10'3 mg
L™") but still no degradation was observed for both concentration levels of GSM and
MIB. To eliminate the case that the experimental error from the SPME was overlapping
the small percentage of destruction, liquid-liquid extraction was applied with

dichloromethane as the organic solvent. Based on those results, it can be concluded
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that in the cases of GSM and MIB, the mechanism followed in the visible light

photocatalysis process could not lead to their degradation.
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Figure 6.19. Photocatalytic degradation of CYN (10 mg L™) using TiO, photocatalysts
(200 mg L") under visible [277].

6.7. Conclusions

The novel TiO, photocatalysts (ECT-1023t, N-, NF- and GO- TiO;) showed significant
photocatalytic activity for the destruction of MC-LR, CYN, GSM and MIB. Under UV-A
and solar light illumination all photocatalysts were effective for the complete degradation
of the target compounds, exhibiting similar photocatalytic activity with that of the well
known Degussa P25 catalyst. Under visible light illumination, the tested N- and NF-
doped TiO, photocatalysts showed higher photocatalytic activity for MC-LR degradation
than that of commercial Kronos TiO,, while Degussa P25 and Ref-TiO, catalysts were
completely inactive. Determination of the mineralization extent of the tested compounds
was performed with total organic carbon (TOC) and inorganic ion measurements. It was
proved that for MC-LR, mineralization higher than 90% was achieved under UV-A and
solar light illumination using N- and NF- doped TiO,. CYN mineralization was complete
using Degussa P25 under UV-A light. In the case of GSM and MIB the mineralization
was higher than 90% utilizing GO-TiO, catalyst under solar light. These results confirm
the ability of the prepared photocatalysts to effectively degrade and mineralize the
target compounds under UV-A and solar light. Taking into account all results it can be
concluded that the tested photocatalysts are highly active under UV-A and solar light for
the destruction of the tested compounds and can be further applied in lab and pilot-plant
scale photoreactors.
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CHAPTER 7

Degradation Pathway of MC-LR

7.1. Introduction

The purpose of the chapter was to investigate the reaction mechanism for the
photocatalytic degradation of MC-LR in water. Commercially available Degussa P25
photocatalyst was used under UV-A and GO-TiO, composite photocatalyst under solar
light irradiation. Identification of intermediate products formed was performed using LC-

MS/MS. Assessment of the residual toxicity was also carried out during the course of

photocatalysis.
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Scheme 7.1. Objective of Chapter 7 [270].
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7.2. Intermediate products of MC-LR under UV-A and solar light using TiO-

Even though employing TiO, photocatalysis has been proved to be very useful and
successive for the degradation of organic pollutants in aquatic environment, the
elucidation of degradation pathway and the determination of intermediate products, is
also necessary for the verification of detoxification. So far, a number of studies have
examined degradation pathways of MC-LR when conventional oxidants or AOPs are
applied, including ozonation [25, 26], chlorination [27], ultra-sonication [28], photolysis
[29], TiO2/UV-A [18, 19, 30, 31] and N-TiO2/UV-A [18]. The fact that analytical standards
for MC-LR reaction intermediates are not commercially available complicates the
identification of primary intermediates [2, 154]. In this chapter, identification of
intermediate products formed during the photocatalytic degradation of MC-LR using
GO-TiO; under solar light and Degussa P25 under UV-A was carried out using LC-
MS/MS. The maijority of byproducts detected, were produced within the first 2 min of
irradiation. The concentration of most of the byproducts during photocatalysis initially
increased followed by a decrease over time, due to their subsequent oxidation.
Structural characterization of intermediates produced during photocatalysis of MC-LR
was based on the analysis of LC-MS chromatograms and the respective mass
spectrum. Although many of the intermediates that were identified were already
known,[19, 31, 281] a number of new intermediates were observed (m/z: 313.5, 368.5,
389, 411.5, 417, 437, 457, 515.5, 544, 781.5, 980.5 and 1031.5) and possible structures
are proposed (Table 7.2.).

The majority of intermediates detected under UV-A and solar light irradiation were the
same, since photocatalysis under solar light is mainly due to the UV part of the
spectrum. Chromatograms resulted from photocatalytic degradation of MC-LR are
presented in Figure 7.1.a. for Degussa P25 under UV-A irradiation (0 - 15 min) and in
Figure 7.1.b. for GO-TiO, under solar light irradiation (0 — 70 min).

Table 7.1. presents all products that were detected during the photocatalytic
degradation of MC-LR under UV-A and solar light irradiation, their retention times (R),

molecular weight (MW), formulas and possible chemical structures.

MC-LR is consisted of seven aminoacids, 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyl-

4,6-decadienoic acid (Adda), iso-glutamic acid (Glu), methyl dehydroalanine (Mdha), D-
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alanine (Ala), L-leucine (Leu), D-methylaspartic acid (MeAsp) and L-arginine (Arg), and
it can be denoted as Cyclo[-Adda-Glu-Mdha-Ala-Leu-MeAsp-Arg-] [282]. One of the
most intense peak observed (higher peak area in relative abundance) corresponded to
a product at m/z 1029 with a mass spectrum showing a molecular ion (M + H)". This
product is generated by hydroxyl radical attack at either double bond C4 or Cs on the
conjugated diene structure system, of the Adda chain [Adda(OH),], resulting in double
hydroxylation of MC-LR.[19, 28-31] In relative abundance chromatogram (Figure 7.2.),
multiple peaks for m/z 1029 appeared, suggesting that except C4-Cs and Cs-Cr
dihydroxy addition, geometrical isomers of dihydroxy-MC-LR could be deduced, which
was also suggested by Antoniou et al. 2008 [283]. Further oxidation of dihydroxylated
MC-LR with cleavage of the dihydroxylated bond at positions C4-Cs or Cs-C; on the
Adda chain, results in products with m/z 795 (aldehyde intermediate) and m/z 835
(ketone intermediate), respectively. Further oxidation of product m/z 795 forms m/z 811
intermediate, consistent with a carboxylic acid structure. A new intermediate observed
at m/z 1031.5 could be possibly formed from double hydroxylation of the double bonds
of Adda [Adda(OH.),] or one hydroxylation on Adda chain and another one on the Mdha
chain [Mdha(OHy)]. Also, m/z 1029 product could be resulted from double hydroxylation
of the double bond on the chain of Mdha [Mdha(OH),]. Consecutive oxidation leads to
the formation of an aldehyde (m/z 1011.5)[19, 28, 30] and cleavage on the C’-CO bond
results to the m/z 1015.5 product [19].

Another multiple peak observed was that at m/z=1011.5 (Figure 7.2.). There are
different possible pathways for the formation of intermediates with this molecular ion.
One possibility is a hydroxyl substitution of the hydrogen at C; to form enol-MC-LR
[Adda(O)] or on the Mdha [Mdha(O)], which rapidly isomerizes to a more stable
tautomer of ketone-MC-LR [281]. Another possibility is a hydroxyl substitution on
aromatic hydrogen (o-, p- and to a lesser extent the m- hydroxylated product). A second
hydroxylation of the aromatic ring follows, yielding m/z 1027.5 [19, 28, 30] intermediate
(explaining multiple peaks), (Figure 7.2.). Demethoxylated—MC-LR on the methoxy
group of Adda, through the formation of the formic acid ester results in intermediate at
m/z=1009.5 (double peak, E-Z isomers) [19], (Figure 7.2.). Another intermediate
observed with multiple peaks at m/z=1045.5 [28], consists to triple hydroxylation of MC-
LR (one on aromatic ring and two on Adda chain or one on aromatic ring and two on

side chain of the toxin between Mdha and Ala).
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Figure 7.1. Chromatograms resulted from MC-LR photocatalytic degradation using (a)
Degussa P25 under UV-A irradiation and (b) GO-TiO, under solar light irradiation [270].

The observation of intermediate at m/z 965 (M+Na") is consistent with linearization of
MC-LR, after cleavage (-C30) on the side chain of the toxin between Mdha and Ala [19].
After production of m/z 965, the generation of product at m/z 999.5 (M+Na)" takes place
through dihydroxylation on the Adda subsequent bonds [28, 31]. Further oxidation could
result to a ketone with m/z 783.5. A product with m/z 965 could also result from
abstraction of the methoxy group from Adda chain [Adda(-Methoxy)]. Upon addition of

amino group, a new observed product at m/z 980.5 could be formed.
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Figure 7.2. LC-MS chromatograms of MC-LR photocatalytic degradation in the
presence of Degussa P25 after irradiation with UV-A for 5 min [270].

Products reported in Table 7.1., with m/z < 781.5 are observed for the first time and
could be oxidation products of those with higher m/z. For example products at m/z
315.5, 368.5 and 411.5, could be formed after oxidation of product at m/z 1045.5.

In Table 7.2. are presented the prosposed possible structures of the new intermediates
observed (m/z: 313.5, 368.5, 389, 411.5, 417, 437, 457, 515.5, 544, 781.5, 980.5 and
1031.5).
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Table 7.1. Products observed from MC-LR degradation using Degussa P25/UV-A and GO-TiOx/solar light irradiation [270].

No Peak R; (min) MW and Formula Possible structure Catalyst
(m/z)
- 995.5 25.9 CaoH74N 10012, 994.5 MC-LR: Cyclo [-Adda-Glu-Mdha-Ala-Leu-MeAsp-Arg-] -
1 3135 | 38.1-42.6 C16H2406, 312.2 Dihydroxy-7-(hydroxy-phenyl)-6-methoxy-3,5-dimethyl-heptanoic acid TiO,, GO-TiO,
2 368.5 21.2-25.8 Ca0H33NOs, 367.2 OH-Adda(H;0), GO-TiO,
3 389.5 5.3- 6.1 C15H25N60s, 388.2 H-Arg-NHCH(OH)CH(CH3)CO-Glu-H TiO,, GO-TiO,
4 411.5 48,6.4 C2oH3sN,0s5, 410.3 OH-Adda(H,0),-NHCH,CH; GO-TiO,
5 417 4.7-6.1 C17H32NgOs, 416.2 OH-Arg-MeAsp-Leu-H TiO,, GO-TiO,
CigH3oN4O7, 416.2 H-MeAsp-Leu-Ala-Mdha(OH)-H
6 437 9.4 C17H30NgO6Na, [H-Arg-NHCH(CHO)CH(CH3)CO-Glu-CHs]' Na* TiO,, GO-TiO,
414.2(23)
7 457 9.0 Ca0H36N6Os, 456.2 H3C-Arg-MeAsp-Leu-COCH; TiO,, GO-TiO,
8 515.5 20.3 C21H37N7Os, 515.3 Arg-MeAsp-Leu-Ala-COOH TiO,
9 544 21.5-23.8 Ca3H41N7Og, 543.3 Arg-MeAsp-Leu-Ala-COCHOHCHj; TiO,, GO-TiO,
10 | 7815 6.4 CasHssN19O11, 780.4 | Cyclo[-NHCH(CH;)CH(CH;)CO-Glu-Mdha-Ala-Leu-MeAsp-Arg-] TiO,, GO-TiO,
11 783.5 5.1 Cs3Hs4N10012, 782.4 Cyclo[-NHCHOHCH(CH3)CO-Glu-Mdha-Ala-Leu-MeAsp-Arg-] TiO,, GO-TiO,
12 795 4.8-6.1 C34Hs54N 10012, 794.4 Cyclo[-NHCH(CHO)CH(CH3)CO-Glu-Mdha-Ala-Leu-MeAsp-Arg-] TiO,, GO-TiO,
13 | 8115 4.8 CsaHssN19O13, 810.4 | Cyclo[-NHCH(COOH)CH(CH3)CO-Glu-Mdha-Ala-Leu-MeAsp-Arg-] TiO,
14 | 8355 9.1 Cs7HssN 10012, 834.4 | Cyclo[-NHCH(CHCHCOCHj3)CH(CH3)CO-Glu-Mdha-Ala-Leu-MeAsp-Arg-] | TiO,, GO-TiO,
15 | 837.5 6.2,9.0 CagHs6N 10013, 836.4 | Cyclo[-NHCH(CHCHCOOH)CH(CH3)CO-Glu-Mdha-Ala-Leu-MeAsp-Arg-] TiO;
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Table 7.1. Products observed from MC-LR degradation using Degussa P25/UV-A and GO-TiOx/solar light irradiation [270].

No Peak R; (min) MW and Formula Possible structure Catalyst
(m/z)
16 965 28.7 CuH72N10011, 964.5 | Cyclo[-Adda(-Methoxy)-Glu-Mdha-Ala-Leu-MeAsp-Arg-] TiO,, GO-TiO,
CasH7aN10011Na, [HsCNH-Glu-Adda-Arg-MeAsp-Leu- Ala-H]"Na*
942.5(23)

17 980.5 26.0 C4sH75N11O44, 979.5 Cyclo[-Adda(H;N)(-Methoxy)-Glu-Mdha-Ala-Leu-MeAsp-Arg-] GO-TiO,

18 999.5 26.2 C4gH74N10043, 998.5 Cyclo[-Adda-Glu(-Carboxy)-Mdha-Ala-Leu-MeAsp-Arg-] TiO,, GO-TiO,

19 | 1009.5 | 24.0-25.2 | CyH72N1c043, 1008.5 | Cyclo[-DmAdda-Glu-Mdha-Ala-Leu-MeAsp-Arg-] TiO,, GO-TiO;

20 | 1011.5 | 21.4-25.7 | CugH74N1O43, 1010.5 | (OH)-Cyclo[-Adda-Glu-Mdha-Ala-Leu-MeAsp-Arg-] TiO,, GO-TiO,
Cyclo[-Adda(0O)-Glu-Mdha-Ala-Leu-MeAsp-Arg-]
Cyclo[-Adda-Glu-Mdha(O)-Ala-Leu-MeAsp-Arg-]

21 | 1015.5 26.0 CuH74N10O14, 1014.5 | (CO)Ala-Leu-MeAsp-Arg-Adda-Glu(NCOCH3) TiO,, GO-TiO,

22 | 1027.5 | 22.6-26.4 | CuagH74N1cO14, 1026.5 | (OH),-Cyclo[-Adda-Glu-Mdha-Ala-Leu-MeAsp-Arg-] TiO,, GO-TiO,

23 1029 20.3-22.1 Ci9H76N 10014, 1028.6 | Cyclo[-Adda(OH),-Glu-Mdha-Ala-Leu-MeAsp-Arg-] TiO,, GO-TiO,
Cyclo[-Adda-Glu-Mdha(OH),-Ala-Leu-MeAsp-Arg-]

24 | 1031.5 | 21.9-22.7 | CugH7gN1cO14, 1030.6 | Cyclo[-Adda(OH;),-Glu-Mdha-Ala-Leu-MeAsp-Arg-] TiO,, GO-TiO,
Cyclo[-Adda(OH,)-Glu-Mdha(OH;)-Ala-Leu-MeAsp-Arg-]

25 | 1045.5 20-27 C47H77N10O15, 1044.6 | OH-Cyclo[-Adda(OH),-Glu-Mdha-Ala-Leu-MeAsp-Arg-] TiO,
OH-Cyclo[-Adda-Glu-Mdha(OH),-Ala-Leu-MeAsp-Arg-]
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Table 7.2. Proposed structure and molecular formula of the new intermediates observed from
MC-LR degradation using Degussa P25/UV-A and GO-TiO,/solar light irradiation [270].

Proposed Structure

Formula, Molecular
Weight, m/z

~
HO4— OH
=
(0]
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312.2 mw, m/z 313.5
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Table 7.2. Proposed structure and molecular formula of the new intermediates observed from
MC-LR degradation using Degussa P25/UV-A and GO-TiO,/solar light irradiation [270].

Proposed Structure

Formula, Molecular
Weight, m/z

N, OH
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\ CH3
HC
NH CH,
0=C_
OH
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Table 7.2. Proposed structure and molecular formula of the new intermediates observed from
MC-LR degradation using Degussa P25/UV-A and GO-TiO,/solar light irradiation [270].

Formula, Molecular

Proposed Structure Weight, m/z

HOW); \HJ\ CHg
0
CH3 C23H41N708
ll N
HZN”C\H/\/U/ \9 543.3 mw, m/z 544
—
o}

c” | O
N
I& o CH, O
O
0 O
H;C~ NH \\C_g_ Hﬁm
“ Ca4Hs6N 10014
0 NH NH CH;,
O:C\
OH 780.4 mw, m/z 781.5
I'\TH
//C\
HN NH

Cyclo[-NHCH(CH3)CH(CH3)CO-Glu-Mdha-Ala-Leu-MeAsp-Arg-]

Gl
! CugH75N 11014

O
NH, 979.5 mw. m/z 980.5

XX I\{H
Asp

Cyclo[-Adda(H.N)(-Methoxy)-Glu-Mdha-Ala-Leu-MeAsp-Arg-]
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Table 7.2. Proposed structure and molecular formula of the new intermediates observed from
MC-LR degradation using Degussa P25/UV-A and GO-TiO,/solar light irradiation [270].

Formula, Molecular
Proposed Structure Weight, m/z
Glu CugH78N 10014
~o o 1030.6 mw, m/z
oH 1031.5
I\{H
OH Asp
Cyclo[-Adda(OH,),-Glu-Mdha-Ala-Leu-MeAsp-Arg-]
Glu N_ OH N
0 H;C
AI? Ca9oH7gN 10014
\ /Leu
Asp—MeAsp 1030.6 mw, m/z
1031.5
Gl N/
u OH
AN
0 OH 0 H;C
Al
X NH E
\ eu
Asp—MeAsp
Cyclo[-Adda(OH,)-Glu-Mdha(OH,)-Ala-Leu-MeAsp-Arg-]
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7.3. Toxicity measurements

In order to assess the residual toxicity of water samples during the course of the
photocatalytic degradation of toxin MC-LR, protein phosphatase inhibition assay (PPIA)
was used. This procedure enables us to follow the residual toxicity of the water sample
during the photocatalytic degradation of MC-LR and evaluate the photocatalytic activity
of the nanostructured TiO; photocatalysts under different experimental conditions.
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Figure 7.3. Residual toxicity measured during the photocatalytic degradation of MC-LR
(10 mg L") under UV-A (Anax=365 nm) irradiation in the presence of Degussa P25 and
GO-TiO, (200 mg L™) [270].

PPIA measurements carried out using GO-TiO, and Degussa P25 showed that residual
toxicity was directly proportional only to the amount of MC-LR that remained intact into
solution, Figures 7.3. and 7.4. under UV-A and solar light, respectively. Reduction of
MC-LR concentration resulted in reduction of a directly proportional amount of the toxic
activity. Moreover, in solutions were MC-LR was completely degraded, no toxic activity
was observed, even though those solutions contained oxidation by-products. This
implies that MC-LR loses its toxic activity (protein phospatase inhibition) as soon as the
molecule is transformed to oxidized products. This is in agreement with previously
reported studies [235] where it was shown that hydroxyl radical attack on the Adda
amino acid of MC-LR is the first oxidation step and results in loss of toxic activity. This

finding is very important for real applications of the photocatalytic process, since it
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denotes that the target of the process could be degradation rather than mineralization,

and therefore less energy would be needed for water detoxification.
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Figure 7.4. Residual toxicity measured during the photocatalytic degradation of MC-LR
(10 mg L") solar light (AM 1.5 G) irradiation in the presence of Degussa P25 and GO-
TiO2 (200 mg L™) [270].

In Figures 7.5.-7.8. is presented the toxicity measured (enzyme activity) in the
photocatalytic degradation of MC-LR using the novel TiO, photocatalysts under UV-A
and solar light for longer irradiation times. Taking into account TOC measurements,
although complete mineralization was not achieved in all cases, it can be concluded that
the remaining organic compounds are not hepatotoxic. This is confirmed by measuring
the toxicity for longer irradiation times intervals (up to 48 h of irradiation), were MC-LR is

fully degraded and no toxicity is detected in the samples using PPIA method.

As previously reported, the toxicity of MC-LR is associated to Adda aminoacid in MC-LR
structure. PPIA is calibrated to give a quantitative value for toxicity as concentration
equivalents of MC-LR. The formation and decay of three primary degradation products
at m/z= 1009.5, 1027.5, and 1045.5, associated with Adda transformations, was also

monitored during the course of the photocatalytic process.
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Figure 7.5. Enzyme activity (Toxicity) and
mineralization extent (TOC) during MC-LR
photocatalytic degradation using Degussa
P25 TiO,, under UV-A.
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Figure 7.7. Enzyme activity (Toxicity) and
mineralization extent (TOC) during MC-LR
photocatalytic degradation using NF-TiO,,
under UV-A.
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Figure 7.6. Enzyme activity (Toxicity) and
mineralization extent (TOC) during MC-LR
photocatalytic degradation using N-TiOy,
under UV-A.
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Figure 7.8. Enzyme activity (Toxicity) and
mineralization extent (TOC) during MC-LR
photocatalytic degradation using N-TiOy,
solar light.

In Figure 7.9., PPIA measurements (in equivalent concentration of MC-LR) and the

formation of the primary products during the course of the process are depicted, as they

have been identified by LC-MS/MS for the tested TiO, photocatalysts. Primary products

are presented in arbitrary units, since quantification was not possible due to the lack of

commercially available analytical standards. The concurrent formation of oxidation

products on the Adda group of MC-LR does not affect the residual toxicity, indicating

that it is attributed only to the remaining MC-LR in solution and not to other degradation

products. Although a slower degradation process was observed with solar light, the

majority of intermediates detected under UV-A and solar light irradiation, were the
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same, since photocatalysis under solar light is mainly due to the UV part of the

spectrum [270].

This can be seen in Figure 7.10., abundance of products with m/z 781.5 and 1015.5
throughout the photocatalysis experiments using either Degussa P25 under UV-A or
GO-TiO, under solar light irradiation is presented. Product m/z 781.5 can be resulted by
cleavage on the last C on the Adda chain and the Cyclo[-Glu-Mdha-Ala-Leu-MeAsp-
Arg-] part of MC-LR, and m/z 1015.5 product can be formed with cleavage on the C'-CO
bond of double hydroxylated carbon on the chain of Mdha [Mdha(OH),] product (m/z
1029) [270].

Toxicity

—&— product m/z 1009.5
—w— product m/z 1027.5 |
—— product m/z 1045.5

PPIA (equiv. MC-LR, mg L'1)
A.u. (area)

0 2 4 B8 8 10 12 14 18
Irradiation time (min)

Figure 7.9. PPIA measurements and evolution of products m/z 1009.5, 1027.5 and
1045.5 during photocatalytic degradation of MC-LR (10 mg L") using Degussa P25
TiO2 (200 mg L'1) under UV-A irradiation [284].

These results are important for possible applications of these processes for the
detoxification of water from microcystins since they provide evidence that the toxic
activity of microcystins is eliminated when the structure of the initial molecule is
changed through attack of reactive species, while no toxic byproducts are formed. This
also implies that possible applications would be efficient without high requirements of
energy consumption since simple alterations in the initial structure (i.e. first steps of
degradation) is sufficient for decontamination and complete mineralization of the toxic

compound is not required.
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Figure 7.10. Evolution of products m/z 781.5 and 1015.5 during photocatalytic
degradation of MC-LR (10 mg L™") using Degussa P25 TiO, (200 mg L™") under UV-A or
GO-TiO, (200 mg L™") under solar light irradiation [284].

7.4. Conclusions

Identification of the intermediate products formed during the photocatalytic degradation
of MC-LR by the GO-TiO, nanocatalyst under solar light irradiation was carried out. The
majority of these products were identical to those observed by Degussa P25 under UV-
A, suggesting that photodegradation mechanism takes place via a common active
species, hydroxyl radicals (‘(OH). Assessment of the residual toxicity of MC-LR during
the course of degradation under UV-A and solar light irradiation showed that toxicity is
proportional only to the remaining MC-LR in the solution; therefore degradation products
present no significant protein phosphatase inhibition activity. Results indicate that GO-
TiO, is an effective photocatalyst for the degradation of MC-LR in water under UV-A
and solar irradiation and appears to be a promising material for water treatment

applications.
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CHAPTER 8

Degradation Pathway of CYN

8.1. Introduction

So far, studies have demonstrated that TiO, photocatalysis can effectively destroy CYN
in aqueous solution [21, 22]. However, the assessment of CYN disappearance is not
sufficient to ensure the absence of residual products since the photocatalytic treatment
is a complex procedure leading to the formation of degradation products, which in some
cases may be more toxic and stable than the parent compound. To the best of my
knowledge only few studies dealt with the transformation products formed during
removal of CYN using chlorination [285] and via hydroxyl radical ((OH) oxidation [286]
and also, in very recent studies by Wang et al. [287] using bismuth oxybromide (BiOBr)
promoded detoxification of CYN under UV and visible light irradiation, and also by He et
al. [276] by hydroxyl and sulphate radicals was investigated, using UV activation of
hydrogen peroxide, persulfate and peroxymonosulfate. The aim in this chapter is the,
identification of intermediate products formed during the photocatalytic process using
LC-MS/MS analysis.

8.2. Intermediate products of CYN under UV-A and solar light using TiO-

In this chapter, identification of intermediate products formed during the photocatalytic
degradation of CYN using Degussa P25 under UV-A and Kronos vip-7000 under solar
light irradiation, was carried out using LC-MS/MS. Structural characterization of
intermediates produced during photocatalysis of CYN was based on the analysis of LC-
MS chromatograms and the respective mass spectra. The majority of byproducts
detected, appeared within the first 2-5 minutes of irradiation. The intermediates
identified were the same under UV-A and solar light irradiation since photocatalysis
under solar light is mainly due to activation of the catalyst by the UV part of the solar
spectrum. During photocatalysis the concentration of most of the byproducts initially
increased followed by a decrease due to their subsequent oxidation after prolonged

time of irradiation.
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Some of the intermediates observed here, were previously found by others upon
chlorination (m/z 350, 375) [285], radiolysis (m/z 320, 350, 375, 414, 432, 448) [286]
and by UV-254 nm/H,O, (m/z 320, 375, 414, 432, 448) [276] of CYN, where m/z
corresponds to (M + H)".

A number of new intermediates were also observed with m/z 195, 227, 280, 287, 316,
338, 347, 373, 434 and 450. Isobaric compounds were detected as multiple peaks in
the TIC chromatogram (Figures 8.1. and 8.2.) i.e. 227 (4 main peaks), 287 (2 peaks),
320 (2 main peaks), 338 (2 peaks), 350 (2 peaks), 375 (2 peaks), 432 (2 peaks), 434 (2
peaks) and 448 (2 peaks), indicating the formation of stereoisomers or structural
isomers. In Scheme 8.1. all intermediate products found are presented with their m/z
ratios, formulas and their monoisotopic molecular masses (Mass), formulas and a

degradation pathway is proposed.
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Figure 8.1. Relative abundance chromatograms for products m/z (a) 432 and (b) 287 of
CYN photocatalytic degradation in the presence of Degussa P25 after 3 min of
irradiation under UV-A light [277].
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Figure 8.2. Relative abundance chromatograms for products m/z (a) 227, (b) 320, (c)
338, (d) 350, (e) 375, (f) 434 and (g) 448 of CYN photocatalytic degradation in the
presence of Degussa P25 after 3 min of irradiation under UV-A light [277].
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Scheme 8.1. Observed intermediate products and proposed degradation pathway for CYN under UV-A or solar light irradiation using TiO, [277].
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Upon irradiation under UV-A, TiO, is activated and forms reactive oxygen species
(ROS) including mainly hydroxyl radicals (‘OH), superoxide radical anions (O;"), and
perhydroxyl radicals (HO,"), as well as conduction band electrons (e”) [288]. ‘OH radical
reacts through addition, hydrogen abstraction and less often electron abstraction.
Hydrogen abstraction occurs when a-hydrogen is available resulting into a carbonyl
group. Whereas, electron abstraction by "OH requires electron rich substrate and it is
relatively slow compared to ‘OH addition.

CYN is an uracil derivative with a tricyclic guanidine and a sulphate group. Upon its
photocatalytic degradation with TiO,, ‘OH radicals primarily react through substitution on
the unsaturated carbon bond on the uracil group, resulting in the formation of product
m/z 432. Alcohol on a double bond can give a ketone tautomer explaining the two peaks
appearing on the TIC chromatogram for m/z 432 (Figure 8.1.a). From product with m/z
432, product with m/z 450 is formed with further hydroxylation. Product m/z 434 (Figure
8.2.f) can be resulted by "OH addition. Further oxidation on the uracil group of product
m/z 432 can leads to the formation of product m/z 375 with ring opening at urea group
moiety. Through further oxidations cylindrospermopsic acid (m/z 350, multiple peak,
Figure 8.2.d) is produced. Also, oxidation of product m/z 375 can result in product m/z
373 (from which the products m/z 347 and by further oxidation the acid like m/z 320 are
formed) while further "OH radical attack on product m/z 347 can result in the formation

of product with m/z 280.

Starting from product m/z 450 (dihydroxylated CYN), compounds with m/z 287 and m/z
448 can be produced. Substitution of the sulphate group and oxidation on the uracil
group, can lead to the formation of two stereoisomer products with m/z 287. Also
oxidation to either of the secondary alcohols on m/z 450 product (bridging methane
group or on the uracil group) with hydrogen abstraction results in the formation of two
carbonyl isomers with m/z 448 (Figure 8.2.g). The carbonyl product with m/z 414
corresponds to the oxidation of CYN by ‘OH radical attack on the secondary alcohol
(bridging methane group). Substitution of the sulphate group with ‘OH radical on CYN,
can result in the formation of two stereoisomers with m/z 338. Oxidation on the uracil
group of m/z 338 can produce a compound with m/z 316. Further oxidation of the m/z
316 product can form product m/z 227 which gives multiple peaks in the relative
abundance chromatogram (Figure 8.2.a) suggesting geometrical isomers. Oxidation of
product m/z 227 can explain the appearance of the product with m/z 195. Intermediate
products with m/z below 195 were difficult to be detected by LC-MS/MS because of
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overwhelming noise signals. In Figures A4-A8 the MS/MS spectra of some of the
intermediates with their fragmentation pattern are given. Overall, it was found that the
mechanism of CYN degradation proceeds through hydroxyl attack on different sites of

CYN, leading to different oxidized products and finally cleavage structures of CYN.

8.3. Toxicity Experiments concerning CYN

In order to determine half maximal effective concentration (EC50) for CYN, a number of
standard solutions (0.0065 — 20 ppm) were used. Results presented in Table 8.1.,
indicated that even though CYN is a toxic compound, does not affect Vibrio Fischeri.

For that reason EC50 value could not be given.

Table 8.1. CYN standard solutions (0.0065 - 20 ppm).

(pifnmg\'(eN) Gt % Effect;

BLANK 1.16

2,4-DCP 211 67.89

0.0065 0.06 5.50

0.0125 0.14 11.93

0.025 0.08 7.34

0.05 0.10 9.17

0.1 0.08 7.34

0.5 0.06 5.50

1 0.08 7.34

0.07 6.42

0.06 5.50

10 0.09 8.26

20 -0.04 -3.67

CYN has been shown to be cytotoxic, dermatotoxic, genotoxic, hepatotoxic in vivo,
developmentally toxic, and may be carcinogenic. There is always the possibility that
photocatalytic process leads to the formation of toxic intermediates or byproducts so, in

order to investigate that, toxicity measurements were performed for CYN mineralization
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under UV-A and solar light, using Degussa P25, Kronos and GO-TiO,. CYN presented
no significant toxicity during the course of Microtox assay. Results are presented in
Tables 8.2., 8.3. and 8.4.

Table 8.2. CYN degradation under UV-A using
Degussa P25

Irradiation time Gt % Effect;
Blank 1.00
2,4-DCP 2.39 70.53
0 0.08 7.34
10 min 0.08 7.37
20 min 0.20 16.84
1h 0.13 11.58
1.5h 0.14 12.63
3h 0.20 16.84
5h 0.14 12.63
8h 0.16 13.68
12 h 0.07 6.32
24 h 0.14 11.93
48 h 0.23 18.70
Table 8.3. CYN degradation under Table 8.4. CYN degradation
solar under solar light.
Irradiation time Kronos Irradiation time GO-TiO,
(h) % Effect; (h) % Effect;
2,4-DCP 69.53 2,4-DCP 69.96
0 7.32 0 9.14
2 12.63 2 11.46
5 9.42 5 10.83
10 11.40 10 9.67
24 8.04 24 12.75
48 17.35 48 18.58

As it can be concluded from Tables 8.2., 8.3. and 8.4. no significant toxicity is presented

during the photocatalysis process of CYN mineralization under UV-A or solar light

irradiation, using the innovative TiO, photocatalysts.
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8.4. Conclusions

Photocatalytic degradation of CYN leads to the formation of a number of intermediates,
several of which identified for the first time in CYN degradation processes. Based on
these intermediates, a degradation pathway is proposed for the photocatalytic process.
Intermediates detected under both UV-A and solar light were the same suggesting that
hydroxyl radical attack is mainly responsible for the degradation mechanism. A novel
approach is suggested for the detoxification of water from a new class of toxic organic
pollutants of biogenic origin in water using solar light photocatalysis in the presence of
TiO,. Elucidation of degradation pathway provides a better understanding of the
photocatalytic process and is expected to initiate further research regarding the fate of

CYN under different water treatment technologies.
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CHAPTER 9

Degradation Pathways of GSM and MIB

9.1. Introduction

The objective of this chapter was the comparison of photodegradation mechanisms
followed by a representative POM (SiW1,040") and TiO, in the cases of GSM and MIB,
via degradation, mineralization and identification of intermediate products, under UV-A

irradiation.

Polyoxometalates (POM) have previously been used for degradation of several organic
pollutants in water [32-36]. In almost all cases final degradation products were CO,,
H>0O and inorganic anions. POM are acid condensation products, mainly of molybdenum
and tungsten [37-39], that upon excitation with near visible and UV light become
powerful oxidizing reagents capable of destroying a great variety of organic compounds

+

in aqueous solutions through a hole-electron (h © + e ) mechanism [40-42]. Hydroxyl
radicals ("OH) generated by reaction of POM with H,O seem to play a key role in the
process [42]. Oxygen oxidizes (regenerates) the catalyst and through reductive
activation may or may not participate further in the process, depending on the substrate
[43]. Due to their photocatalytic performance, POM can be recognized as an AOP [33-
35]. POM are almost as effective as the widely published TiO, [42], presenting similar
behaviour with the semi-contacting oxide [42]. ‘OH radicals have been used to explain
similarities of the two photocatalysts although in some cases the nature of substrate and

the mode of investigation seem to play an important role in the process [44].

In this chapter, the photocatalytic degradation and mineralization of GSM and MIB in
water was studied and compared using a SiW,04* and TiO,. The comparative study
of processes included also the identification of intermediate products formed as well as
the effect of hydroxyl radical scavengers. Based on the literature (a) the photocatalytic
degradation of both GSM and MIB with POM and (b) the mineralization and the
complete degradation pathways in the presence of POM or TiO; is reported here for the

first time.
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Scheme 9.1. Objective of Chapter 9 [245].

9.2. Photocatalytic Degradation of GSM and MIB in the presence of TiO, and
POM, use of “OH scavengers

9.2.1. Photocatalytic Degradation of GSM and MIB in the presence of TiO, and
POM

lllumination of aqueous, oxygen saturated solutions of GSM (1 mg L™") and MIB (1 mg L
'Y under UV-A irradiation (Amax= 365 nm) in the presence of SiW12040*" (7x10* M, 200
mg L'1) or commercially available TiO, Degussa P25 (200 mg L'1) results in the
degradation of both substrates. In Figure 9.1., the disappearance of GSM at various
illumination intervals in the presence of (a) SiW1,040 %" and (b) TiO; is presented. Under
the experimental conditions used, GSM disappeared after 30 min of illumination in the
presence of TiO,, while in presence of POM required longer time reaching complete
degradation at 120 min. Experiments were also performed in the absence of
photocatalysts. A destruction of ~15% for GSM in UV-A was observed after 120 min of
ilumination (Figure 9.1.), indicating photolytic cleavage. Pemu et al. [24], in a study
using TiO, photocatalysis for degradation of GSM, observed remarkable destruction in
the absence of photocatalyst, under experimental conditions used. This was attributed
to the energy of UV light emitted being of the same order of magnitude with those of

bonds in GSM, causing cleavage of C-O and C-C bonds.
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The photodegradation of oxygenated aqueous solution of MIB with and without
photocatalysts is presented in Figure 9.2., in the presence of (a) SiW1204 * ~and (b)
TiO2. When photocatalysis performed in the presence of TiO,, MIB was completely
removed in the first 25 min. In the case of SiW1,040", the destruction of MIB was
complete after 100 min of illumination. Similar to GSM, photodecomposition of MIB also
took place in the absence of photocatalysts reaching ~ 20% in 120 min of illumination.
Results also showed that degradation of GSM was slightly slower than MIB in the
presence of both photocatalysts. This was also observed by Lawton et al. using TiO»

photocatalysis [235].

9.2.2. Photocatalytic Degradation of GSM and MIB in the presence of in the
presence of ‘OH radicals scavengers

Experiments were also performed in the presence of ‘OH radicals scavengers, i.e. KBr
and TBA. KBr and TBA are ‘OH radical trapping reagents (scavengers) from which Br -
is stronger [289, 290]. Experiments with both photocatalysts (POM, TiO;), substrates
(GSM, MIB) and scavengers were conducted side by side, under exactly the same
conditions. Results are presented in Figures 9.1. and 9.2, for GSM and MIB

respectively.

In Tables 9.1. and 9.2. the observed rate constants of the photodegradation of the
substrates and how these are modified in the presence of ‘OH radical scavengers are
given. Numbers in parentheses indicate, percentage-wise, the effect of scavengers on
the observed rate constants. The observed rate constants of substrates degradation
were calculated from the slope of the curve obtained for the first 30% of the substrates

destruction upon illumination time.

Figures 9.1.and 9.2. and Tables 9.1. and 9.2., show that both scavengers retard the
photodegradation of GSM and MIB, in accordance with their ability to scavenge "OH

radicals.

The second order rate constants (M™ s™") of the scavengers used with "OH radicals are:
1.1 x 10" for Br ~ [289] and 3.1 x 10® for TBA [290]. The retardation of the
photodegradation of GSM and MIB, in the presence of scavengers, denotes that "OH
radicals should be the main oxidant for both photocatalysts. It was also appeared that

both scavengers have the same influence on both of the substrates. The similarity on
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mode of operation of the two photocatalysts on GSM and MIB can be attributed on the
similar structure of the substrates. These results come in agreement with previous study
on atrazine, fenitrothion, chlorophenols and 2,4-DCP [44], where it was stated that the
photooxidizing mode of POM and TiO; (i.e. ‘OH radicals versus h") is circumstantial

depending on the nature of the substrate and the mode of investigation.
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Figure 9.1. Photocatalytic degradation of GSM (1 mg L") under UV-A (Anax= 365 nm)
irradiation with (a) SiW12040 %~ (7x10* M, 200 mg L") and (b) TiO, (200 mg L™) in the

presence and absence of scavengers. Conditions (¢) Photolysis, (e) No scavenger, (V)
KBr and (m) TBA [245].
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Figure 9.2. Photocatalytic degradation of MIB (1 mg L) under UV-A (Anax= 365 nm)
irradiation with (a) SiW12040 %~ (7x10* M, 200 mg L") and (b) TiO, (200 mg L™) in the
presence and absence of scavengers. Conditions (¢) Photolysis, (e) No scavenger, (V)
KBr and (m) TBA [245].

Table 9.1. Observed rate constants from the initial rates of photodegradation of GSM in

the presence of POM or TiO, and scavengers, calculated from Figure 9.1 [245].

Scavenger None KBr TBA
Catalyst
kx10 B min-1; % (kscavenger) / (knone)
No Catalyst 1.5
POM 34.9 (100) 1.9 (5.6) 8.1 (23.1)
TiO, 61.3 (100) 3.6 (5.9) 23.6 (38.4)
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Table 9.2. Observed rate constants from the initial rates of photodegradation of MIB in

the presence of POM or TiO; and scavengers, calculated from Figure 9.2 [245].

Scavenger None KBr TBA
Catalyst
kx 10 - min-1; % (kscavenger) / (knone)
No Catalyst 1.7
POM 63.9 (100) 2.6 (4.2) 6.1 (9.6)
TiO, 123 (100) 1.0 (0.8) 16.9 (15.3)

9.3. Photocatalytic Mineralization of GSM and MIB with of TiO, and POM

Based on the literature, degradation process of GSM and MIB has been studied only
under limited time of illumination [23, 24, 235]. Even though mineralization of the total
organic carbon in the solution might not be necessary for the elimination of the
undesirable taste and odor characteristics of GSM and MIB in water, it can provide
useful information on the mechanistic aspects of the photocatalytic process of the two
materials. Prolonged illumination of aqueous solutions of GSM and MIB leads to the
mineralization of substrates giving as final product CO,, in the presence of both
photocatalysts. As can be seen in Figure 9.3., after 5 h of irradiation in the presence of
TiO2 65% and 80% of organic carbon has been recovered for GSM and MIB, while their
degradation has been almost completed in ~30 and 25 min, respectively (Figures 9.1.,
9.2.). In the case of SiW12040 * ~ after 5 h of irradiation 50% and 65% mineralization of
organic carbon was observed for GSM and MIB, respectively (Figure 9.3.). The shorter
time needed for degradation than for mineralization is due to formation of organic
intermediates that also react with the photocatalysts. Reduction of TOC is evidenced
only after a small induction period indicating also that the mineralization proceeds
through several intermediate steps. The incomplete removal of TOC (~80% - 85%) can
be assigned to the formation of small partially oxidised molecules that are mineralized

slowly.
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Figure 9.3. Photocatalytic mineralization of GSM (10 mg L") and MIB GSM (10 mg L)

under UV-A (Anax= 365 nm) irradiation using SiW12040 %~ (7x10™ M, 200 mg L") or TiO;
(200 mg L") catalyst [245].

9.4. Intermediate products of GSM using TiO, and POM under UV-A light

In 1999 Saito et al. [291] were the first to study GSM’s degradation pathway using a
microbiological degradation method. In total, three products were identified, two of them
were dehydration products of GSM and the third resulted from dehydration followed by
enolation. Another study concerning employment of microorganisms, was performed by
Eaton [292] using bacteria. Two main intermediates were identified 2- and 7-
ketogeosmin. Song et al. [227] studied ultrasonically induced degradation of geosmin.
Reasoning intermediates produced, dehydration reactions were observed, subsequent
dehydrogenations and a ring opening reaction. Another attempt was performed by
Bamuza-Pemu and Chirwa [24] using TiO,. Intermediates identified (3,5-dimethylhex-1-
ene, 2,4-dimethylpentan-3-one, 2-methylethylpropanoate and 2-heptanal) showed that
GSM undergoes rapid ring opening and subsequent bond cleavage at multiple cites
producing acyclic saturated and unsaturated compounds, with those not being of

environmental concern.

When illumination of GSM was performed in the presence of POM, the formation of
numerous intermediate products took place (Scheme 9.2.). In Table 9.3. all identified
intermediates with matching greater than 80 % are presented with their
chromatographic retention time (tgr) and their spectral characteristics (M* and m/z of

major ions). ldentification of the species detected was performed on the basis of
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comparison with Wiley mass spectra library, literature data and El fragmentation
patterns. The majority of the identified intermediates were cyclic ketones which upon
ring opening lead to formation of linear saturated and unsaturated products (Scheme
9.2.). The formation of all intermediates is followed by their decay during the

photocatalytic process, coming finally to total photodecomposition to CO»,.

Identification of intermediates was also carried out upon photocatalysis in the presence
of TiO,. As it can be noticed from the chromatograms of the extracted photolysed
solutions (Figure 9.4) at various illumination intervals, the chromatographic patterns
were mostly the same between POM and TiO,, supporting the fact that the majority of
intermediates reported in Table 9.3 are present during the photocatalytic degradation

using either of the two photocatalysts.

Product IV (8,8a-Dimethyl-decahydro-naphthalen-1-ol) and product VI (8,8a-Dimethyl-
decahydro-naphthalen-1-ol), due to their high abundance could be considered as the
main intermediates produced during the photocatalytic degradation of GSM under UV-A
irradiation in the presence of POM or TiO.. In Figure 9.5, the formation and decay of
products IV and VI during the photocaralytic procedure is presented, with a peak on
their concentrations at ~2h of irradiation. A possible mechanism followed for the
formation of product IV could be a-hydrogen abstraction from the tertiary carbon of
GSM, B-scission abstraction, followed by hydroxylation from ‘OH radical attack and
finally ketone formation (Figure 9.6) [293]. The second main intermediate product VI
could be formed by dehydration of GSM and ‘OH addition followed 1-bond
rearrangement (rgm), (Figure 9.7) [293].

The presence of majority of oxygenated degradation products suggests that the
mechanism involved in most identified intermediates is indeed ‘OH oxidation, driven by
electrophilic substitution reactions. Subsequent bond cleavage at multiple sites
produces mainly cyclic ketones that upon further bond cleavage form open chain
saturated and unsaturated compounds, i.e. alkenes, aldehydes and acids.

A few studies concerning the identification of degradation products of GSM under
various processes have been reported in the literature. In 1999 Saito et al. [291] were
the first to study a microbiological degradation pathway for GSM. In total, three products
were identified; two of them were dehydration products of GSM and the third resulted
from dehydration followed by enolation. Another study employing bacteria was
performed by Eaton [292]. Two main intermediates were identified, i.e. 2- and 7-
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ketogeosmin. Song et al. [227] studied the ultrasonically induced degradation of GSM.
Dehydrations, subsequent dehydrogenations and a ring opening reaction were

observed due to pyrolytic bond scissions taking place.
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Figure 9.4. Chromatograms extracted during photocatalytic degradation of GSM [245].
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Figure 9.5. Evolution and decay of main intermediate products (product IV: 8a-Hydroxy-
4a-methyl-octahydro-naphthalen-2-one and product VI: 8,8a-Dimethyl-decahydro-
naphthalen-1-ol), upon photocatalytic degradation of GSM (20 mg L™"), using SiW 12,040
4 (7x10™* M, 200 mg L™") under UV-A irradiation [245].

Prior to this work, Pemu et al. [294] studied GSM degradation using photocatalysis with

TiO,. Only a small number of intermediates were identified (3,5-dimethylhex-1-ene, 2,4-
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dimethylpentan-3-one, 2-methylethylpropanoate and 2-heptanal) showing that GSM
undergoes rapid ring opening producing aliphatic saturated and unsaturated

compounds, including some alkanones and esters.

The intermediates detected in this study were similar in the presence of SiW1,04* ~ and
TiO, (Scheme 9.2.). This is in good agreement with previous studies where it has been
demonstrated that the photocatalytic performance of POM and TiO; is similar in terms of
the overall mechanism of photodecomposition of organic compounds, the intermediate
species involved and the final photodegradation products (i.e., CO,, H,O and inorganic
anions) [42]. This also tends to suggest, despite the recent arguments that exist [44],
that the photodegradation mechanism in the case of GSM, by both catalysts ought to
take place mainly via a common reagent, i.e. ‘OH radicals.
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Table 9.3. Intermediates identified during the photocatalytic degradation of GSM with their retention time (tr) and their spectral

characteristics (M*, m/z), in Scheme 9.2 [245].

Name Symbol tr (Mmin) M* m/z SiW12040"  TiO,
GEOSMIN 10.89 182 112,43, 55
8a-Hydroxy-4a-methyl-octahydro- \Y; 13.28 182 112,55, 97, 82 \ \
naphthalen-2-one

4a-Methyl-4,4a,5,6,7,8-hexahydro-3H- Vv 12.44 178 121, 136, 93 \ \
naphthalen-2-one

8,8a-Dimethyl-decahydro-naphthalen-1-ol VI 13.34 182 112, 43, 55, 97, 126 \ \
2-Ethyl-cyclohexanone VII 12.11 126 98, 55, 126 \ \
7a-Methyl-1,4,5,6,7,7a-hexahydro-inden-2-one VIII 12.61 150 150, 135, 79, 93 \
2,4-Dimethyl-cyclopentane-1,3-dione IX 7.48 126 126, 56, 111, 43 \ \
(1,2-Dimethyl-cyclopentyl)-methanol X 11.83 128 97,55 \
1,8a-Dimethyl-decahydro-naphthalen-2-ol Xl 12.86 182 112,55, 41 \ \
1-(1-Methyl-cyclohexyl)-ethanone Xl 11.41 140 55, 97 \ \
5-Isopropenyl-2-methyl-cyclohexanol X 12.44 154 136,107,121, 79 \ \
1-Isopropyl-4-methyl-cyclohexane XIV 11.82 140 97, 55, 140, 41 \ \
3-(2,6,6-Trimethyl-cyclohex-2-enyl)-propenal XV 12.86 182 112, 55, 41 \ \
1-(2-Methoxy-cyclohexyl)-propan-2-one XVI 12.55 170 112,43,94 \ \
Cyclohexanone XVII 5.27 112 68, 84, 112 \
2,2-Dimethyl-cyclohexanone XVIII 12.20 126 126 \
3,5-Dimethyl-cyclohex-3-enecarbaldehyde XIX 11.37 138 107, 95, 67 \
2,2,6-Trimethyl-cyclohexanone XX 6.37 140 82, 56, 69, 140 \
5-Acetyl-3,3-dimethyl-cyclohexanone XXI 7.73 152 68, 96, 152 \
3,5,5-Trimethyl-cyclohex-2-enone XXII 7.48 138 82, 138, 39, 54 \
2-Ethyl-hex-2-enal XXII 11.96 126 55,97, 126 \ \
Octanoic acid XXIV 7.98 144 60, 73, 41, 101 \
2,4,5,6-Tetramethyl-hepta-1,3,6-triene XXV 11.26 136 93,79, 121,108 v v
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Figure 9.6. Proposed mechanism followed for the formation of product IV (8,8a-Dimethyl-decahydro-naphthalen-1-ol during the
photocatalytic degradation of GSM with SiW1,040* or TiO, catalyst [245].
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Figure 9.7. Proposed mechanism followed for the product VI (8,8a-Dimethyl-decahydro-naphthalen-1-ol) during the photocatalytic
degradation of GSM with SiW1,04* or TiO, catalyst [245].
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9.5. Intermediate products of MIB using TiO; and POM under UV-A light

As far as concerning MIB'’s degradation products, in 1992 Sumimoto [295] was the first
to study the degradation pathway of MIB, using biodegradation by gravel sand filtration.
Tanaka et al. [296] followed biodegrating MIB using two different types of bacteria,
identified some of the products formed which were dehydration products and camphor.
In a later study Eaton and Sandusky [297] studied the biotransformations of MIB by
three strains of camphor-degrading bacteria. These three strains of bacteria together
appeared to produce metabolites resulting from hydroxylation all secondary carbons
available on the six-member ring of MIB. Song et al. [227] studied the ultrasonically
induced degradation of MIB and defined the degradation pathway. For pyrolytic
transformations taking place in this study, simple bond scissions lead to free radicals.
Degradation products of MIB indicated the formation of two directly dehydrated
products; also under those conditions MIB being susceptible to C-C dissociation and
subsequent skeletal rearrangement, products observed were due to C-C hemolytic-
bond scissions leading to ring opening pathways. Qi et al. [294] and later Li et al. [298]
both applied ozonation processes in order to investigate degradation of MIB and
proposing a pathway of MIB’s ozonation. The majority of products identified in those two
studies were identical, proposing that d-camphor was likely to be the primary
degradation product and further degraded into other byproducts, observing some of
these aldehyde byproducts causing off-flavors in drinking water. Qi et al. [294] they also
investigated the effect of hydroxyl radical using scavengers on the ozonation of MIB,

with results suggesting that hydroxyl radicals presence was the predominant oxidant.

In this study, during photolysis of MIB in the absence of catalyst, a few peaks were
detected in the chromatogram of the photolysed solution indicating photolytic cleavage.
One of them was identified as 1,2,7,7-Tetramethyl-bicyclo[2.2.1]hept-2-ene (I) (Scheme
9.3.), that is possibly formed by dehydration of MIB. Its retention time (tr) and spectral
characteristics are given in Table 9.4.

A detailed study of the photodegradation of MIB (Scheme 9.3.) with SiW1,040* revealed
the formation and decay of several products prior to the final decomposition to CO..
Many chromatographic peaks appeared in the photolyzed solution in the presence of
SiW12040*~ which were not present without photocatalyst. The intermediates identified
together with their retention times (tr) and spectral characteristics are given in Table
9.4. They are compiled as follows: alcohol- (lIl), ketone- (II) and diketone- (IV, V, VI)

derivatives of MIB, oxygen containing cyclic compounds (VII, VIII, IX, X, XI) and open
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chain aliphatic compounds (XII, Xlll).Similar photocatalytic experiments were also
performed in the presence of TiO,. The intermediates detected were identical with those
found in the presence of SiW,04* (Table 9.4., Figure 9.8.). In Scheme 9.3. a possible
photodegradation mechanism for MIB, which applies to both POM and TiO,, which
provides a reasonable explanation for the similar intermediates formed in both

processes.

Product Il (1,6,7,7-Tetramethyl-bicyclo[2.2.1]hept-5-en-2-0l) is formed  with
hydroxylation of product | suggesting the presence of "OH radicals. Product Il (d-
camphor) is proposed to be the primary intermediate produced during photocatalysis of
MIB formed with a B-scission reaction mechanism on the methyl group of MIB that
generates a ketone. Products IV, V and VI are possibly formed by hydrogen elimination
followed by ‘OH addition and oxidation of secondary alcohol, leading to the formation of
ketone, starting from product Il. As far as concerning the other identified saturated and
unsaturated oxygen containing cyclic intermediates, mechanisms involved are hydroxyl
radical oxidation of compounds, driven by electrophilic substitution. The majority of
those are five-membered rings revealing ring opening on MIB molecule. Linear aliphatic
compounds were identified during the later stages of photo-oxidation similar to previous
studies of Hiskia et al. [299].
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Figure 9.8. Chromatograms extracted during photocatalytic degradation of MIB [245].
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Table 9.4. Intermediates identified during photolysis and the photocatalytic degradation of MIB with their spectral characteristics (M”,
m/z), in Scheme 9.3 [245].

Name Symbol  tr (min) M* m/z SiW1204"  TiO2
2-methylisoborneol 8.28 168 95, 108
1,2,7,7-Tetramethyl-bicyclo[2.2.1]hept-2-ene | 6.08 150 107,79, 93, 135
1,7,7-Trimethyl-bicyclo[2.2.1]heptan-2-one (d- Il 7.80 152 95, 81, 41, 55, 108 \ \
camphor)
1,6,7,7-Tetramethyl-bicyclo[2.2.1]hept-5-en-2-0l 11 7.48 166 108, 93 \
1,7,7-Trimethyl-bicyclo[2.2.1]heptane-2,5-dione \Y; 9.21 166 166, 69, 109, 83, 123 \ \
1,7,7-Trimethyl-bicyclo[2.2.1]heptane-2,3-dione V 9.64 166 95, 83, 69, 55 \ \
1,7,7-Trimethyl-bicyclo[2.2.1]heptane-2,6-dione VI 9.73 166 166, 41, 67, 97, 83 \ \
3-Ethyl-2,5-dimethyl-furan VII 10.85 124 109, 124 \ \
4-Methyl-3-pent-2-enyl-dihydro-furan-2-one VIl 10.74 168 99, 43 \ \
2,3,4,5-Tetramethyl-cyclopent-2-enone IX 8.77 138 123, 95, 138, 67 \ \
(2,2,3-Trimethyl-cyclopent-3-enyl)-acetaldehyde X 11.34 152 108, 93, 67 \ \
3,3,4-Trimethyl-cyclohex-1-enecarbaldehyde Xl 9.03 152 95, 81, 123, 67 \
2,6-Dimethyl-hepta-2,4-diene Xl 10.81 124 109, 124 \ \
4-Methyl-hept-2-ene Xl 8.09 112 69, 41, 55, 112 v v
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Scheme 9.3. Intermediates formed during photolysis and photocatalytic degradation of MIB by SiW1,040* ™ or TiO, [245].
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Qi et al. [294] and later Li et al. [300] applying ozonation processes investigated the
degradation of MIB and proposed a degradation pathway. The majority of the
intermediates identified in those two studies were identical. According to these studies,
d-camphor was likely to be the primary degradation product that it is further degraded
into other byproducts, including aldehydes. Qi et al. [294] also investigated the effect of
‘OH using scavengers on the ozonation of MIB, with results suggesting that the
presence of ‘'OH was the predominant oxidant. The full agreement of these results with
those of ozonation of MIB [294, 300] is a further evidence that the main oxidant is ‘OH in

all cases, i.e. photocatalysis with SiW1,040% ™ or TiO, and ozonation.

9.6. Toxicity Experiments concerning MIB and GSM

In order to determine EC50 for MIB and GSM, a number of standard solutions (0.125 —
1 ppm) were used. MIB and GSM are generally known as non toxic compounds, which

is indicated also in Table 9.5. For that reason no EC50 value could be given.

Table 9.5. Odors standard solutions (0.125 - 1 ppm).

Sample (ppm ) Gt % Effect;
BLANK 1.04

2,4-DCP 3.29 76.71
MIB (0.125) 0.12 10.96
MIB (0.25) 0.1 9.59
MIB (0.5) 0.09 8.22
MIB (1) 0.06 5.48
GSM (0.125) 0.14 12.33
GSM (0.25) 0.09 8.22
GSM (0.5) 0.04 4.1
GSM (1) 0.12 10.96

Even though MIB and GSM are non toxic compounds, there is a possibility
photocatalytic process lead to the formation of toxic intermediates. In order to
investigate that, toxicity measurements using Microtox assay were performed for MIB
and GSM mineralization under UV-A and solar light, using Degussa P25 and SiW 2040
*. Results are presented in Tables 9.6 and 9.7 and as it can be concluded from them,

no significant toxicity is presented during the photocatalysis process.
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Table 9.7. Odors degradation under
UV-A using Siw12040*

Table 9.6. Odors degradation under
UV-A using Degussa P25

Irradiation MIB GSM Irradiation MIB GSM
time (h) % Effect; % Effect; time (h) % Effect; % Effect;
2,4-DCP 77.05 77.05 2,4-DCP 72.79 72.79
0 7.32 4.87 0 6.33 8.50
2 4.92 14.75 2 7.47 3.25
5 1.64 8.20 5 12.51 11.53
12 14.75 9.84 12 13.74 8.86
24 11.48 12.95 24 9.21 5.46
48 13.11 13.11 48 5.95 13.24
72 10.45 12.89 72 11.69 16.16

9.7. Photocatalytic degradation mechanisms of GSM/MIB in the presence of
SiW12040* and TiO,: A comparison study

An objective of this study was the comparison of photodegradation mechanisms
followed by POM and TiO2 in the cases of GSM and MIB, via degradation,
mineralization and identification of intermediate products, under UV-A irradiation.

Several examples, from both photocatalysts, have been reported to demonstrate that
their performance is similar in terms of the overall mechanism of photodecomposition of
organic compounds, the intermediate species involved and the final photodegradation
products (i.e., CO,, H>,O and inorganic anions) [51]. However, parallel experiments
under similar conditions, using various substrates (atrazine, fenitrothion, 4-chlorophenol
and 2,4-dichlorophenoxyacetic acid) and ‘OH radical scavengers, have shown that the
photooxidizing mode of POM and TiO,, i.e., ‘OH radicals and/or holes (h*), depends on
the nature of substrate and the mode of investigation [54, 68]. Atrazine showed that
both POM and TiO, mainly operate through ‘OH radicals and with a lower extent with
h*, whereas fenitrothion suggested the almost exclusive operation of both
photocatalysts via ‘OH radicals. On the other hand, differences between the two
photocatalysts have been proposed with 4-chlorophenol and 2,4-dichlorophenoxyacetic
acid, with POM operating via "OH radicals and TiO, mainly via h*. Overall, the action of
"OH radicals relative to h* appears to be more pronounced with POM than TiO, [54]. An
example against the above mechanism for POM has been reported for the degradation
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of dichlorobenzene in the presence of ‘OH radicals scavengers suggesting that POM
act via h* rather than "OH mediated oxidations [69]. As a conclusion, whether an "“OH or
h* mediated mechanism is followed depends on various parameters (e.g., the kind of
substrates, the substrate-photocatalyst interaction) and should be considered on a case

by case basis [68].

In accordance with the results given in this study on degradation and mineralization
(TOC measurements and identification of formed intermediates) of GSM and MIB, it has
been concluded that the same photodegradation mechanism is followed when POM and
TiO, are used as photocatalysts. The similarities of the intermediates identified
(presence of the same oxidized derivatives) and results from experiments with "OH
radical scavengers, as well tend to suggest that ‘OH is the common oxidant, as has
been also mentioned for other organic compounds[43].

9.8. Conclusions

Removal of taste and odor compounds GSM and MIB from water was achieved using
photocatalysis with POM and TiO,. Both photocatalysts found to be effective in
degradation of target analytes. Experiments were also performed in the presence of
*OH radicals scavengers showing retardation of the photodegradation of GSM and MIB,
which indicates that *OH radicals should be the main oxidant for both photocatalysts.
The photocatalytic degradation of GSM and MIB in the presence of both photocatalysts
leads to the formation of a plethora of intermediates prior to mineralization. In the case
of GSM the majority of the identified intermediates were cyclic ketones which upon ring
opening lead to formation of linear saturated and unsaturated products. For MIB
degradation identified intermediates are consisted by alcohol-, ketone- and diketone-
derivatives of MIB, oxygen containing cyclic compounds and open chain aliphatic
compounds. A complete degradation pathway is proposed for target compounds during
their photocatalytic degradation with common intermediates identified, using either POM
or TiO, with ‘OH radical attack to be mainly responsible for the mechanism. These
results suggest that photocatalysis using either POM or TiO, demonstrates significant
potential for the complete removal of taste and odor compounds that taint water.
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CHAPTER 10

Photocatalytic degradation of MC-LR, CYN, GSM and MIB in water

using TiO, under visible light. Unveiling new degradation Pathways

10.1. Introduction

The degradation pathway followed for the degradation of MC-LR was studied by several
[270] in the UV light and yet by only few studied so far in the visible range of the solar
light [301, 302]. As far as concerning the CYN, GSM and MIB their degradation
pathway is studied only under UV light irradiation [2].

In this chapter is reported the mechanism followed for the photocatalytic degradation of
MC-LR, and CYN, under visible light. In the case of MC-LR, PPIA measurements
showed that toxicity is only proportional to the toxin concentration and no toxic

intermediates are formed during the process.

10.2. Photocatalytic Degradation of MC-LR, CYN, GSM and MIB under visible
light

All four target compounds were studied for degradation under visible light using Kronos
vlp-7000 as the photocatalyst. Degussa P25 TiO, was also used as a reference
material, whereas no degradation was observed in any of the compounds. For MC-LR
(10 ppm) and CYN (10 ppm) a destruction of 10% and 14% was observed, as shown in
Figure 10.1. For GSM (1 ppm) and MIB (1 ppm) no degradation was observed. To
eliminate the case that the experimental error from the SPME was overlapping the small
percentage of destruction, liquid-liquid extraction was applied with dichloromethane as
the organic solvent. Also, utilization of a different visible light active photocatalyst

(nitrogen doped) and using lower analytes concentration, yet no degradation was
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observed. Based on those results, it can be concluded that in the cases of GSM and
MIB, the mechanism followed in the visible light photocatalysis process could not lead to

their degradation.

Degradation experiments for MC-LR and CYN were repeated in the presence of
superoxide dismutase enzyme. In the case of the enzyme whereas the superoxide
anion was conjugated, degradation was almost eliminated, proving that is the main
specie responsible for degradation. Having that in mind the absence of degradation in
the case of GSM and MIB can be explained on the fact that either of those compounds
have a double bond, on which superoxide anion can be attached and modify their

structure.

1.00

0.95 -

0.90 -

0.85 -

MC-LR, CYN, GSM, MIB C/Co

—— MIB

0.80

0 2 4 5 8 10

Photolysis time (h)
Figure 10.1. Photocatalytic degradation of target analytes using Kronos TiO, under
visible light.

10.3. Intermediate products of MC-LR under visible light using TiO;

In photocatalysis, light of energy greater than the band gap of the semiconductor
excites an electron from the valence band to the conduction band with oxidation of
adsorbed H,O by photogenerated holes and reduction of an electron acceptor
(dissolved oxygen) by photoexcited electrons, leading to the production of a hydroxyl

(HO+) and superoxide radical anion (Oz¢), respectively [303]. O,+ may further react
with H" to generate hydroperoxyl radical (*OOH) and further electrochemical reduction
yields H,O, and then HO-. When O+ reacts with a double bond, C-C bonds cleave

through the formation of a dioxetane giving two carbonyl groups. When «OOH or H,0,
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reacts with a double bond, dihydroxylation follows. The objective of this study was to

define the contribution of those ROS in the process of photodegradation under visible

light.

7e+6

Be+6 A

5e+6 -

4e+6 -

3e+6 A

Peak Area (au)

2e+6 A

1e+6 A

0

—o— Product m/z 795
—v— Product m/z 835
—a— Product m/z 1011.5
—eo— Product m/z 1029

20 30 40
Time (h)

50

Figure 10.2. Evolution of products during the photocatalytic degradation of MC-LR

under visible light.

In the case of MC-LR under visible light degradation, the products with the more intense
peak areas were found to be 795, m/z 835, m/z 1011.5 and m/z 1029. Product with m/z

1029 is a dihydroxylation product [2, 270] and has the highest peak area of all (formed

through reaction with «OOH and H,0,, or from two HO- additions required). Production

of m/z 1011.5 intermediate (monohydroxylation, from HO- attack) is evidenced after an

induction period. Also products with m/z 795 and m/z 835 could be formed after

superoxide anion addition followed on either of the double bonds of Adda amino acid,

followed by cleavage and formation of carbonyl compounds.

10.3.1. Toxicity assessment

Reduction of MC-LR concentration resulted in the directly proportional reduction amount

of the toxic activity, implying that MC-LR loses its toxic activity (protein phospatase

inhibition) as soon as the molecule is transformed to and no toxic products are formed.
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10.4. Intermediate products of CYN under visible light using TiO;

In the case of CYN degradation, the main products formed are m/z 347, 350, 414, 432,
m/z 448 and m/z 450. Product of m/z 448 has the highest peak area and thus is the
main intermediate. It can be formed when O+ reacts on CYN’s double bond giving two
carbonyl groups. Product m/z 448 is formed with double hydroxylation of the double
bond (through reaction with «OOH and H,O,, or -less possible- after two HO« additions)
[2, 277]. Product of m/z 432 (monohydroxylation, from HO- attack) appeared after an
induction period.

8e+6

6e+6

—e&— Product m/z 432
—v— Product m/z 448
—=— Product m/z 450

4e+6 -

Peak Area (au)

2e+6 -

0 16 2b 36 46 55

Time (h)
Figure 10.3. Evolution of products during the photocatalytic degradation of CYN under
visible light.

10.5. Conclusions

Under visible light photocatalysis, degradation of MC-LR and CYN was achieved,
whereas elimination of GSM and MIB was negligible. Based on the identified
intermediate products, during the degradation of both MC-LR and CYN, it was revealed
that superoxide anion radical is the main specie during photocatalysis under visible
light. In cases like GSM and MIB that compounds don’t carry a double bond, the
degradation process under visible light is inefficient due to inactivity of the main specie
(superoxide anion radical) with the analyte. Modification on the structure of an organic
compound under visible light photocatalysis that can further lead to its destruction can

benefit from having double bonds which superoxide anion radical can react with.
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Chapter 11

Parameters influencing TiO, photocatalysis towards degradation of
MC-LR, CYN, GSM and MIB in water

11.1. Introduction

Evaluation of the photocatalytic activity of TiO, based photocatalysts is highly depended
on a number of parameters that govern the kinetics of photodegradation and
mineralization. Parameters that were taken under consideration in this chapter for the
photocatalytic degradation of cyanobacterial toxin MC-LR, CYN and water taste and
odor compounds GSM and MIB, were the light intensity, dissolved oxygen, catalyst
loading, initial concentration of the substrate, adsorption, pH and light wavelength. All
those parameters can affect in a different way the photocatalytic activity of a catalyst,
and the evaluation should be performed under investigation of those [284].

11.2. Light Intensity

To access the effect of light intensity in the photocatalytic degradation process of MC-
LR, the same experiment was performed, under two different irradiation apparatus
(Figure 11.1.). In the experimental procedure 10 mg L™ of MC-LR were irradiated in the
presence of 200 mg L™ Degussa P25 TiO, using at first an Oriel Photomax 150 W Xe
lamp with a cut-off filter at A>320 nm with light intensity of 121 mW cm™ and then under
UV-A black light (320-400 nm), emitting ~1 mW cm™. Results showed that even though
the light intensity with the Photomax 150 W Xe lamp was ~120 times higher that the one
used under black light irradiation, the photodegradation efficiency was similar, indicating
that the photocatalytic rate of MC-LR is not dependant on the intensity of the light

source used.
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Figure 11.1. Photocatalytic degradation of MC-LR (10 mg L) using of Degussa P25
TiO2 (200 mg L™") under light sources with different intensity (150 W Xe lamp and Black
light) [284].

Light intensity is one the parameters affecting the photocatalytic process. In 2000
Fujishima et al. [304], indicated that reaction rates of TiO, photocatalysis are not highly
dependant on light intensity, whereas the surface reactions can be induced by a few
photons of low energy (i.e. 1 yW cm™). For not modified TiO, based materials, photons
required for reaction are for wavelengths shorter than 400 nm. Many studies have
shown that the degradation of many organic substrates followed linear proportionality
correlation to the incident radiant flux [305-307]. Radiant flux (®), is the optical power or
rate of flow of radiant energy and intensity (E), is the flux per unit area striking a surface.
Above certain threshold value the linear of the reaction rate on radiant flux (®) changes
to square root dependency (9°°). This shift is supposed to be due to the amount of
holes (h*) available during the electron-hole pair formation (e+h*). In TiO,
photocatalysis, the photogenerated holes are much less than the conduction band
available electrons. For this reason the photogenerated holes are the rate limiting
component [241]. In this case at high intensities the dependency of radiant flux changes
to zero (®°). This can be explained by the saturation of the catalyst’s surface, limiting
the mass transfer for adsorption and desorption and thus, under these conditions
degradation rates are not affected by increasing the light intensity.

This could be the case in these experiments, in which the ~1 mW cm? of the UV-A
black light apparatus used, already cover the light intensity needed, thus when using the
Oriel Photomax 150 W Xe lamp with ~120 times higher light intensity, the reaction rates

were almost the same. In conclusion, better evaluation of the photocatalysts can be
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performed using light intensities above saturation effect. In this case experimental errors
and under evaluation of the photocatalysts can be avoided and inter-laboratory

comparisons could be possible.

11.3. Presence of oxygen

To explore the effect of dissolved oxygen in the photocatalytic degradation process, 10
mg L™ of MC-LR were irradiated using 1000 mg L' Degussa P25 TiO, using an Oriel
1000 W Xe-Hg lamp with a cut-off filter at A>320 nm, in the presence of oxygen
(1.2x10° M of 0,), air (2.5x10° M of O) and nitrogen (deaerated, ~0 M of O,)
conditions ( T = 22 °C) [308]. The photocatalytic degradation of MC-LR was higher
when the solution was oxygen saturated, followed by degradation under air and finally

nitrogen atmosphere, (Figure 11.2.).

1.0
0.8 1
3
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o —e— No catalyst
% 04 | —v— Deaerated, TiO,
—a— Air sat, TiO,
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0.0
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Figure 11.2. Photocatalytic degradation of MC-LR (10 mg L") under UV-A (A= 320 nm)
irradiation in the presence of Degussa P25 TiO, (1000 mg L‘1) with different oxygen
concentrations in the solution (deaerated, air saturated and oxygen saturated) [284].

Initial degradation rates were calculated as 0.3, 2.4, and 5.2 pM min™, in deaerated, air
saturated and oxygen saturated solutions, respectively. This implies that the
photocatalytic degradation of MC-LR is relatively more efficient as the concentration of
dissolved oxygen in the solution increases. The difference between air and oxygen is
not very drastic as it is under deaerated conditions. Dissolved oxygen plays an

important role in TiO, photocatalysis of MC-LR as an electron scavenger, trapping
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excited conduction band electrons from recombination [309]. Oxygen may also be
involved in the formation of superoxide anion radical and other reactive oxygen species
(ROS), stabilization of radical intermediates, mineralization and direct photocatalytic

reactions [241].

11.4. Catalyst loading

Figure 11.3. illustrates the influence of catalyst concentration on the MC-LR degradation
in oxygenated solutions. Experiments have been performed in presence of Degussa
P25 TiO, under UV-A irradiation (Anax=365 nm), at five different concentrations, i.e. 50,
100, 200, 500 and 1000 mg L.

l

w

No catalyst
1000 ppm TiQ,

500 ppm TiO,
200 ppm TiO,
100 ppm TiO,
50 ppm TiO,

theeid

—

Initial degradation rate, pM min”’

5 10 15 20

Irradiation time (min)

0 200 400 600 800 1000
TiO, loading (mg L)

Figure 11.3. Dependence of initial rate of MC-LR degradation towards TiO, loading. UV-
A irradiation (Amax=365 nm) in the presence of Degussa P25 TiOp; MC-LR 10 mg L
[284].

It can be seen that increase of the catalyst initial concentration from 50 to 100 and
finally to 200 mg L™ results in increase of the MC-LR degradation rate from 1.4 to 2.6
and 3.4 M min™, respectively. Further increase of the catalyst initial concentration to 500
and 1000 mg L™ had only a slight influence on MC-LR degradation from 3.8 to 4.0 M
min™, respectively. Overall, a linear dependency holds until the ~200 mg L catalysts
loading when the reaction rate starts to decrease and becomes independent of TiO,

concentration. So, the concentration of 200 mg L™ being below the saturation level of
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TiO, has been used as initial concentration for all tested photocatalytic materials in

order to compare their photocatalytic effectiveness towards toxin destruction.

11.5. Initial concentration of substrate

In the photocatalytic degradation of organic pollutants in the presence of TiO,, it has
been traditionally reported that the initial rate of disappearance of the pollutant fits a
Langmuir—Hinshelwood (L—H) kinetic scheme [241]. According to the L—H model, at low
concentrations of organic substrate, the initial photoreaction is first order with respect to
substrate, moving progressively (flat area) to zero order. Due to the high cost of MC-LR
analytical standards, experiments for the construction of Figure 11.4. have been
performed up to 12 mg L™ for MC-LR. At this point, the limit where the relationship
between initial reaction and initial concentration remains constant seems to be reached.
The concentration that has been selected for use as initial concentration for MC-LR for
all tested materials in order to compare their photocatalytic effectiveness towards toxin
destruction was 10 mg L being in the linear part of Figure 11.4. Similar results were

given in the case of CYN.
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Figure 11.4. Variation of the initial rate of the MC-LR degradation as a function of
increased initial concentration; Inesert: Photocatalytic degradation of MC-LR (1, 2, 5,
10, 12 mg L") under UV-A (Amax=365 nm) irradiation in the presence of Degussa P25
TiO2 (200 mg L™") [284].
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Similar experiments have been performed with GSM and MIB giving similar results,
whereas for GSM are presented in Figure 11.5. For analytical purpose the initial
concentration of GSM was set to 2 x 10, 0.2 and 1 mg L ™. The concentration that has
been selected for use as initial concentration for both GSM and MIB for all tested
materials in order to compare their photocatalytic effectiveness towards these
compounds was 1 mg L™, being in the linear part of Figure 11.5.
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Figure 11.5. Variation of the initial rate of the GSM and MIB degradation as a function of
increased initial concentration; Inesert: Photocatalytic degradation of (a) GSM and (b)
MIB (2 x 10°, 0.2 and 1 mg L™) under UV-A (Anax = 365 nm) irradiation in the presence
of Degussa P25 TiO, (200 mg L™") [284].
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11.6. Adsorption on catalysts surface

Another important parameter on the evaluation of the photocatalytic activity of new
materials towards certain substrates is the dark adsorption of theses substrate on the
photocatalyst surface. The amount adsorbed should be determined and photocacalytic
experiments should be performed when equilibrium has been reached. Initial pH has to
be well defined because pH value can affect dark adsorption of substrate by

photocatalyst under investigation.

Adsorption of MC-LR on photocatalysts’ surface (Degussa P25 TiO,, Kronos TiO,, Ref-
TiO2, N-TiO2, NF-TiO,, ECT-10213t and GO-TiO,) was investigated for 10 mgL™" initial
concentration of MC-LR and 200 mgL™ of catalyst loading at pH 5.7 (Figure 11.6.). As
can be seen in Figure 11.6., under the experimental conditions used all photocatalysts
have presented toxin adsorption. The higher MC-LR adsorption (20%) was observed
with GO-TiO; followed by Kronos TiO,, ECT-10213t, N-TiO2, NF-TiO,, Ref-TiO, and
Degussa P25 TiO, with 11, 8, 8, 8, 8 and 6% toxin adsorption, respectively. The higher
adsorption of MC-LR on GO-TiO, can be attributed to the remarkable enhanced

adsorption capability of the catalyst for pollutant molecules [310].

1.0 ¢ R
08 T —— 4\1
o]
@)
X
({ 0.6 1 —eo— Degussa P25
S —v— Kronos
&) 0.4 1 —=— Ref. - TiO,
= —e— N-TiO,
—a— NF -TiO,
0.2 —e— GO-TIO,
ECT-10213t
0.0 ; ; . :
0 1 2 3 4 5

Adsorption Time (h)

Figure 11.6. Adsorption% of MC-LR on Degussa P25 TiO,, Kronos TiO,, Ref-TiO2, N-
TiO2, NF-TiO,, ECT-10213t and GO-TiOy; 10 mgL™ initial concentration of MC-LR and
200 mgL™" of catalyst loading at pH 5.7 [284].
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Figure 11.7. Adsorption% of (a) GSM and (b) MIB on Degussa P25 TiO,, Kronos TiOg,
Ref-TiO2, N-TiO2, NF-TiO,, ECT-10213t and GO-TiOy; 10 mgL'1 initial concentration of
MC-LR and 200 mgL™ of catalyst loading at pH 5.7 [284].

The adsorption of GSM and MIB was also investigated for all photocatalysts using 1
mgL™" initial concentration of GSM and MIB under the same experimental conditions.
Results obtained suggested that both GSM and MIB had negligible adsorption on the

catalysts’ surfaces, Figure 11.7.

Adsorption experiments were carried out in order to evaluate the extent to which CYN is
adsorbed on the surface of the photocatalysts. Under the experimental conditions used,
about 15% and 30% of adsorption of CYN was observed for Kronos vip-7000 and
Degussa P25 respectively, after ~2 hours of stirring in the dark (Figure 11.8.).
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Figure 11.8. Adsorption in dark of CYN (10 mg L) under UV-A using Degussa P25 and
Kronos vIp-700 photocatalysts (200 mg L") [284].

CYN is a very hydrophilic compound that carries both positively and negatively charged
groups at neutral pH [311], with an estimated pK, to be around 8.8 [159]. Therefore at
pH lower than 8.8 (as in the experimental conditions used, pH 5.7), the majority of CYN
molecules have both positively and negatively charged groups. The pH of zero point
charge (pHzc) of TiO2 is 6.25 [231]; below this pH the surface is positively charged.
CYN can be adsorbed on TiO, surface via electrostatic interactions between the
positively charged surface of catalysts and the negatively charged group (SO.%) of
CYN. In another study [242], where polymorphic TiO, was used, the CYN'’s negative
group also reach the positively charged photocatalyst’s surface at pH lower than its
pHzc. On the contrary, no significant adsorption was observed reported with NF-TiO;
photocatalytic films at pH 3, since CYN at this pH is positively charged as is the
photocatalyst’s surface [22].

11.7. Initial Solution pH

To explore the effect of pH on the photocatalytic degradation of MC-LR (10 mg L") and
GSM/MIB (1 mg L"), experiments were performed using 200 mg L™ of Degussa P25
under UV-A irradiation (Amax = 365 nm) at different pH values. Figure 11.9. shows the
photocatalytic degradation of MC-LR for three pH values (3, 5.7 and 7). The
degradation of MC-LR is pH depended with initial degradation rates of 3.8, 2,7 and 2,4
UM min™ for pH 3, 5.7 and 7, respectively.
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MC-LR is structured by a D-methylaspartic acid and a D-glutamic acid, having free
carboxylic groups. The pKa for both aminoacids is around 3.0. MC-LR, also contains an
L-arginine unit having a basic amino group with pKa=12.48. With increasing pH (3 < pH
< 12), MC-LR loses two protons from the carboxylic groups, making the overall charge —
1. At extremely basic pH (>12), MC-LR loses the proton from the protonated

basic group and the overall charge is —2 [240].

Solution pH also influences the surface charge, band edge position, and the particle
size of TiO,. Surface charge is governed by the ionisation reaction of the surface -
adsorbed HO- groups. Depending on the solution pH, these surface groups can either
remove or add protons, resulting in negatively or positively charged surface,
respectively. The pH value being around pH = 6.4 for Degussa P25, at which TiO;
surface carries no charge, is defined as the zero point charge (pHzpc). When pH <
pHzpc the surface charge of the catalysts becomes positively charged and presents

electrostatic attractions towards negatively charged species [241].
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Figure 11.9. Photocatalytic degradation of MC-LR (10 mg L") under UV-A irradiation
(Amax=365 nm) in the presence of Degussa P25 TiO, (200 mg L™") at pH 3, 5.7 and 7
[284].
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Figure 11.10. Initial rates of photocatalytic degradation of GSM and MIB (1 mg L)
under UV-A irradiation (Amax = 365 nm) in the presence of Degussa P25 TiO, (200 mg
L") at pH 3, 5.7 and 7 [284].

Based on all that, the higher initial degradation rate for MC-LR at pH 3, can be
explained due to positively charged surface of the catalyst and the negatively charged
molecules of MC-LR being electrostatically attracted. At higher pH values (5.7 and 7)

the photocatalytic degradation is no strongly dependant upon pH.

Based on the same argument it can be explained why degradation for CYN, GSM and
MIB was not pH dependent. Cylindrospermopsin is very hydrophilic and carries both a
positive and a negative charge at neutral pH. GSM and MIB being very low ionizable
bicyclic tertiary alcohols (pKa >15), present weak intermolecular attraction forces with
the photocatalysts. This is in agreement with these results concerning the zero

adsorption observed for these compounds on catalysts surface.

11.8. Irradiation Wavelength

In order to evaluate the photocatalytic efficiency of the new TiO, nanostructured
materials, degradation was investigated under UV-A, solar and visible light. In the case
of visible light cut-off filters were used. Visible light illumination covering the whole
visible range (400 — 700 nm) was provided using a 435 nm cut-off filter exhibiting a zero
transmittance below 410 nm. When a 420 nm cut-off filter was used instant of the 435
nm cut-off one, a transmittance of 3.25% was observed below 400 nm giving rise to not

reliable results, due to the exposure of photocatalysts under UV-A irradiation Figure
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11.11.c. As it can be seen in Figure 11.11.a, when illumination was performed using the
420 nm cut-off filter, all catalysts showed photocatalytic activity with Degussa P25 being
the better and even some photolysis of MC-LR was present.

When illumination of MC-LR was performed using the 435 nm cut-off (wavelengths
greater than 410 nm), only the visible light activated TiO, photocatalysts (Kronos TiO,,
N-TiO;) show remarkable activity in MC-LR degradation, while Degussa P25 and Ref-
TiO, are completely inactive, Figure 11.11.b. Inactivity of Degussa P25 has been
confirmed, as it absorbs light with A<410 nm due to rutile phase (30% of Degussa P25
TiO,, Epg = 3.0 eV) [278]. For that reason, the cut-off filter used for the evaluation of a
catalyst under visible light illumination should exhibit zero transmittance at wavelengths
lower than 410 nm.

Among the tested materials, N-TiO, shows the better photocatalytic activity for MC-LR
degradation followed by Kronos TiO,. This behavior of N-TiO; is attributed to a red-shift
of the energy band gap to the visible range at about 2.3 eV that justifies visible light
photocatalytic activity towards degradation of MC-LR [258]. C-doping in Kronos TiO,
produces new energy states deep in the TiO, band gap (substitution of oxygen by
carbon atoms), which are responsible for the visible light absorption [256, 257].
Inactivity of Degussa P25 has been confirmed, as it absorbs light with A<410 nm due to
rutile phase (30% of Degussa P25 TiO,, Epg = 3.0 eV) [278]. For that reason, the cut-off
filter used for the evaluation of a catalyst under visible light illumination should exhibit

zero transmittance at wavelengths lower than 410 nm.
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Figure 11.11. Photocatalytic degradation of MC-LR (10 mg L™") under using a cut-off
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L™"). (c) The transmittance spectrum of the 420 nm and 435 nm cut-off filters [284].
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11.9. Conclusions

TiO, based photocatalysis can be effective for water purification from new classes of
emerging pollutants such as cyanobacterial toxins and metabolites. Standardized
procedures for testing photocatalytic materials for water purification are needed to
support marketing and applications. Evaluation of the photocatalytic performance is a
complicated process, influenced by many different parameters (e.g. light intensity,
presence of oxygen, catalyst loading, initial concentration of substrate, adsorption, pH,
different irradiation wavelength, mineralization, intermediate products and toxicity).
Reproducible evaluation results (intra and inter-laboratory) require a careful selection of

all parameters.

The light intensity used is selected to be above of a threshold value, for avoiding under-
estimation of photocatalytic activity of the catalysts. Oxygenation, catalyst loading and
initial concentration of substrate, also play an essential role in the process. Parameters
such as adsorption and pH of the solution can differ on their effect based on the
catalysts and the substrates structural characteristics. A photocatalyst should be
evaluated under conditions similar to those that is intended to be applied, i.e. under UV-
A, solar or visible light. Investigation of the degradation pathway as well as the
mineralization extent and toxicity assessment is important in order to evaluate whether

a catalyst is appropriate for application.

Overall, results for the degradation of MC-LR under different irradiation (UV-A, solar and
visible light) can provide us information whether a catalyst is better than other for
specific experimental conditions i.e. Degussa P25 TiO, was the best photocatalyst
under UV-A irradiation but it was completely inactive under visible light. On the other
hand doped TiO, materials being more active under solar light in comparison with
undoped one (Ref-TiO;) present remarkable activity under visible light. In addition, GO-
TiO, being generally similar to other home prepared materials in UV-A seems to be
more promising for use under solar light. For that reason a catalyst should be evaluated

under conditions similar to those that is intended to be applied.

162



Chapter 12

Recommendations

12.1. Recommendations

This dissertation examined the photocatalytic performance of new synthesized materials
concerning the degradation and mineralization of cyanobacteria metabolites such as
cyanotoxins (MC-LR and CYN) and water taste and odor compounds (GSM and MIB).
TiO, based photocatalysts (Degussa P25, Kronos vip-7000, Ref-TiO2, N-TiO2, NF-TiO,,
GO-TiO, and ECT-1023t) were tested for their photocatalytic ability towards degradation
and mineralization of the analytes from aqueous solutions using UV-A, solar and visible
light. Parameters like light intensity, presence of oxygen, catalyst loading, initial
concentration of substrate, adsorption, pH, different irradiation wavelength, were
investigated for their influence in the process. In addition, photocatalytic degradation of
GSM and MIB using a polyoxometalate photocatalyst, H4SiW 1,040, was studied and
compared with photodegradation by TiO».

Also, mineralization and the identification of intermediate products and their toxicity
under different experimental conditions were studied. Emphasis was given to the
mechanistic understanding of the process by identification of intermediate and final
products formed during photocatalysis process and a complete degradation pathway is
proposed for MC-LR, CYN, GSM and MIB. Assessment of the residual toxicity during
the course of treatment showed that detoxification of the solutions was achieved.

From a scientific point of view, a novel approach is suggested for the destruction of a
new class of toxic organic pollutants of biogenic origin in water using solar light
photocatalysis in the presence of TiO, and elucidation of degradation pathway provides
a better understanding of the photocatalytic process and is expected to initiate further
research regarding the fate of analytes under different water treatment technologies.
The interdisciplinary nature of this research enables the continuation of this work in

diverse conditions. Below are listed a few recommendations:
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e Other cyanotoxins

Microcystins and especially MC-LR have been the main focus of several
studies listed in the literature. However, there are several other groups with
many toxins that are known to harm the ecocystem and necessitate
appropriate treatment. Among them are other microcystins (-LA, -LW, etc),

nodularins, anatoxins, saxitoxins or BMAA.

e Competitive kinetics

One strain of cyanobacteria can produce up to twelve different cyanotoxins
[312], so is important to study the photocatalytic degradation of toxins among
different derivatives of the same group or different groups, to investigate

potential competitive kinetics among them.

e Mechanism elucidation in real water

In this study real water was only used for the degradation of the
cyanobacterial metabolites and the intermediates identification was performed
in distiled water. A really good application of the process could be the
elucidation of the photocatalysis mechanism in real water samples, in which
several components of natural waters can affect the intermediate products

formation, along with toxicity measurements.

e Use of Polyoxometalate on Cyanotoxins

Photocatalysis with polyoxometalates was only performed with GSM and MIB.
Those catalysts could be employed for the degradation of several cyanotoxins
and compare the photocatalysis mechanism with TiO,, using radical

scavengers.

e Hybrid nanostructured TiO,-POM

Hybrid nanostructured TiO,-POM materials prepared by the sol-gel technique
[313], or by adsorption (wetness impregnation) of POMs on the surface of
TiO2 [314] show increased activity in organic pollutants photodegradation due

164



to their synergistic action [315] and could be used for the degradation of
cyanobacterial metabolites compounds. Recent experimental data show that
the presence of POMs decreases the recombination rate between electron-
holes in TiO2 and significantly increases the efficiency of the photocatalytic
process. Furthermore, the formation of reduced POM (POM), which is
generated by a one-electron reduction reaction with a conduction band
electron in TiO,, subsequently absorbs visible light to form the excited-state
POM (POM?*), which synergistically catalyzes the reduction of organic
pollutants during TiO, photocatalytic [315, 316]. Appropriate selection of POM
and experimental conditions (ratio of POM/TiO,, nanoparticle size, pH, etc.)
can result in the development of new, innovative TiO,-POM nanostructured
materials with enhanced photocatalytic properties in both ultraviolet and solar
light.
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ABBREVIATIONS

ADDA
Ala
AOPs
Arg
CYN
GC-MS
Glu
GSM
HPLC
LC-MS/MS
Leu
MCs
Mdha
MeAsp
MC-LR
MIB
PPIA
POM
ROS
SPME
TIC
TiO2
TOC
UV-A

3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid
Alanine

Advanced Oxidation Processes

Arginine

cylindrospermopsin

Gas chromatography—mass spectrometry
Glutamic Acid

geosmin

High-performance liquid chromatography
Liquid chromatography-tandem mass spectrometry
Leucine

microcystins

Methyl dehydroalanine

Methyl Aspartic Acid

microcystin-LR

2-methylisoborneol

Protein Phosphatase Inhibition assay
polyoxometalates

Reactive Oxygen Species

Solid Phase Micro-Extraction

Total lon Chromatogram

Titanium Dioxide

Total Organic Carbon

(300 < A< 400 nm)
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Appendix |

MS/MS of m/z 389.5, Rt 5.80 min
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Figure A1. MS/MS spectrum of the intermediate with m/z 389.5 at R; 5.80 min, for MC-LR
degradation under UV-A light using Degussa P25.
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Figure A2. MS/MS spectrum of the intermediate with m/z 437 at R; 9.44 min, for MC-LR
degradation under UV-A light using Degussa P25.
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MS/MS of m/z 1031.5, Rt 22.08 min
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Figure A3. MS/MS spectrum of the intermediate with m/z 1031.5 at R; 22.08 min, for MC-LR
degradation under UV-A light using Degussa P25.
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Figure A4d. MS/MS spectrum of the intermediate with m/z 227 at R; 3.08 min, for CYN
degradation under UV-A light using Degussa P25.
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degradation under UV-A light using Degussa P25.
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MS/MS of m/z 350, Rt 2.91 min
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Figure A7. MS/MS spectrum of the intermediate with m/z 350 at R; 2.91 min, for CYN
degradation under UV-A light using Degussa P25.
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