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Abstract

The increasing presence of freshwater toxins have brought new challenges to preserve water
quality due to their potential impact on the environment and human health. Two commonly
occurring cyanotoxins, microcystin-LR and cylindrospermopsin, with different physico-
chemical properties were used to evaluate the efficiency of photocatalysis using a continuous-
flow reactor with immobilized TiO; on glass tubes and UV-A light. The effect of flow rate
and hydrogen peroxide addition on the efficiency of cyanotoxin removal were evaluated. An
analysis of the effects on microcystin-LR removal efficiency showed that low flow rates
(1mL/min) and high H>O» concentrations (120 mg/L) were needed to provide effective
degradation. Up to 27.9% and 39.1% removal of MC-LR and CYN, respectively were
achieved by UV-A/TiO: after a single pass through the reactor. A slight increase of the
removal of both cyanotoxins was observed when they were in a mixture (35.5% of MC-LR
and 51.3% of CYN). The addition of H>0; to the UV/Ti0; system led to an average removal
enhancement of 92.6% of MC-LR and of 29.5% of CYN compared to the UV/Ti0O; system.
Photolysis assisted by H2O> degraded MC-LR by up to 77.7%. No significant removal
(<10%) was observed by photolysis alone or physical adsorption.

This study presents a proof-of-principle that demonstrates the feasibility for this technology

to be integrated in large-scale applications.
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1. Introduction

The ever-increasing global occurrence of cyanobacterial blooms have caused important
damage to freshwater ecosystems (Scholz et al., 2017). Cyanobacteria are photosynthetic
organisms that produce secondary metabolites of interest with important biological properties
such as anti-inflammatory, antiviral, and anticancer activity among others (Demay et al.,
2019). However, they also produce cyanotoxins as secondary metabolites that are linked to
many human and animal poisoning events (Svircev et al., 2019). The main route of human
exposure of these cyanotoxins may occur through consumption of contaminated fish and
vegetables irrigated with contaminated freshwater (Flores et al., 2018; Llana-Ruiz-Cabello et
al., 2019; Mohamed and Bakr, 2018), or through ingestion of drinking water and during
recreational use of water bodies with cyanobacterial blooms (Pineda-Mendoza et al., 2020;
Svircev et al., 2019).

According to their toxicological target, cyanotoxins are classified as hepatotoxins (liver),
neurotoxins (nervous system), cytotoxins (several organs: liver, kidneys, small intestine,
adrenal glands) and dermatotoxins (irritant toxins) (Wiegand and Pflugmacher, 2005). Of the
various cyanotoxins, the hepatotoxin microcystins (MCs) are the most prevalent found in
freshwater (Diez-Quijada et al., 2019; Scholz et al., 2017). To date, 246 MCs variants have
been found (Spoof and Catherine, 2017) and there are significant differences in their toxicity
and concentration in the environment (typically from a few pg/L to a few hundred pg/L)
(Diez-Quijada et al., 2019). The most common and one of the most toxic congeners is the
MC containing leucine and arginine (MC-LR) (PP2A 1Cso: 0.032 nM; ECso(72h): 2.63 mg/L
to zebrafish embryos or larvae) (Ikehara et al., 2009; Wei et al., 2020).

Another prevalent problematic cyanotoxin is cylindrospermopsin (CYN). CYN is an alkaloid
that contains a tricyclic guanidine moiety combined with a hydroxyl methyl uracil moiety and
is highly soluble in water due to its zwitterionic nature (Chiswell et al., 1999). To date, 5
analogues are known (CYN, 7-epi-CYN, 7-deoxy-CYN, 7-deoxydesulfo-CYN and 7-
deoxydesulfo-12-acetyl-CYN) (Kokocinski et al., 2016). Environmental concentrations of
CYN are usually in the range of 1-10 pug/L, but concentrations up to hundreds of ng/L have
also been reported (De La Cruz et al., 2013; Rzymski and Poniedziatek, 2014).

MCs are released from the cells by lysis, ageing, and/or external stress factors (e.g. drinking
water treatment) whereas high concentrations of CYN have been reported when cells are still
viable in the water throughout the bloom event (Moura et al., 2018; Szlag et al., 2015). The
World Health Organization proposes a recommended maximum allowable level in drinking

water of 1 pg/L for MC-LR (WHO, 2011); and the Environmental Protection Agency of the
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USA included MCs and CYN on their Contaminant Candidate List IV, with a 10-day health
advisory of 1.6 ng/L for MCs and of 3 pg/L for CYN for adults (USEPA, 2015).
Extracellular cyanotoxins and their metabolites are stable and are difficult to remove from
water. Under natural environmental conditions, cyanotoxins can persist for long periods due
to slow chemical and biological degradation and hence can enter drinking water plants which
are not designed to deal with these contaminants (De La Cruz et al., 2013).

The advantages of TiO; as a photocatalyst for removing cyanotoxins from the aquatic
environment in lab-scale and field-scale are well known; not only for water purification but
also for detoxification (Antoniou et al., 2009; Feitz et al., 1999; Fotiou et al., 2015; Fotiou et
al., 2013; Khedr et al., 2019; Liu et al., 2009; Liu et al., 2010; Pestana et al., 2020; Pinho et
al., 2015a; Pinho et al., 2012; Sharma et al., 2012). TiO; is commonly used due to its high
quantum efficiency, availability, low toxicity and chemical/physical stability. The working
principle of TiO: photocatalytic systems involve the production of electron (ec»’)/hole (hy ")
pairs upon UV illumination (higher than the energy band gap for the two TiO» crystalline
forms that show photocatalytic activity: anatase 3.2 eV and rutile 3.0 eV) and the formation
of reactive oxidant species (ROS) as a result (hydroxyl radicals, OH" and superoxide radical
anions, Oz 7).

According to the literature, a high number of studies report the use of batch systems where
TiO2 nanoparticles are suspended in the liquid phase and because of their large surface area is
beneficial for mass transfer (Lawton et al., 1999). However, suspended TiO> particles also
present mayor drawbacks: 1) additional costly step to recover the photocatalyst particles from
the liquid phase; i1) light scattering; iii) formation of photocatalyst aggregates. Therefore, the
immobilization of TiO2 on a large variety of supporting materials (e.g. glass beads, silica-
based materials, biomass, activated carbon, membranes, clay) has been explored (Srikanth et
al., 2017; Xing et al., 2018).

In this study, we evaluate the performance of a UV/Ti0; system with and without the
presence of an oxidant to degrade/mineralize cyanotoxins in artificial freshwater (AFW)
using a lab-scale continuous-flow reactor with TiO2-coated glass tubes in a single pass. Two
model cyanotoxins ubiquitous in freshwater, MC-LR and CYN, with different physico-
chemical properties in single and mixed solutions were used. The performance of the reactor
was evaluated regarding the flow rate and different concentrations of the oxidant H>O». To
get a better insight regarding the interaction between the cyanotoxins and UV-A, TiO2 and
H>03, photolysis (UV-A) and physical adsorption (non-irradiated Ti0;) with and without

H>0; as well as chemical oxidation by H>O; were also evaluated.
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2. Materials and methods

2.1 Chemicals and reagents

HPLC grade methanol, acetonitrile and trifluoroacetic acid were purchased from Sigma-
Aldrich (Irvine, UK). Ultrapure water (18.2 MQ.cm) was provided by a PURELAB flex
system (ELGA LabWater, Veolia Water Technologies, Germany). H>O>, CaCl,, MgSOs,
NaHCO;3, KCI, Na,HPO4, NaH,PO4, N,N-diethyl-1,4-phenylenediammonium sulphate
(DPD), H2SO4, horseradish peroxidase (HRP) (Type II, 181 purpurogallin units/mg) were
obtained from Sigma-Aldrich. Artificial freshwater (AFW) was prepared as described by
Akkanen and Kukkonen (2003). Briefly, CaCl, (58.5 mg/L), MgSO4 (24.7 mg/L), NaHCO3
(13 mg/L) and KCI (1.2 mg/L) were dissolved in ultrapure water and adjusted to pH 7. MC-
LR (>95%) from Microcystis aeruginosa and CYN (=95%) from Cylindrospermopsis
raciborskii were isolated in-house (Fig. S1). Stock and working solutions were prepared in

AFW.

2.2 Reactor design

The lab-scale continuous-flow reactor used in this study was previously described (Adams et
al., 2013; Gbadamosi, 2019). The schematic diagram of the experimental reactor setup is
shown in Fig. S2. The cylindrical reactor vessel was made of clear glass with stainless steel
end-fittings (height 150 mm, internal diameter 31.8 mm, wall thickness 9.1 mm, volume 84
mL). Inside the reactor, 30 glass tubes (0.5 cm diameter) were coated with TiO2 (0.96%) by a
modified sol-gel method described by Islam et al. (2016). Uncoated glass tubes were used for
experimental controls (UV-A, H,02, UV-A/H>0,) (Table S1).

2.3 Experimental set-up

Photocatalysis experiments were conducted in a lab-scale flow through immobilized
photocatalytic reactor (FTIPR) equipped with 4 UV-A lamps (Philips PL-L 36 W/09/4P UV-
A; wavelength 315-380 nm) in an illumination box designed by Skillen et al. (2016). The
design consisted of a sample feed-in system, photocatalysis reactor and sampling points (Fig.
S2).

Initially, factors influencing reaction such as flow rate and oxidant concentration were
optimized. The effect of flow rate (1 and 5 mL/min) and the addition of H>O: (0, 6, 30, 60,
120 and 240 mg/L) using MC-LR as a model were investigated. Experiments were done in

triplicate. To study the effect of the flow rate a MC-LR solution (3 pg/mL) was flushed
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through the reactor via an inlet tube at the bottom of the reactor using a peristaltic pump at 1
and 5 mL/min. An aliquot (1 mL) was taken after one reactor volume (RV) (residence time:
84 min at 1 mL/min and 16.8 min at 5 mL/min) was passed through the reactor from a tube
located at the bottom of the reactor, then the UV-A lamp was switched on and another sample
was collected (1 mL) after one RV was passed through the reactor. The system was flushed
with 2 RV of AFW with UV-A irradiation in between the experiments (Fig. S3). Samples
were analysed by high performance liquid chromatography with photodiode array detection
(HPLC-PDA). To study the effect of H>O; different concentrations of H>O» were added to a
MC-LR solution (3 pg/mL), flushed at I mL/min through the reactor with UV-A irradiation
and aliquots (1.5 mL) collected after 84, 104, 124, 144 and 164 min. System was flushed with
3 RV of AFW at 5 mL/min with UV-A irradiation in between the experiments (Fig. S4).
Samples were analysed by HPLC-PDA for cyanotoxins (section 2.5) and UV-Vis
spectrophotometry for H>O» (section 2.6).

A solution of AFW containing 3 pg/mL of MC-LR, 3 pg/mL of CYN or a mixed solution of
1.5 pg/mL of MC-LR and CYN each was channelled through the FTIPR using a peristatic
pump at 1 mL/min. Samples were taken at 84, 104, 124, 144 and 164 min and analysed by
HPLC-PDA and spectrophotometric analysis. Experiments were run in triplicate under each
of these different conditions: presence and absence of photocatalyst (TiO2, 1%), oxidant

(H202, 120 mg/L) and UV-A light (Table S1).

2.4 Analysis by HPLC-PDA

The quantification of MC-LR and CYN was performed by High-Performance Liquid
Chromatography (HPLC) using Waters Alliance 2695 solvent delivery system (Waters, UK)
equipped with a Waters 2996 photodiode array detector (PDA) for MC-LR analysis and with
a Waters 996 PDA for CYN analysis.

MC-LR separation was carried out on a C18 Waters Symmetry column (150 x 2.1 mm, 5 um
particle size) at 40°C. Ultrapure water (A) and acetonitrile (B) both containing 0.05%
trifluoroacetic acid constituted the mobile phase. MC-LR was separated using a linear
gradient increasing from 20% to 70% B at flow rate of 0.3 mL/min over 25 min, followed by
an organic solvent wash (100% B) and re-establishment of starting conditions for the next 10
min. CYN separation was performed on a C18 Waters Atlantis column (150 x 2.1 mm, 5 pm
particle size) at 40°C. CYN was separated using a gradient elution with ultrapure water (A)

and methanol (B) as mobile phase starting at 2% B and increasing to 25% B at 0.3 mL/min
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over 25 min, followed by an organic wash (100% B) and re-equilibration for the next 5 min.
Injection volume was 20 pL for MC-LR and 10 pL for CYN.

The PDA acquisition wavelength was set in the range of 200-400 nm at 1.2 nm resolution.
MC-LR was monitored at 238 nm and CYN at 262 nm. Limit of quantification was 0.1
pg/mL for MC-LR and CYN, respectively.

Quantification was carried out by external calibration over the range 0.1-25 pg/mL.
Chromatographic data was acquired and processed using Empower software v 2.0 (Waters,

UK) for MC-LR and using MassLynx software v 4.1 (Waters, UK) for CYN.

2.5 Analysis of H2O> by spectrophotometry

H>0: concentrations were analysed using a spectrophotometrical method as described by Fan
et al. (2013). Briefly, buffer stock solutions (pH 6) were prepared by mixing 0.5 M Na;HPO4
and 0.5 M NaH;PO4. Sample (40 uL) was mixed with 100 pL of buffer, 40 uL of DPD (0.1 g
of N,N-diethyl-1,4-phenlenediammonium sulphate in 10 mL of 0.1N H2SO4), 10 uL of HRP
(10 mg of horseradish peroxidase Type II, 181 purpurogallin units/mg in 10 mL of deionized
water) and 0.9 mL of ultrapure water in a 1 cm path-length optical cuvette. Colorimetric
analysis was performed using an UV/Vis spectrophotometer (Thermo Scientific, UK) at a

wavelength of 551 nm. A calibration curve was prepared ranging from 0 to 10 mg/L.

3. Results and discussion

3.1 Optimization of flow rate for cyanotoxin removal in a FTIPR

Flow rate plays an important role in continuous flow reactors due to its direct impact on
residence time. The effect of flow rate on the photocatalytic oxidation of a model cyanotoxin
(MC-LR, 3 pg/mL) was investigated at 1 and 5 mL/min (Fig. 1). The TiO: coated glass tubes
were closely packed in the reactor vessel in order to increase the mass transfer between the
surface of the immobilized catalyst and the cyanotoxin.

It can be seen from Fig. 1 that in the absence of UV-A light, no significant differences were
observed in the removal of MC-LR due to physical adsorption at 1 mL/min (9.0%) and 5
mL/min (11.9%). On the other hand, under UV-A irradiation an increase in the flow rate
resulted in low removal rate due to a lower time for reaction. At flow rate of 1 mL/min
(residence time 84 min) MC-LR was removed up to 24.9% in a single pass whereas at 5
mL/min (residence time 16.8 min) the removal of MC-LR decreased to 3.9%.

This effect is a typical behaviour of continuous flow reactors. At lower flow rates, there is

more time for reaction as the contact time between the immobilized photocatalyst and the
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pollutant is greater than at higher flow rates. As a result, residence time has a great impact on
the kinetics of the reaction (Damodar and Swaminathan, 2008; Rezaei et al., 2014). Catalyst
surface area exposed to UV irradiation and flow rate were identified as crucial factors for
MC-LR removal in a simple packed bed flow reactor with pelletised TiO2 (Liu et al., 2009).

The lower flow (1 mL/min) was used for further experiments.

3.2 Optimization of H2O: concentration for cyanotoxin removal in a FTIPR

Dissolved oxygen is a limiting factor for TiO2 photocatalysis (Pelaez et al., 2011). The
continuous flow reactor is an enclosed vessel; therefore the addition of oxidants is beneficial
for the photooxidation of the cyanotoxin. H>O; is a strong oxidant widely used in advanced
oxidation processes that act as both hydroxyl radical source and electron-hole recombination
inhibitor. The oxidation efficiency of the system is limited by the production of hydroxyl
radicals (OH"), which increases by increasing the oxidant content, until an excessive high
content of the oxidant hinders the oxidation process (Cornish et al., 2000; He et al., 2012;
Sahel et al., 2016).

Therefore, it is necessary to find the optimal oxidant concentration to get the maximum
oxidation efficiency for a model cyanotoxin (MC-LR). Fig.2 shows that concentrations of
H>0> up to 30 mg/L did not improve removal of MC-LR whereas increasing concentrations
of H20; (from 60 mg/L up to 240 mg/L) influenced positively the degradation of MC-LR up
to 58.0% in a single pass. In this study, no detrimental effect on the oxidation process was
observed at the highest H>O> concentration tested (240 mg/L) as it was described in previous
reports (Li et al., 2009).

However, the residual H>O» concentration in the photocatalytic system must also be
considered. Removal of H>O; was in the range 96.0-98.5% in all the H2O> concentrations
tested after a single pass. Although most of H2O> was removed from the system, >96.0% of
removal meant mean residual concentrations of H>O» of 0.18, 0.68, 1.09, 1.75 and 9.6 mg/L
using initial H>O» concentrations of 6, 30, 60, 120 and 240 mg/L, respectively. It is well
known that the toxicity of H>O; is dependent on its concentration (reported toxicity values:
16.4 mg/L LCso (96h) fish (Pimephales promelas), 2.4 mg/L ECso (24h) invertebrate
(Daphnia pulex), 0.63 mg/L NOEC (21d) invertebrate (Daphnia magna), 0.63 mg/L NOEC
(72h) algae (Skeletonema costatum) (European Chemical Agency) (ECHA).

For further experiments 120 mg/L of H>O> were used as it represented the best compromise

between removal efficiency of MC-LR and content of residual H,O».
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3.3 UV-A/TiO> photocatalysis for MC-LR and CYN removal

Concentrations of MC-LR and CYN in the aquatic environment can range from a few to a
few hundreds pg/L (De La Cruz et al., 2013; Diez-Quijada et al., 2019) representing a serious
environmental and health issue. The efficiency of the photocatalytic process to remove MC-
LR and CYN in single and mixed solutions in AFW using a FTIPR in a single pass was
evaluated (Fig. 3A-F). To obtain a better insight regarding the interactions between UV-A,
TiO> and the toxins, photolysis (UV-A) and physical adsorption (non-irradiated TiOz)
treatments were performed keeping the same operational parameters as of the UV-A/Ti0O»
photocatalysis process.

The effect of UV-A irradiation in the absence of the catalyst on the removal of MC-LR and
CYN is illustrated in Fig. 3A and B. Under UV-A light, degradation of MC-LR and CYN
was low, 3% of MC-LR was removed after 84 min and no change in degradation was
observed whereas degradation of CYN fluctuated (2.9-7.0%) during the experiment (Fig.
3A). Similar low removals were observed in the mixed toxin solution (MC-LR 4.9-7.1% and
CYN 3.5-4.9%) (Fig. 3B). In line with previous studies, irradiation alone (UV, visible and
solar) is not effective to degrade MC-LR and CYN (Antoniou et al., 2009; Chen et al., 2015;
Feitz et al., 1999; Fotiou et al., 2015; Khedr et al., 2019; Lawton et al., 1999; Lawton et al.,
2003; Liu et al., 2010; Pinho et al., 2015a; Pinho et al., 2012).

AtpH 7, CYN (pKa 8.8), MC-LR (pka 2.09, 2.19 and 12.48) and surface of TiO2 (point of
zero charge is pH 6.5) are in neutral or slightly negatively charged state so adsorption
capacity is very low. The extent to which MC-LR and CYN are adsorbed on the surface of
the catalyst is shown in Fig. 3D and E. In the absence of UV-A light, physical adsorption
followed a typical trend in which only 5.4% MC-LR and 6.2% of CYN were removed after
84 min and then removal decreased gradually over time, faster for MC-LR (<0.5% after 104
min) than for CYN (<5% after 104 min) (Fig. 3D). A similar trend but less evident was
observed for the mixed toxin solution (5.9% and 6.4% after 84 min and 1.4% and 3.3% after
164 min for MC-LR and CYN, respectively (Fig. 3E)). Overall, the number of molecules per
min passing through the photocatalytic reactor did not differ greatly between experiments
(MC-LR: 1.93x10"° molecules/min, CYN: 3.76x10'> molecules/min and in the mixed MC-
LR/CYN solution: 9.07x10'* molecules/min of MC-LR and 1.88x10'®> molecules/min of
CYN). However, there are significant differences in the size and hydrophilic/hydrophobic
interactions of MC-LR and CYN that could explain the differences observed (Fig. 3D). MC-
LR is relatively larger (995.172 Da), more bulky and slightly less hydrophilic than CYN
which is smaller (415.422 Da) (Fig. S1). This could limit the adsorption capacity and saturate

9
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the active sites of the catalyst. For example, Feitz et al. (1999) reported that one MC-LR
molecule could occupy up to 5 active sites of TiO> due to its size and 3D structure.

Direct comparison with previous studies is difficult as operational parameters vary greatly
and therefore influence results. However, previous studies reported low physical adsorption
of MC-LR and CYN in TiO> solution (Chen et al., 2015; Pinho et al., 2015a; Yang et al.,
2020) and immobilized TiO> (<10%) (Pestana et al., 2020; Pinho et al., 2015b).

The efficiency of UV-A/TiO; is based on the generation of highly reactive oxygen species
(e.g. OH', O2") upon irradiation with energy equal to or greater than the TiO; band gap. The
combination of UV-A and TiO; enhanced the degradation of MC-LR and CYN as shown in
Fig. 3E and F. Degradation of MC-LR was in the range 23.2-27.9% and of CYN in the range
0f 36.4-39.1% (Fig. 3E) after a single pass. Removal rate of MC-LR increased 7.1% and
CYN 11.7% when the toxins were present in a mixture (29.9-35.5% for MC-LR and 47.6-
51.3% for CYN) (Fig. 3F). These removal values are due to photocatalysis essentially as
photolysis and physical adsorption were low (<7.1%). Under UV irradiation changes on the
electric properties of TiOz surface occur, altering the adsorption sites of the catalyst (Xu and
Langford, 2000).

Detailed studies concerning the reaction pathways for the degradation of MC-LR (Antoniou
et al., 2008; Liu et al., 2003; Yang et al., 2020) and CYN (Chen et al., 2015; Fotiou et al.,
2015; Zhang et al., 2015) using UV-A/Ti0O2 have been previously performed. Based on
previous LC-MS data (Liu et al., 2009; Liu et al., 2003) the breakdown mechanism of MC-
LR involved an initial photoisomerisation of the MC, hydroxyl radical attack, cleavage of the
Adda conjugated diene structure and cleavage of the Mdha double bond with subsequent
residue oxidation and peptide bond hydrolysis. Regarding CYN degradation the proposed
pathway is based on hydroxylation, sulfate elimination and ring opening on the
hydroxymethyl uracil moiety and tricyclic guanidine moiety by hydroxyl radical attack
(Zhang et al., 2015).

Previous reports have shown that the fastest degradation rate of MC-LR was achieved under
acidic conditions. At acidic pH high electrostatic attractive forces arise between TiOH>" and
MC-LRH’, then oxidizing species (OH* and O>*") generated on the surface of the catalyst
efficiently degraded MC-LR (Antoniou et al., 2009; Pelaez et al., 2011; Yang et al., 2020).
On the other hand, at neutral pH the electrostatic forces are weaker or negligible and thin and
thick TiO: films showed similar reaction rate constants (Antoniou et al., 2009). Moreover,

acidification/neutralization steps in a full-scale water treatment plant are not cost-effective.

10
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3.4 H>0; assisted UV-A/Ti10; photocatalysis for MC-LR and CYN removal
Dissolved oxygen is a limiting factor for TiO> photocatalysis (Pelaez et al., 2011). In this
study the continuous-flow reactor vessel is enclosed and the addition of H20: is able to serve
as an oxygen source to improve the photocatalytic process. The effect of H2O» on the
oxidation of both cyanotoxins, on photolysis (UV-A/H>0.), on physical adsorption
(Ti02/H20.) and on the photocatalytic process (UV-A/TiO2/H20,) was evaluated (Fig. 4A-
H).
Firstly, MC-LR and CYN were exposed to H>O2 (120 mg/L) and the effects in terms of
degradation were evaluated (Fig. 4A and B). Chemical oxidation by H>O» greatly affected the
removal of MC-LR which gradually increased over time from 15.6% at 84 min to 30.2% at
164 min. This effect was not observed for CYN which removal fluctuated between 3.0 and
7.6%. However, in the mixture of toxins removal rates of MC-LR (4.0-9.6%) and CYN (5.4-
10.5%) were steady over time. Previous studies that used concentrations of H2O2 up to 68
mg/L found that H>O»> is not able to effectively degrade MCs (He et al., 2012; Li et al., 2009)
but in this study 120 mg/L of H202 removed MC-LR which was positively correlated with
the contact time.
Then, degradation of MC-LR and CYN by the UV-A/H>0; system was evaluated (Fig. 4C
and D). The combination of H>O> and UV-A resulted to be the most favourable for the
removal of MC-LR 77.7% (Fig. 4C). However, when the toxins were combined removal of
MC-LR decreased up to 47.5% whereas removal of CYN (32.2%) did not seem to be affected
by the presence of MC-LR (Fig. 4D). The UV-A/H>O; process involves a single-step
dissociation of the oxidant to form two OH" which can oxidize the toxins non-selectively:
H,0, + hv - 20H’
OH' attack, oxidation and UV direct photolysis are the main mechanisms involved in MC-LR
degradation by UV/H>0, according to Liu et al. (2016). They also pointed out that the OH
attacks the conjugated diene bond, benzene ring and methoxy group of the Adda side chain of
MC-LR (Liu et al., 2016). He et al. (2014) revealed that hydroxylation by OH" attack is the
main reaction pathway to degrade CYN in the UV/H>0; system and it involves the
hydroxylation and cleavage of the uracil ring, the oxidation of the secondary alcohol to
carbonyl and the loss of the sulphate group.
UV/H>0; has been widely studied and used to degrade cyanotoxins in water (He et al., 2012;
He et al., 2014; Li et al., 2009; Liu et al., 2016). High degradation of MC-LR has been linked
to increasing H>O> concentration (up to 102 mg/L), neutral and acidic conditions and low

concentrations of anions (COs%", NO5") (Li et al., 2009). The presence of anions typically
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found in natural water affects the UV/H,02 performance. CO3* and NOs™ are well known
OH' scavengers whereas CI" and SO4>" have shown a negligible inhibiting effect in the
UV/H20; systems (Li et al., 2009). In this study the concentration of anions were 20-100
times lower than the ones reported by Li et al. (2009), therefore their effect was considered
negligible. However, removal of H2O> was low <8.3% and therefore it is not a suitable
treatment for toxin removal. In fact, photolysis of H>O» needs radiation below 280 nm for an
effective H>O» decomposition (Pignatello et al., 2006).

Next, the TiO2/H20: system was evaluated (Fig. 4E and F). The combination of TiO; and
H>0: (no UV-A irradiation) achieved low removals of the single (1.6-6.7%) and mixed toxins
(3.0-9.0%) Fig. 4E and F. These values were similar to the ones achieved by physical
adsorption on TiO; (<6.4% for MC-LR and CYN) but lower than the ones obtained by
chemical oxidation with H>O», especially for MC-LR (<30.2%). The presence of H2O»
affected the adsorption of MC-LR on the surface of TiO,. This decrease on the photocatalytic
degradation of MC-LR could be due to the competition between MC-LR and H>O: for the
surface sites of TiO2 (Cornish et al., 2000). H2O; can be adsorbed onto the surface of TiO:
modifying the surface of the catalyst and subsequently decreasing its catalytic activity
(Cornish et al., 2000). As result, the removal of H>O2 was 14.3% after 84 min and then
decreased gradually over time to 8.3% after 164 min as the adsorption process reached
equilibrium. The adsorption and degradation of H>O» on different commercial TiO; sample
were studied by Sahel et al. (2016). The adsorption capacity of H2O2 depended on the
structure of TiO2 and on OH surface density and it was characterized by the Langmuir model
(Sahel et al., 2016).

Finally, removal of MC-LR and CYN by the combined UV-A/Ti02/H20: photocatalytic
process is shown in Fig. 4G and H. Degradation was steady over time and similar results
were obtained with the single and the mixed toxin solutions. Mean removal rate of MC-LR
and CYN were 49.3% and 48.9%, respectively; and in mixed solution: 40.7% and 47.9%,
respectively. UV-A/TiO2/H20O; system led to an average removal increment of 92.6% of MC-
LR and 0f 29.5% of CYN in comparison with the ones obtained in the UV-A/TiO: treatment.
UV-A/Ti02/H20; system increased by 2-fold the removal of MC-LR in the UV-A/TiO>
system (25.6%) but did not reach the efficient removal obtained in the UV-A/H>0; system
(77.7%). Cornish et al. (2000) showed that the addition of H>O» displaced the pre-adsorbed
MC-LR molecules onto the illuminated TiO2 surface suggesting a strong competition

between the MC-LR molecules and H>O; for active sites on the TiO» surface. They found a
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corresponding enhancement in the removal of MC-LR as the concentration of H,O» was
reduced from 0.6% to 0.1% (v/v).

Maximum removal of H>O; (96.5-98.5%) was achieved in this system (UV-A/Ti02/H20,)
and it was due to the photocatalytic process as direct photolysis of H>O; at the UV-A
wavelength used (315-380 nm) was negligible as shown previously. The surface area of the
Ti0; and the amount of H>O, adsorbed play a role on the degradation under UV irradiation
that takes place on the surface but also near the surface of the catalyst (Sahel et al., 2016).

3.5 Future perspectives for the application of continuous flow reactors with immobilized
TiO2

Continuous-flow photocatalytic reactors have become the most promising and practical
technology for water treatment. In comparison with batch systems, a continuous-flow reactor
brings great advantages in terms of efficiency, sustainability and safety. The continuous-flow
reactor with immobilized TiO2 and UV-A radiation source used in this study represents a
significant step towards the implementation of this technology in water treatment
applications.

The use of immobilized TiO; as an alternative to suspended TiO eliminate the additional
post-treatment separation, reduce or eliminate the scattering of light and the aggregation of
catalytic particles and enhance the reusability of the photocatalyst as well as allows
continuous operation of the reactor. However, a partial or total blockage of the active sites of
the immobilized photocatalyst is also a possibility. Support materials come with inherent
advantages and disadvantages. In this study, TiO; coated on glass tubes were tightly packed
minimizing mass transfer limitations, maximizing surface area per unit of volume and light
penetration and increasing contact of the sample and the photocatalyst. This support design
resulted in removals of up to 49.3% of MC-LR and 48.9% of CYN using UV-A/Ti102/H202
system in a single pass. A recent study showed the potential of a reactor packed with TiO»
coated glass beads which could be deployed in water reservoirs and run continuously to
remove microcystins (Gunaratne et al., 2020).

Many studies evaluate the performance of photocatalysts rather than explore different reactor
configurations. The reactor configuration used in this study could be easily scaled up by
increasing the path length and/or the diameter. Moreover, it allows for the connection of
several reactors in series, in parallel and use it in recirculation mode what would increase the

removals of cyanotoxins achieved by the current reactor configuration in a single pass.
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The ultimate aim of photocatalysis is to use low cost energy/radiation sources. Challenges
remain to optimize photocatalysts with a wide absorption light wavelength that could use
solar, visible and infrared radiation. UV-LEDs are an environmental safe technology option
as they could be used in mobile devices maintained by batteries or solar cells. This study used
UV-A lamps but with the current reactor configuration they could be easily replaced by UV-
LED strips as showed in a previous study (Gunaratne et al., 2020).

4. Conclusions

The presence of cyanotoxins in the aquatic environment is an issue of major concern due to
the detrimental effects that they may have on the environment and human health. The present
study revealed that UV-A/TiO2/H>0: is an efficient technology to degrade two model
cyanotoxins: MC-LR and CYN in a continuous-flow reactor with immobilized TiO; in a
single pass. Addition of H>O> benefited the removal of MC-LR and CYN in the
photocatalytic system. These findings are a useful contribution to improve the effectiveness
of advanced oxidation processes on cyanotoxin removal.

In addition, this study presents a proof-of-principle that demonstrate the feasibility for this
technology to be integrated in large-scale applications. The continuous-flow reactor with
coated TiO> glass tubes presents the advantage of no need of post-treatment catalyst
separation. The arrangement of the TiO> coated glass tubes and the configuration of the
reactor allow for future development of large-scale photocatalytic reactors by increasing the

path length and the diameter of the reactor.
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Figure 3. Effect of photolysis (UV-A), physical adsorption (TiO2) and photocatalysis (UV-

A/Ti02) on the removal of microcystin-LR (MC-LR, 3 pg/mL), cylindrospermopsin (CYN, 3
pg/mL) and a mixed solution of MC-LR (1.5 pg/mL) and CYN (1.5 pg/mL) at 1 mL/min in a
lab-scale flow through immobilized photocatalytic reactor at 84 (1 reactor volume), 104, 124,

144 and 164 min. Data is presented as mean values and SD of n=3.
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Figure 4. Effect of H,O» oxidation, H>O»-assisted photolysis (UV-A/H20.), H>O»-assisted
physical adsorption (TiO2/H202) and H20z-assisted photocatalysis (UV-A/Ti02/H20:) on the
removal of microcystin-LR (MC-LR, 3 pg/mL), cylindrospermopsin (CYN, 3 pg/mL) and a
mixed solution of MC-LR (1.5 pg/mL) and CYN (1.5 pg/mL) at 1 mL/min in a lab-scale
flow through immobilized photocatalytic reactor at 84 (1 reactor volume), 104, 124, 144 and

164 min. Data is presented as mean values and SD of n=3.
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Figure S2. (A) Set up of the lab-scale flow through immobilized photocatalytic reactor; (B)

Reactor vessel; (C) TiO2 coated glass tube; (D) Packing of the TiO; coated glass tubes inside

the reactor vessel; (E) Top view of the inside of the reactor box.
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A 4
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Note:
1 RV at 1 mL/min = 84 mL = 84 min

1RV at 5 mL/min =84 mL = 16.8 min

Figure S3. Flowchart to evaluate the effect of flow rate on the degradation of microcystin-LR

(MC-LR). RV: reactor volume; UV: ultraviolet.
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662  Figure S4. Flowchart to evaluate the effect of H,O2 (0, 6, 30, 60, 120 and 240 mg/L) on the
663  degradation of microcystin-LR (MC-LR). UV: ultraviolet.
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Table S1. Summary of experimental conditions evaluated in this study

Experimental conditions UV-A TiO: H:0:
UV-A X - -
TiO2 - X -
UV-A/TiO: X X -
H20: - - X
UV-A/H202 X - X
TiO2/H202 - X
UV-A/TiO2/H202 X X
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