PESTANA, C.J., SANTOS, A.A., CAPELO-NETO, J. et al. 2022. Suppressing cyanobacterial dominance by UV-LED TiO2-
photocatalysis in a drinking water reservoir: a mesocosm study. Water research [online], 226, article 119299.
Available from: https://doi.org/10.1016/j.watres.2022.119299

Suppressing cyanobacterial dominance by UV-
LED TiO2-photocatalysis in a drinking water
reservoir: a mesocosm study.

PESTANA, C.J., SANTOS, A.A., CAPELO-NETO, J. et al.

2022

© 2022 The Author(s).

mAl R This document was downloaded from

@RG U https://openair.rgu.ac.uk



https://doi.org/10.1016/j.watres.2022.119299

Water Research 226 (2022) 119299

Contents lists available at ScienceDirect

Water Research

journal homepage: www.elsevier.com/locate/watres

ELSEVIER

t.)

Check for

Suppressing cyanobacterial dominance by UV-LED TiO,-photocatalysis in a @&
drinking water reservoir: A mesocosm study

Carlos J. Pestana ™", Allan A. Santos ™, José Capelo-Neto ¢, Vania M.M. Melo ‘, Kelly C. Reis,
Samylla Oliveira “, Ricardo Rogers ® Ana B.F. Pacheco”, Jianing Hui ©, Nathan C. Skillen f
Mario U.G. Barros?, Christine Edwards?, Sandra M.F.O. Azevedo ", Peter K.J. Robertson ',
John T.S. Irvine©, Linda A. Lawton ®

@ School of Pharmacy and Life Sciences, Robert Gordon University, Aberdeen, UK

Y Institute of Biophysics Carlos Chagas Filho, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil
¢ Department of Hydraulic and Environmental Engineering, Federal University of Ceard, Fortaleza, Brazil
4 Department of Biology, Federal University of Ceard, Fortaleza, Brazil

€ School of Chemistry, University of St. Andrews, St. Andrews, UK

f School of Chemistry and Chemical Engineering, Queen’s University Belfast, Belfast, UK

8 Ceara Water Resources Management Company (COGERH), Fortaleza, Brazil

ARTICLE INFO ABSTRACT

Keywords:

Phytoplankton

Advanced oxidation processes
Water quality

Microbial community
16S/18S rRNA sequencing
Mesocosm

Cyanobacteria and their toxic secondary metabolites present challenges for water treatment globally. In this
study we have assessed TiO immobilized onto recycled foamed glass beads by a facile calcination method,
combined in treatment units with 365 nm UV-LEDs. The treatment system was deployed in mesocosms within a
eutrophic Brazilian drinking water reservoir. The treatment units were deployed for 7 days and suppressed
cyanobacterial abundance by 85% while at the same time enhancing other water quality parameters; turbidity
and transparency improved by 40 and 81% respectively. Genomic analysis of the microbiota in the treated
mesocosms revealed that the composition of the cyanobacterial community was affected and the abundance of
Bacteroidetes and Proteobacteria increased during cyanobacterial suppression. The effect of the treatment on
zooplankton and other eukaryotes was also monitored. The abundance of zooplankton decreased while
Chrysophyte and Alveolata loadings increased. The results of this proof-of-concept study demonstrate the potential
for full-scale, in-reservoir application of advanced oxidation processes as complementary water treatment
processes.

1. Introduction

Climate change and anthropogenically-driven (hyper)eutrophication
of surface drinking waters lead to an increase in frequency and severity
of cyanobacterial mass occurrence events called blooms (Paerl and
Huisman, 2008). Cyanobacterial blooms present significant challenges
to the water treatment sector globally due to the potentially toxic
cellular biomass in raw waters (Hitzfeld et al., 2000; Zamyadi et al.,
2012). Modifying and upgrading existing infrastructure is often
impractical and prohibitively costly. To counter the challenge posed by
increased cyanobacterial blooms a paradigm shift to in-reservoir (pre--
treatment) could be considered as an alternative treatment option. With
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targeted treatment of cyanobacteria and their toxins in the raw water
prior to abstraction can ease the burden on existing water treatment
plant (WTP) infrastructure. Promising technologies for in-reservoir
pre-treatment include advanced oxidation processes (AOPs)(Cama-
cho-Munoz et al., 2020; Huang et al., 2011; Li et al., 2017; Menezes
et al., 2021). AOPs are chemical processes that generate highly reactive
oxidative species (radicals) that can remove organic contaminants. The
application of chemical oxidants as algaecides (e.g. KMnQy4, H305, C103)
has been explored previously with limited success (Fan et al., 2014,
2013). Usually, biomass removal occurs upon the application of chem-
ical oxidants, which is desirable, however, the reduction in cell density
goes hand in hand with the release of intracellular cyanotoxins.

Received 10 June 2022; Received in revised form 21 October 2022; Accepted 23 October 2022

Available online 31 October 2022

0043-1354/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:c.pestana@rgu.ac.uk
www.sciencedirect.com/science/journal/00431354
https://www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2022.119299
https://doi.org/10.1016/j.watres.2022.119299
https://doi.org/10.1016/j.watres.2022.119299
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2022.119299&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C.J. Pestana et al.

A promising AOP for the removal of cyanobacterial cells and their
toxins is semiconductor photocatalysis. TiO3 is a semiconductor catalyst
that upon incident of ultraviolet (UV) irradiation of <387 nm can
generate hydroxyl (-OH ") and superoxide anion (-O3) radicals; via redox
reactions on the surface of the photoexcited catalyst material in an
aqueous matrix (Hoffmann et al., 1995). The removal of cyanobacteria
and their toxins by TiO2 nanoparticles has been previously documented
(Lawton et al., 1999, 2003; Liu et al., 2003; Robertson et al., 1998a). The
deployment of nano-particulate TiOg-photocatalysis in water treatment
plants, to date, has been limited by the lack of validation of bench-scale
studies at pilot and industrial scale (Loeb et al., 2019). The main un-
derlying factors of the limited pilot/full scale evaluation have been
designing and testing of suitable photocatalytic treatment units that
move the technology readiness level (TRL) up the scale. In the current
study, we have made progress addressing the technology transfer from
bench-scale testing towards implantation of the technology for water
treatment by immobilizing TiO5 nanoparticles onto beads made from
foamed, recycled glass and using a low energy, waterproof UV-LED
lighting system for deployment at mesocosm scale. In previous studies
we have demonstrated the efficacy of the TiO»-coated beads in con-
trolling cyanobacteria and their toxins at bench scale (Gunaratne et al.,
2020; Pestana et al., 2020c, 2020a) and at pilot scale (Menezes et al.,
2021). This investigation evaluates the removal of cyanobacteria in a
mesocosm study within an operating drinking water reservoir in the
Northeast of Brazil that suffers from perennial cyanobacterial blooms.
Our previous work, evaluation of HyO, treatment of cyanobacteria, in
this reservoir demonstrated the suitability of the constructed mesocosms
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and the study site to examine water treatment in situ (Santos et al.,
2021). The current study sets out to evaluate:

o the efficiency of photocatalytic removal of cyanobacteria,

e the effect of treatment systems on physico-chemical water quality
parameters,

e and the effect on non-target species of the microbial community

2. Material and methods

2.1. TiOy-coated glass bead production and photocatalytic reactor
construction

Glass beads made from foamed recycled glass (2-4 mm diameter;
Dennert Poraver, Germany) were coated with TiO, according to a
method described previously (Gunaratne et al., 2020; Pestana et al.,
2020c). In short, acetone washed glass beads were repeatedly added to a
TiO, slurry (0.1 g mL™' P25 TiO, nanoparticulate powder [Degussa
Evonik, Germany] in ultrapure water with 1 drop 5 mL~! KD6 dispersant
[Croda, UK]) and calcinated at 500 °C for 1 h until a w/w ratio of 10%
TiO4 was achieved (with each coating step depositing ~ 2% w/w), fol-
lowed by a final calcination step at 500 °C for 10 h.

Coated beads were washed with ultrapure water to remove fines,
dried at 100 °C, and stored until used.

The photocatalytic reactors were constructed from stainless-steel
wire mesh with an aperture size of 1.2 x 1.2 mm and a wire thickness
of 0.4 mm. The outer reactor consisted of a 1000 x 80 mm wire cylinder.

External battery

TiO2 beads in stainless
steel PODs

- UV LED wavelenght - 370.5 nm

- POWER - 8.32 watts/m*

Fig. 1. Mesocosm deployment in Gaviao reservoir October-November 2019. (A) Illustration of the platform containing three mesocosms for each condition (with and
without TiO, reactors. (B) mesocosm with TiO,-coated beads in stainless-steel pods. (C) Reactor design. (D) Mesocosm in situ. (E) Mesocosms with external power

supply for LEDs.
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Along the inside length of the mesh cylinder five aluminum profiles were
attached with stainless-steel screws (Fig. 1¢). Each profile housed a 1000
mm length of waterproof UV-LEDs (LightingWill, UK; 365-370 nm; IP68
rated, 4.8 W m’l, 120 LEDs m™1). Each set of five LED strips were
powered by an AC/DC adapter that delivered 12 dcV and ~ 3A. The
power output was 8.32 W m ™2 on average. Tetrahedral wire mesh pods
(18; made from the same wire mesh as the outer reactor) containing 8 g
of TiO9-coated glass beads each were placed inside the wire mesh cyl-
inder. Reactors were capped, top and bottom, with 80 mm diameter wire
mesh disks. Waterproof connectors were used to supply a mains power
line which was run from onshore.

2.2. Experimental site and mesocosm set-up

The current study was conducted in the Gaviao Reservoir
(3°59°03°°S/38°37°13”’W), a drinking water system located in a semi-
arid area in the Northeast of Brazil; that presents a high solar radia-
tion reaching about 5 kWh m~2 day !, 8 h per day, and an average at-
mospheric temperature of 32 °C (FUNCEME, 2017; Barros et al., 2019).
Gaviao Reservoir is known for perennial cyanobacterial blooms (Barros
etal., 2019). In general, the is eutrophic, presenting an average depth of
10 m in the lacustrine zone, with a water storage capacity of 3.3 x 107
m?® in a hydraulic basin of 618 hectares and a water retention time of
about 22 days on average (Barros et al., 2019; Santos et al., 2021). The
study was carried out in October-November 2019 with an average air
temperature of 28 °C (maximum: 32 °C), and < 0.1 mm precipitation
according to the National Institute of Meteorology - INMET (INMET -
National Institute of Meteorology (Brazil), 2019; Table S1). Six meso-
cosms were constructed, consisting of a cylindrically shaped bag (1.5 m
diameter and 2 m depth) of impermeable and semi-transparent plastic
which was supported and kept afloat by a PVC (polyvinyl chloride) tube
structure. The mesocosms were tethered to a floating platform which
housed the electronic components for the photocatalytic reactors,
located close to the WTP intake point. The bottom of the mesocosm was
completely sealed, separating the water inside from the reservoir
(Fig. 1). All mesocosms were filled with approximately 3000 L of
reservoir water. The controls were tree mesocosms with no photo-
catalysis and three which housed the LED-powered-TiOy reactors
(Fig. 1).

2.3. Sampling and monitoring analyses

For each sampling time (0, 3 and 7 days), abiotic and biotic pa-
rameters were analyzed (Table S2). Composite samples were collected
with a 1800 x 50 mm long PVC pipe and tight-fitting rubber bung by
placing the pipe in the center of the mesocosm and submerging it the
entire depth of the mesocosm; it was then capped with the rubber bung
and the sample was removed and placed into amber glass bottles that
were stored at 4 °C until laboratory analysis. To obtain the microbial
community, 500 mL of water was filtered through 0.22 ym SteritopTM
filter units (Merck Millipore®, Massachusetts, US). The material
retained on the filters was used for DNA extraction.

2.4. DNA extraction, amplification and high-throughput sequencing

Membrane filters containing cells were cut into pieces with sterile
surgical blades and used to extract DNA with the cetyl trimethy-
lammonium bromide (CTAB)-based method, that uses a cationic deter-
gent to disrupt cells. The procedure was performed according to
Winnepenninckx et al. (1993). The concentration and quality of DNA
preparations were verified with a Nanodrop ND-1000 spectrophotom-
eter (Thermo Scientific, Waltham, MA, USA). The V4 region of the 16S
rRNA gene and the V9 region of the 18S rRNA gene were targeted to
determine the composition of the bacterial and eukaryotic plankton
communities. The respective set of primers was 515F/806R (F515 - 5’
GTGCCAGCMGCCGCGGTAA 3 and R806 - 5
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GGACTACHVGGGTWTCTAAT 3') for Bacteria (Caporaso et al., 2011)
and Euk1391f/EukBr (Euk 1391f - 5 TATCGCCGTTCGGTACA-
CACCGCCCGTC 3’) and EukBr - 5° AGTCAGTCAGCATGATCCTTCTG-
CAGGTTCACCTAC 3’) for Eukarya (Amaral-Zettler et al., 2009). The
first amplification, incorporating barcodes in the forward primer, was
performed using the following program: 95 °C for 4 min, 60 °C for 1 min,
72 °C for 2 min, followed by 25 cycles at 94 °C for 1 min, 60 °C for 1 min,
and 72 °C for 2 min. Each sample was marked with a specific barcode so
that it could be recognized after high-throughput sequencing. The
resulting amplicons were purified using calibrated Ampure XP beads
(Beckman Coulter, Indianapolis, IN, USA) according to the manufac-
turer’s instructions. All samples were subjected to a second PCR to
incorporate dual indices as described in the 16S and 18S Metagenomic
Sequencing Library Preparation Protocol for the Illumina MiSeq system
(San Diego, California, US). Final amplicons were paired-end sequenced
using an Illumina MiSeq Reagent Kit v2 (500 cycles, 2 x 250 bp) on an
[llumina MiSeq sequencer (Illumina, San Diego, CA, USA).

2.5. Data acquisition and processing

After sequencing, Illumina adapter sequences were trimmed from
already-demultiplexed raw fastq files using Cutadapt v1.8 (Martin,
2011) in paired-end mode, and the reads quality were assessed using
FastQC v.0.11.8 (Andrews, 2010) and vsearch v2.10.4 (Rognes et al.,
2016). Subsequent analyses were performed in the R v3.5.3 environ-
ment (R Core Team, 2020), following the DADA2 v1.11.1 package
(Callahan et al., 2016) pipeline to obtain a table of non-chimeric
amplicon sequence variants (ASVs; sequences differing by as little as
one nucleotide) (Callahan et al., 2017). Taxonomy assignment and
removal of non-bacterial sequences was performed against the SILVA
reference database (release 138, December 2019) (Callahan, 2018; Yil-
maz et al., 2014), whereas the assignment for eukaryotic community
was performed using the PR2 reference database (Guillou et al., 2013).
The 16S and 18S rRNA data were deposited in the NCBI Bioproject
database with accession no. PRINA754369 and PRJNA754602,
respectively (https://www.ncbi.nlm.nih.gov/bioproject).

2.6. Statistical analysis

For a detailed description of the statistical analysis please refer to the
supplementary material (S2.2). In short, for the abiotic factors principal
component analysis (PCA) followed by Shapiro-Wilk determination
(p<0.05) and a Wilcoxon-Mann-Whitney test to determine significant
differences in relevant parameters between treatment and control was
carried out. Statistical analyses for abiotic factors were performed using
R software version 3.4.1, using the Factoshiny package (Vaissie et al.,
2020).

For biotic factors (bacterial and eukaryotic plankton communities),
we performed a linear discriminant analysis (LDA) and effect Size
(LEfSe) (Segata et al., 2011) (the Hutlab Galaxy web framework - http://
huttenhower.sph.harvard.edu/galaxy/) to select significant biomarker
taxa (p<0.05) between treatment and control over time (at genus level)
using LDA score of 3.5 as threshold (log;( transformed).

From the 18S rRNA data, we used the taxonomic groups identified
and gathered the main taxa (>3% relative abundance in at least one
sample) in relevant freshwater plankton groups, following the classifi-
cation described in previous studies (Cavalier-Smith, 2018; Simpson and
Eglit, 2016; Table S2). The beta-diversity ordination was evaluated by
nMDS (non-metric dimensional scaling) considering ASVs abundance in
a tridimensional space using the Bray-Curtis distance as dissimilarity
matrix, which was complemented by permutational multivariate anal-
ysis of variance (two-way PERMANOVA) using two factor groups, con-
dition (control and treatment) and time (p<0.05). To test the correlation
between abiotic and biotic (ASVs-based taxa) factors and differences in
the community structure over time, the samples were ordained by Ca-
nonical Correspondence Analysis (CCA) using the Hellinger-transformed
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abundance matrix and Spearman analysis (p<0.05 and a threshold for r
value =+0.4). The analyses were performed, and charts plotted in R
v3.5.3 environment (R Core Team, 2020) and Past3 software (Hammer
et al., 2001).

3. Results and discussion
3.1. Effect of TiO2 photocatalysis on cyanobacteria and raw water quality

The TiO,-based photocatalysis treatment system placed in meso-
cosms in a eutrophic reservoir in Brazil significantly affected bacter-
ioplankton dynamics when compared to the control (p=0.001 F=3.90)
over time (p=0.0001 F=8.25) according to PERMANOVA analysis.
nMDS ordination provides a clear distribution opposing control and
treatment conditions, mainly for the day 7 (Fig. S1).

Following treatment using TiO» photocatalysis the relative abun-
dance of the cyanobacteria decreased in the treatment mesocosms
compared to the control mesocosms (Fig. 2).

Initially, the bacterioplankton composition was dominated by Cya-
nobacteria, with 45% relative abundance on average, and members of
Bacteroidetes, Verrucomicrobia, Planctomycetes and Proteobacteria
contributed as major other phyla (Fig. 2B). After three days, the relative
abundance of cyanobacteria decreased to about 33-35% (Fig. 2 and
Table S3). The most pronounced effect of the treatment was observed on

A 60%
s
- g
s0% £
80% e
g
70% z
[0} 40% o
= g
& 60% 5
© o
= 8
Qo 0, o
50% 30%
© g
o &
T 40% s
[0}
© 20% 3
30% S
©
5
20% ®
‘ 1 10%0_)-’
- | §
o
0% =i -
K] 7 T0 1x) avd
c TiO2
B "

Relative abundance
8

10%

Tio2 Tio2
T0 T3 17

== Sphaerospermopsis
== Snowella

mmm Raphidiopsis

=== Pseudanabaena
s Prochlorothrix

mm P|anktothrix

wmm Nodularia

mmm Nodosilinea

mmm Microcystis

0(.Ur.'.a.aiil i.llHIII

Water Research 226 (2022) 119299

day 7, when the cyanobacterial contribution decreased to less than 5%,
on average, in the mesocosms where the photocatalytic units had been
deployed, while it represented approximately 25% in the control. This
selective removal of cyanobacteria by ROS-based treatment methods has
been described previously and is linked to the internal structure of
cyanobacteria and the co-action of irradiation-induced intracellular ROS
generation (Drabkova et al., 2007). Specifically, the photosynthetic
apparatus in cyanobacteria is not segregated into organelles and has
direct connection with the plasma membrane of the cell, thus making it
more susceptible to ROS attack (Grossman et al., 1995) and the cyano-
bacterial light-harvesting complex (the phycobilisome) is located
outside of the thylakoidal membrane thus, making it more susceptible to
external ROS attack (Grossman et al., 1995). Cyanobacteria have also
been shown to be sensitive to ROS attack due to having a limited
enzymatic defense mechanism lacking the common ROS-eliminating
ascorbate peroxidase (Passardi et al., 2007) and most species further
lacking alternative members of the haem peroxidase family of
ROS-defense enzymes (Bernroitner et al., 2009). Further, it has been
shown that irradiation-induced intercellular generation of ROS by the
Mehler reaction can overwhelm the internal enzymatic ROS defense
mechanisms under increased irradiation levels such a those presented by
the UV-irradiation provided by the photocatalytic reactors in the current
study (Tytler et al., 1984). Additionally, it has been demonstrated that
the phycocyanin pigment, which is unique to cyanobacteria, can

Fig. 2. Relative abundance of cyanobacteria in the treat-
ment and control condition over time determined by 16S
rRNA sequencing (A) and dynamics in the relative abun-

Others dance of the phyla in the bacterioplankton over time also
Picocyanobacteria

determined by 16S rRNA sequencing (B). In (A), the sec-
ondary axis shows the relative abundance of the cyano-
bacteria phylum in relation to the entire bacterioplankton
community (yellow line, grouping the mean and standard
deviation). The bars resulted from triplicate samples (n=3).
In (B) the effect of TiO»-based photocatalysis (red TiO5) on
the main phyla of the bacterioplankton community
compared to the untreated control (black Ctrl) is shown.
Data from triplicate samples for both conditions (n=3).
Taxa designated as “others” are described in Table S4.
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enhance photocatalytically-generated ROS attacks (Robertson et al.,
1998b). The combination of these effects is responsible for the selective
sensitivity of cyanobacteria to the proposed treatment system. Plancto-
mycetes abundance also decreased following photocatalytic treatment
compared to controls. In contrast, Bacteroidetes increased its abundance
from 14% in the control to 35%, on average, following photocatalytic
treatment and Proteobacteria increased in abundance from 12% in the
control condition to 24% with photocatalytic treatment (Fig. 2 and
Table S3).

Using different loadings of TiO nanoparticles (15, 100, and 1000 mg
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L™Yin samples from three different Swedish lakes, Farkas et al. (2015)
observed a high impact on the bacterial community in a dose dependent
manner, considering their abundance and activity, which was estimated
by the incorporation of radioactive labeled L- [4,5-3H] -leucine. They also
reported that the light regime considering the UV and PAR (photosyn-
thetically active radiation) sources compared to the dark condition
contributed to the decrease on bacterial activity mainly from the highest
concentration of TiO, nanoparticles. Moreover, the authors observed
that TiO, effects on bacterial abundance and activity were stronger in
lakes with high dissolved organic carbon (DOC) and low chemical
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sensitive (A-D) and resistant organisms (E-H). The different colors express the sampling days TO (red), T3 (green) and T7 (blue) from the triplicate samples. Full
black lines represent the average of three samples, the dashed black line represents the median.
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elements concentrations; however, they did not investigate any modi-
fication on bacterioplankton composition.

In our findings, LEfSe analysis identified the most important taxa
considering cyanobacteria and non-cyanobacteria that contributed to
the differential abundance between treatment and control (p < 0.05)
(Fig. S2). Using a LDA threshold of 3.5, we selected 38 genera that re-
flected the effect of TiO, on the 7™ day, including 18 resistant and 20
susceptible taxa.

We observed that the main susceptible organisms, besides cyano-
bacteria, were unclassified taxa from Phycisphaeraceae (CL500_3), and
Methylacidiphilaceae families, Sphingobacteriales order as well as the
genus Terrimicrobium compared to the control condition (Fig. 3A-D).
The resistant taxa, Flectobacillus, Asinibacterium, Prosthecobacter and
Armatimonas contributed to about 60% of the bacterioplankton com-
munity in the treatment mesocosms (Fig. 3E-H).

The application of TiO, photocatalysis represents a continuous low-
level treatment with a steady production of reactive oxigen species
(ROS) compared to the addition of oxidants (e.g., hydrogen peroxide)
that are dosed at a set concentration with an (almost) immediate, albeit
short-lived effect. This is clearly demonstrated when comparing our
previous study (Santos et al., 2021) investigating the application of
hydrogen peroxide in mesocosms to the current one. In this study,
photocatalytic treatment showed a marked decrease in the cyano-
bacterial phytoplankton portion between days 3 and 7 of the treatment
compared to a marked decrease for cyanobacteria after 24 h for the
hydrogen peroxide study conducted in the same reservoir. Apart from
Cyanobacteria, other susceptible taxa were identified as heterotrophic
members of the Phycisphaeraceae family (Planctomycetes), this appears
reasonable as this family has been described as directly related with
cyanobacterial taxa in marine (Synechococcus) and freshwater systems
(Microcystis) (Chun et al., 2019; Zheng et al., 2020), explaining their
simultaneous decrease in relative abundance (Fig. 3).

Additionally, Terrimicrobium (Terrimicrobiaceae) identified in the
current study as susceptible to the treatment process was also identified
as vulnerable after HoO- treatment in this same reservoir (Santos et al.,
2021).

Flectobacillus, Asinibacterium, Prosthecobacter and Armatimonas were
identified as resistant taxa in the current study (Fig. 3E-H) increasing in
relative abundance as the cyanobacterial (and other susceptible taxa)
abundance decreased in the treatment mesocosms.

Reasons for resistance against ROS attack could be an increased
production of carotenoids, as observed by Asker et al. (2012) for Flec-
tobacillus in a radioactively impacted region in Japan. Asker et al. (2012)
and others (Martinez-Laborda et al., 1990; Stafsnes et al., 2010) pro-
posed that carotenoids were able to quench ROS produced by
UV-irradiation and photo-oxidation. Besides the production of pigments
such as high carotenoid contents, the protection against ROS may be due
to the efficient enzymatic activities for reducing the oxidative damage
(Slade and Radman, 2011; Takebe et al., 2007). The resistance/tol-
erance to ROS-attack allows taxa to capitalize on resource availability or
reduced competition (Litchman et al., 2015) explaining the marked in-
crease of the aforementioned resistant taxa in the treatment mesocosms.

As mentioned earlier, Cyanobacteria dominated both bacter-
ioplankton and phytoplankton which was also observed by other au-
thors for the same and similar reservoirs (Dokulil and Teubner, 2000;
Guedes et al., 2018; Liu et al., 2019). Focusing on the genus level, 40
genera were observed consisting of Cyanobacteria (18), Chlorophyta (11),
Bacillariophyta (5), Charophyta (3), Euglenozoa (2), Cryptophyta (1) and
Ochrophyta (1) (Table S6). Cyanobacteria reached approximately 98% of
the total phytoplankton with a density of around 10° cell mL™! in both
control and treatment conditions. The composition of the observed
cyanobacteria genera, originally composed mainly of Planktothrix
agardhii, Raphidiopsis raciborskii, Pseudoanabaena sp. and Pseudolyngbya
sp., was modified by the treatment. Within the cyanobacteria grouping,
a dominance of Planktothrix and Raphidiopsis in the original community
(32% and 28%, respectively) (Fig. 2A) was observed. Additionally,
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<10% Picocyanobacteria (including Cyanobium, Synechococcus and
Synechocystis), Sphaeropermopsis, Prochlorothrix, Microcystis and an un-
classified genus of Leptolyngbyaceae (Fig. 2A) were detected.

On day 3 of the experiment, Raphidiopsis presented a higher abun-
dance than at TO while Planktothrix decreased in abundance in both
conditions. Following the decrease of cyanobacterial abundance by the
7t day, Planktothrix (61%) presented the highest relative contribution of
cyanobacteria compared to the other sampling times and to the control.
We also detected a higher resistance of Planktothrix compared to the
other Cyanobacteria genera (Fig. 2A). Santos et al. (2021) monitored
cyanobacteria by pigment fluorescence and the bacterioplankton
composition (165 rRNA sequencing) after applying 10 mg L™ HyO, to a
mesocosm system in the same drinking water reservoir. Cyanobacteria,
originally composed of Planktothrix sp., Raphidiopsis sp., Microcystis sp.
and Cyanobium sp., were suppressed for 5 days after a single application
of Hy0,. Non-filamentous cyanobacteria were most resistant against
Hy0,, while Planktothrix sp. was markedly affected throughout the
treatment; interestingly unlike the results presented here. Thus, in both
mesocosm studies Planktothrix sp. and Raphidiopsis sp. dominated the
initial cyanobacterial community but although both HoO3 and TiOy/UV
produce ROS, they affected the cyanobacterial community differently.

However, there is no clear evidence that supports different pattern of
interspecific resistance/sensitivity, mainly for Raphidiopsis sp. and
Planktothrix sp. considering specific ROS. For treatment purposes this
aspect should be further explored since both cyanobacterial genera have
shown a co-dominance (along with Dolichospermum sp.) in drinking
water reservoirs, mainly in the Brazilian semi-arid region (Barros et al.,
2019; Clemente et al., 2020; Pestana et al., 2019; Santos et al., 2021).
Interestingly, in HoO5 studies at lab scale, (Yang et al., 2018) evidenced
similar values for effective concentration (ECsg) of HoO5 that inhibit the
growth of Planktothrix (0.42 mg L_l) and Raphidiopsis (0.32 mg L_l) as
well as damage to the photosynthetic apparatus, whereas
non-filamentous Microcystis presented higher resistance.

The diverse composition of other cyanobacterial taxa and the bac-
terioplankton community in each case may have affected the different
outcomes in terms of competitive or synergistic interactions and
succession.

More detailed information on the genomics data is provided in the
Supplementary Information (Figs. S2 and S3, as well as Tables S4 and
S5).

Physico-chemical parameters representing water quality markedly
improved over the course of the study in the treated mesocosms versus

Table 1

Effect of TiO,-based photocatalysis on selected water quality parameters in
mesocosms located within a drinking water reservoir. Data from triplicate
samples for both conditions.

Parameters Raw 3 days 7 days
‘(,,\;,Z:;; r Treated Control Treated Control
Transparency 51+27 96 +3 5245 96 +18 53+3
(cm)
Turbidity (TU) 6.76 + 3.83 + 6.04 + 2.37 + 4+0.52
0.25 0.42 0.18 0.77
True Colour (HU) 69.5 + 68.2 + 72.1 + 98.3 + 85.8 +
6.6 10.9 7.8 44.6 14.2
pH 8.85 + 9.63 + 9.73 + 8.22 + 8.61 +
0.16 0.17 0.21 0.13 0.12
Organic Matter 0.261 + 0.252 + 0.261 + 0.261 + 0.261 +
(UV2s4nm) 0.01 0.01 0.01 0.02 0.01
Total Organic 21.57 + 17.73 + 21.57 + 15.27 + 18.33 +
Carbon 3.07 0.85 1.91 0.38 0.93
(mgL™)
Dissolved Organic ~ 14.57 + 16.63 + 16.8 + 14.4 + 17.07 +
Carbon 1.16 0.91 3.07 0.72 1.46
(mgL™")
Dissolved oxygen 7.32 3.21+ 6.17 + 3.07 + 6.17 +
(mg L™ +1.53 1.13 0.19 1.19 0.1
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the control mesocosms (Table 1).

Transparency almost doubled on average in the treatment meso-
cosms, while turbidity practically halved, which is logical as both pa-
rameters are inversely related. This observation was confirmed by PCA
analysis which identified pH, total and dissolved organic carbon (TOC
and DOC), dissolved oxygen, turbidity, and transparency as the most
relevant physico-chemical variables (Fig. S3). The pH was directly
proportional to the variables TOC and DOC. The highest values of
transparency were associated with the lowest values of turbidity and
dissolved oxygen.

This trend for turbidity and transparency was also observed in our
previous study with solar irradiation and hydrogen peroxide (10 mg
L applied in the same reservoir (Santos et al., 2021). Increased
transparency represents an improvement in the water quality both for
treatment purposes and from an ecological perspective. The fact that the
TiOy-photocatalysis applied here reduced the turbidity and increased
the transparency means it improved its own performances for the
treatment purposes. Its effective capability for these physical aspects
should be emphasized sinceorganic particles initially competed with
bacteria for ROS and for the photoactive sites of the TiO,. Furthermore,
suspended particles reduced light penetration through the water by
dispersion. By reducing these effects, the treatment became more
effective, which could be a possible explanation for the lag time in
observable effects of the treatment on the phytoplankton communities
before day 7. Ecologically, greater transparency means light can pene-
trate deeper into the water column thus expanding the euphotic zone
and generating oxygen in deeper zone of the reservoir. Additionally,
eukaryotic phytoplankton can take better advantage of light penetration
growing faster and bringing new stability to the water system.

A reduction of the dissolved oxygen concentration was observed
throughout the experiment, which may have been caused by two
mechanisms: the action of the oxidative process promoted in the treat-
ment reactors and the water retention inside the mesocosms. The latter
reduces the mixing processes of the water column, thus influencing its
stratification (Bamstedt and Larsson, 2018). The depth of the mesocosms
in the current study (1.5 m), is comparable to shallow areas within
reservoirs or reservoirs that experience water shortage and are only
fractionally filled. This, combined with the fact that the experiment took
place during the time of year with traditionally high temperatures, the
current mesocosm design could favor weak thermal stratification inside
the system comparable to most reservoirs in the Brazilian semi-arid re-
gion (Marques et al., 2019).

Regarding the DOC concentration, values remained close to the
control at TO and day 3 with no major changes observed. The concen-
trations of TOC followed a similar trend as that observed for DOC. TOC
results showed little significant differences in most experimental times
after exposure to the photocatalysis.

There was no modification of nutrient or salt ion concentrations over
time, as would be expected (supplementary information S4, Table S6,
Fig. S4). The continuing presence of nutrients could theoretically favor
regrowth of the cyanobacteria, which is why it is important to bear in
mind that the current system is designed to be continually operating and
treating the reservoir, it is not designed to prevent the formation of
blooms by nutrient-control, but by population-control.

3.2. Effect of TiO photocatalysis on the eukaryotic plankton community

Combined with the marked effects on the bacterioplankton com-
munity in the reservoir the TiOy/UV treatment significantly affected the
eukaryotic plankton community in general (p=0.0049 F=3.21 accord-
ing to PERMANOVA when compared to the control) over time
(p=0.0001 F=6.73), especially for the zooplankton community. nMDS
ordination provides a clear distribution opposing control and treatment
conditions, mainly for the day 7 (Fig. S1). While little change was
observed at day 3, on day 7 of the treatment the zooplankton community
decreased from around 61% of the total eukaryotic plankton community
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to less than 5% (Fig. 4).

Originally, the community was rich in zooplankton, followed by the
diatom and alveolate groups, which together accounted for over 75% of
the eukaryotic plankton community (Fig. 4). The Arthropoda subclass
Copepoda was the main component of zooplankton, accounting for 50%
on average (Table S7), with Calanoida and Cyclopoida as the main taxa in
this group (Table S3). Diatoms contributed ~13% of the total eukaryotic
plankton community including Fragilariales as the major group (10% of
Diatom). Alveolate represented ~6% of the total eukaryotic plankton
community with Dinoflagellata as the main representative (4% of Alve-
olate) (Fig. 4, Table S7). On day 3, there was no clear evidence of
compositional changes except for an increase in the abundance of an
unclassified member of Eukarya and a decrease in the diatom group (to
7% on average), although this occurred in both conditions (Fig. 4 and
Table S7).

On day 7 the relative abundance of zooplankton decreased by more
than 95% on average (Fig. 4 and Table S7) whereas Chrysophyte
increased to about 41% compared to its low abundance at the start of the
experiment and in the control condition on day 7 (0.5%-1%). The
decrease in the relative abundance of zooplankton components may be a
direct effect of the oxidizing treatment or a secondary effect due to
changes in the phytoplankton community composition, mainly linked to
the modification of cyanobacterial dynamics where Planktothrix domi-
nated the cyanobacteria community compared to the original distribu-
tion at TO and the control condition, where Raphidiopsis, Pseudoanabaena
and Pseudolyngbya were more prevalent (Fig. 2A). Different zooplankton
species have different preferred target food species (Tonno et al., 2016);
however, it stands to reason that in a biome that is so strongly dominated
by cyanobacteria as is the current study site, a large portion of the
zooplankton grazes on cyanobacteria as preferred food source. Thus, a
possible explanation of the marked decrease of the zooplankton
abundancy is that due to the reduction of cyanobacterial abundance an
important food-source for zooplankton was removed leading to the
zooplankton reduction. A detailed investigation of the zooplankton
species present in the reservoir and an investigation of their feeding
behavior would clarify these possibilities but was out with the scope of
the current study.

Within Chrysophyte, the taxa Chromulinales (12%), Chrysophyceae
(10%) and Ochromonadales (19%) family/order presented the highest
increase in contribution (Table S6), suggesting resistance to the treat-
ment. Interestingly, the Chrysophyte also referred to as golden-brown
algae, presented an increase in the treated mesocosms which is un-
likely as was observed for the effect of HyO4 in different studies; where
the treatment promoted the growth of green algae when applied to
mitigate cyanobacterial blooms (Fan et al., 2019; Santos et al., 2021;
Yang et al., 2018).

An unclassified member of Eukarya increased to 22% in the treat-
ment compared to < 5% in the control condition. Although less abun-
dant, alveolate also increased in abundance at this time. Members of the
family Perkinsidae reached about 8% of relative contribution compared
to TO or the control condition (~1%) (Table S7).

Following this pronounced modification on day 7, LEfSe analysis
identified the most important eukaryote taxa contributing to the
observed effect (p < 0.05) (Fig. S2B). Using the LDA 3.5 threshold, we
detected a lower number of taxa that distinguished the TiOy based
photocatalysis treatment and the control condition, where resistant and
susceptible components included 11 and 8 taxa, respectively.

Besides Calanoida and Cyclopoida organisms, we observed the
zooplankton Ploimida (Rotifera) and the fungi Catenaria (Blastocladyales)
as susceptible organisms (Fig. 5A-D). These four taxa represented about
60% of the original eukaryote community, which was considerably
diminished on day 7.

In the resistant group, with the highest LDA scores in the TiO,
treatment, we identified Ochromonas (Ochrophyta), Chrysophyceae_ uncl
(unclassified), Poteriospumella (Chrysophyte) and Nuclearia (Gastrotricha)
(Figs. 5E-H and S2B). Ochromonas, Poteriospumella and Nuclearia did not
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present significant abundance at any sampling time, except for day 7 of
the treatment condition, when their abundances rose to 15% and 6-7%,
respectively, indicating a resistance to the TiO»-based photocatalysis
(Fig. 5E, G and H, respectively).

Following that, Poteriospumella and Ochromonas genera from the
Chrysophyte were the most relevant taxa to increase in abundance
throughout the photocatalytic treatment. The antioxidant activity from
both Chrysophyte genera is unclear and any report that could explain this
specific response against ROS could not be found. However, it is known
that other Chrysophyte species from marine environment present a pro-
nounced ability to produce lipopolysaccharide and carotenoids, such as
fucoxanthin, which produces a high antioxidant response, considering
both ROS quenching as well as photo-damage protection (Méresse et al.,
2020; Sun et al., 2014). The increased abundance of this group in the
treatment conditions may be linked to an intrinsic resistance or can
reflect the impact on the microbial plankton community composition,
including the decrease of the originally dominant cyanobacteria and
zooplankton. Also, these organisms could have taken advantage of the
altered abiotic environmental conditions that occurred as a result of the
treatment, e.g., increased light availability due to a decrease in turbidity
and increase in transparency. Although these organisms are mixo-
trophic, they present a pronounced heterotrophy activity with limited
use of light as energy source (Graupner et al., 2018). For example, in
North America lakes, Chrysophyte species are commonly found in oligo-
and mesotrophic environments where their competitive ability in
phosphorous limitation allows them to dominate the planktonic com-
munity over other algae (Nicholls and Wujek, 2003). Although we did
not observe any change in nutrient content, this group could dominate
the eukaryote community due to other factors besides microbial
composition, such as DOC dynamics, their mixotrophic characteristics,
as well as the increased light availability in the photocatalytic system.

Interestingly, Ochromonas have been identified as Microcystis grazers
and a microcystin (cyanotoxin) degrader after an ultrasound-assisted
process was used at lab scale to estimate its application for water
cleaning and cyanobacteria controlling (Zhang et al., 2021, 2018).
Alternatively, the treatment could stimulate an indirect control of cya-
nobacteria and a potential microcystin degradation by promoting an
increase in Ochromonas abundance. This fact indicates the importance
of investigating the ecological role of microbial communities resistant to
alternative treatments and their capacity for degrading diverse toxic
compounds that may be released after treatment.

Zooplankton
Eukarya_uncl

m Diatom

mAlveolata

Water Research 226 (2022) 119299

Fig. 4. Effect of TiO,-based photocatalysis on eukaryotic
plankton community showing the taxonomic composition
with the relative abundance of the main planktonic groups.
The main taxa identified after sequencing (>3% of relative
abundance in at least one sample) were grouped in relevant
freshwater planktonic groups. Data from triplicate samples

for both conditions (n=3), except for the control condition
® Chrysophyte at day 3, in which one replicate was removed due to the
low number of sequences recovered.
u Cryptophyte

= SAR_uncl
m Stramenopiles_uncl
= Discicristata_Euglenid
mUnclassified
Fungi
Nucleariids
m Eukaryotic_picoplankton

= Chlorophyta

3.3. Relationship between biotic and abiotic parameters

In this study, we tested for correlation between relevant abiotic pa-
rameters affected by the treatment and selected taxa, corresponding to
the susceptible or resistant bacterial and eukaryotic taxa (high LDA
scores according to the LEfSe analysis at T7) including the main cya-
nobacterial genera observed in 16S rRNA data. We used a canonical
correspondence analysis (CCA) coupled to Spearman correlation
(p<0.05) (Fig. 6 and Table S8).

For the bacterioplankton, the CCA ordination had the total variation
of data explained by the two main axes (82 and 14%, respectively) with
a significant p-value for their eigenvalues (p=0.01 and 0.02,
respectively).

A strict relationship was observed between turbidity and all cyano-
bacterial genera sharing the same dimensional quadrant, which
considered all sampling times for the control condition, including TO
(Fig. 6A), in which cyanobacteria maintained high relative abundance.
This was confirmed by the Spearman analysis, showing a significant
positive correlation between turbidity and cyanobacteria with high r-
values for Planktothrix and Microcystis (r=0.67 for both) as well as
Raphidiopsis and Sphaerospermospsis (r=0.54 for both) (Table S8). For
transparency, Microcystis presented a significant negative correlation
(r=0.61), as well as Cyanobium and Nodosilinea (r= -0.60 and -0.66,
respectively). The resistant bacteria Asinibacterium and Prosthecobacter
presented significant negative correlations with turbidity (r=-0.74 and
-0.45, respectively) and a positive correlation with transparency
(r=0.57 and 0.44, respectively).

The association between cyanobacterial dynamics and the
improvement of turbidity and transparency was previously observed
from the use of HyO5 in Gaviao reservoir (Santos et al., 2021) where the
chlorophyll content of these organisms decreased over time simulta-
neously with an increase in transparency.

Other abiotic parameters such as dissolved oxygen and pH also
presented a positive correlation with susceptible cyanobacterial genera
and negative correlations with resistant bacteria. For dissolved oxygen
the correlation was significant for Microcystis (r= 0.51), Planktothrix (r=
0.50) and Sphaerospermopsis (r= 0.53) and for the resistant Asinibacte-
rium (r= -0.55) and Prosthecobacter (r= -0.46). For pH, significant cor-
relations were found for the cyanobacteria Leptolyngbyaceae uncl: (r=
0.68), Prochlorothrix (r= 0.50) and Raphidiopsis (r= 0.44) and for the
resistant taxa Flectobacillus (r= 0.51) (Fig. 6A and Table S7).

Organic carbon content (TOC and DOC) presented negative corre-
lation with the cyanobacteria Cyanobium and Microcystis (r=0.45 and
0.53, respectively) and with the heterotrophic bacteria CL500_3 and



C.J. Pestana et al.

A Calanoida
. :
(&}
[ —
©
©
[ =
=]
0
©
[
>
s
[ ]
(4
TO T3 T7 TO T3 i i

c Cyclopoida
o " i
O 007}
c
g 0.06
| —
=3 0.05
3 =
© 004}
()]
= 003
©
o 002
(4

0.01 o

0.00

TO T3 T7 T0 T3 T7

E Ochromonas

025 [J ~ CTRE

0.20

0.05

Relative abundance
S
a

0.00

TO T3 T7 TO

®

Poteriospumella

0.07F

0.06)

0.05}-

0.04

0.03

0.02

Relative abundance

0.01f

TO T3 T7 TO T3 T7

Water Research 226 (2022) 119299

vy}

Ploimida

Relative abundance
8

TO T3 717

Catenaria

O

Relative abundance

e e B e |
TO T3 T7 TO T3 17

Cryptophyceae_uncl

0.04

0.02

Relative abundance
2

0.00

Nuclearia

0.04

Relative abundance

0.02

0.00

TO T3 T7 T0 T3 T7

Fig. 5. Differential abundance of eukaryote taxa affected by TiO, compared to the control condition according to LEfSe analysis (p < 0.05), considering susceptible
(A-D) and resistant organisms (E-H). The different colors express the sampling days TO (red), T3 (green) and T7 (blue). Data are represented as means of triplicates
except for T3, as those samples presented a very low number of sequences. Full black lines represent the average of three samples, the dashed black line represents

the median.

LD29 (r=0.47 and 0.58, respectively), whereas Prosthecobacter, a resis-
tant bacterium, showed positive correlation with TOC and DOC (r=0.61
and 0.49, respectively; Table S8). This relationship between TOC/DOC
and bacteria, among cyanobacteria and heterotrophic ones, could be
associated to the photodegradation and lysis of susceptible cyanobac-
teria while other bacteria could be involved in the biodegradation of
intracellular products released to the water (Huang et al., 2017; Ye et al.,
2015). Farkas et al. (2015) observed a strict relationship between the
TiO4 nanoparticles and organic carbon affecting the bacterial commu-
nity, where lakes with higher concentrations of DOC and lower chemical

element concentrations presented a significant reduction of bacterial
abundance and activity. Although we identified a positive correlation
between some resistant taxa (among bacteria and eukaryote) and DOC,
we could not establish the influence of carbon on the treatment
efficiency.

In the eukaryotic community, CCA showed a discrete ordination of
taxa and abiotic parameters with fewer relationships when compared to
the bacterioplankton (Fig. 6B). The two main axes explained the total
variation of data, contributing with 69 and 21%, respectively, and sig-
nificant p-values (p=0.002 and 0.1, respectively).
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Fig. 6. Canonical correspondence analysis (CCA) considering the relevant physico-chemical parameters affected by the treatment over time and the main susceptible
and resistant genera from the bacterial (A) and eukaryotic (B) plankton communities. Taxa used as input here were from sequencing data that contributed to the
differentiation between control and treatment according to the highest LDA scores from LEfSe analysis (p < 0.05).

Cyclopoida was the only susceptible taxon located opposite trans-
parency topresent a negative correlation with this parameter (r= -0.54).
In contrast, the resistant Ochromonas, Poteriospumella and Nuclearia were
located close to transparency, in the opposite quadrant (Fig. 6B).
Ochromonas (r=0.58) and Nuclearia (r=0.55) were positively correlated
with transparency, whereas Poteriospumella was negatively correlated
with turbidity (r=-0.44). Ochromonas and Nuclearia also showed positive
correlation with TOC and DOC (r=0.47 and 0.58, respectively, for
Ochromonas and r=0.55 and 0.53, respectively, for Nuclearia)
(Table S8).

3.4. In situ application of TiOz-based photocatalysis

For over twenty five years, the potential of TiO, photocatalysis as a
promising technology for the control of cyanobacteria and their toxins
has been described in the literature (Lawton et al., 1999; Robertson
et al., 1997, 1998a). Much of the work, however, has involved lab scale
applications with only a small number of reports detailing pilot scale
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reactor studies (Menezes et al., 2021; Pestana et al., 2014). Conse-
quently, much of the work reported has been at lower Technology
Readiness Levels (TRLs) between 1 and 3. To move this technology
further up the TRL scale, larger scale applications capable of treating
cubic meter quantities of water, will need to be demonstrated. In this
paper, for the first time, the technology has been demonstrated to be a
feasible in situ treatment step capable of larger scale water treatment
hence moving the photocatalytic process up the TRL scale from four to
five. It is envisioned that, continuous or as-needed-treatment with the
proposed system adjacent to the WTP abstraction point could ease the
cyanobacterial burden on the treatment plant. The removal of cyano-
bacteria and the intrinsic improvement of water quality could signifi-
cantly decrease the need for treatment chemicals which is economically
and environmentally favorable. The exact number of treatment units
required would be determined on a case-by-case basis dependent on
local conditions and incoming raw water quality/cyanobacterial load.
Considerations of the potential inherent cost of the deployment system
can be found in the Supplementary information (S8). Previous work has
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clearly demonstrated that the proposed technology can remove both
cyanobacteria and dissolved cyanotoxins (Gunaratne et al., 2020; Pes-
tana et al., 2020c). This markedly decreases the public health dangers
posed by toxic cyanobacterial blooms and could potentially also miti-
gate the effects of cyanobacteriogenic taste and odor episodes, as the
removal of taste and odor compounds by TiO; photocatalysis has
described before (Pestana et al., 2014, 2020b).

Post-treatment testing has demonstrated that the coating on the
beads is stable (Figs. S5 and S6). It was observed that iron and manga-
nese were incorporated into the elemental composition of the TiO,-
coated beads, which is most likely from components of the treatment
unit. The photocatalytic efficiency of the used beads was tested against
methylene blue in the laboratory (Fig. S7) and a 20% drop in removal
efficiency was observed, most likely due to the aforementioned
contamination with Fe and Mn. For future iterations of this treatment
system, materials will have to be carefully selected to avoid affecting the
photocatalytic efficiency.

In the current study, we observed alterations in the phyto- and
zooplankton communities as a result of the photocatalytic treatment.
Whether any changes would affect the microbial community in a water
body the size of a drinking water reservoir would have to be carefully
examined in due course. It is worth bearing in mind, however, that any
type of intervention (e.g., limiting nutrient input or application of broad-
spectrum algaecides) will have a knock-on effect on the micro-biosphere
of a water body and will have to be carefully evaluated to balance the
desired effects. A potential additional area of concern is the effect of the
treatment on disinfection by-product formation. The effect of the TiOo-
photocatalysis in this regard will have to be carefully monitored and
coordinated with carefully dialed-in treatment conditions in the disin-
fection step. Furthermore, as the treatment solution presented here is
designed to be operated continuously the danger of re-growth of unde-
sirable species is low compared to periodic treatments such as the
application of algaecides or HyO5.

In the future, it would be desirable to power the lighting array with
renewable energy systems such as photovoltaic or wind power
depending on the local climatic conditions. A promising approach would
be the deployment of floating photovoltaic units that feed a battery
system, allowing for 24 h operation of the photocatalytic units. An
additional advantage of the application of floating photovoltaic units
would be the shading of the underlying water, further limiting cyano-
bacterial growth. Although the environmental impact of the use of
photovoltaic units would have to be assessed against the benefits of their
employment (Farrell et al., 2020). The application of the treatment units
is not limited to the reservoir alone. While it is envisaged that this will be
the main deployment point, deployment in settling tanks or on top of
filter units within the conventional water treatment unit processes could
unlock further potential to polish water and decrease treatment costs by
increasing filter-life and decreasing the demand for chemical
disinfection.

4. Conclusion

To ultimately ease the burden on water treatment plants an inno-
vative TiO-UV LED reactor system was tested at mesocosm scale.
Within seven days cyanobacterial abundance was reduced by 85% and
water quality parameters like transparency and turbidity improved
markedly. The current study represents a move towards bridging the gap
between decades of academic laboratory-based research towards real
life deployment of the technology, pushing the TRL further up the scale.

The proposed photocatalytic system aims to be sustainable with
readily available and recycled constituent parts. Off-the-shelve compo-
nents were used to construct the reactor system complimented by a
facile photocatalyst deposition method onto beads made from post-
consumer glass. While the treatment units were powered by mains
power in the current study, there is scope to utilize renewable energy
systems to further enhance the sustainability aspect.
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Due to the flexibility the system offers (reactor length could be
increased or decreased as required) other applications can be envisaged
including deployment on top of filters within conventional water
treatment plants as well as a polishing technology of product water and
within product water storage.

Areas for future research include full lake trials, long-term effect on
the ecosystem, life cycle analysis and techno-economic assessment to
further push the treatment system up the TRL scale.

To conclude, we have, for the first time, demonstrated practical
application of TiOs-based photocatalysis at mesocosm scale under
environmental conditions, allowing future development of in situ treat-
ment for the reduction of cyanobacteria and their toxins.
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26 S1 Meteorological Data

27 Table S1: Meteorological condition observed between October and November 2019 at
28 Fortaleza city according to the National Institute of Meteorology — INMET. The data are
29  expressed as averages from daily measurements.

Avg. Humidit Atmospheric Wind Solar Max. Min. Precipitation
Temp. (%) y pressure velocity | irradiance | Temp. Temp. (nr:m)
(°C) (hPa) (m/s) (h) (°C) (°C)
27.7 £ 74 £8.7 | 1009.6 £ 1.2 3.01 £ 10.2 £ 0.7 | 32.2% 25.0 £ 0.05 £ 0.2
1.2 1.0 0.5 0.6
30
31 S2 Materials and Methods
32 S2.1 Physicochemical analyses
33  Table S2: Physical and chemical parameters measured in situ or in the laboratory (all
34 methods apart from transparency determination according to APHA, 2012).

Parameter (unit) Equipment/Method Where
Transparency (cm) Secchi disk in situ
Temperature (°C) and YSI probe model 55 and 60 (Yellow in situ
pH Springs Instruments, EUA) / APHA
4500 H-B

Dissolved oxygen YSI probe model 55 (Yellow Springs in situ

(mg/L) Instruments, EUA) / APHA 4500 O-G

Conductivity (uS/cm) Conductivity meter 105A+ (Orion in situ
Research, EUA) / APHA2510-A

Turbidity (NTU) Hach model 2100P (EUA) / Laboratory
APHA2130-B

True color (uC) Genesys spectrophotometer 10S UV- Laboratory
Vis — (Thermo Scientific, EUA) /
APHA2120-C

Total organic carbon Sievers InnovOx Laboratory TOC Laboratory

(TOC) and dissolved
carbon (DOC)

(mg L)

Analyzer (General Electrics, USA) /
APHA5310
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Nitrite, nitrate, Samples were filtered through a glass Laboratory

orthophosphate, fiber 0.45-uym membrane before
sulfate, fluoride, and analyses by Ion Chromatograph using
chloride (mg L1). Dionex ICS-1100 (Thermo Scientific,

EUA) / APHA4110-C

S2.2 Statistical analysis

S2.2.1 Abiotic factors

Principal component analysis (PCA) was performed as a nonlinear multivariate
statistical technique, used to determine the relationships between the physical
and chemical environmental parameters analyzed from the control and
treatment samples over time. PCA was also used to gather the data in groups
according to their variances in the different dimensional axes (Savegnago et al.,
2011). A selection of the parameters for PCA ordination was conducted following
their importance related to the effect of the treatment as well as the size of the
vector (considering cos? value) and the contribution with at least more than 70%
of dimensionality variance from the principal components. Subsequently,
clustering was carried out using the Canberra distance (Riba et al., 2020) and
Ward's method.

For each physical and chemical parameter considered relevant from PCA and
non-normal distribution (following Shapiro-Wilk p<0.05), a Wilcoxon-Mann-
Whitney test was performed to show significant differences (p<0.05) between
the two groups and identify, one by one, the parameters that could show the
efficiency of the photocatalytic treatment with TiO,. Statistical analyzes were
performed using R software version 3.4.1, using the Factoshiny package (Vaissie

et al., 2020).

S2.2.2 Biotic factors (bacterial and eukaryotic plankton communities)
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Alpha-diversity estimators were calculated and tested for normality considering
the Shapiro-Wilk test, skewness, and kurtosis, to evaluate significant differences
between treatment and control at each sampling time. As Shannon diversity and
estimated richness (observed species) from 16S rRNA data were parametric, a
two-way analysis of variance test was used for multiple comparisons of means at
a 95% confidence interval considering time and condition (treatment and
control) as factors, whereas for 18S rRNA data, we used the Kruskal-Wallis non-
parametric test.

From the 18S rRNA data, we used the taxonomic groups identified and gathered
the main taxa (>3% relative abundance in at least one sample) in relevant
freshwater plankton groups, following the classification described in previous
studies (Cavalier-Smith, 2018; Simpson and Eglit, 2016) (Table S2).

The beta-diversity ordination was evaluated by nMDS (non-metric dimensional
scaling) considering ASVs abundance in a tridimensional space using the Bray-
Curtis distance as dissimilarity matrix. Then, it was complemented by
permutational multivariate analysis of variance (two-way PERMANOVA, p<0.05)
using two factors as experimental condition (control or TiO;) and time (0, 3 and
7). In the null-hypothesis, TiO; did not affect the bacterial and eukaryotic
plankton communities; alternatively, we assumed that the treatment modified

the structure of both communities.
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Figure S1: Beta diversity considering samples ordination according to the
Bacteria (A) and Eukarya (B) composition by non-metric multidimensional
scaling (nMDS) using Bray-Curtis distance. Samples correspond to control
(circle) or TiO2/UV treatment (X) collected over the time 0, 3 and 7 days (n=3).




86  Table S3: Internal assignment of most representative 18S taxa considering relevant
87  groups of freshwater biotic system following taxonomic classification of Cavalier-Smith

88  (2018) and Simpson and Eglit (2016).

Defined Groups Representative Kingdom Phylum Observed Genus
Taxa
Chlorophyte Chlorophyta Plantae Chlorophyta Unclassified
Bacillariophyceae Bacillariophyta N 'tz/sﬁzlg a/ sgi?i\gdcu la
. o _— Ulnaria /
Diatom Fragilariales Bacillariophyta Unclassified
. — Cyclotella /
Mediophyceae Bacillariophyta Unclassified
Chrysophyceae Ochrophyta Unclassified
Poteriospumella /
Chromulinales Ochrophyta Poteg_?(och romonas /
Chrysophyte : omopgs/
Unclassified
Paraphysomonas /
Ochromonadales Chromista Ochrophyta Ochromonas /
Unclassified
Cryptophyte Cryptophyceae Cryptophyta Unclassified
Alveolata Dinoflagellata Miozoa Unclassified
- Perkinsidae Miozoa Unclassified
Colpodellida Miozoa Colpodella
Choreotrichia Ciliophora T|nt|nn|d!gm /
Unclassified
Alveolata Halteria / Oxytricha
L . / Stylonychia /
Hypotrichia Ciliophora pseudourostyla /
Unclassified
Rhynchobodo /
. Neobodo /
Discicristata/ Neobodonida Euglenozoa Rhynchomonas /
Euglenid Protozoa Unclassified
Prokinetoplastina Euglenozoa Ichthyobodo
Discicristata Uncertain Unclassified
Nucleariids Nucleariidae Choanozoa Unclassified
Gastrotricha Gastrotricha Nuclea r'? /
Unclassified
Calanoida /
Copepoda Arthropoda Cyclopoida /
Zooplakton Animalia Unclassified
Podocopa Arthropoda Unclassified
Ploimida /
Monogononta Rotifera Floscularia /
Unclassified
Fungi Blastocladiales Fungi Blastocladiomycota Catenaria
Eukaryotic
_\;I_Eukar otic p/cgplankton_ Uncertain Unclassified
picoplankton environmental _
sample Uncertain
Unclassified MAST_1.2.C. Uncerta/:n Unclassified
= Incertae division Uncertain Unclassified
Eukarya uncl Eukarya_uncl Uncertain Unclassified
Stramenopiles Stramenopiles_ Chromista Stramenopiles Unclassified
uncl uncl
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We also performed a linear discriminant analysis (LDA) and effect Size (LEfSe)
(Segata et al., 2011) following the Hutlab Galaxy web framework
(http://huttenhower.sph.harvard.edu/galaxy/) using 3.5 as LDA threshold (log
10 transformed) to select microbial taxa with a significant contribution (p<0.05)
to the differentiation between treatment and control. For that, we applied a two-
tailed non-parametric Kruskal-Wallis test and unpaired Wilcoxon test to reveal

significant differences in most abundant ASVs.

S2.3 Correlation between biotic and abiotic factors

To test the correlation between abiotic and biotic (ASVs) factors and differences
in the community structure over time, the samples were ordained by Canonical
Correspondence Analysis (CCA) using the Hellinger-transformed abundance
matrix and Spearman analysis (p<0.05 and a threshold for r value =£0.4). The
analyses were performed, and charts plotted in R v3.5.3 environment (R Core

Team, 2016) and Past3 software (Hammer et al., 2001).



115 S3 Effect of TiO>-photocatalysis on bacterioplankton
116 Table S4: Relative abundance of bacterioplankton at phylum level, considering mean
117  and standard deviation (n=3) expressed as percentage (%) of total bacterioplankton.
118  * Taxa classified as ‘Others’ in the abundance chart.
Day 3 Day 7
Phylum TO
Control TiO2 Control TiO2
Acidobacteria* 0.1+0.02 0.1+0.003 0.2+0.05 0.05+0.02 0.6%+0.2
Actinobacteria 0.9+0.32 3.8+0.48 4.4+0.22 5.4+£0.45 4+0.75
Armatimonadetes* 0.4+0.33 0.5+0.7 0.2+0.04 0.2+0.12 6.8+1.56
Bacteroidetes 13.6+3.2 14.9+1.6 14+1.23 10.7+2.9 35+4.94
Chlamydiae* 0.01+0.003 0.08+0.01 0.07+0.02 0.6%+0.3 0.06%0.03
Chloroflexi* 1.9+0.9 2.4+£0.4 2.3+£0.6 3.8+1.4 0.6+0.2
Cyanobacteria 44+10.4 32.8+0.9 34+2.6 24.2+5.2 4.4+1.9
Dependentiae* 0.03+£0.02 0.1+£0.07 0.1£0.02 0.04+0.01 0.07+£0.02
Firmicutes* 0.18+0.06 0.07+0.02 0.1+0.01 0.06+0.05 0.03+0.01
Gemmatimonadetes* 0.07+0.004 0.3+0.05 0.36+0.09 0.14+0.03 1.3+0.63
Hydrogenedentes* 0.09+0.06 0.04+0.02 0.04+0.02 0.01+0.007 0.01+0.002
Omnitrophicaeota* 0.01+£0.01 0.06+0.04 0.06+0.02 0.01+£0.002 0.01+0.01
Planctomycetes 13.9+2.42 14.3+1.58 13.2+2.03 18.6+2.23 5.7+1.97
Proteobacteria 11.4+0.92 11.8+0.78 13.3+1.13 12.4+2.62 23.8+4.56
Spirochaetes* 0.01+0.007 0.15+0.06 0.15+0.05 0.15+0.01 0.17+£0.01
Verrucomicrobia 13.5+7.9 18.4+0.9 17.6+0.9 23.6+0.7 17.3+£3.3
119
120
121
122
123
124
125
126
127
128
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Figure S2: Linear discriminant analysis coupled to effect size (LEfSe) of bacterial
(A) and eukaryotic (B) plankton communities considering abundance of the main
taxa in treatment and control at day 7. Taxa with significantly different
distribution between treatment (TiO2) and control groups were selected using a p-
value < 0.05 and a LDA score (logl10) > 3.5.
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Figure S3: Rarefaction curve of samples from 16 rRNA (A) and 18S rRNA (B)
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number of species (ASVs). Samples from TiO2-treatment (green) or control (red).
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156

Table S5: Sample identification, sequencing data and diversity indices for 16S and 18S

157  information. The red line for the AM06 sample (from 18S) means this sample was
158  considered an outlier due the very low sequences number compared to others.
Number of Richness | Diversit

DNA sequences Y

Sample Description concentration After Goods
1 Before . Shannon

(ng pLt) - trim Sobs ,
trim qual (H")
qual
16S sequencing information
AMO1 TO 365.2 68595 34791 | 99.69386 1096 4.688125
AM02 TO 380.35 47565 34791 | 99.51014 978 4.839721
AMO03 TO 329.64 41260 34791 | 99.35046 1074 4.770999
AMO5 No TiO2 (T3) 183.98 74505 34791 | 99.71009 1016 4.857933
AMO06 No TiO2 (T3) 158.19 57948 34791 | 99.62898 1008 4.836678
AMO07 No TiO2 (T3) 420.96 54241 34791 | 99.60178 966 4.827779
AMO08 TiO2(T3) 290.99 70512 34791 | 99.70218 1008 4.787438
AM09 TiO2(T3) 199.59 79037 34791 | 99.71785 1083 4.773695
AM10 TiO2(T3) 223.54 84463 34791 | 99.73716 1131 4.909822
AM12 No TiO2 (T7) 550.73 79012 34791 | 99.65955 1060 4.675476
AM13 No TiO2 (T7) 210.94 41995 34791 | 99.41183 951 4.695779
AM14 No TiO2 (T7) 202.42 56182 34791 | 99.57104 909 4.665011
AM15 TiO2(T7) 206.89 58239 34791 | 99.51407 1137 4.758776
AM16 TiO2(T7) 180.4 66043 34791 | 99.57906 1062 4.489167
AM17 TiO2(T7) 339.97 64669 34791 | 99.60723 1015 4.470062
18S sequencing information

AMO1 TO 365.2 110933 | 87335 | 99.82242 1195 4.130155
AMO02 TO 380.35 116267 | 87335 99.8168 760 1.522841
AMO3 TO 329.64 87335 87335 | 99.72978 1311 4.647847
AMO5 No TiO2 (T3) 183.98 114505 | 87335 | 99.78604 1225 4.193731
AMO06 No TiO2 (T3) 158.19 39861 XX 99.35024 955 3.943944
AMO07 No TiO2 (T3) 420.96 120900 | 87335 | 99.78577 1296 4.562986
AMO08 TiO2 (T3) 290.99 120383 | 87335 | 99.83054 1181 3.872202
AM09 TiO2(T3) 199.59 122645 | 87335 | 99.80431 1260 4.143498
AM10 TiO2(T3) 223.54 97579 87335 99.752 1303 5.213536
AM12 No TiO2 (T7) 550.73 127122 | 87335 | 99.83952 972 3.066831
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179 S4 Effect TiO>-photocatalysis on abiotic factors (water quality)
180
A _ .
mmé’f‘.‘_‘"’ Concentration : M:rff i .I. /
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|
* * Dim (48%) & ? * * Dim1 {46%) ’ :
181 Figure S4: Ordination of the most relevant abiotic parameters considering treatment (A)
182  and time (B) following Principal Component Analysis (PCA) and Ward distance. Both
183  dimensions contributed to explain about 75% of variance of data and the correlation
184 among the parameters.
185
186
187 Table S6: Effect of TiO2-photocatalysis on dissolved nutrient, sulfate, fluoride and
188  chloride content in water. Data are expressed as average and standard deviation (n=3).
Raw Day 3 Day 7
water ] .
(TO) TiO2 Control TiO2 Control
Nitrite (mg L) 0.77 0.76 + 0.77 0.77 0.78 +
0.03 0.01 0.03 0.02 0.02
Nitrate (mg L) 0.82 + 0.42 + 0.71 0.61 + 0.62 +
0.27 0.05 0.04 0.12 0.04
Orthophosphate 0.55 + 0.1 0.93 + 0.80 = 0.75 = 0.67 =
(mg L) ) ) 0.18 0.12 0.02 0.02
Sulfate (mg L) 4.85 * 4.60 * 4.47 4.18 + 4.60
0.34 0.22 +0.32 0.17 0.53
Fluoride (mg L) 2.09 £ 1.49 = 1.58 1.63 = 1.72 =
0.32 0.17 £0.26 0.03 0.22
Chloride (mg L) 59.71 % 60.69 + 60.27 £ 59.39 % 54.64 +
2.22 1.7 1.65 0.93 7.69
189
190
191
192

193

Coneentration
& Diy0



194 S5 Effect of TiO>-photocatalysis on eukaryotic plankton
195 Table S7: Relative abundance of eukaryotic community (18S rRNA) from the internal
196  assignment considering defined groups for the freshwater systems from the
197 representative taxa obtained after sequencing. Taxa were chosen using 3% of relative
198  abundance threshold at least in one sample. Data are expressed as mean and standard
199  deviation (n=3) as a percentage of the total eukaryotic community.
200
Representative Day 3 Day 7
Defined groups taxonomic TO
assignment Control TiO:2 Control TiO:2
Bacillariophyceae 1.1 £0.8 1.2 £0.3 1.4 £0.5 0.6 £0.3 0.3 £0.2
Diatom
Fragilariales 9.9 £8.2 3.9+ 1.3 3.6 £1.1 5.6 £ 4.2 5.4 £ 3.2
Mediophyceae 2.1 2.2 1.8 £0.3 2.3 0.5 0.8+1 1.5+ 0.9
Chlorophyta Chlorophyta 1.6 1.4 1.1 £0.1 1.2 £ 0.5 0.4 £0.3 0.4 £0.2
Podocopa 2.6 £2.7 0x0 1.8 +£1.9 0x0 0x0
Gastrotricha 0.8+1.1 0£0 0£0 0.2 +0.2 0.3+0.4
Zooplankton
Copepoda 49,9 £ 33.4 | 38.3+£10.9 | 35+27.3 | 41.1+14.4 |46 +£5.4
Monogononta 83 %6 15.3+£6.9 | 13.6 £6.2 | 25.8 £13.1 1.7£1
Fungi Blastocladiales 0.2 +£0.1 0.5+0.1 0.6 £0.3 6.2 £ 2.6 0.1 £0.1
Dinoflagellata 4 £57 0.4 £0.1 0.4 £0.2 24 £ 1 1.1 £0.5
Perkinsidae 1+1 1.1 £0.1 1.1 £0.1 1.6+ 1.4 8+ 3.6
Alveolate -
Hypotrichia 0.6 £ 0.6 1.3£0 2.1+1.6 0.1 £0.1 0.4 £0.2
Choreotrichia 0.3 £0.3 2.5+£0.5 2.8 2 0.4 £0.5 0£0
Chromulinales 0.5+0.4 0.6 £ 0.1 0.6 £0.2 0£0 112'77i
10.2 £
Chrysophyte Chrysophyceae 0.1 +£0.1 0£0 00 00 51
18.9 =
Ochromonadales 0.5+ 0.6 1.5+0.2 1.6 £ 0.3 0.4 £0.6 11.8
Cryptophyte Cryptophyceae 3.5+£3 2.2 £0.3 292 2.9+ 2.6 1+£0.6
Nucleariids Nucleariidae 0£0 0.1x0 0.1 £0.1 0.1x0 6.6 £7.1
Eukaryotic_picoplan | Eukaryotic_picopla
kton_environmental | nkton_environment 0.6 £ 0.5 2+0.1 2414 0+0.1 0.2 £0.1
_sample al_sample
Discicristata_ Discicristata 0.3£0.3 3.3+£0.6 3.6+1.2 0.1£0 0.2 £0.1
Euglenid Prokinetoplastina 0.3 £0.3 020 0.3 0.1 0.3 £0.2 0.6 £0.3
. Incertae_Sedis 0.7£0.4 0.8 £0.3 0.7 £0.3 4.5 £ 0.4 0.5+0.3
Unclassified
MAST_12C 0.8 £ 0.6 0.7 £ 0.1 0.8 +0.3 0.5+0.1 0.2 £ 0.1
Stramenopiles_uncl Strame”"lp"es—unc 0.7 + 0.4 15+02 | 1.6+04 | 1.1+04 | 2+1.8
SAR_uncl SAR_uncl 4.1 £4.2 2.5+£0.3 2.5+£0.8 0.6 £0.4 1.7 £ 0.5
Eukaryota_uncl Eukaryota_uncl 53+3 17.2+ 1.9 17.1 £ 6.9 42+ 1.3 221'47i

201
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202 S6 Correlation between plankton and abiotic factors during TiO>-
203 photocatalysis
204 Table S8: Spearman correlation between the main genera, which contributed to the
205  difference between control and treatment according to LEfSe analysis, with physical
206  chemical parameters that showed a difference over the treatment. Spearman r values
207  (threshold r=0.4) are labeled considering a negative (in red) or positive (in green)
208  correlation, from a significant p-value (p<0.05).
Bacterioplankton
Spearman (p<0.05) Dlssgzlved pH Turbidity | Transparency TOC DOC
Armatimonas - - - - - -
Asinibacterium -0.5472 -0.73847 0.56965 - -
CL500_3 - - - - -0.4663 -
Cyanobium - - 0.52406 -0.60417 -0.4487 -
Flectobacillus - -0.5104 - - - -
LD29 - - - - -0.5828 -
Leptolyngbyaceae uncl - 0.68182 - - - -
Methylacidiphilaceae_uncl - - - - - -
Microcystis 0.50649 - 0.6723 -0.61068 - -0.5301
Nodosilinea - - 0.53966 -0.65886 - -
Planktothrix 0.4974 - 0.6697 - - -
Prochlorothrix - 0.50341 | 0.43447 - - -
Prosthecobacter -0.4639 - -0.44893 0.44104 0.61258 | 0.49201
Raphidiopsis - 0.44156 | 0.54096 - - -
Sphaerospermopsis 0.53329 - 0.54504 - - -
Terrimicrobium - - - - - -
Eukaryotes
Spearman (p<0.05) Dissolved pH Turbidity | Transparency TOC DOC
02
Ploimida - - - - - -
Calanoida - - 0.48795 - - -0.5324
Copepoda_uncl - - - - - -
Cyclopoida - - - -0.54388 -0.4464 -
Catenaria - - - - - -
Ochromonas - - - 0.57703 0.46833 | 0.58158
Cryptophyceae _uncl - - - - - 0.47281
Poteriospumella - - -0.44646 - - -
Nuclearia -0.4947 - -0.63102 0.55066 0.55506 | 0.53022
209
210
211  S7 Stability of TiO2 coating and post-deployment photocatalytic
212  performance of coated glass beads
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213 Two theta (degree)
214  Figure S5: XRD analysis of uncoated, virgin, and used glass beads made from post-
215  consumer glass and coated with TiO2 (virgin and used) showing the stability of the TiO2-

216  coating on the beads.
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Figure S6: SEM and EDS analysis of virgin and used TiO2-coated glass beads made from
post-consumer glass showing the incorporation of Fe and Mn (from reactor components

into the elemental composition) and showing stability of coating.
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Figure S7: Removal of methylene blue by virgin and used (tested) TiO2-coated glass
beads made from post-consumer glass using a 250 W iron doped metal halide lamp (A >

250 nm) at room temperature.

S8 Preliminary cost analysis of the proposed TiO>-photocatalytic
treatment system

Estimation of the cost of a prototype treatment unit is difficult and can be, at
best, preliminary. As with any process engineering application cost will need to
be determined on a case by case basis. As detailed in the manuscript one of the
principles of the in-situ concept is that it will be operated over specific periods or

continuously to lower the load of cyanobacteria that a water treatment plant will
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ultimately need to remove prior to distribution onto the network. As with any

process design the overall cost of the process will comprise:

capital costs,

fixed costs,

variable costs,

. operations and maintenance costs.

For this unit the capital/fixed costs will include the cost of the individual
treatment pods which comprise the mesh for the unit housing, LED strips and
photocatalyst immobilised on the glass beads. As described in the paper the in-
situ unit will comprise arrays of these pods depending on the scale of process so
the fixed cost of the treatment pods will be dictated by how pods are required.
In this study the overall cost for each treatment unit was approximately USD
630 broken down into ~USD 565 for 5 m of water-proof (IP68) 365 nm LED
strips with 120 LEDs m™, ~USD 27 for 0.5 m? of the stainless steel wire mesh to
construct the housing and the pods, and an additional ~USD 30 for the
aluminium profiles that anchor the LED strips inside of the reactor shell and the
water-proof wiring. The raw material cost for the TiO;-coated beads is ~USD 3
for the quantity of beads required for a single reactor.

Again, as detailed in the manuscript, the units may be powered by
floating photovoltaic units and this is the other substantial capital cost.

The costs of the platform will include costs for:

. Photovoltaic Solar Panels

. Floats to support the PV Panels

18
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J Moorings
o Electrical Cables between panels and to the LEDs in the reactor

pods

As the LED arrays use DC there is no requirement for an inverter for this
system. In terms of costs of power generated from the floating
photovoltaic systems the overall cost per kWh of commercial floating
photocaltaic systems are estimated as being between 0.05-0.07 $ kWh.
The operational and maintenance costs will again depend on each system
and for water treatment systems can vary between 15 and 40% of the
overall annual costs and are influenced by a variety of factors such as the

scale of the unit.
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