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Abstract

In today’s world of increasing seafood demand, aquaculture is crucial for food security. High

population densities in fish and mollusk farms often cause frequent disease outbreaks, leading



to antibiotic use and genetic selection. However, emerging pathogen strains and antibiotic-
resistant bacteria necessitate new bio-secure disinfection processes for aquaculture water.
Current systems rely on filtration and UVC treatments, but Advanced Oxidation Processes
(AOPs) present a promising solution for eliminating contaminants in seawater. While abiotic
decontamination via photocatalysis is well-studied, biotic disinfection, particularly in
seawater, remains underexplored. Heterogeneous photocatalysis effectively removes
microbial and chemical contaminants, such as toxins, from seawater. This study aimed to
assess the capacity of a solar photo-oxidation reactor for aquaculture water treatment plants.
We defined and tested an inactivation kinetic law representing bacterial concentration
changes for the oyster pathogen Vibrio harveyi. A kinetic model with orders of 1.23 for V.
harveyi and 0.23 for flux density was selected. Photo-oxidation capacities were simulated
under various reactor operating conditions using solar irradiation data from three French
aquaculture sites, accounting for meteorological and seasonal variations. To address flux
density variations caused by cloud cover and daily cycles, the flow rate was adjusted to ensure
constant pathogen concentration at the reactor outlet. Results show that UV/TiO, disinfection
effectively inactivates V.harveyi-contaminated seawater, offering scalable, sustainable
solutions for aquaculture biosecurity.

Keywords: Vibrio harveyi, solar photocatalysis, oyster pathogens, inactivation, disinfection,

simulation.

1. Introduction

Oyster production represents a significant part of aquaculture, with a strong increase in

demand. Since several years, this production has been subject to heavy losses due to recurrent



mortality episodes [1-6]. Most oyster mortalities are caused by bacterial and/or viral
infections leading to the death of the animals. These pathogen infections can affect animals
throughout their lives, sometimes decimating entire farm productions. Several production
stages are carried out in closed land-based ponds with controlled water quality. Among the
stages carried out in onshore facilities are larval development and growth, which take place
in hatcheries. Similarly, juvenile and spat oysters can be grown on land in facilities known as
nurseries. In these facilities, the oysters/larvae are placed in closed batch tanks or
continuously supplied with seawater disinfected by filtration and UVC treatment, especially in
hatcheries [7-10]. A number of systems for filtering water (membrane process, carbon
column) have been developed on an industrial scale [11-16] mostly for the elimination of
abiotic contaminant. To ensure pathogens elimination filtration need to be coupled to UVC
treatment. However, these technologies are costly both in terms of construction, operation
and energy demand [17].

Currently, few new technologies are being developed for the biosecurity of aquaculture
ponds, whether in freshwater or seawater. To address cost and energy demand issues while
allowing sufficient disinfection and decontamination level of the seawater all at once,
advanced oxidation processes, and in particular photochemical processes, appear to be a
promising alternative as only one process is needed and the solar energy can be used. These
processes, based on the use of catalysts in soluble (photosensitive reagents) or solid
(photocatalysts) form, enable radiation to be photo-converted into reactive chemical species
[18-20]. It consists in a photo-excitation process in which the catalyst absorbs radiation to
release charges (electron-hole pairs), which initiate oxidation-reduction reactions. These
reactions lead to the production of chemically unstable radical species capable of breaking the

carbon-carbon bonds of organic compounds. This photo-conversion process is widely studied



in the literature for the detoxification of abiotic contaminants (pharmaceuticals, biocides)
[21-23] but also for water disinfection [24-27]. Most studies have been carried out on
effluents and wastewater but work on disinfection in seawater is emerging especially about
Vibrio inactivation [28-30].

In this context, the heterogeneous photocatalysis process is an alternative offering the
possibility of exploiting the solar resource [31]. Like other solar processes, the performance of
this technology is closely dependent on the availability of the resource [21,31,32]. It is
characterized by discontinuities on several scales, linked to daily (day/night alternation) and
seasonal cycles, which will define the amount of energy available [23,33]. The energy available
therefore depends on the duration of daily sunshine and the level of radiation received
[34,35]. Weather conditions (strong sunshine, cloudy periods) and location (latitude, annual
sunshine) should also be taken into account when assessing photo-conversion capacity
[21,23,36].

In order to design solar installations capable of ensuring the biosecurity of aquaculture
waters, the performance of oxidative photoreactors must be established taking into account
the specific characteristics of the solar resource and the targeted pathogen. To do this, two
key points need to be considered in order to establish the capacities of the photoreactor
operating in continuous mode under dynamic irradiation conditions. The first is to define a
kinetic law representative of the photodegradation process of the bacterial target. In the
literature, numerous laws have been proposed to describe the degradation of abiotic
contaminants [21,37-39], which are mainly empirical laws or formalisms that take into
account degradation phenomena and the mass transfer of targets to the surface of catalysts.
Concerning disinfection, the number of laws is more limited. Since the inactivation process is

not immediate, several successive radical attacks are required to damage the membrane of



bacterial targets [40—42]. Once the membrane is degraded, bacterial inactivation becomes
effective, resulting in a sharp drop in the number of viable bacteria. To describe inactivation
profiles in most conditions, empirical models based on a power law according to
concentration, involving parameters of no physical or chemical significance, have been
developed [25,42—-49]. Langmuir-Hinshelwood type models, directly inspired by the laws used
for the mineralization of organic pollutants, have also been proposed. These models include
an initial lag time to account for the multiple radical attacks required to initiate inactivation,
but do not consider the effect of irradiation level. More recently, authors have proposed to
represent the inactivation rate as a function of two key variables: bacterial concentration and
flux density [24—-26,50-53].

A description of the functioning of a photoreactor operating in continuous mode requires
its configuration to be taken into account, in terms of geometry (tubular, planar) [12,32,54],
operating mode (batch or continuous) [22,23], and operating conditions applied, i.e. the
concentration level, flux density and flow rate [55,56]. A process engineering approach, the
mass balance, including a feed term and a kinetic term, is used to formalize the capacity of the
photoreactor under dynamic irradiation conditions [12,23,38,57]. It is thus possible to predict
the daily capacity of the photoreactor under irradiation conditions representative of different

sunshine conditions.

The aim of this paper was to represent the capacities of the photoreactor operating under
simulated solar irradiation conditions in order to being able to predict and scale up seawater
treatment facilities intended for aquaculture. A formalism based on kinetic laws from the
literature is proposed in order to select a kinetic law representative of the V. harveyi

inactivation process and to identify the kinetic parameters. Based on the established law, the



capacities of the photoreactor operating under different irradiation conditions were
determined to define the importance of sunshine conditions (period of year, day length,
meteorological conditions) at three oyster farming sites. Based on the daily capacities
obtained, this study proposes, on one hand, a solution for managing discontinuities in the
solar resource on different scales (day/night cycle and cloudy periods) and, on the other hand,

the scaling up of installations dedicated to the biosecurity of aquaculture water.

2. Materials & Methods

2.1. Photoreactor

Photo-oxidation experiments were conducted (Fig. 1) using TiO, microparticles from
commercial TiO; powder VP Aeroperl with an average diameter of 41 um. TiO; smallest
particles were removed by multiple decantation to improve the downstream separation to
have a standard deviation of the size distribution of 17 um [33]. The catalyst concentration
has been optimized in previous work to capture all the incident radiation. The optimal
concentration of 4 g.L'! of TiO, found for freshwater decontamination using this photoreactor
was applied for disinfecting seawater [56].

The pilot operated in batch mode. It is composed of three parts as is reported in Fig. 1
[24,57]. The photoreactor is composed of an agitated irradiated volume of 0.31L
(0.15 m x0.1 m x 0.02 m). To ensure even distribution of the catalysts in the suspension, the
photo-reactor is equipped with a magnetic stirrer and a pump-controlled recirculation loop.
The irradiated face was in a 95% UV-transparent polymethyl methacrylate (PMMA).
Irradiation was carried out using a panel made up of 16 LEDs, which ensured that the radiation

was evenly distributed over the surface of the photoreactor. This system has been detailed



and validated in previous work [57]. The LEDs emit ultraviolet radiation with an emission
spectrum centered around 375 nm (the emission spectrum is shown in supplementary 1). The
applicable flux density is between 0 and 45 W.m™. The flux density can be adjusted via a
software interface to an accuracy of + 0.1 W.m™. This system can also be used to apply
dynamic irradiation setpoints, such as the flux density representative of radiation over the
course of a day's sunshine. The distribution of radiation on the surface of the photo-reactor
was checked using a UV solar sensor (UV Radiation, apogee instruments). The variations in
flux density over the surface are of the order of + 1 W.m™. The last part of the pilot is the
recirculating loop of 50 mL to assure a perfectly homogenized reactor. The fluid flow is driven
by a centrifugal pump (Cole Parmer).

Before each disinfection experiment, the photoreactor was sterilized using 0.1 M of
NaOH followed by milliQ water rining.

All the photo-oxidative experiments were conducted in triplicate.

2.2. Biological material

An oyster pathogen, Vibrio harveyi Thl5 O G11 modified with a stable Green
Fluorescent Protein (GFP) plasmid with trimethoprim resistance pFD086 (GFP, TrimR) [4] was
used to study the disinfection process. V. harveyi cells (Th15_0O_G11 GFP) were grown under
sterile conditions in 200 mL of Zobell medium (4 g.L'! bactopeptone, 1 g.L! yeast extract in
sterile seawater, pH 7.4) with 10 pg.mL™* of trimethoprim (T7883, Sigma Aldrich, France) at
20 °C until the stationary phase was reached. The bacterial growth was monitored by optical
density at 600 nm (UV-1800, Shimadzu, France). Cultures in the stationary phase were
appropriately diluted in sterile natural seawater (Banyuls, France, pH 8 and salinity adjusted

to 35 PSU) to reach the desired concentration at the beginning of the photo-oxidative
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treatments. The Banyuls seawater was follow and analyzed by the SOLOMIT project and all
the data are available online [58]. Before inoculation, some of the suspended particles were
removed by 1 um seawater filtration, followed by autoclave sterilization to ensure that only
our target bacteria are present.

Disinfection was monitored by the enumeration of cultivable bacteria on agar plates
with a detection limit of 102 CFU/mL. The culture medium was Marine Agar (Marine Broth
medium with 15 g.L? of agar, 76448, Sigma Aldrich, France) with 10 pg.mL™ of trimethoprim
and all countings were performed in triplicate by drip deposit of 10 pl of a range of serial
dilutions of treated seawater in Lewis seawater (supplementary 2) [59]. Then, agar plates were
incubated at 20 °C for 24 h until counting. In addition to the trimethoprim screen, the
fluorescence of the colonies was checked at 395 nm (Lepro Lampe Torche UV LED) before
cultivable bacteria enumeration to check for potential contaminants. For all counts, a 200 pl
spread of sterile seawater (prior to bacterial inoculation) was used as a negative control to

check for the presence of contaminants in the seawater prior to inoculation.

3. Photocatalysis kinetic law

To determine the disinfection capacity of a photoreactor, we described the phenomenon
both at the scale of the inactivation reaction and at the level of the complete reactor
[25,36,57]. At the reaction level, we need to express a kinetic law representative of the photo-
oxidation process taking place in the photoreactor. This process must represent both the limits
of radical production and the degradation of the target. At reactor level, the aim was to
formalize the variations in the quantity of matter occurring during the treatment, which are
formalized by a mass balance. This balance takes into account the reactor configuration, its

operating mode and the operating conditions applied.



3.1. Kinetic law formalism

Bacterial disinfection follows a 3-step process. In the initial stages of the treatment,
the bacteria experience damage. However, multiple instances of damage are necessary to
hinder the growth process, as previously highlighted in several studies [60-63]. This
requirement for multiple damage events results in an initial shoulder in the disinfection
kinetics. As the treatment progresses, the cumulative damage inflicted on the bacteria
eventually leads to their inactivation. This degradation process can be accurately represented
by the photocatalysis kinetics law. After several hours of treatment, a phase characterized by
a stabilization in bacterial concentration, often referred to as tailing off, becomes apparent.
This phenomenon can be attributed to various factors. It might be associated with the
emergence of bacterial strains that have developed resistance to the treatment, or it could be
due to limitations such as the detection threshold of the culture method or mass transfer
constraints [60—63].

In addition, the inactivation profile depends on the specific bacteria-catalyst
combination. This variability adds complexity to the task of formulating a universally
applicable process suitable for all target microorganisms making impossible the establishment
of a universal kinetic law. To date, many formalisms have been developed for bacterial
inactivation by photocatalysis in freshwater, but none of them has achieved consensus
[25,42-49]. Nevertheless, the majority of the expressions are based on the dependence of the
inactivation rate on the target concentration [29,42-47,49,64,65]. Only few kinetic laws
translate at the same time the impact of both the target concentration and the flux density
applied [24,25]. However, the impact of flux density is a key parameter to describe the

capacity of the photoreactor particularly for solar applications. In this context and considering
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that the incident photons are not applied on the closed fluid loop but only on the irradiated
reactor volume V; (L) across the irradiated surface S, the generic formalism, eq. (1), was
written to consider both impact of incident photon quantity and bacterial quantity.

%

= a (1)

"BSIp+1 B.CV+1

with S the irradiated surface of the reactor (m?), V, the irradiated reactor volume (L), / the flux
density directly measured as a function of the exposition time (W.m2), and C the Vibrio harveyi
concentration at the time t (cfu.L?). The photo-conversion efficiency was carried out by the
constant a (s™1.Jf.cful™).

In this kinetic law, the B’ and n constants reflect the inactivation rate limitation by mass
transfer. The adsorption/desorption equilibrium between bacteria and the surface of the
photocatalyst is reflected by the Langmuir constant B’ (cful). The photons
absorption / Reactive Oxygen Species (ROS) production equilibrium is reflected by the
Langmuir type constant B (W) and the f constant. For example, a value of f equal to 1 and B
to 0 translates a linear dependence of the inactivation rate to the incident photon quantity,
meaning that photon absorption is linearly related to the flux density applied. In this case
there is no limitation by catalyst due to photon absorption. The ROS production rate is directly
related to the flux density. Similarly, a value of f superior to 1 reflects a saturation of the
catalyst by incident photons leading to a decrease of the photo-conversion efficiency.

The specific case of pseudo first-order kinetic law described in the literature can be
represented by the following constant value, n equal to 1, with B and B’ are equal to 0. This
representation shows the direct and proportional dependence of the inactivation rate to the

target concentration and to the flux density [25].
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In this context, and as the identification of the law was done empirically it is preferable to have
limited number of parameters so, five formulations of the rate of bacterial inactivation
derivated from the rate of inactivation present in eq. (1) were selected (eq. (2) to (6)). Those
formulation were chosen to always consider both the effect of the flux density and the target

concentration on the target inactivation.

= a. (S 1) .C.V, (2) Model N°1
= a I grer (3) Model N°2
i = a.(S.Ip) . (C.H)" (4) Model N°3
P = a (C'Vr)n'ﬁ..:ll—((;)-l—l (5) Model N°4
Fo= g0 _Ch (6) Model N°4

"BSIp+1 BCVr+1

3.2.  Mass balance formalism

Several authors have already reported that the inactivation of bacteria by photocatalysis
in freshwater encompasses several concurrent mechanisms [25,26], with the primary ones
being photolysis and photocatalysis. Photolysis directly results in bacterial inactivation
through the direct effects of radiation, playing a significant role in degrading bacteria in
solution. In contrast, photocatalysis is a more intricate process involving various steps. Firstly,
as degradation can only occur in the immediate vicinity of the catalyst, mass transfer (both
target and photon) plays a key role. This encompasses the migration of bacteria from the liquid
phase to the solid catalyst surface, along with the transfer of photons to the catalyst. Once
species are in proximity to the catalyst, photon absorption and bacterial adhesion occurs.
Photon absorption initiates the generation of radicals (ROS) responsible for bacteria

degradation. Lastly, the desorption of degraded bacteria is also crucial, allowing for the
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release of catalyst active sites for the adhesion of other intact bacteria. Hence, Kacem et al.
have highlighted the importance of writing mass balances considering both mass transfer in
the reactor (photon and bacterial transfer) and disinfection kinetics [24,25]. To this end, terms
for catalyst adhesion and inactivation kinetics have been written. As some of the incident
photons may react directly with organic species present in the medium, a photolysis
inactivation term can also be added. But none of those models have been developed for
seawater inactivation. The objective is to determine the kinetic law of V. harveyi inactivation
in natural seawater.

We conducted preliminary experiments at high flux density at 45 W.m™2 to assess the
photolysis of Vibrio harveyi. At this flux density, photolysis-induced inactivation remained
below 20% even after prolonged irradiation, exhibiting a significantly lower inactivation rate
compared to photocatalysis. Therefore, we decided not to model the contribution of
photolysis-induced degradation since it was considered negligible.

Similarly, we have previously conducted adhesion experiments and found that, under the
specific experimental conditions, mass transfer was not a limiting factor [66]. Furthermore, as
adhesion was not a limiting factor, its impact on photocatalysis was also excluded from
consideration.

In addition as bacteria can be sensitive to temperature we ensure the temperature inside
the photoreactor did not exceed 5°C variation throughout the photocatalysis treatment.

Series of photocatalytic experiments were performed in triplicate with an incident flux
density ranging from 10 to 45 W.m™. For all the Vibrio initial concentration (ranging from
10% to 6.10° cfu.mL™), the inactivation at the end of photocatalysis experiment was more than
99% (more than 2 log inactivation). As it was already reported, the bacterial death do not

occur immediately at the start of the treatment, as many ROS attacks are needed to inactivate
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a bacteria leading to a shoulder at the beginning of the photocatalytic treatment [60-63] so
we developed a two-step model, eq. (7). As no adhesion or photolysis were observed with the
strain of Vibrio harveyi used, the mass balance of the reactor can be summarized in batch to
the kinetic law. This equation was written to represent the variation of the bacterial quantity
inside the reactor.

As presented before, the pilot was composed of an irradiated reactor where the
photocatalytic reaction takes place and a recirculation loop to guarantee a perfectly mixed
reactor. The mass balance applied to the target bacteria (C) in the process yield the following
expression considering the overall system reactor as a perfectly mixed reactor (concentration

gradient inside the reactor was very small):

Vr.dC

Fr 0, fort < tspoulder (7)
Vr.dC .
Td_t = -, fort > tsnourder

This mass balance uses a conditional statement, a common practice in the literature, to
characterize the initial shoulder phase. As a result, two balance equations are formulated: the
first describes the shoulder phase, in which the population of viable bacteria remains constant
despite ROS attacks, and the second portrays photocatalytic inactivation in line with the
kinetic law. In those equations, V7=V, + Vioop is the total volume of the reactor (L) comprising
the irradiated volume and the volume of fluid in the recirculated loop, and 7 is the kinetic law

of the bacterial inactivation rate (eq. (2) to (6)).

The reactor can be used in two different ways, the first was the batch mode that we have
present previously, and the second was the continuous mode or open mode. In this mode, the
photoreactor was constantly supplied with the seawater containing the bacteria meaning that
new contaminant (bacteria) was constantly adding to the reactor (the feeding). In the

13



meantime, a part of the liquid was removed from the reactor to ensure that the reactor
volume remain the same (the withdrawal). For continuous operating of the reactor, this
balance needs to take into account the continuous feed of bacteria (first term of eq. (8)), its
degradation in the irradiated photoreactor (third terms of eq. (8)) and the withdrawal of part
of the seawater treated with the photoreactor presented above (second term of eq. (8)).
Moreover, the mass balance with conditional statement as present in eq. (7) was no longer

used as a transitory phase perfectly describe by the eq. (8) was observed instead of the

shoulder.
Vr.dc
Td—t =q.Co—q.C —a.(S. 1) . (C.H)" (8)

with g the flow rate for the feed and racking of the reactor (L.s!) and Co the target bacteria
concentration in the photoreactor feed solution (cfu.L?). Given the thorough agitation in the
photoreactor, the target bacteria concentration remains uniform throughout the reactor.
Consequently, the bacterial concentration at the reactor outlet accurately mirrors the

concentration within the reactor.

3.3. Solarirradiation characteristics

To assess the photo-oxidative capacities of a photoreactor under natural solar irradiation,
dynamic conditions found in several oyster farming regions in France were applied. This
approach consists in applying irradiation set-up representative of varying solar resource
characteristics, such as daily cycles and seasonal variations such as day length, incident solar
flux, and the influence of weather patterns. For this study, we selected three cities situated
near oyster farms along the French coastline: Bordeaux and Nantes on the Atlantic coast and
Montpellier (Thau lagoon) on the Mediterranean coast. Simulations were conducted with a

photoreactor operating under open mode. The kinetic law (Eg. 4) number 3 was used with the
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corresponding parameters identified (Table 1). The mass balance presented in Eq. 8 was
employed to describe the performance of a photoreactor continuously supplied with a
solution containing Vibrio harveyi. The photoreactor was subjected to dynamic irradiation
profiles that represent weather conditions in the selected cities.

The solar resource fluctuates around periods and places, and is by nature a discontinuous
resource at several scales. It is highly dependent on location, but also on the period of the
year. In fact, in addition to fluctuating with the alternating day/night cycle, solar resources
also depend on the cycle of the seasons [32,34,35,67,68].

Resource availability depends significantly on the length of the day and the flux density
received. Depending on the period of year, the day duration will change (Table 2), the shorter
day is the winter solstice (December 21%) and the longer is the summer solstice (June 21%).
Days are almost twice as long in summer as in winter (15h in July vs. 8h in January). Moreover,
the flux density received also changes with the season (Fig. 5a) leading to an increase of the
cumulative energy received on an average day in summer (July) of more than 75% compared
to winter (December) (Table 2). For example, the maximum flux density can reach 50 W.m2
in July, compared with 25 W.m2 in December.

Resource availability fluctuates even on shorter time scales, particularly during daily
periods of cloudiness. These transient cloud cover events have a substantial influence on
resource availability by strongly altering the incident flux density. For instance, as depicted in
Fig. 5b, a cloudy day in July leads to a two-fold reduction in cumulative flux density when
compared to a clear, sunny day. Geographical location plays an essential role in this context.
The three sites chosen to represent French oyster-growing areas located in regions with
distinct climatic conditions. In winter, the difference between sites is greater than in summer,

with 21% more cumulative energy received between Bordeaux and Nantes in January,
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compared with just 5% in July. In addition to variations between months, there are also
variations within a month on the same site (Fig. 2a and b). For example, in July in Montpellier
(southern France, along the Mediterranean Sea), the flux density received can vary from 10-

20 W.m™ on cloudy days to over 45 W.m2 on sunny days (Fig. 5b).

Taking into account the spatio-temporal characteristics of solar resources is essential
for assessing photoreactor performance. This approach enables photoreactor capacities to be
used to predict daily and monthly processing capacities. These considerations are crucial to
adapting the system size to the location and period of operation.

Moreover, it is crucial to note that the solar resource is composed of a large range of
UV (UVA, UVB and UVC) compared to laboratory lamp that have limited range of UV leading
to potential variation on the bacterial inactivation. UVC and UVB are much more energetic
inducing much more damages to cells than UVA but also more less abundant. For example,
Schuch et al. present UV absorption by DNA and the oxidative damage done to it in their revue
and discuss the fact that UVA can do many damages due to it high abundance (more than 20-
fold UVA than UVB on Earth’s surface for only 4.2-fold less absorption by DNA) [69]. Here
bacterial inactivation by solar irradiation were predict based on work done only with UVA light
at lab scale by it was assume that inactivation tendance will remain the same using solar light
assuming than it is mainly composed of UVA. However, as UVB (and few UVC) are also present
in the solar spectra, the intensity of the inactivation will be increased under real solar

irradiation compared to UV lamp leading to a more efficient inactivation.
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4. Results

4.1. Batch photocatalytic reactor, determination of the kinetic law.

The aim of this section was to determine the appropriate kinetic law and to identify the
kinetic parameters. The selected laws allow good fitting of the Vibrio harveyi inactivation on
natural seawater (containing a multitude of salt and other organic residues) while limiting the
number of undetermined parameters to a maximum of 3. This allowed us to obtain a simple
kinetic law highlighting the limitations of both the quantity of incident photons and the
guantity of bacteria. The identification of the unknown parameters (a, B, B’, n, and f) was
performed in Matlab software using the Nelder-Mead simplex algorithm [70] by minimizing
the mean relative error (MRE) define in eq. (9). This criterion compares the calculated
concentration profiles obtained using the ode45 solver to the experimental results. The
unknown parameters were optimized using an experimental dataset of 15 independent
experiments with four UV irradiation levels ranging from 10 to 45 W.m2 and target initial

concentration ranging from 10% to 5.10° cfu.mL™.

MRE = 1 * Znexp Cexp_i—Csimulation._i %100 (9)

Nexp i=1 Cexp_i
with nexp the number of experiments used for the optimization, Cexp and Csimulation the dataset

from the experience and from the simulation respectively.

As shown in Fig. 2, the average kinetics of the experimental data used to identify the laws
all show a shoulder followed by a decrease in bacterial concentration. This profile is in
accordance with the literature [60-63]. The fitting of these experimental curves with all the

kinetic laws allows an MRE lower than 10% (Table 1).
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The kinetic law defined by equations (4) was the best to describe our experimental
inactivation curves with the lowest MRE (Table 1). This law describes the inactivation
limitation by high flux density which is leading to a slowdown in the inactivation rate. When
the flux density is too high, the received photons are too important, the catalyst cannot
generate all the ROS corresponding, resulting in a decrease of the photo-conversion efficiency
in accordance with the dependency lower than one on the flux density I. The Fig. 3 shows the
fitting of the average experimental curve for each condition with the best kinetic curve found.
In this kinetic law, the f value was found to be of a similar order of magnitude (around 0.3) as
the values typically reported in the literature for abiotic targets in freshwater (typically around
0.7) [54]. The f value was lower than 1, reflecting a limitation in photon transfer in the
medium. One hypothesis for the higher limitation in seawater compared to freshwater would
be the absorption of part of the incident photons by salts and other suspended matter.

To validate the selected kinetic law (Eq. 4), two additional batch experiments at 45 W.m2 and
around 5x10% cfu.mL?! were performed. Fig. 4 shows the comparison between experimental
results and in silico inactivation profiles calculated with the kinetic law found previously and
the linear kinetic law. The applied kinetic law and mass balance allowed a good representation
of parts of the experimental inactivation curve. The relative error between experimental
inactivation and simulated inactivation curves was lower than 15% (Fig. 4a and b). Considering
standard deviations on experimental measurements (Fig. 4c), the kinetic law N°3 (eq. (4)) was
used for the following part. It was a simple law with only three constants that also allows us
to well represent our experimentations by considering both the effects of flux density and

bacterial concentration on the inactivation rate.
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4.2. Photo-oxidative capacity simulation under daily conditions in continuous

flow: influences of sunshine discontinuities.

To assess the photo-oxidative capacities of the photoreactor under natural solar
irradiation, the dynamic conditions found in several oyster farming regions in France were
applied. We investigated the reactor's operation under various feeding conditions, including
a range of feed concentrations resembling those found in nature, as well as different

photoreactor flow rates, resulting in distinct residence times within the photoreactor.

4.2.1. Impact of operating conditions on inactivation rate

Based on the mass balance of the photoreactor operating in open mode (eq. (8)),
inactivation kinetics have been simulated under various operational conditions, such as flux
density, bacterial concentration, and flow rate. Fig. 6 illustrates examples of the curves
generated for specific fixed operational parameters throughout the inactivation processus.
Under all operational scenarios, the inactivation curve can be divided into two distinct phases.
The first phase represents the transient step, where the bacterial concentration in the reactor
decreases until reaching an equilibrium state. The duration of this transient mode is directly
related to the hydraulic time (residence time of bacteria in the reactor) and to the operating
conditions. For example, a change in flux density or flow rate will lead to a disturbance in the
system, resulting in transient functioning. When the photoreactor is operating under solar
irradiation, due to the discontinuity of the flux density applied the reactor is constantly in
transient mode. In a second step, the reactor reaches a steady-state condition, in which,
accumulation within the reactor is zero, i.e. there is no longer any variation in the quantity of

bacteria. The quantity of bacteria introduced through the feed reaches an equilibrium with
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the amount removed from the reactor, considering both degradation through photo-
oxidation and removal through racking.

Examining the influence of each operating parameter individually, both the flow rate and
flux density affect the duration of the transient phase and the achieved inactivation rate (Fig.
6a and c). Higher flux density leads to a faster attainment of the steady state with lower
bacterial concentration in the reactor. Similarly, reducing the flow rate enhances bacterial
inactivation. Lowering the flow rate increases the residence time in the reactor, thereby
boosting bacterial inactivation. On the other hand, when the flow rate is too high, the bacterial
input is too high compared to the inactivation and so the concentration at the reactor outlet
is close to the one applied at the inlet. Conversely, while increasing the bacteria concentration
of the feed affects inactivation kinetics, its impact is less pronounced (Fig. 6b).

Now, let's take a closer look at the influence of two key factors already established in the
literature: flux density and feed concentration and their impact once reactor equilibrium is
reached. Fig. 7a and b represent the inactivation rate once the reactor is in steady state as a
function of the flux density (a) and the bacterial concentration (b).

In the literature, the reactor performances are correlated to the flux density, as it was
showed for abiotic pollutant the quantum vyield of the reaction is higher at low flux density
and then decreases with the increasing flux density [71]. As shown in Fig. 7a, the rate of
bacteria inactivation is strongly influenced by flux density by the amount of photons received.
The influence of flux density on bacterial inactivation rate can be divided down into several
parts. This pattern was already observed for abiotic pollutant such as phenol [37]. The
inactivation rate is strongly dependent of the flux density below 25 W.m™2. Then for flux

densities superior to 25 W.m, the inactivation rate slows down and tend to a plateau until
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after 50 W.m2 no improvement is observed. The plateau observed for high flux densities
reflects that the ROS production is maximal, enabling maximum target degradation [31,54].

Fig. 7b shows the variation of the inactivation rate as a function of the pathogen
concentration in the feed solution. At low bacterial concentration, the inactivation rate was
limited by the mass transfer. The mass transfer governs the photo-oxidation reaction,
highlighting that bacteria must be in the vicinity of the catalyst particles for inactivation. Then,
when the bacterial concentration is high enough, the rate of inactivation is correlated with the
increase in bacterial concentration. Thus, the photo-oxidation reaction is governed by the
reaction regime. For the three flux densities presented, the curves showing the evolution of
the inactivation rate as a function of the reactor feed concentration overlap.

4.2.2. Solar irradiation influence

To evaluate the influence of sunshine conditions on the photoreactor's daily treatment

capacity, treatment capacities were simulated for three oyster production sites and for each
month of the year (average day, sunny day and cloudy day). Simulations were performed with
irradiation data from Meteonorm software for three French cities (Bordeaux, Nantes and
Montpellier). The simulations of bacteria inactivation for average monthly days in Montpellier
(Fig. 8a), Bordeaux (Fig. 8b) and Nantes (Fig. 8c) were reported in Fig. 8 for a feed solution of

1 mL.min? at 10* cfu.mL in a 0.3 L photoreactor (with an irradiated surface of 0.015 m?).

On an average day, the inactivation kinetics consistently exhibit a common pattern,
regardless of the city or period of the year. Three distinct phases are observed. During the
morning, when irradiation levels are low, bacterial concentrations decline rapidly, reaching a
plateau around mid-day. As the Fig. 7a show, the inactivation rate stabilizes at flux densities

above 25 W.m™. However, at mid-day, whatever the location or season, flux density values
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exceed this value. Consequently, the concentration in the photoreactor reaches a plateau
when the flux density exceeds 25 W.m™. As the day progresses and the flux density decreases
to zero in the evening, the bacterial concentration gradually rises, returning to the inlet
concentration level. This profile fit with the literature for daily freshwater decontamination
both for real and simulated irradiation [57].

A more detailed examination of monthly inactivation patterns reveals a consistent
profile across different locations. In Montpellier, for instance (Fig. 7a), bacterial inactivation
rates intensify in correlation with the amount of sunshine. High flux density months occurring
during day length exceeding 13 h of irradiation (mostly summer months) have a higher
inactivation levels compared to Winter months. Months with sunnier and longer days, such as
Summer, exhibit higher inactivation rates as well as more prolonged maximum inactivation
plateaus. Conversely, winter months, characterized by limited sunshine and shorter days,
display lower inactivation rates and shorter plateaus. Transitional months with moderate
sunshine, like spring and autumn, fall in between these two categories. When comparing
winter and summer months, the duration of the maximum inactivation plateau is directly tied
to the length of daylight. The day length, preferably before the level of flow density, is the key
factor to determined photoreactor’s capacity. It will impact the duration of photocatalysis and
therefore the photoreactor's capacity by improving both the treatable volume and the total
guantity of inactivated bacteria per day. On the other hand, the higher flux density (received
during the summer months) enables us to achieve better inactivation rates (lower bacterial
concentration). As observed in Fig. 7, the inactivation rate tends to a maximum at high flux
densities, which explains the plateau in bacterial concentration during the mid-day. The same

observation was done for other locations.
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The comparison of the reactor's degradation capacity over the seasons shows that this
is not significantly different. Moreover, the maximum inactivation rate in winter is only 0.2
logarithms lower than that in Summer, attributed to the inactivation rate's dependence on
flux density, which follows a 0.23 order pattern. The degradation capacity of the reactor is
strongly correlated to the irradiance. As depicted in Fig. 7, once irradiance exceeds 25 W.m?2,
the inactivation rate experiences minimal variation, resulting in similar inactivation rates
between winter and summer. The limitation by the flux density is particularly striking on Fig.
8d which represents the inactivation of Vibrio harveyi for all three locations in July. The flux
density received by the photoreactor is different between the tested location, but the
inactivation rate is similar. At Montpellier, during the day, the photoreactor receive more than
450 kJ with a maximum of 40 W.m™ versus around 375 kJ at Bordeaux and Nantes with a
maximum of 35 W.m™2. Those irradiations allow to achieve an inactivation of 2.5 log
corresponding to an inactivation of 99.7% of the incoming bacteria. The same observation has

also been done for all months.

Focusing now on the effects of weather conditions, irradiation between days varies
significantly (Fig. 5). Looking at inactivation on three typical summer days in Montpellier (Fig.
8e), corresponding to a very sunny day (day 1 on Fig. 5b), a very cloudy day (day 2 on Fig. 5b)
and an average day (day 3 on Fig. 5b). The influence of irradiation intermittencies on the
photocatalysis efficiency is clearly visible. As Fig. 8e shown, on a cloudy day, the outlet
concentration changes over the day according to irradiation (cloud passage). The average
inactivation rate is 4.1x103 cfu.h™? for a cloudy day of July in Montpellier versus 4.3x103 cfu.h

! for a sunny day. The cumulative amount of energy received on a sunny day is twice more
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than for a cloudy day with rapid and important variations of the flux density resulting on

diminution of cumulative amount of energy received.

To conclude, the bacterial inactivation is driven by the total cumulative amount of
energy received. This amount of energy is correlated to the level of irradiation and the
sunshine duration. As the inactivation rate is stable for irradiation greater than 25 W.m the
bacterial inactivation is primarily driven by the duration of daily irradiation, rather than the
total irradiation received. Notably, as the bacterial inactivation rates are significantly
influenced by irradiation fluctuations when irradiance remains below 25 W.m2 it still remains
a relevant factor for low irradiance conditions such as during cloudy days when irradiance
rapidly drops. However, across the multiple locations examined, this threshold value is
typically surpassed. It is only during cloudy days that variations in irradiance have a notable
impact on the inactivation rate and, consequently, on inactivation capacity. Therefore, to

develop a real-time solution to effectively manage these intermittent conditions is crucial.

5. Discussion

5.1. How to manage solar intermittencies ?

Managing fluctuations in solar resources is one of the main challenges facing solar
photocatalysis. To compensate for the fluctuation in solar resources, most authors focused on
the development of new materials [72,73]. These materials, typically relying on activated
carbons, offer the capability to store targets when sunshine is limited. Subsequently, during
periods of intense sunshine, the targets present in the water can be effectively eliminated
through photocatalysis. In the present work, the goal is to introduce an intermittence

management system at the photoreactor scale by adjusting operational parameters, such as
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the flow rate. The objective is to modulate the reactor's flow rate with prevailing sunshine
conditions.

In a perspective of application for living organisms such as oysters, it is necessary to be
able to guarantee a constant inactivation rate and seawater quality. We considered that
treated seawater is sufficiently disinfected for aquaculture if the outlet bacterial
concentration is less than 10 cfu.mL? with an input bacterial concentration of 103 cfu.mL™?
[74]. This corresponds to a bacterial inactivation of 99% (2-log inactivation). In the example of
a photoreactor of 0.3 L (with an irradiated surface of 0.015 m?) fed with a constant flow of
1 mL.min? of a solution at 10° cfu.mL?, this configuration will achieve less than 1.7 log
inactivation (i.e. an inactivation of 98% of the incoming bacteria) at best of the day in July (Fig.
9). But, during cloudy days, the inactivation rate barely surpasses 96%. The treatable volume
of seawater with 99% inactivation of the incoming bacteria was 0. So, this operation produces
9 L of seawater per week with an inactivation of 90% of incoming bacteria.

To achieve higher inactivation rates, modulate the retention time inside of the reactor by
adapting the flow rate to the irradiations can be an alternative solution to increase the daily
treatment volume while ensuring consistent quality at the reactor outlet (Fig. 9b) and
maintaining a constant bacteria concentration regardless of irradiation, weather conditions,
or day length (Fig. 9a). In this simulation, the constraint was to achieve and maintain an
inactivation of 2 logs in the reactor, whatever the irradiation by adjusting the flow rate. For
instance, on sunny days, such as the first day of the week in Fig. 9, it is possible to produce
200 mL with a Vibrio concentration lower than 10% cfu.mL?, whereas, on cloudy days (as
indicated in Table 3) only 152 mL can be produced. While the treatable volume is somewhat
reduced during cloudy days, the seawater quality at the photoreactor outlet is maintained

during periods of low light irradiation, which includes cloudy periods, sunrise, and sunset. The
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adjustable flow rate allows for the adaptation of the inactivation rate to weather conditions,

thus mitigating its impact.

By adjusting the flow rate with irradiation conditions throughout the day, a consistent
bacterial inactivation rate of 99% can be sustained from dawn to dusk. This results in a total
volume of 1.3 liters of seawater disinfected at a 99% rate over the course of a week, in
comparison to 0 liters disinfected to 99% when a constant flow rate of 1 mL.min™ is used.
Employing a variable flow rate enhances the reactor's performance in terms of daily treatable
volume and outlet seawater quality. However, it is important to note that as the flow rate is
significantly reduced to enhance seawater quality, the average inactivation rate is likewise
reduced (refer to Table 2 for the average inactivation rate). Therefore, by adjusting the
photoreactor flow rate between 1 and 19 mL.h* during the day, the bacterial concentration
at the photoreactor outlet can be consistently maintained at over 90% of inactivation for one
week (7 days). Modulating the flow rate enables reaching a more effective inactivation rate,
even though it may limit the volume that can be treated. Conversely, maintaining a constant
higher flow rate increases the treated water volume but does not ensure an adequate level of

disinfection.

5.2. Photoreactor design for aquaculture facilities

This approach can be adapted to a solar installation that meets the demands of
aquaculture facilities. The tools developed previously were applied to forecast the
performance of a full-scale pilot system. This scale up was grounded in the kinetic law (eq. 4)
and mass balance (eq. 8) established to determine the inactivation of Vibrio harveyi within a
continuously operating photoreactor under solar irradiation. A solar photoreactor with a

surface area of one square meter and a volume of 19.7 liters served as a reference to project
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the treatment capacity of a facility. The predictions were generated with the goal of achieving
a 99% reduction rate by adjusting the flow rate based on the irradiation levels. For each
average day representative of the different months of the year in site (based on average day,
Table 2), the retention time is adapted to the irradiation. It is therefore a matter of adjusting
the flow rate to ensure 99% inactivation of the incoming bacteria. In these conditions, the
treatable volume per day was reported in Table 4. For all three locations, the maximum
treatable volume with suitable seawater quality is achieved in summer with 85L disinfected
by day. In winter, due to less favorable irradiation conditions (both in terms of duration and
guantity), the volume of seawater that can be treated is significantly lower, at around 30-40 L,
a half the volume of sunny summer days.

In land-based aquaculture facilities like nurseries, the demand for water is substantial,
often in the order of several cubic meters per hour per nursery tank [7,10]. Typically, oyster
nurseries are generally made up of several large basins, each receiving a continuous supply of
seawater. These basins serve for pre-growth of the oyster spats until they reach a weight of
approximately 20 grams [75]. Due to this very large seawater demand, seawater is actually
rarely disinfected in nurseries. For instance, considering a single nursery tank with a flow rate
of 2 m3.hin January, an 1 285 m? photoreactor with a volume of 25.3 m? would be required
for Montpellier and a 1 543 m? photoreactor with a volume of 30.4 m3 would be required for
Nantes. If this is extrapolated to a real installation with multiple parallel tanks, the reactor size
would need to be scaled up depending on the number of nursery basins, rendering the
required reactor sizes impractical for such installations (more than a thousand square meters
required for the photoreactor).

On the other hand, there are other aquaculture installations whose seawater

requirements are lower in terms of quantity, that make them better suited to solar treatment.
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For example, during the growth stages of oyster larvae, much less seawater is needed. The
larvae are placed in batch tanks of a few cubic meters. The seawater in these tanks is
occasionally renewed. Considering a hatchery with 3 m?® tanks and based on the lowest
treatable volumes (obtained with December irradiation, Table 4), a 86 m? photoreactor with
a volume of 1.7m3 would be required for Montpellier and Bordeaux, and a 92 m?
photoreactor with a volume of 1.8 m3 for Nantes. Such photoreactors would enable seawater
to be disinfected to a sufficiently high quality over a day. Hence, it becomes necessary to
adjust the filling schedule of hatchery tanks in accordance with the availability of solar
resources, such as using treated water during daylight hours to fill the hatchery tanks with
disinfected seawater in the evening. Hatcheries do not have just one tank, but several parallel
ones that also need to be filled. To optimize the use of the photoreactor for seawater
disinfection and decontamination, it would be possible to fill the different tanks on different
days. In addition, many facilities have seawater reserves of several hundred cubic meters
upstream of nurseries and hatcheries. These seawater reserves are often subjected to natural
solar irradiation with a large irradiated surface area and low seawater thickness, making them
an ideal candidate for photocatalysis. These basins could be easily adapted for pool-type
photoreactors which are proving to be robust and easy to use pilots [76].

The process as presented in this study with these treatment capacities and dimensions can
also be adapted for experimental plants. In fact, these plants are scale models of industrial
aquaculture plants and therefore require lower treatment volumes [8]. For example, Ifremer's
marine mollusk platform (near Nantes, in Bouin, France) has a small hatchery for studying
larval rearing, either continuously in small 5L reactors or batchwise in 30 L tanks [8].
Considering the treatment capacities per square meter demonstrated in our study, it appears

highly suitable to explore applications for this type of experimental facility. Like many
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aquaculture facilities, the experimental platform features settling tanks of several hundred
square meters in size, with low water volumes and large irradiated surfaces, facilitating the
use of solar resources for photocatalysis [9]. In the case of experimental platforms, the
effluent leaving the platform also needs to be disinfected before being released into the

environment, to avoid discharging pathogens or other non-endemic biological compounds.

6. Conclusion

This study focused on the production of biosecure seawater for oyster farming and
production applications using photocatalytic process. The water used must comply with
certain constraints in terms of both biological quality and volumes available per day. In this
context, a preliminary study aimed at estimating the daily capacity of a solar photo reactor
was proposed based on biotic degradation using a three-stage approach.

The first part was dedicated to the selection of a kinetic model representative of the
bacterial inactivation process, followed by the identification of the key kinetic parameters. A
kinetic model, established with a number of reduced parameters, has proven to be
representative of the experimental results obtained under different operating conditions. The
experiments carried out for different concentrations of target bacteria and under different
irradiation conditions were well represented by the selected model. This model also
highlighted the influence of the two key variables, bacterial concentration and flux density.
The focus was then placed on predicting processing capacity under solar irradiation
conditions. Irradiation setpoints representative of daily and monthly sunshine were applied.
Fluctuations in irradiation conditions on a seasonal scale (length of day and daily flux density
cycle), as well as intermittency linked to meteorological conditions, were taken into account

to establish the photoreactor's capacity to treat the bacteria contained in seawater. First of
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all, it emerged that the length of the day, which varies according to the season, is a key point
for scaling up the reactor. Optimum daily treatment rates were achieved at low flux densities,
and a concentration plateau, independent of high flux density, was obtained from the first few
hours of sunshine. It has also been shown that the flux densities are insufficient to achieve a
99% inactivation rate, whereas the treatment is very effective in the middle of the day (higher
than 99.99%).

In order to manage the intermittency of the solar resource, it was proposed to
modulate the flow rate according to the irradiation conditions. The flow rate for each flux
density received during the day has been adapted to comply with an inactivation rate of 99%.
This alternative makes it possible to manage the intermittency associated with the solar
resource, by obtaining volumes of seawater capable of meeting production requirements
while complying with removal constraints for the targeted pathogenic bacterial strain.

Finally, based on our results, we proposed to predict the treatment capacities for
different oyster farming applications. Because of the specific nature of the solar resource and
the very high biosecured seawater requirements of oyster farming both in terms of volume
and flow rate, photoreactors are not suitable for large-scale applications. However, this
technological solution could be deployed for more specific uses that consume less water. The
use of seawater for oyster hatcheries, or the development of pre-industrial installations,
corresponding to daily volumes of the order of a few cubic meters, could be envisaged.

It is important to highlight that photocatalytic treatment can both degrade at the same
time biotic and abiotic contaminant where to date hatcheries have to combine UVC
disinfection to activated carbon column to achieve both biotic and abiotic pollutant

elimination.
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Availability of data

All the code wused for the simulation of this publication are available on:

https://github.com/CecileBlanchon/PhotocatalysisModelization.git
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Figures :

Figure 1: Presentation of the apparatus (drawing from Roger Garcia, PROMES): pilot (a) composed of the photoreactor (1),
the recirculating loop (2) with the centrifugal pump (3) and the UV LED panel (4). The figure (b) shows a closed view of the

photoreactor.
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Figure 2: Photocatalysis of Vibrio harveyi in batch (a) at different flux density (10 W.m?2 (x), 20 W.m (x), 35 W.m2 (x), and
45 W.m2 (x)), and (b) at different bacterial concentrations (at 35 W.m2). Experiments were performed in natural seawater
(pH 8 et salinity of 35 PSU) with titanium dioxide concentration of 4 g.L1. Each experimental point was the average of three

experiments with a variation coefficient lower than 35%.

Table 1: optimal constants found from batch experiments

o (st | n f B (L.cful) B’ (mzwW-) MRE (%)
f.cfuln)
Model N°1 0.003 0.337 6.0
7 = a.(S.Ip).C.V,
Model N°2 0.004 0.338 1.4x1016 6.0
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Model N°3 0.0007 | 1.13 0.311 5.6

P = a.(S.Ip) . (C.H)"
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Figure 3: Kinetic inactivation curves obtained for the determination of the best fitting kinetic law : model N°3, (—) for
I=10 W.m2and Cp=10°cfu.mL, (—) for | = 20 W.m2 and Cp= 10° cfu.mL, (—) for | =35 W.m2 and Co= 10° cfu.mL?, (—)

for 1 =45 W.m? and Co= 10° cfu.mL, and (—) for | = 35 W.m>2 and Co= 10° cfu.mL",
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Figure 4: Kinetic inactivation curves obtained for independent experimental data (a) model N°1 (MRE = 4% and 11%
respectively for the experimental data N°1 and N°2), (b) model N°3 (MRE = 4% and 8% respectively for the experimental
data N°1 and N°2), and (c) the diagram of dispersion for the comparison of the experimental results (two experiments at |
=45 W.m-2, with an initial concentration of 5x103 cfu.mL? in blue and 4x10* cfu.mL? in red) and the calculated results

Table 2: solar characteristics for each month at each French place (based on Meteonorm data)
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Figure 5: Received flux density (UV part of the global radiation, around 5%) in Montpellier (a) over a year, and (b) over a

week in July, and (c) for average day of each season: — Summer, — Spring, — Autumn, and — Winter,.
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Figure 6: individual influence of each operating parameter on bacterial inactivation by open mode photocatalysis: (a)
different flux density | with Co = 103 cfu.ml’* and g = 1 mL.min"L, (b) different bacterial feed concentrations Co with

I=30 W.m2and g =1 mL.min-, and (c) different flow rates q with Co = 10° cfu.ml* and | = 30 W.m2,

40



Inactivation rate (cfu/h)

x10°

foocuuuuu
6

551

»
o

3;)

o00000O0O0

-

35

25

oco00000O0

o o0o (e} o [=]

0

50 100
Flux density applied (W/m?)

10°4

V.harveyi cells (cfu/ml)
3
S

| (W/m?)

Time (h)

10°4

V.harveyi cells (cfu/ml)
3
S

Time (h)

150

25

Inactivation rate (cfu/h)

051

»n
T

x10'®

o

@ L

10°

10' 10?

10° 104 10° 108

Incoming Vibrio concentration (cfu/mL)
Figure 7: Inactivation rate once the equilibrium of the reactor was reached depending (a) on the flux density applied (with

a feed solution of bacteria of 10° cfu.mL? (0), 2x10° cfu.mL™? (0), and 3x10° cfu.mL? (0)), and (b) on the feed solution
concentration (with a constant irradiation at 10 W.m2 (0), 30 W.m2 (o), and 45 W.m2 (0)). (simulations performed with a
constant flow rate g = 1 mL.min"! using the same photoreactor dimension of that one used in batch).
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Figure 8: Daily Vibrio harveyi inactivation by photocatalysis for average day of each month in three locations close to
aquaculture facilities (simulation performed with a constant flow rate q = 1 mL.min"1 and an feed solution at 103 cfu.mL™
of Vibrio harveyi bacteria using the same photoreactor dimension of that one used in batch) (a) in Montpellier (France), (b)
in Bordeaux (France), (c) in Nantes (France), (d) comparison of the three locations for the average day of July, and (e)
comparison of daily irradiation in July at Montpellier.

Table 3: flow rate modulation effect on reactor performance, with cloudy day corresponding to day 2 of Fig. 9, sunny day to
day 1 and average day to day 3.

Constant flow rate (1 mL.min!) | Modulated flow rate
. Cloudy Sunny Average Cloudy Sunny Average
Unit
day day day day day day
Cumulative energy |\, 756 1568 | 1123 756 1568 | 1123
received
Average cfuh® |4610 |4124 |4651 737 928 870
inactivation rate
Volume of outlet at
L 152. 199. 185.2
99% inactivation m 0 0 0 >2.4 99.8 85
a b.
éwa? i :>E EDE‘ zs‘j;;
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Figure 9: Bacteria inactivation depending of the applied flow rate (a) Vibrio harveyi concentration in outlet of the
photoreactor depending on the flux density received on 7 days in July at Montpellier with an income pathogen
concentration of 103 cfu.mL, and (b) the applied flow rate. (—) with constant flow rate g=1 mL.min-, or (- -) with variable
flow rate determined to inactivate 99% of income pathogens
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Table 4: average daily treatable volume per square meter of photoreactor

& - @ s
E |8 | .| = g .| 8
2 (53| § 0 28| < | » Sl g 8|8
=8 = c 2 s IS ] < = 1 5 5 5]
T L 5 3 Ky i = b = 3 E < n (e} a
= 3 i o
- = | Volume treated by day (L/day)
Montpellier 19.7 38.9 50.2 61.8 72.0 81.1 87.2 86.5 77.4 66.8 52.7 34.7
Bordeaux 19.7 35.7 46.1 59.0 69.5 79.0 83.8 82.2 75.5 65.1 51.5 34.8
Nantes 19.7 32.4 43.9 57.1 69.5 79.4 84.2 82.4 75.6 64.8 49.2 32.6
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