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ARTICLE INFO ABSTRACT
Keywords: In this work the effect of water temperature (6 & 1 °C and 22 + 1 °C) on inactivation of bacteria (104 ~10° CFU
Aquaculture streams mL~Y; Pseudomonas spp., Aeromonas spp. and Enterobacter spp.) in simulated aquaculture streams (SAS) using

UVA-based AOPs
Solar AOPs
Low temperature

UVA based advanced oxidation processes (AOP) (HOo-assisted UVA; photocatalysis; HaOo-assisted photo-
catalysis) and solar driven AOPs (H3O»-assisted solar disinfection, SODIS) was studied. Efficiency at 22 °C in
terms of inactivation rate was higher using Hy05-assisted photocatalysis (H02/UVA-TiOy/polysiloxane) >
H,0-assisted UVA disinfection (UVA/H20; — 10 mg Lh > photocatalysis (UVA-TiOy/polysiloxane) > UVA
disinfection. At low temperature (6 °C) the inactivation rate increased with SODIS/H305 > SODIS > HyO02-
assisted UVA disinfection (UVA/H202 — 10 mg L'h > H0z-assisted photocatalysis (H202/UVA-TiOy/poly-
siloxane) > photocatalysis (UVA-TiOz/polysiloxane). The main results indicate that the inactivation rates
increased when hydrogen peroxide (10 mg L) was used during HyO,-assisted UVA disinfection and photo-
catalysis. In addition, exposure of SAS to hydrogen peroxide for 24 h (in absence of light) at room temperature
decreased the subsequent exposure UVA irradiation dose by almost four times.

Drastic increase of inactivation rate was observed at low water temperature (6 + 1 °C) when UVA- and solar-
based AOPs were employed compared to 22 + 1 °C. The treatment with SODIS proved to be more effective in
Finland than in Spain. The effect of the low temperature (6 + 1 °C) was proposed as a critical factor during UVA
disinfection (UVA/H202 and photocatalysis) that can increase the disinfection rate constant (kpyay) by 1.3-5.2
times, leading to a reduction of the treatment costs (€ m’3) by 1.3-3.3 times. The mechanism of observed
enhanced disinfection at low water temperature (6 + 1 °C) when natural solar light and UVA are employed as
irradiation sources for UVA/H202 and photocatalytic bacteria inactivation was proposed. No regrowth was
observed in case of HyO5-assisted AOPs.

1. Introduction world capture fisheries production has been stabilized, aquaculture has
to take responsibility for achieving the production targets that the

In 2018, the Food and Agriculture Organization of the United Na- world’s population requires. This implies that world aquaculture pro-
tions (FAO) published official statistics on fisheries and aquaculture duction will continue to increase every year. For instance, the aqua-
highlighting that global fish production reached 171 million tonnes, culture production reached 110.2 million tons in 2016 with a value of

47% of which comes from aquaculture. Taking into consideration that 243 500 million USD (FAO, 2018).
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Aquaculture systems can be classified according to different pa-
rameters (Soltan, 2016) such as water exchange (open, flow-through or
recirculating system). In the case of recirculating systems, e.g. recircu-
lated aquaculture systems (RAS), the water flows through a closed sys-
tem and the growth of the fish takes place under controlled conditions
(e.g. pH, salinity or oxygenation). The use of water in RAS is very low
compared to other systems like flow-through, the discharge of contam-
inated water is also lower while production yields can be higher (Dauda
etal., 2019). Therefore, RAS is increasingly developed and postulated as
one of the best options to meet the future demand for fish worldwide
(Edwards, 2015; Ranjan et al., 2019).

Regulation of organic matter, nitrogen species, dissolved gases, pH,
alkalinity, salinity and pathogenic organisms is required in order to
ensure proper operation of RAS. Pathogens are of high concern in RAS
due to risk of infection of fish and other reared organisms such as
mollusks or crustaceans. The most studied target bacterial genus in
aquaculture are Vibrio, Aeromonas, Pseudomonas, Flavobacterium and
Lactococcus (Culot et al., 2019). The most commonly used technologies
for water disinfection in RAS are UVC treatment (Sharrer et al., 2005),
chlorination (Ben-Asher et al., 2019), ozonation (Davidson et al., 2011),
disinfection with peracetic acid (Liu et al., 2016) and/or hydrogen
peroxide (Schmidt et al., 2006). The challenges faced by fish farms using
these technologies are related to energy use, cost of chemicals and
possible toxicity of chemicals to fish or other reared organisms (Badiola
et al., 2018; Chhetri et al., 2019). This can decrease the profitability and
increase the costs and carbon footprint of aquaculture production.

During the last decades, alternative and environmentally friendly
disinfection technologies are emerging, such as AOPs and SODIS. AOPs
are promising techniques for disinfection of various water matrices
(Levchuk et al., 2019, 2018; You et al., 2019). Among main advantages
of AOPs are absence of solid waste generation (for majority of AOPs) and
its non-selectivity. However, there is scarce information on the disin-
fection of aquaculture waters/streams. In fact, almost in all studies
focused on the disinfection of aquaculture waters the UVC lamps were
used (Jorquera et al., 2002; Kasai et al., 2002; Summerfelt et al., 2009;
Torgersen & Hastein, 1995). The main disadvantages of traditional UV
lamps include capital, operational and maintenance costs, contamina-
tion risk due to mercury residues and short lifetime (Prasad et al., 2020).
An alternative to traditional UV lamps and more environmentally
friendly source of artificial irradiation is light-emitting diodes (LEDs). In
comparison with conventional UV lamps LEDs have a longer life time, do
not contain toxic elements, have compact size and are more energy
efficient (Chang et al., 2012). Only a few studies have reported appli-
cation of LEDs-based disinfection methods for inactivation of pathogens
in aquaculture streams using UVA (Qi et al., 2020) and UVC LEDs
(Moreno-andrés et al., 2020). Thus, it is important to study feasibility of
LEDs as irradiation source for water treatment and disinfection of
aquaculture water (Song et al., 2016).

SODIS is widely studied in the field of wastewater and drinking water
treatment (Figueredo-Fernandez et al., 2017; Giannakis et al., 2016;
Zhang et al., 2018), but its viability for aquaculture water is not well
established. The effect of water temperature on SODIS has been studied
and synergistic effects at water temperatures above 45 °C was reported
by many researchers (Giannakis et al., 2014; Joyce et al., 1996;
McGuigan et al., 1998). Interestingly, an antagonistic effect of temper-
ature in the range 30 — 40 °C was suggested recently (Giannakis et al.,
2014; Vivar et al., 2017). In addition, the combination of UVA irradia-
tion along with hydrogen peroxide can possibly generate damage of
DNA and cellular proteins that leads to a total inactivation of high
concentrations of bacteria (Hamamoto et al., 2007; Villar-Navarro,
Levchuk, Rueda-Marquez, & Manzano, 2019).

However, to the best of our knowledge, there are no studies at lower
water temperatures (below 10 °C), which are typical in different climatic
zones (e.g. Nordic countries, North of India, etc.). Taking into consid-
eration that many aquaculture systems are located in Nordic countries,
the effect of lower temperatures on disinfection using UVA- and solar-
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based AOPs may be of particular interest for practical applications. A
step forward was taken in this study and effect of low water temperature
(6 £ 1 °C) on inactivation efficiency of target bacteria in simulated
aquaculture streams using UVA- and solar-based AOPs as alternative and
environmentally friendly irradiation sources was studied. These tech-
nologies were also compared at water temperatures of 6 and 22 °C.
Regrowth of target bacteria have studied after 24 h for all tested tech-
nologies. Operational costs of studied disinfection methods were
evaluated.

2. Material and methods
2.1. Water matrix

The water for experiments was taken from the Gulf of Finland, the
location of sampling point is shown in Fig. 1. Taking into account that
concentration of bacteria in natural brackish water was relatively low
(~10% CFU mL ™) yeast was added in order to reach concentration of
target bacteria representative for aquaculture streams (10* — 10® CFU
mL™Y). Before each experiment brackish water was first filtered through
1.6 um and, after 5 mg L 'of yeast was added, water was kept at 37 °C
during 24 h. During preservation of brackish water with yeast at 37 °C
the bottles were slightly opened for gas exchange.

After testing how addition of various concentrations of yeast (5 mg L
1 _100 mg L'Y) affect bacteria growth, the optimum yeast concentration
was selected. The main criteria for selecting optimal yeast concentration
were (i) leading to high concentrations of bacteria, (ii) does not lead to
increase of the total organic carbon (TOC). Thus, concentration of 5 mg
L1 was chosen as an optimal (Figure S1). Bacteria concentration after
yeast addition was in the range of 10* - 10° CFU mL™!, which is
representative values for RAS stream as described in the literature (de la
Pena et al., 2001; Suantika et al., 2018). As it is fresh water, the final
concentration of bacteria depends on the water sampled. The physic-
chemical characterization of natural brackish water and simulated
aquaculture stream (SAS) are shown in Table 1. The transmittance of
SAS was measured after increasing the concentration of target bacteria
in the range 280 — 400 nm. It should be noted that in all cases the
transmittance was higher than 90%.

Bacteria present in the SAS were isolated using TCBS agar. Growth of
green, yellow and orange colonies was observed (Figure S2). Green
colonies were identified with the genus Pseudomonas sp. (98 — 99%
similarity) and the yellow colonies with the species Aeromonas salmo-
nicida (97% similarity). The less frequent isolated colonies (orange)
were identified as Aeromonas veronii (98% similarity) and Enterobacter
cloacae (98%). Further information about bacterial strains is presented
in Table S1. The three genus, Pseudomonas, Aeromonas and Enterobacter
have not been identified precisely as pathogenic bacteria, although are
of interest in aquaculture, as they have been reported as pathogenic
bacteria for fish and invertebrates and have a negative impact on
aquaculture production (Culot et al., 2019; Gao et al., 2016; Gongcalves
Pessoa et al., 2019; Zepeda-Velazquez et al., 2017).

2.2. Preparation and characterization of TiOz/polysiloxane thin films

AOPs for photocatalytic inactivation of pathogens in the water was
supported by nanocomposite TiO,/polysiloxane coatings prepared by
means of material printing technique using inkjet printer Fujifilm
Dimatix 283. The photocatalytic activity was the composite was
demonstrated in (Homola et al., 2016), and the coatings also show a
great promise in other solar energy-related applications such as thin-film
perovskite solar cells (Homola et al., 2020a). Thin films were printed on
flexible polyethylene terephthalate (PET) substrate, and the advantage
of this method lies in the possibility to produce photocatalyst on large-
scale (hundreds square m? by roll-to-roll manufacture), and thus rep-
resents a low-cost approach for AOPs supported water disinfection. The
printable ink was created from the dispersion (6 mL) of TiO;
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Fig. 1. Map (left) and photo (right) of the sampling point and 1 L plastic bottles used at Gulf of Finland (Espoo, Finland).

Table 1

Physico-chemical characterization of the tested water before (without filtration)
and after filtration and the addition of yeast (simulated aquaculture stream) and
stored in dark at 37 °C. Mean value and standard deviation.

Parameter Before addition of yeast After addition of yeast
TDN (mg L) 0.3+0.2 0.8+0.2
TDP (ug L) 38+1 80+1

COD (mg L) 7.7 £ 0.1 8.7 £ 0.3
TOC (mg C L) 7.1+06 8.2+0.2
Conductivity (mS cm™!) 102+ 1.9 9.8+ 1.2
Salinity (%o) 49+0.1 49+0.1

pH 7.7 + 0.4 8.0+ 0.2
Hardness (mmol L) 9.7 +0.3 9.8+ 0.1
Transmittance (365 nm, %) 87 +4 9 +1

Fe (ug L) 13.7 £ 0.7 13.7 £ 0.7

Ti (ug L) 5.4+0.3 5.4+0.3
CFU mL™! 91 +12 7-10* — 2:10°

nanoparticles (Evonik Aeroxide P25) in Dowanol PM (20 wt%) and
mixed with siloxane binder (20 wt% in anhydrous ethanol) and iso-
butanol (8 mL). Then, about two em® of glass balls (1 mm) were added to
prepared ink and left overnight on an oscillating shaker (1000 rpm).
Final ink solution with TiOj:Siloxane ratio of 75:25 was then used for
printing of thin films as reported elsewhere (Homola et al., 2016; Lev-
chuk et al., 2019). The thickness of printed films was about 300 nm.
Scanning electron microscopy (Nova NanoSEM 450) and atomic

force microscopy (AFM, Ntega Prima NT-MDT) were used to examine
the morphology of printed TiOs/polysiloxane thin films. Bonding state
of printed coatings was evaluated by means of Horriba LabRAM HR
Evolution microraman spectrometer with 532-nm laser.

Water contact angle of TiOy/polysiloxane thin films was measured
using OCA 15plus connected to digital camera (NEURTEK Instruments).
The 5 pL droplets of Milli-Q water were placed on the surface of TiOy/
polysiloxane coatings before photocatalytic experiments. Three mea-
surements were performed and mean values were evaluated.

2.3. Experimental procedures for disinfection of simulated aquaculture
stream

2.3.1. Experimental procedure for UVA-based AOPs

The Hy05-assisted UVA experiments were performed in batch oper-
ation using a glass reactor filled with 1200 mL of simulated aquaculture
stream. Continuous magnetic stirring was applied during all experi-
ments (Fig. 2A). The height of the water column was 8.5 cm. The dis-
tance between the water surface and the irradiation source was 1 cm.
The UVA-LEDs (365 nm) were used as irradiation source. The UVA
irradiance on the surface of the water (46.5 + 0.6 W m~2) was measured
using UV AB Light Meter (General UV513AB). The zero point of the
experiment coincides with addition of HoO5 and switching on the UVA.
Experiments were conducted for 3 h and samples were taken after 0, 15,
35, 55, 90, 120, 180 min. During the experiments, two to three dilutions
were analysed in each sample in duplicate. Colonies were counted

C

T

T
T

T

Xane | Y

1T

reactor
2
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1 O

Fig. 2. Schematic representation of the experimental set-up. A. UVA-LEDs set-up; B. UVA-LEDs set-up using TiO»/polysiloxane photocatalyst; C. SODIS set-up.

Magnetic stirrer is marked as (1) and stirring bar as (2) in A - C.
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(maximum 150 CFU per plate) using a colony counter (ColonyStar,
Funke Gerber). After each disinfection experiment, SAS samples were
stored at room temperature in absence of light for 24 h in order to check
bacteria regrowth. Bacteria were cultivated using TCBS according to the
procedure described above. The UVA/H50, disinfection tests were
performed at 22 + 1 °C (room temperature) and 6 + 1 °C. Once the SAS
sample was taken out of the oven, it was cooled down until the water
reached room temperature (22 + 1 °C). All low temperature experiments
were conducted in a controlled cold room with a fixed temperature of 6
+ 1 °C. The experiment started in all cases when the water reached 6 °C.
The water temperature was measured with a mercury thermometer.

Photocatalytic experiments were conducted with the same experi-
mental set-up (Fig. 2B). Photocatalytic thin films, which were prepared
as described in section 2.2., were attached to the walls and bottom of the
reactor. The total geometrical area of immobilized photocatalyst was ~
0.45 cm? mL™!. The SAS sample was magnetically stirred during 0.5 h in
dark after being exposed to UVA in order to test the bacterial adhesion to
the photocatalyst. Experiments on HyO»-assisted photocatalytic disin-
fection were conducted as photocatalytic tests except that HyO2 was
added in the beginning of each run.

2.3.2. Experimental procedure for solar-based AOPs

Solar disinfection experiments were conducted in Pyrex glass reactor
without recirculation (Fig. 2C) in order to simulate the central section of
an open channel raceway (Villar-Navarro et al., 2019). The SODIS ex-
periments, with and without hydrogen peroxide, were carried out at the
same time using two identical reactors. The volume, height of the water
column and internal diameter of the reactor were 3500 mL, 10 cm and
22.5 cm, respectively. All experiments were performed under contin-
uous magnetic stirring for 3 h and samples were taken after 0, 15, 35, 55,
90, 120, 180 min. The ambient and water temperature during solar
experiments was 6 + 1 °C as the experiments were performed during
autumn in Finland. Global UV radiometer (CUV 5, Kipp & Zonnen, the
Netherlands) was used (range 280 — 400 nm) in order to measure the
irradiance. Data of UV irradiation are expressed as UV dose (Wh m’z).
After disinfection experiment, SAS samples were stored during 24 h in
absence of light at room temperature in order to check possible bacteria
regrowth. Bacteria were cultivated using TCBS according to the pro-
cedure described above.

2.4. Analytical methods

2.4.1. Chemical analysis

Concentration of hydrogen peroxide in water was measured spec-
trophotometrically using cobalt carbonate method (absorption was
measured at 260 nm) (Masschelein et al., 1977). Transmittance (A = 365
nm) of the water was monitored using UV-Visible spectrophotometer
UV-1800 Shimadzu. Conductivity and salinity of SAS were measured
using conductivity meter Orion 101. Determination of pH was carried
out using inoLab 7110 pH-meter. Total dissolved nitrogen (TDN), total
dissolved phosphorus (TDP), chemical oxygen demand (COD) and
hardness was measured according to standard methods (APHA, WEF,
AWWA, 2018b). Total organic carbon (TOC) was analyzed as non-
purgeable organic carbon using a TOC-Vgsy analyzer (Shimadzu,
Japan). Concentration of dissolved titanium and iron in SAS before and
after experiments was measured by means of inductively coupled
plasma-mass spectrometry (ICP-MS), Thermo Elemental.

2.4.2. Microbiological analysis and identification

TCBS (Thiosulfate Citrate Bile Salts Sucrose Agar) agar was used as
culture media for target bacteria. Membrane filtration method (APHA,
WEF, AWWA, 2018a) was employed for detection and enumeration of
bacteria. Serial dilutions were carried out to quantify high concentra-
tions of bacteria. The isolated colonies (Figure S2) were identified
through a partial sequencing of 16S rRNA gene according to previously
described procedure (Levchuk et al., 2019). The UV dose (Wh m’z) was
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estimated according to Eq. (1).

Dyy = I-At (1)

where I, is the UVA irradiance (W m~2) and At is the time between
taking samples (h).

2.4.3. Data analysis

Results of bacteria inactivation were fitted to three different models,
namely: "Log-linear” (Eq. (2)), "Log-linear + shoulder” (Eq. (3)) and
"Log-linear + tail” (Eq. (4)). The experimental results were modelled
using the GinaFit tool (Geeraerd et al., 2005) and data were validated
using the coefficient of determination (R).

Np = NyseTkm*Dyy) 2
k elkmax+SL)

N = N . - max'D . 3

D 0°€ UV) 1+ (e(kmax'SL) — 1)'e(km"x.DUV) ( )

Np = (No = Nyes) 2€ ™% Dyyy ) + Nyes Q)

in which Np is bacteria concentration at a certain dose (CFU mL’l),
Np is initial bacterial concentration (CFU mL_l), Dyy is applied irradi-
ation dose (Wh m’z), kmax is disinfection rate constant m?wW'h™ 1 and
SL is shoulder length (Wh m~2) and Nyes is residual bacteria concen-
tration (CFU mL’l).

Bacterial regrowth was calculated according to Lindenauer & Darby
(1994) as shown in Eq. (5):
M- 11\\? «100%

0 — IVt

%Regrowth =

)

where Nj is initial bacteria concentration (CFU mL™D), N, is bacterial
concentration after a disinfection (CFU mL™!) and N, is reactivated
bacteria after 24 h darkness (CFU mL™Y).

3. Results and discussion
3.1. UVA-based AOPs

3.1.1. Control tests

A control experiment was performed using UVA without adding
hydrogen peroxide. The initial concentration of bacteria was 2.4-10°
CFU mL™L. No inactivation of bacteria was observed after 90 min
exposure (70 Wh m~2). After 180 min of exposure (140 Wh m~2) the
concentration was reduced by 19%. Therefore, the use of UVA is not
sufficient to inactivate high concentrations of bacteria in short treatment
times.

In order to study the effect of hydrogen peroxide on target bacteria,
24-hour tests were performed in dark using five different initial con-
centrations of HoO3: 0, 1, 2.5, 5, 10 and 15 mg Lt (Figure S3). Taking
into account that fresh brackish water was used for preparation of SAS
water before each experiment, the average initial concentration of
bacteria vary from 10* to 10° CFU mL . In general, as the concentration
of hydrogen peroxide increased, the concentration of bacteria decreased
(Figure S3). Thus 60, 75, 92 and 98% of bacteria inactivation was
achieved after 24 h when initial concentrations of HyO5 were 2.5, 5, 10
and 15 mg L, respectively. Conversely, an increase in the bacteria
concentration was observed when concentration of HyO, was 1 mg Lt

The residual concentration of HoO after 24 h was 0.44 + 0.04 mg Lt
when initial concentration of H,O; of 1, 2.5 and 5 mg L! was used, while
residual HyO, was 7.71 + 0.30 mg L1 when initial H,O, concentration
was 10 and 15 mg L'\, Regarding the water quality, in case the water is
discharged into a receiving water body, it is not recommended that the
concentration of HyO5 exceed 100 mg L'l. No observable effect con-
centration (NOEC) was reported to occur from 10 to 1132 mg Hz05 L!
for different freshwater fish. In case of RAS, acute toxicity was observed
at concentrations above 37 mg Ho0» L! (Schmidt et al., 2006). It should
be noted that toxicity strongly depends on the fish species and its
development stage. Thus, disinfected water must contain the minimum
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concentration of residual hydrogen peroxide before being either dis-
charged into the environment or reused in a RAS, provided that a prior
toxicity study is conducted.

Therefore, an increase of hydrogen peroxide concentration leads to a
higher percentage of inactivation in absence of light, mostly within a
period of contact time between 5 h and 24 h. It should be noted that
elevated concentrations of hydrogen peroxide (2.5 — 15 mg L'!) are
required for cell damage to be effective so when the concentration of
H,0; increases the bacterial cell wall are also affected by weakening it
and leading it to inactivation (Rincon & Pulgarin, 2006). These results
may be attributed to the fact that major part of the hydrogen peroxide is
spend for oxidation of organic matter present in the SAS (TOC = 8.2 mg
Lh.

3.1.2. Inactivation of target bacteria using H202-assisted UVA disinfection

The effect of initial HoO- concentration on bacterial inactivation in
simulated aquaculture stream by UVA/H30, process has been studied.
The initial concentration of HyO, varied from 2.5 mg L! to 15 mg L™
(Fig. 3).

Bacterial inactivation was negligible when concentration of HyO9
was 2.5 mg L'L. The residual concentration of HyO5 after 3 h was 2.2 mg
L1, However, as the initial concentration of HyO, increases (from 5 to
15mg LY, so does the rate of bacteria inactivation (Kyay) from 0.028 m?>
wlh ! (SL = 50.55, R? = 0.979, “Log-Linear + shoulder model”) to
0.078 m? W'h™! (SL = 26.03; R2 = 0.986, “Log-Linear + shoulder
model”). The rest of the kinetic parameters can be found in Table S2.

Thus, the required UVA dose for reaching 4 Log Removal Value
(LRV) decreased from 383 (494 min of contact time) to 145 Wh m 2
(188 min of contact time) with increase of HoO5 concentration from 5 to
15mg L'L.

It should be noticed that there was no differences in bacterial inac-
tivation when 10 and 15 mg L! was used. Thus, initial concentration of
H20;2 of 10 mg L! was selected as an optimal and was used in the
following experiments. In this way, the lowest possible concentration of
H20; leading to desired level of bacterial inactivation at the lowest
possible dose would be used. At the same time relatively low residual
H,02 (>2.5 mg L'1) concentration after applied disinfection processes
ensure absence of bacteria regrowth due to toxicity of HyO5 to target
bacteria (as suggested in section 3.1.). After 24 h of storage at 22 °C, no
bacterial regrowth was observed (0 CFU mL~1) which ensures that
disinfection is permanent.

A similar study was conducted by Feng et al. (2020): UVA lamps (40
Wm?), 10 mg Hy0, L! and initial bacteria concentration of 10° CFU
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mL L. In that study a complete disinfection was obtained (0 CFU mL™ D
after a contact time of 90 min (60 Wh m_z), which was less than that
obtained in this study. The differences may be due to the sensitivity of
the bacteria (stock of Escherichia coli) and the type of reactor (height: 55
mm).

An additional experiment was carried out to test how the inactiva-
tion rate can be affected in case the SAS is stored for 24 h with 10 mg L'
hydrogen peroxide in absence of light prior to UVA disinfection
(Figure S4). Results showed that after 24 h at room temperature (22 °C),
the concentration of bacteria was reduced by 2 LRV to 1.4.10° CFU
mL™!. Then, UVA was switched on for 90 min. The disinfection rate
constant (kyax) was 0.114 WhTm2®R?= 0.999, “Log-linear model”).
After 15 min of treatment the concentration dropped to 70 CFU mL ™,
while after 60 min detection limit was reached. The dose for 4 LRV was
43.5 Wh m~2 (56 min of contact time), being the residual concentration
of hydrogen peroxide 6.2 mg L. Furthermore, regrowth was not
observed after 24 h (0 CFU mL ). Therefore, a previous exposure of
aquaculture streams to hydrogen peroxide increases sensitivity of bac-
teria to subsequent UVA treatment, reducing four times the dose needed
to reach 4 LRV compared with UVA combined with 10 mg HpO5 L1 It
should be noted that HyO> (as one of reactive oxygen species - ROS) can
inactivate microorganisms (Matthijs et al., 2012). However, the con-
centration of HyoO4 required for suppression or killing microorganisms
vary. For instance, the concentration of HoO5 in the range of 10° - 10*
M (0.34 — 3.4 mg L") was reported to be sufficient to supress the growth
of cyanobacteria Anacystis nidulans and Anabaena variabilis in dialysis
culture (Samuilov et al., 1999), while 100 mg L7 of HyO, was required
to reach 99.99% of Escherichia coli strain ATCC 8739 inactivation (4 h)
(Labas et al., 2008). Target bacteria used in this study were Pseudomonas
sp., Aeromonas salmonicida, Aeromonas veronii and Enterobacter cloacae,
all of which are known to have positive catalase test. Catalase protects
microorganisms against oxidative stress of HyO» by breaking it to water
and oxygen (Srinivasa Rao et al., 2003). Thus, it can be expected that
target bacteria in our study might be more resistant to oxidative stress
produced by presence of HyO as it was demonstrated in earlier studies
(Walczak & Swiontek Brzezinska, 2009). Based on observed effect of
H»0; on target bacteria after 24 h (2 LRV reduction) it can be assumed
that the concentration of HoO; used in this tests (10 mg LY was suffi-
cient to provide an oxidative stress, even though complete inactivation
of target bacteria was not reached. Further addition of UVA allowed to
reach 4 LRV faster due to the fact that target bacteria were under
oxidative already during previous 24 h.
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Fig. 3. Target bacteria inactivation in SAS using UVA/H,0, disinfection under different H,O, concentration (H,O, concentrations varied from 2.5 to 15 mg L,
water temperature 22 °C, max. experimental time 180 — 210 min, which corresponds to UVA Dose 140 — 163 Wh m~2). Symbols represents experimental data. Lines

(P) represents predicted values of kinetic disinfection model.

481



E. Villar-Navarro et al.

3.2. Inactivation of target bacteria using UVA-based photocatalysis and
H,0; - Assisted photocatalysis

3.2.1. Characterization of printed TiO2/polysiloxane thin films

The wettability of TiOy/polysiloxane films was evaluated by contact
angle measurement, which showed water contact angle of 125.6° +1.2°,
indicating that the surface of the coating is hydrophobic. The wettability
of the coating might play a role in the efficiency of the photocatalyst in
direct contact with contaminants, e.g. hydrophilic coatings showed less
efficiency, probably due to a thin layer of water present between pho-
tocatalyst and contamination which inhibits decomposition via direct
electron or energy transfer (Levchuk et al., 2019).

Morphology of printed TiO,/polysiloxane thin films was studied by
means of SEM and AFM (Fig. 4 a and b).

Both SEM and AFM images confirmed good homogeneity of the
coating with grainy features from TiO» nanoparticles embedded in a
siloxane binder with the size of the grains ranging from 50 to 250 nm,
which is in agreement with earlier reports (Homola et al., 2016). The
surface of the coating was rough as AFM showed RMS roughness of
approx. 120 nm.

The structure of the TiOy/polysiloxane surface was further deter-
mined by Raman spectroscopy shown in Fig. 4 (c).

Presumably, the inkjet printing has no effect on the preferential
crystalline orientation of TiO, grains, a map of 20 measurements was
performed over the area 50 mm? to provide information on the homo-
geneity of the orientation of grains. All Raman spectra presented in
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Fig. 4c shows typical peaks characteristic for TiO; in anatase structure:
Eg(1) at 139.4 cm ™}, Eg(2) at 197.2 cm ™, B1g(1) at 395.3 cm ™}, Alg at
516.9 cm’l, Eg(3) at 633.5 cm L. The intensity of the measured Raman
spectra varied, confirming the random orientation of anatase grains
within the polysiloxane binder forming TiO/polysiloxane mesoporous
nanocomposite films. Fig. 4d shows a map of the intensity of the main
anatase peak Eg(1) located at 139.4 cm™?, related to the vibration of Ti
atom from “left to right” within the anatase crystalline structure. The
intensity of the peak varied from 1.2:10% to 1.7-10%, which represent a
difference of one order. Although Raman spectra in Fig. 4c do not clearly
distingue between anatase and rutile phase in P25 TiO,, similarly as
recently shown in Ma et al. (2020), in our recent work (Homola et al.,
2020) we showed that Evonik Aeroxide P25 nanoparticles consist of a
small portion of rutile, which was observed in XRD spectra of a powder
showing rutile peak (110). The composition of TiO, nanoparticles
Aeroxide P25 from Evonik and the contribution of anatase, rutile and
amorphous TiO; is comprehensively explained by Jiang et al. (2018),
who analysed the microstructure of P25 nanoparticles and confirmed
that Evonik Aeroxide P25 consists of individual anatase and rutile
nanoparticles, combined with approximately 15 % of rutile formed
heterojunction structure with anatase.

3.2.2. Photocatalytic disinfection

Photocatalytic disinfection tests were conducted using TiOy/poly-
siloxane thin films (in absence and presence of HyO5) and inactivation of
target bacteria was monitored on the course of the experiments. The
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Fig. 4. a) SEM and b) AFM images of hydrophobic TiOy/polysiloxane thin film printed on flexible PET substrate; ¢c) Raman spectra for TiOy/polysiloxane coating
taken from 20 spots at area approx. 50 mm?; d) spatial distribution of intensity in Raman Eg(1) peak corresponding to Fig. 4c.

482



E. Villar-Navarro et al.

UVA disinfection (in absence of photocatalyst and/or H,O5) and adhe-
sion tests were performed as reference tests. Maximum duration of each
experiment was 3.5 h. According to results obtained in our earlier study
(Levchuk et al., 2018), hydrophobic TiOg/polysiloxane coatings were
more efficient for bacteria inactivation than hydrophilic TiO5/SiO5, in
which the polysiloxane was converted into almost pure amorphous SiOy
by the atmospheric ambient air plasma process. This is probably related
to presence of thin film of water between the coating and bacteria which
inhibits the photocatalytic effect of the coating. Hence, only hydro-
phobic TiOy/polysiloxane thin films were used in this study. Adhesion
tests (in absence of UVA) conducted during 3.5 h using TiOy/poly-
siloxane (results are not shown for the sake of brevity) lead to negligible
decrease of bacteria concentration. Similar results (negligible decrease)
were obtained for bacteria inactivation during UVA disinfection and
using Hy05 (10 mg L) only.

As shown in Fig. 5, the typical for photocatalytic disinfection
shoulder (Fernandez-Ibanez et al., 2015) was observed during photo-
catalytic and HyOp-assisted photocatalytic disinfection. In terms of
inactivation rate, according to “Log-linear + shoulder” model, disin-
fection was about 2.7 times higher in case of Hy0s-assisted photo-
catalysis (kpax = 0.166 W'h'm?) as compared to photocatalysis with
TiOo/polysiloxane (kpax = 0.063 W 'h'm?). Obtained results are in
agreement with earlier studies (Jiménez-Tototzintle et al., 2018), where
enhanced bacteria inactivation was obtained using TiOz-immobilized/
H202/UVA. Inactivation rate of UVA/H50> (initial concentration 10 mg
L'Y) cannot be directly compared with inactivation rates obtained for
photocatalysis and HyOq-assisted photocatalysis as results fit “Log-
linear” model. However, taking into consideration UV dose required for
elimination of 4 LRV of bacteria, the highest performance was achieved
in case of HyO-assisted photocatalysis (87.2 Wh m~2, 113 min), while it
was similar order of magnitude for UVA/H204 (169.8 Wh m 2, 219 min)
and photocatalysis (196.3 Wh m’2, 253 min).

After application of photocatalysis (180 min) and HyOs-assisted
photocatalysis (120 min), water samples were taken and stored during
24 h in dark conditions at room temperature (Table S3). Interestingly, no
regrowth was observed after 24 h for water disinfected using HO»-
assisted photocatalysis, while opposite was true in case of photo-
catalysis. These results were not surprising taking into consideration
following factors: (i) higher bacteria survival was observed immediately
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after photocatalysis (56 CFU mL™!) as compared with HyO,-assisted
photocatalysis (1 CFU mL_l); (ii) presence of residual H,O; in water
treated by HyO»-assisted photocatalysis prevent bacterial regrowth due
to residual HyO2 concentration (7.6 + 1 mg HyO» LT after 24 h).
Consulting the scientific literature, bacteria regrowth after application
of photocatalytic disinfection has been reported earlier (Levchuk et al.,
2018), which can be possibly attributed to increase of biodegradable
organic matter occurring during photocatalysis (Thayanukul et al.,
2013). Moreira et al. (2018) have compared several solar-based treat-
ment methods (H203, TiO2-P25 and GO-TiOs photocatalysis, photo-
Fenton) and reported absence of bacteria regrowth after 3 days stor-
age for all HyOy-assisted processes, which is in agreement with our
results.

It is of high importance to study possible release of titanium from
photocatalyst in order to evaluate stability of tested photocatalytic
material in brackish water. Hence, concentration of titanium was
determined in water samples collected before (control) and after bac-
teria inactivation using photocatalysis and HyO»-assisted photocatalysis.
Interestingly, concentration of dissolved titanium in all water samples
was very similar (mean concentration 5.44 + 0.8 ug LY, suggesting that
no release of titanium occurred after photocatalysis and HoO5-assisted
photocatalysis. Additional samples of tested water were taken and
concentration of titanium was measured in order to confirm detected
concentration of titanium. Very similar concentrations were obtained.
According to the literature, concentration of titanium present in natural
water varies from 0.01 to 5.5 ug Lt (Skrabal, 2006; Yan et al., 1991;
Yokoi & van den Berg, 1991).

3.3. Costs of UVA-based AOPs at laboratory scale

Preliminary cost estimation was performed for UVA-based AOPs
technologies considering UVA dose required for reaching 4 LRV of
bacteria inactivation. Electrical consumption of pumps, peripheral
electric devices and maintenance were not considered in this cost
evaluation, because all experiments were carried out in laboratory scale.
Thus, only costs of electrical LEDs consumption and required chemicals
were included in our preliminary operational cost evaluation. It should
be mentioned that the cost of electrical consumption of LEDs lamps was
calculated for LEDs used in this study (laboratory scale). So, one should

UVA Dose (Wh m™)
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- = =P hydrogen peroxide
6 L ¢ photocatalysis

P photocatalysis
¢ H:02-assited photocatalysis

P H:0:-assited photocatalysis

Fig. 5. Results of target bacteria inactivation in SAS by UVA-TiO,/polysiloxane (photocatalysis), UVA-TiO,/polysiloxane/H,0, (H,O»-assisted photocatalysis), UVA
(UVA disinfection in absence of H,0,) and H,0, in absence of light (10 mg LY during 3 h at room temperature (22 + 2 °C). Symbols represents experimental data.

Lines (P) represents predicted values of kinetic disinfection model.
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keep in mind that such cost evaluation can be used as an indicator for
comparing different disinfection technologies, while the cost of these
technologies in pilot/industrial scale would be very different as the
characteristics of LEDs would vary.

The electrical consumption of UVA-LEDs per volume of water (EC)
was calculated using the following equation (Eq. 6) (Moreno-Andreés
et al., 2020).

EC = VA (Wh 11 or kWh m™3) (6)

where I is electrical current (1.3 A), V is input voltage (48 V), h is
exposition time (h) and Vol is illuminated volume (1.2 L).

As experiments were performed in Finland, the cost of electricity for
industry in Finland was 0.067 € kwlh! (BMWi Statista, 2017). The
price of HyO, was calculated estimated to be 0.70 € kg’1 (Baresel et al.,
2019). Preliminary cost estimation (electrical consumption and re-
agents) are shown in Table 3.

The operational costs calculated for photocatalytic disinfection (14.7
€ m~3) was the highest in this study. It should be noticed that the esti-
mated operational costs do not include the price of TiOy/polysiloxane
(production cost), because durability/aging of photocatalyst was not
studied in this work. Therefore, the exact replacement time of TiOy/
polysiloxane is not known. However, an attempt to evaluate the price of
TiOy/polysiloxane was made. Thus, the price of TiO; ink preparation
was estimated to be around 247 € L1 (Fig. 6).

Considering the ratio of TiOy/polysiloxane geometrical surface area
to water volume, it can be estimated that about 45 m? of TiOy/poly-
siloxane would be required for reactor able to treat 1 m? of water (in
view of experimental procedure employing 540 cm? of photocatalyst to
treat 1.2 L of water to reach UVA dose needed for 4 LRV inactivation of
target bacteria). The cost of TiOy/polysiloxane deposition (coating with
thickness of about 250 nm) is 0.06 € m~2. So, the total cost of TiOy/
polysiloxane ink jet deposition for a reactor able to treat 1 m> of water
would be about 2.7 € (for 45 m?). Recently, it was demonstrated that the
costs for the preparation of 1L on printable TiO,/polysiloxane ink can be
reduced from 247 € L to ~50 € L! using different TiO, nanoparticles
(Pretiox CG100, Precheza) having similar photocatalytic effect (Homola
et al., 2020). This can lead to further decrease in operation costs.

As it was mentioned above, the durability of TiOy/polysiloxane thin
films for aquaculture water stream disinfection was not studied in this
work. Hence, it is difficult to estimate the cleaning/replacement time of
the photocatalyst and its cost. In our earlier work (Levchuk et al., 2019),
in which the same material was used for solar photocatalytic disinfec-
tion of simulated aquaculture water, the significant decrease of activity
was observed after 15 h of contact time (10 photocatalytic cycles) and
attributed to deposition of salts on the surface. Thus, in the worst sce-
nario (photocatalyst replacement takes place each 15 h), the cost of
photocatalyst per m? of treated water would be 0.8 €. In this case, the
operational cost of photocatalysis (electrical cost of LEDs consumption
and production cost of photocatalyst) can be estimated as 15.5 € m™>.

Prices of TiO, ink preparation (€ L)

m Nanoparticles

H Dowanol

Polysiloxane binder

H Isobutylalcohol

Fig. 6. Constituents of the cost for photocatalyst ink (1 L).
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Addition of hydrogen peroxide (10 mg L of H,0,) to the photo-
catalytic system (Hp05-assisted photocatalysis) allowed to decrease the
electrical cost of LEDs consumption about two times (6.6 € m3). Taking
into account that lower UVA dose was required to reach 4 LRV by Hy0o-
assisted photocatalysis in comparison with photocatalysis, the cost of
photocatalyst per m® of treated water would be 0.6 € (photocatalyst
replacement takes place each 15 h). So, the operational cost of HyO5-
assisted photocatalysis (electrical cost of LEDs consumption and pro-
duction cost of photocatalyst) could be 7.2 € m=3.

The costs estimated for UVA/H205 process at optimal conditions (10
mg HyOo L}, 3.65 h) was 12.7 € m~3. The major contribution (>99%) to
the cost of this process is electrical consumption of UVA-LEDs. Accord-
ing to results obtained in this work, the cost of UVA/H05 process
conducted at 22 + 1 °C can be significantly decreased if water is stored
for 24 h with Hy0, (10 mg L) in absence of light and only after that
UVA irradiation is applied. This is a very promising option, which allows
to decrease the electrical cost of UVA-LEDs almost four times (3.2 €
m %), being the lowest operational cost among studied in this work
UVA-based AOPs. An important factor for application of UVA/H302
disinfection is presence of residual HyO» in water (in our experiments
7.7 £ 0.3 mg L. According to the literature, a concentration of HoO»
between 10 and 37 mg L™ was observed to be not toxic in RAS water
streams (Schmidt et al., 2006).

In summary, the electrical cost of UVA-LEDs significantly contributes
to the operational costs of studied UVA-based AOPs, making these
processes economically not feasible. Hence, an alternative source of
irradiation (natural sunlight) was studied.

3.4. Solar-based AOPs

3.4.1. Bacterial inactivation

Taking into consideration that optimal HyO5 concentration for UVA/
H,0, experiments conducted in this study was 10 mg L™, this concen-
tration was chosen for SODIS/H505 tests in Finland. SODIS (in absence
of Hy05) was conducted as reference test. Moreover, SODIS/H;0, was
performed in Spain using same H,0; concentration, experimental set up
and SAS prepared in the same way. The latter was done in order to
compare efficiency of SODIS/H203 in different climatic zones with sig-
nificant difference in solar irradiance and temperature regimes. Exper-
imental results were fitted to “Log-Linear + shoulder” and “Log-Linear
+ tail” models for the experiments performed in Finland and Spain,
respectively (Table S2). Results are shown in Fig. 7.

Fig. 7 shows that enhanced inactivation of target bacteria in SAS was
achieved when SODIS/H;0, was applied in comparison with SODIS.
Thus, disinfection rate constant of SODIS/H;0, was about two times
higher (Table 2) than that for SODIS (experiments conducted in
Finland). Bacteria regrowth after 24 h was not observed in the samples
containing hydrogen peroxide. However, regrowth of 0.15% (Table S3)
was observed after SODIS. Similar results were observed in section 3.2.2.

In order to compare efficiency of SODIS/H20; carried out in Finland
and Spain, crucial parameters for SODIS/H;0, were summarized in
Table 2.

Significant differences were observed for such parameters of SODIS/
H0, as irradiance and temperature (Table 2). Thus, mean solar irra-
diance and mean temperature were about three times and almost six
times lower in Finland than in Spain, respectively. Experimental results
revealed that the inactivation rate was significantly higher for SODIS/
H,0, tests performed in Finland (kpax = 0.589 m?W'th !, SL=9.12Wh
m~? autumn) in comparison with ones conducted in Spain (kpax =
0.312m?>W'h, Nies = 0.198 CFU mL~!; summer). The solar radiation
dose required to reach 4 LRV (D4) was 22% lower in Finland than in
Spain. However, due to the fact that irradiance was lower in Finland, the
experimental time required to reach certain UV dose (e.g. for 4 LRV) was
longer in Finland than in Spain. Thus, the experimental time required to
reach 4 LRV was 114 and 44 min in Finland and Spain, respectively.
However, after 120 min of experimental time in Finland (27 Wh m’z)
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Fig. 7. Solar disinfection experiments carried out in Finland (FIN) with and without hydrogen peroxide and Spain (SPA). Symbols represents experimental data.

Lines (P) represents predicted values of kinetic disinfection model.

Table 2

Experimental parameters and results of SODIS/H,0, experiments conducted in Spain and Finland.
Country  Irradiation (W  Salinity Water Ambient T (365 Fe (ug TOC H,0, N;* (CFU Dy Kimax (m? time Dy

m~2) (%o) temperature temperature (°C) nm, %) LY (mg L~ (mg LY mL™Y) (Wh w'h 1 (min)
“C) D m?)

Finland 13 4.9 5-7 5-7 96.0 13.7 8.2 0 1.1-10° 40 0.312 185
Finland 13 4.9 5-7 5-7 96.0 13.7 8.2 10 1.0-10° 25 0.589 114
Spain 44 35.0 31-32 33-35 96.4 9.5 1.1 10 2.2:10° 32 0.312 44

* N; is initial bacteria concentration.
**D4 is UV dose required to achieve 4 LRV.

the concentration of bacteria reached 0 CFU mL ™!, which did not occur
in Spain after the same time (120 min, 88 Wh m~2). Obtained results are
particularly intriguing as experiments were conducted under “unfavor-
able” conditions in Finland and favorable conditions in Spain.

These differences can be possibly attributed to the nature of the
water and the temperature of water during SODIS/H,0, experiments.
The hypothesis to be tested under controlled conditions is whether a
lower lethal dose is needed at low temperatures. To the best of our
knowledge positive effect, i.e. increase in the rate of inactivation and
decrease in the lethal dose of solar radiation, of lower temperatures than
15-20 °C on efficiency of SODIS or SODIS/H,0, were not reported
(Giannakis et al., 2015; Vivar et al., 2017). Hence, it was decided to
study the effect of low water temperature (6 °C) in available controlled
conditions using UVA as irradiation source in order to understand
possible effect of such temperature on inactivation efficiency using UVA-
based AOPs.

3.4.2. Cost estimation of solar-based AOPs

Preliminary operation and maintenance (O&M) costs of SAS water
disinfection (4 LRV of bacteria inactivation) were estimated in this
work. Calculations were performed for raceway reactor (pilot scale)
with flow 100 m® h™! operating 365 days per year (24 h). The con-
sumption of HoOy and maintenance of raceway were included to the
preliminary O&M cost estimation for solar-based AOPs. Electrical costs
of pumps were not included for O&M cost estimation for solar-based
AOPs. This is due to the fact that raceway reactor was designed with
slight inclination, leading to water circulation through the reactor with
desired speed without need of pumping. In respect of estimation was
performed for 24 h operation, during the absence of solar light, con-
ventional UVC disinfection was included. Electrical consumption of
pumps, UVC lamps and maintenance of the equipment were considered
in case of UVC disinfection operating during absence of solar light. The
O&M simulation was conducted for two different scenarios, namely, (i)
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for reactor operated in South of Spain (Cadiz) and (ii) for reactor
operated in the South of Finland (Helsinki). The surface area required
for construction of raceway reactor in Spain was estimated to be 1700
m? (Rivera-Torres, 2017). However, taking into account that mean solar
irradiance in South of Finland is about two times lower than that in
South of Spain, the surface area required for construction of raceway
reactor in Finland would be two times higher (two reactors of 1700 m?
each). Moreover, investment cost of raceway reactor in Finland can be
considered to be higher than in Spain due to greenhouse installation and
its maintenance (was not considered in this estimation). Detailed design
of considered raceway reactor is described elsewhere (Rivera-Torres,
2017). Detailed description of parameters taken into consideration for
preliminary O&M cost evaluation can be found in our previous work
(Villar-Navarro et al., 2019) . Detailed results with calculations are
shown in Tables S4 and S5.

Despite the difference of mean annual number of hours suitable for
solar disinfection, electricity cost, labor costs in Finland and Spain
(Tables S4 and S5), the estimated O&M cost of SAS water disinfection
using solar-based AOPs in combination with UVC was very similar
(0.042 € m~3in Spain and 0.043 € m2in Finland). Based on preliminary
cost evaluation, it can be suggested that solar-based AOPs (SODIS/H»05)
are more economically feasible option than UVA-based AOPs (UVA/
H,0,, photocatalysis, HyO»-assisted photocatalysis).

Despite the fact that cost of SAS disinfection using solar-based AOPs
is relatively low it is still about two times higher than conventional UVC
disinfection (~0.022 € m~>) due to the maintenance costs associated
with a larger infrastructure. However, carbon footprint generated dur-
ing UVC disinfection (in case of continuous operation during whole
year) was estimated to be ~ 6070 kgCOe year ! in Finland and ~
10741 kgCOqe year™! in Spain (considering 0.1362 kgCOe/kWh for
Finland (Carbon Footprint Ltd, 2020) and 0.241 kgCOse/kWh for Spain
(Oficina Catalana del Canvi Climatic, 2020)). An attempt to estimate
number of trees needed to capture amount of CO, emitted during
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disinfection process per year was made taking into consideration that
Pinus sylvestris (9.97 kg COy/year per tree (Ezquiaga Dominguez, 2010))
and Pinus pinea (13.51 kg COs/year per tree (Ezquiaga Dominguez,
2010)) are among most common trees in south of Finland and south of
Spain, respectively. Thus, in case of continuous UVC disinfection only
(whole year) ~ 608 trees (Pinus sylvestris) and ~ 795 trees (Pinus pinea)
would be required to capture emitted during whole year CO,. Applica-
tion of solar-based AOPs (SODIS/H,05) during available hours of sun-
light in combination of UVC disinfection decrease the carbon footprint
in Finland by 20.6% reaching the value of ~ 4821 kgCOse year !
(corresponding to ~ 483 trees of Pinus sylvestris) and in Spain by 35%
reaching the value of ~ 6988 kgCOqe year ! (corresponding to ~ 517
trees of Pinus pinea).

3.5. Effect of low water temperature (6 °C) on inactivation of target
bacteria during UVA-based AOPs

The experiments at controlled ambient and water temperature of 6 +
1 °C were conducted for HyO5-assisted UVA disinfection (UVA/H505),
photocatalysis (UVA-TiOg/polysiloxane) and H;Os-assisted photo-
catalysis. In all cases, the concentration of H,O, (when added) was 10
mg L. Results are shown in Fig. 8.

As shown in Table 3, the inactivation rate during UVA/H305 process
was significantly higher when the experiment was performed at low
water temperature (6 + 1 °C) in comparison with those conducted at
room temperature (22 + 1 °C). More specifically, at low water tem-
perature conditions the inactivation rate (kyax = 0.296 m? Wh™%; SL =
20.30 Wh m_z; R? = 0.935) was five times more this value obtained at
room water temperature (kpax = 0.057 m? Wh™L; R? = 0.982). The
irradiation dose required to achieve 4 LRV was about 3.3 times lower
when ambient temperature was 6 + 1 °C in comparison with that of 22
+ 1 °C (Table S2). In both cases, as shown in Table S3, there was no
regrowth of bacteria due to the presence of residual hydrogen peroxide.

Results (Fig. 8) revealed that for each of the two processes, photo-
catalysis and HyO»-assisted photocatalysis, better results were observed
at 6 °C than at 22 °C. The inactivation rate of photocatalytic test con-
ducted at 6 + 1 °C (kpax = 0.080 m> Wh™!; SL = 25.6 Wh m~% R% =
0.943) was 1.3 times higher in comparison with that at 22 + 1 °C (kpax

UVA Dose (Wh m?2)
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=0.063 m*Wh™'; SL = 38.3 Wh m~% R? = 0.941) with irradiation dose
required for 4 LRV of 145.7 Wh m~2 and 196.3 Wh m ™2, respectively.
Inactivation rate of HyOs-assisted photocatalysis at low temperature
(Kmax = 0.182 m® Wh™; SL = 19.7 Wh m % R? = 0.904) was 1.1 times
higher than at room temperature (kpax = 0.166 m?Wh™'; SL = 20.2 Wh
m’z; RZ= 0.970) with the irradiation dose needed for 4 LRV of 75.6 Wh
m2(6+1°C)and87.2Whm 2 (22 +1°C), respectively. The summary
of results regarding the kinetics of bacterial inactivation of all disin-
fection treatments at 22 °C and 6 °C can be found in Table S2.

Observed in this study results can be explained by the fact that at
lower studied water temperatures (6 + 1 °C) the bacterial metabolism
slow down significantly, so that the capacity for cell regeneration and
repair is lower. In such conditions, effect of UVA and solar-based AOPs
studied disinfection methods on bacteria inactivation is significantly
higher. Suggested mechanism is in agreement with previous studies
(Jiravanichpaisal et al., 2009; Korkut et al., 2018) in which a much
lower growth rate of Aeromonas hydrophila and Pseudomonas gessardi has
been observed at 6 °C in comparison with 22 °C. In the study of Jir-
avanichpaisal et al., (2009) a low mortality of crayfish in the presence of
A. hydrophila at low temperatures (4°) was related to the fact that the
bacteria do not replicate or their replication is very low.

Effect of Hy0, addition to photocatalytic process on regrowth was
observed (Table S3). In the case of HyO5-assisted photocatalysis con-
ducted at 6 + 1 °C and 22 + 1 °C no regrowth (24 h) was observed, while
it was observed for photocatalysis. Thus, regrowth of bacteria was about
0.5% in SAS treated by photocatalysis at low temperature and stored
during 24 h. It should be mentioned that possibly due to higher effi-
ciency of bacteria inactivation by low temperature photocatalysis (6 +
1 °Q), the regrowth was significantly lower (0.5%) in comparison with
that for photocatalysis conducted at room temperature (5.41%) (tem-
perature of storage was 22 + 1 °C for both cases). Therefore, the addition
of hydrogen peroxide to photocatalytic system not only increases the
rate of disinfection but also prevent bacteria regrowth.

Table 3 also shows cost estimation of UVA-based AOPs performance
at 22 °C (discussed in section 3.3) and 6 °C. It should be mentioned that
when UVA/H,0, is conducted at low temperature (6 + 1 °C), the dose
required for 4 LRV significantly decrease, which, in turn, leads to
decrease of operational costs>70% (3.8 € m’3). The efficiency of
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Fig. 8. Bacterial inactivation of target bacteria in SAS water using: UVA/H,0, disinfection, UVA-TiO,/polysiloxane (photocatalysis), UVA-TiO,/polysiloxane-H>0,
(H,0,-assisted photocatalysis) at low temperature (6 + 1 °C) and at room temperature (22 + 1 °C). Symbols represents experimental data. Lines (P) represents

predicted values of kinetic disinfection model.
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Table 3

Solar Energy 227 (2021) 477-489

Disinfection kinetics of the studied treatment methods. Dose for 4 Log Removal Value (D4), maximum specific inactivation rate (kpax), shoulder length (SL), deter-
mination coefficient (R?) and preliminary cost estimation of different disinfection technologies, being TC4 operational cost for 4 LRV. D4 was calculated according to
kmax value obtained for each treatment. The concentration of hydrogen peroxide, in all cases, was 10 mg L'!. The ”Log-Linear + shoulder” model was used in all cases

except the first one (Log-Linear).

Experiment D4; Wh m™2 Kmax + S.E.; m? W SL + S.E.; Wh R? Electrical consumption (kWh Reagent cost (€ cent TC,4 (€
(min) It m~2 m~3) m~3) m~%)
UVA/H;0, 22 °C 169.8 (219) 0.057 + 0.005 - 0.982 190 0.7 12.7
UVA/H;0, 6 °C 50.9 (66) 0.296 + 0.092 20.30 £ 11.21 0.935 57.2 0.7 3.8
Photocatalysis 22 °C 196.3 (253)* 0.063 + 0.013 38.25 + 18.97 0.941 217.5 - 14.6
Photocatalysis 6 °C 145.7 (188) 0.080 + 0.015 25.55 + 19.28 0.943 165.5 - 10.9
H:0:-assisted photocatalysis 87.2(113) 0.166 + 0.016 20.17 £ 6.19 0.970  100.5 0.7 6.6
22°C
Hz0:-assisted photocatalysis 75.6 (97) 0.182 + 0.049 19.68 + 11.76 0.904 84 0.7 5.6
6°C

*Predicted value with dose not reached during experimentation.

photocatalysis and HyO»-assisted photocatalysis conducted at low water
temperature (6 + 1 °C) was also higher, which led to decrease of elec-
trical costs associated to UVA-LEDs (the major contribution of the
operational cost). Thus, the total costs to achieve 4 LRV (TC4) were
reduced by a 17 and 23% for UVA TiOy/polysiloxane/H;0, and UVA
TiOs/polysiloxane disinfection, respectively.

4. Conclusions

In this study, two irradiation sources, UVA-LEDs and natural solar
light, were tested for disinfection of SASs with wild bacteria. The effect
of low temperature on the lethal irradiation dose and operational
treatment costs were analysed. The main relevant outcomes are outlined
below.

e Bacterial inactivation was not observed using UVA disinfection in the
absence of hydrogen peroxide. After 180 min of exposure (140 Wh
m~2) inactivation reached 19%. Bacteria inactivation increases with
rise of initial hydrogen peroxide concentration in absence of light
within an interval 5 — 24 h (contact time). Bacterial inactivation does
not occur after 24 h storage when Hy0O5 concentrations are above 2.5
mg Ll

UVA dose required for 4 LRV decreased from 382.9 to 145.3 Wh m 2
when between 5 and 15 mg of HyO L was used. No significant
bacterial reduction was observed during use of concentrations below
2.5 mg L' when 140 Wh m~2 was applied. The concentration 10
H,0, mg L' was taken as the optimal concentration. The dose
needed to reach 4 LRV decreased more than three times at low
temperature (6 + 1 °C) from 145.3 to 50.9 Wh m 2 No regrowth was
observed after 24 h in samples where hydrogen peroxide was present
during the experiment. It was observed that a 24-hour exposure to
hydrogen peroxide (10 mg L) prior to UVA irradiation can reduce
the dose needed to reach 4 LRV by almost four times at room tem-
perature (22 + 1 °C). The costs of UVA/H50; treatment at optimal
concentration (10 mg L'l) reached 12.7 € m~>. Improvements were
found if the experiment was performed at low temperature or if there
was previous exposure (24 h) to hydrogen peroxide, dropping the
cost to 3.8 and 3.2 € m 3, respectively.

H0,-assisted photocatalysis enhance bacterial inactivation (kpax)
by 62% compared to photocatalysis at 22 + 1 °C. More specifically,
the required dose for 4 LRV reduced from 196.3 to 87.2 Wh m~2if
hydrogen peroxide was added. Low temperature (6 + 1 °C) affected
the kinetic inactivation rate significantly but to a lesser extent than
with UVA/H,0, reaching doses for 4 LRV of 145.7 and 75.6 Wh m~2
for photocatalysis and HyO»-assisted photocatalysis process, respec-
tively. There was no regrowth at low temperature or room temper-
ature if hydrogen peroxide was added. In absence of hydrogen
peroxide the percentage of regrowth was lower in experiments car-
ried out at low temperature (0.49 %) than at room temperature (>5
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%) while samples were preserved at room temperature. Although
cleaning and replacement costs were not estimated, the electrical
costs of HyOo-assisted photocatalysis and photocatalysis at 22 °C
were 14.6 and 6.6 € m . The effect of low temperature affected the
cost of the treatment, reducing them by 15% for HyOq-assisted
photocatalysis and 25% for photocatalysis process.

The performance of SODIS treatment in areas with low irradiance as
in the Nordic countries is comparable to that of other areas with
higher irradiance due to the effect of low temperatures (6 + 1 °C). As
observed in other treatments, the addition of hydrogen peroxide
prevented bacterial regrowth. In the case of the absence of hydrogen
peroxide, a regrowth of 0.15% occurred after 24 h when samples
were preserved at room temperature. The costs for SODIS/H505 in
Spain and Finland were very similar: 0.042 € m~ in Spain and 0.043
€ m~3. Furthermore, the use of SODIS combined with UVC reduces
the carbon footprint by 20.6% in Finland and 35% in Spain
compared to the continued use of traditional UVC treatment.

A synergistic effect of low temperatures has been observed in treat-
ments with SODIS, UVA/H20,, UVA/TiO2/polysiloxane and UVA/
TiOo/polysiloxane/H,05, increasing inactivation kinetics (kpax) be-
tween 1.1 and 5.2 times.

It has been proposed that the effect of low temperature on the
inactivation of bacteria is based on the reduction of cell metabolism
that slows down the replication and repair rate of bacteria.

Future work will have to determine more specifically the molecular
mechanisms by which organisms are particularly affected during low
temperature disinfection by solar and UVA irradiation and the joint ef-
fect with the addition of hydrogen peroxide. In addition, it will be
essential to carry out experiments with real aquaculture water samples
to verify that the resistance of the bacteria is similar to those studied
here.
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