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Abstract:  10 

Water contained on ships is employed in the majority of activities on a vessel; therefore, 11 

it is necessary to correctly manage through marine water treatments. Among the main 12 

water streams generated on vessels, ballast water appears to be an emerging global 13 

challenge (especially on cargo ships) due to the transport of invasive species and the 14 

significant impact that the ballast water discharge could have on ecosystems and human 15 

activities. To avoid this problem, ballast water treatment must be implemented prior to 16 

water discharge in accordance with the upcoming Ballast Water Management 17 

Convention. Different UV-based treatments (photolytic: UV-C and UV/H2O2, 18 

photocatalytic: UV/TiO2), have been compared for seawater disinfection. E. faecalis is 19 

proposed as a biodosimeter organism for UV-based treatments and demonstrates good 20 

properties for being considered as a Standard Test Organism for seawater. Inactivation 21 

rates by means of the UV-based treatments were obtained using a flow-through UV-22 

reactor. Based on the two variables responses that were studied (kinetic rate constant 23 

and UV-Dose reductions), both advanced oxidation processes (UV/H2O2 and 24 

photocatalysis) were more effective than UV-C treatment. Evaluation of salinity on the 25 

processes suggests different responses according to the treatments: major interference 26 

on photocatalysis treatment and minimal impact on UV/H2O2. 27 
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1. Introduction 31 

Shipping transport moves approximately 90% of the world´s overseas trade (Globallast, 32 

2016). Additionally, the cruise tourism industry has experienced an upturn in recent 33 

years: the number of people who have decided to spend their holidays aboard a cruise 34 

ship has multiplied fourfold over the last two decades (Cruise Market Watch, 2014). 35 

Water on these ships is used for almost all activities performed on board, and it implies 36 

the need to also discharge various types of water, which could result in environmental 37 

distress. This pressure could be enough to constitute a health hazard to ecosystems and 38 

increase marine pollution.  39 

Among the primary water streams generated on vessels, the ballast water emerges as a 40 

challenge. This water is needed on oceangoing vessels to ensure ship stability and 41 

buoyancy. When it is released into far ecosystems, the organisms contained therein 42 

could spread into the new environment resulting in ecological threats and an enormous 43 

impact on human activities (Werschkun et al., 2014). Hence, invasive aquatic species in 44 

which ballast water is the main vector create a global challenge and one of the most 45 

severe pollution problems faced by the world´s oceans (Ojaveer et al., 2014; Werschkun 46 

et al., 2014).  47 

It is essential to develop management strategies that include ballast water treatments 48 

(BWTs) in order to minimize the spread of organisms in ballast water. Therefore, the 49 

International Maritime Organization (IMO) published the International Ballast Water 50 

Management Convention (BWMC) (IMO, 2004) which will enter into force in 2017 51 

after having been ratified by 52 contracting parties and carry the shipping tonnage  to 52 

the treaty to 35.1441% (Globallast, 2016). It will be one of the most significant global 53 

steps towards the control of alien aquatic species. There are currently only 2410 ships 54 

equipped with BWTs (IMO, 2015) with various configurations, the most frequent being 55 

a combination of a filtration step followed by a chemical disinfection phase (Lloyd´s 56 

Register, 2014).  57 

In order to achieve the implementation of sustainable practices (environmentally 58 

friendly and cost-effective) that reduce the use of chemicals and the consequent harmful 59 

by-products formation (Rivas-Hermann et al., 2015; Werschkun et al., 2012), the study 60 

of different technologies is increasing. Accordingly, this study is focused on ultraviolet 61 
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(UV) based technologies since UV-light “can be considered as a traceless and green 62 

reagent” (Su et al., 2014). 63 

UV technology is based on light absorption by an organic molecule (Su et al., 2014) as 64 

DNA;  thus, its application is well-known as a disinfection treatment (Hijnen et al., 65 

2006). Under UV irradiation, several catalysts or oxidants can be photo-activated 66 

resulting in an Advanced Oxidation Process (AOP) which uses powerful oxidizing 67 

radicals (mostly ·OH) that instantaneously react with microorganisms in water such as 68 

bacteria, microalgae, etc. (Gligorovski et al., 2015). 69 

AOPs continue to be a subject of scientific interest in water treatment processes for 70 

avoiding specific active substances that are associated with chemical hazards (Čulin and 71 

Mustać, 2015; Werschkun et al., 2014). This study is focused on two different AOPs: 72 

TiO2-photocatalysis and UV/H2O2. Photocatalysis generates ·OH through light 73 

incidence of a semiconductor. It has the advantage of no added chemicals when the 74 

catalyst is fixed on the reactor (Chong et al., 2010) which shows great potential as 75 

sustainable treatment technology. In the case of the UV/H2O2 process, the generation of 76 

·OH is derived by photolysis of hydrogen peroxide with a high quantum yield of two 77 

radicals per molecule of H2O2. Additionally, H2O2 quickly decomposes to H2O, and no 78 

hazardous by-products are generated (Gligorovski et al., 2015).  79 

Different studies showed the effects of the application of these AOPs on both drinking 80 

and wastewater whereby dissolved organic compounds influenced the processes in 81 

terms of ·OH scavenging and UV absorption/scattering (Matilainen and Sillanpää, 82 

2010; Oller et al., 2011; Russo et al., 2016). However, there have been a few studies of 83 

application for marine water disinfection that have high microbiological activity and 84 

most of the compounds are inorganic (Penru et al., 2012; Rincon and Pulgarin, 2004; 85 

Yamada et al., 2013). In previous studies, both UV/H2O2 and UV/TiO2 have 86 

demonstrated his effectiveness in comparison with UV sole (Moreno-Andrés et al., 87 

2016; Romero-Martínez et al., 2014; Rubio et al., 2013a; Rubio et al., 2013b), however, 88 

none of them assess the weight of salinity on disinfection processes.  89 

The discharge limits for ballast water regarding the human health standard (BWMC, 90 

Rule D2) include both gram-negative (E. coli and V. cholerae) and a gram-positive 91 

bacteria (Intestinal Enterococci). It is well-known that gram-negative bacteria are more 92 
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sensitive to UV-based treatments than gram-positive mainly because of the differences 93 

in their cell envelope (Romero-Martínez et al., 2014; Silhavy et al., 2010; van Grieken 94 

et al., 2010). Moreover, it is also known that fecal enterococci can survive longer in 95 

seawater than fecal coliforms (Belkin and Colwell, 2005; Byappanahalli et al., 2012). In 96 

this aspect, E. faecalis, a typical species within an enterococci subgroup, was selected as 97 

a microbiological indicator in this study. AOPs-disinfection studies of E. faecalis have 98 

been developed (Lanao et al., 2012; Koivunen and Heinonen-Tanski, 2005; van Grieken 99 

et al., 2010; Venieri et al., 2011; Ortega-Gómez et al., 2013), however, most of them 100 

used solar UV as a source of light together with an absence of water flow, i.e., batch 101 

conditions.  102 

Moreover, an ideally standard test organism (STO) should be easily cultured, easy to 103 

achieve high concentrations in water, and be stable over time (USEPA, 2010, 2006). In 104 

addition, especially when UV-based technologies are applied, it should accord with the 105 

Bunsen-Roscoe photochemical principle (Bunsen and Roscoe, 1862) which establishes 106 

that the biological effect (inactivation) is directly related to the total dose of energy 107 

regardless of how it has been administered, i.e., the intensity of the UV-dose should not 108 

interfere with the UV-inactivation; it must reciprocate the time-dose. This principle can 109 

be evaluated through a simple biodosimetry test (USEPA, 2006) which  involve a batch-110 

scale testing (low UV intensity) to define a specific dose-response curve that can be 111 

used for obtaining the Reduction Equivalent Dose (RED) on a continuous reactor (high 112 

UV intensity). In this way, accuracy about a theoretically calculated UV-dose can be 113 

obtained. It is very important because the UV-dose, unlike chemical disinfectants, 114 

cannot be directly measured. Furthermore, the UV-dose is directly related with 115 

disinfection efficiency (Hijnen et al., 2006). To the best of our knowledge, no published 116 

work has assessed the viability of E. faecalis as a viable biodosimeter for UV-validation 117 

purposes against other bacteria such as E. coli or B. subtillis (Li et al., 2013; Tang and 118 

Sillanpää, 2015; USEPA, 2006).  119 

Hence, the objectives of this research are: (i) to assess the viability of E. faecalis as an 120 

STO in terms of obeying a time-dose reciprocity law through a biodosimetry test and 121 

(ii) to evaluate the salinity as a key factor on the effectiveness of different UV-based 122 

technologies in a continuous-flow reactor and asses their viability as BWTs. 123 

  124 
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2. Material and Methods  125 

2.1 Water matrices  126 

The inactivating effects of UV-based treatments were tested for organisms suspended in 127 

two water matrices with different salinity. A low salinity matrix (DWBuff) was prepared 128 

with Milli-Q® (Millipore Iberica, Madrid, Spain) water by adding a phosphate-buffer 129 

solution. A high salinity matrix (SW) was prepared with 35 g·L-1 of natural marine salt 130 

(obtained by evaporation of seawater from “La Tapa” salt-works, Bahía de Cádiz, 131 

Spain) added to Milli-Ro® water. It was filtered and sterilized prior to the experiments. 132 

Physicochemical characterization of the waters used in the experiments was performed 133 

(Table 1). Conductivity, pH at 20 ºC (Crison Multimeter MM41), and UVT254 134 

transmittance (Jenway 7315 spectrophotometer) were controlled throughout all 135 

experimental procedures. A Total Organic Carbon (TOC) analysis was conducted using 136 

a Shimadzu TOC-L Analyzer with an NPOC method. Different ions were analyzed with 137 

ion chromatography (881-Compact IC Pro; 882-Compact IC Plus, Metrohm) with 138 

detection by conductivity; carbonates and bicarbonates with Titrando 905-Metrohm. 139 

2.2 Bacterial strain and microbiological procedures 140 

A bacterial strain of E. faecalis (ATCC 27285) was acquired from the Spanish Type 141 

Culture Collection (University of Valencia, Spain); following previous protocols 142 

(Moreno-Andrés et al., 2016; Romero-Martínez et al., 2014), it was preserved as 50:50 143 

glycerol-water suspensions at -20ºC. Preserved bacteria were reactivated and then 144 

subcultured daily a maximum of three days. Culture medium (Brain and Heart Infusion 145 

Broth (Scharlab)) with bacteria in an exponential growth phase was centrifuged, and the 146 

pellets were suspended in 100 mL of buffered distilled water to obtain the bacterial 147 

inoculum to be added to the different water matrices for experimentation. 148 

Post-treatment analysis of surviving organisms were determined by filtration through 149 

gridded membranes of 0.45 µm (Pall Corporation, NY, USA) and subsequently plated 150 

into Petri dishes with selective agar-based medium (Slanetz-Bartley Agar Base 151 

(Scharlab) with TTC indicator) according to the Membrane Filtration Method. Ten-fold 152 

dilutions were filtered from each sample in triplicate. Plates were incubated at 37 ºC for 153 
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48 hours. Colonies were counted after the incubation period, and the dilution providing 154 

between 20 and 100 colonies as the correct outcome of sample was selected. 155 

2.3 Biodosimetry test 156 

In order to evaluate the viability of the indicator E. faecalis as well as the precision of 157 

calculated UV-Dose, a simple biodosimetry test was performed in accordance with the 158 

protocol stablished in USEPA, 2006, and used for this purpose by different authors (Li 159 

et al., 2013; Sommer et al., 1995). Briefly, the bioassay is performed by using (i) a 160 

batch-scale test in which a UV-Dose-Response Curve (D-RCurve) is defined and (ii) a 161 

dynamic test with a Continuous-flow photoreactor (CFPhr) where the log inactivation at 162 

different conditions of flow rate, UVT254, and UV intensity is determined.  163 

2.3.1 Batch-scale test 164 

E. faecalis was exposed to a series of known doses from a collimated beam reactor (CB) 165 

that  was defined and used in previous studies (Moreno-Andrés et al., 2016; Romero-166 

Martínez et al., 2014). The light source is a UV-C low-pressure lamp (Wedeco-water 167 

solutions): electric power 10W, and UV-C efficiency was considered of 26.3%  168 

according to Bolton, 2000, and supported by actinometrical experiments (Rubio et al., 169 

2013a; Vélez-Colmenares et al., 2011). The UV-Dose was calculated according to the 170 

protocol proposed by Bolton and validated by USEPA (Bolton and Linden, 2003; 171 

USEPA, 2006), and it was varied by changing the time of UV exposure to the inoculated 172 

matrix water. UV254 intensity on the sample surface was measured by a PCE-UV36 173 

radiometer (PCE-Iberica).  174 

2.3.2 Continuous flow test 175 

Different assays were performed in parallel on CFPhr under the laboratory conditions 176 

defined in Moreno-Andrés et al., 2016. The CFPhr contained the same lamp and water 177 

matrix as the CB, thus the UVT254 and the lamp power remained constant with the flow 178 

rate being the only variable. With modifications on flow rate, the log inactivation (Log 179 

I) at the outlet was determined according to Log I = Log (N0/N), where N0 is the initial 180 

concentration of bacteria, i.e., CFU·mL-1, before treatment and N the concentration of 181 

bacteria after treatment. Experimental operation was carried out according to Section 182 

2.4.2 Experimental procedure. 183 
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2.3.3 UV-Dose determination 184 

The Reduction Equivalent Dose, RED (mJ·cm-2), was considered by entering the Log I 185 

into the D-RCurve defined on the batch-scale test. The RED has been adjusted to the 186 

uncertainties and biases according to USEPA, 2006. In contrast, the UV-dose on CFPhr 187 

(DCFPhr) was calculated as a function of Hydraulic Retention Time and mean intensity in 188 

accordance with USEPA specifications as well as that applied in previous studies 189 

(Moreno-Andrés et al., 2016; Romero-Martínez et al., 2014; Rubio et al., 2013a; 190 

USEPA, 1986).  In this way, was obtained information and accuracy about DCFPhr 191 

calculated theoretically.  192 

2.4 Experimental set-up for disinfection treatment comparison 193 

2.4.1 UV-based treatments 194 

Two different UV-continuous reactors were used for applying three different treatments: 195 

UV sole; UV + TiO2 and UV + H2O2. 196 

An annular PVC-reactor (4.4 cm in diameter) with an irradiated volume of 510 mL was 197 

utilized for UV and UV/H2O2 treatments. In the case of UV/H2O2, hydrogen peroxide 198 

(30% by weight, Merck) was added in a single dosage until a concentration of 5 mg·L-1 199 

was reached in the solution. It was measured prior to and after the assays according to 200 

the colorimetric method and neutralized after treatment with catalase (Sigma-Aldrich). 201 

A detailed methodology and optimization process was performed in previous studies 202 

(Moreno-Andrés et al., 2016). Photocatalytic treatment was performed on an annular 203 

TiO2 reactor (Wallenius water AB), pHZPC=6.3; with an irradiated volume of 360 mL 204 

and 3.6 cm in diameter.  205 

The source of light was the same for the different reactors: low-pressure UV-C lamp 206 

(electric power 42 W) equipped with a quartz sleeve (2.4 cm in diameter) which permits 207 

a comparison of results. Working flow-rates (it was verified that the water in the reactor 208 

remained a plug flow (Romero-Martínez et al., 2014)) were 550-3500 L·h-1 which 209 

means 1.01-0.16 seconds of hydraulic retention time for a single pass.  210 

2.4.2 Experimental procedure 211 
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The experimental premise consisted of samples treated with different UV doses that 212 

were applied on the different water matrices (DWBuff or SW) and treatments (UV, 213 

UV/TiO2, UV/H2O2). 214 

The reactivated bacterial suspension was inoculated in different matrices. Inoculated 215 

matrices were stored for 30 min prior to the treatment application in order to ensure 216 

bacterial adaptation. The bacterial concentration after this acclimatization period was 217 

considered as the initial concentration in the experimental series (106-107 CFU·mL-1). 218 

Meanwhile, the materials and elements of the rigs were cleaned and disinfected with 219 

hypochlorite and then rinsed with sterile water. Contamination of the elements was 220 

controlled throughout the experimentation with blank petri plates.  221 

As indicated in Fig. 1, an inoculated water matrix was pumped in once from the storage 222 

tank (25 L.) through the continuous reactor at different flow rates and thus different UV 223 

doses were applied. To avoid the contamination of the subsequent section to the reactor, 224 

UV doses were applied in descending order. Once the flow rate was stabilized, a volume 225 

similar to the total system volume was wasted, and the sample was subsequently 226 

collected in a sterile 500 mL Erlenmeyer flask at the reactor outlet. After collecting a 227 

sample, the flow rate was increased and the process repeated again before taking a 228 

series of samples treated with different UV doses. Finally, a control for each 229 

experimental series was taken using the highest flow rate used in treated samples but 230 

after turning off the UV lamp. In that way, variations in bacterial concentration caused 231 

by pumping through the system (mechanical stress), bacterial adsorption phenomena, or 232 

changes over the course of the experiment were monitored. No significant changes were 233 

observed. Samples in the same experimental series were taken during a time lapse of 15 234 

min maximum and stored in a cool dark recipient until microbiological analysis 235 

(Section 2.2).  236 

2.5 Experimental design and data treatment 237 

A multilevel factorial design was applied as a utile statistical tool for research efficiency 238 

(Álvarez-Díaz et al., 2014). Two factors were defined as experimental domain: 239 

Treatment (UV, UV/H2O2, UV/TiO2) and Salinity (DWBuff, SW). Six tests were 240 

stablished by triplicate resulting in 18 total runs (Table 2).  241 
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The effectiveness of disinfection was determined by logarithmic reduction of the 242 

survival microorganisms: Log (N/N0). The different concentrations were measured in 243 

three replicates and obtaining, in all cases, a coefficient of variation less than 30%.   244 

The obtained experimental points were modelled with a GInaFiT tool (Geeraerd et al., 245 

2005). The goodness of fit for experimental data was evaluated through the coefficient 246 

of determination (r2); values greater than 0.90 are considered as acceptable-fitting. It 247 

was supported with the Root Mean Square Error (RMSE) whereby two models were the 248 

most suitable for experimental data: first-order kinetic model  (Eq.1) and Log-linear + 249 

shoulder (Geeraerd et al., 2000) (Eq. 2) 250 

                             Eq. (1) 251 

                                               

                                               
    Eq. (2) 252 

Once the model was applied, two variable responses were obtained and defined for 253 

analysis: Kinetic rate constant, kmax (cm2·mJ-1) and the estimated dose necessary for 254 

decreasing the viable bacteria by ‘‘4” magnitude orders, D4 (mJ·cm-2). It has been 255 

considered as a good disinfection goal as fecal bacteria rarely exceed 104 CFU·100 mL-1 256 

in natural waters (Ondiviela et al., 2012), and it further permits an easy comparison of 257 

disinfection efficacy between different treatments and kinetic models. A minimum of six 258 

experimental points were fitting on the model for estimating both kmax and D4.  259 

Descriptive analysis, multifactorial analysis of the variance (ANOVA) with a 0.05 260 

significance level, and post-hoc analysis with Tukey's multiple comparisons tests were 261 

performed with Statgraphics® Centurion XVII (Version 17.0.16-Statpoints 262 

Technologies, Inc.). 263 
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3. Results and discussion 264 

The purpose of this paper is to assess the viability of different UV-based AOPs in 265 

marine water with E. faecalis as the microbiological indicator. 266 

3.1 Assessment of E. faecalis as indicator 267 

In order to assure that the E. faecalis met the time-dose reciprocity, two different 268 

experiments were performed under two different reactors: CB (lower UV-Intensity and 269 

large exposure times) and CFPhr (high intensities with very short times of exposure). 270 

In small batch reactors, major conditions and photochemical processes can be controlled 271 

(Su et al., 2014). Consequently, the D-RCurve was developed from CB data (Fig.2a). A 272 

typical D-RCurve follows Log-linear inactivation which could be adapted with a shoulder 273 

phase at the beginning and tailing effect at the end (Geeraerd et al., 2005; USEPA, 274 

2006). As it is microorganism-specific, it could limit the comparison by a range of UV-275 

doses. In this way, D-RCurve was defined according to the region of log-linear yield that 276 

occurs between the shoulder and the onset of tailing (USEPA, 2006). According to these 277 

criteria, the UV D-RCurve of E. faecalis was defined as RED = 5.758 · Log I (r2=0.9181), 278 

and it is validated for doses less than or equal to 25 mJ·cm-2. 279 

With the intent of assessing the viability of E. faecalis as STO, time-dose reciprocity 280 

should be proved. This was accomplished by theoretically calculating the UV Dose on 281 

CFPhr (DCFPhr) by using hydraulic retention time and mean intensity according to 282 

(USEPA, 1986). RED values were obtained by entering inactivation data acquired on 283 

CFPhr on a UV D-RCurve defined in Fig. 2a.  Both RED and UV-Dose- DCFPhr were 284 

highly correlated (R2=0.9362) with a slope value of 0.9658 (Fig.2b) meaning that 285 

similar inactivation rates were acquired both with RED values obtained experimentally 286 

and with the DCFPhr estimated theoretically under continuous flow.  287 

That similarity confirms that E. faecalis will have the same UV-inactivation under 288 

different sources of intensity. It could permit the comparison of results between 289 

conventional bench reactors and dynamic ones, i.e., with a continuous flow (Su et al., 290 

2014; Taylor-Edmonds et al., 2015). Moreover, accuracy regarding dose determination 291 

was obtained: RED values determined experimentally fit well with the calculated dose 292 

(DCFPhr).  293 
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These results suggest the viability of E. faecalis as STO including the adherence to the 294 

Bunsen-Roscoe photochemical law. E. faecalis, like B. subtilis (an organism commonly 295 

used as a biodosimeter) are Gram-positive bacteria. These organisms do not have the 296 

outer membrane like those that are Gram-negative. Instead,  they have a thick 297 

peptidoglycan layer (30-100 nm) which contains many sub-layers that provide major 298 

protection (Silhavy et al., 2010). These differences in structure could provide more 299 

resistance to light treatments even with greater intensity (Rincon and Pulgarin, 2004); in 300 

fact, Gram-negative bacteria (E. coli, V. cholerae by means of Ballast Water indicators) 301 

breach the principle of Bunsen-Roscoe (Sommer et al., 1998; Taylor-Edmonds et al., 302 

2015). Studies that are more detailed also show more sensitivity to UV-light for Gram-303 

negative cells (Hijnen et al., 2006; Tang and Sillanpää, 2015; van Grieken et al., 2010).  304 

3.2 Disinfection efficiency by UV-based treatments 305 

Once E. faecalis met all of the criteria as an ideal STO, different UV-based technologies 306 

were assessed according to factorial design: UV, UV/H2O2, and UV/TiO2 in which 307 

water composition based on salinity concentration was separated on DWBuff and SW 308 

(Table 2).  309 

Experimental results of the two studied variables are plotted in Fig. 3; they were 310 

obtained by applying the best fitting model (last column in Table 2). Inactivation raw 311 

data fit very well to a log-linear + shoulder model for UV treatment (Shoulder length 312 

approximately 4.75 mJ·cm-2). In the case of UV/H2O2 and UV/TiO2, the shoulder 313 

phenomena was significantly reduced, obtaining shoulder values < 1.5 mJ·cm-2; thus the 314 

log-linear regression was the best fitting model.  315 

kmax is the exponential kinetic rate constant associated with the log-linear regression. 316 

When the same kinetic model is applied, kmax is a useful parameter, however, when 317 

different kinetics models are to be compared, as in this study, accuracy diminishes. As 318 

an alternative, the D4 parameter together with kmax were analyzed in order to assure 319 

reliable results.    320 

In both water matrices, the highest kmax value was reached by a UV/TiO2 process 321 

(DWBuff-1.351 cm2·mJ-1 ± 0.121; SW-0.818 cm2·mJ-1 ± 0.086) followed by UV/H2O2. 322 

That means an improvement in efficiency for both AOPs. In comparison with the UV 323 

process, D4 is reduced by 77.20%-DWBuff, 60.49%-SW for photocatalysis, and 34.51%- 324 
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DWBuff, 27.55%-SW for UV/H2O2. Those results are according to some authors, e.g., 325 

Rubio et al., 2013a, who reach a similar percentage of UV dose reduction (35%-SW) in 326 

gram-positive marine bacteria by UV/TiO2. In the case of photolysis of H2O2, Sun et al., 327 

2016, obtained approximately a 23% reduction for the D4 parameter in E. coli.  328 

The disinfection mechanisms are different between UV irradiation and AOPs. It is 329 

known that the UV process induces intracellular DNA damage which means only 330 

minimal damage on the cell surface (Cho et al., 2010). Otherwise, an AOP where the 331 

primary action mechanism is the generation of ·OH that will react directly to the cell 332 

wall, will result in oxidative damage that leads to cell death (Chong et al., 2010; 333 

Pulgarin et al., 2012). This supports the improvement of disinfection efficiency for both 334 

processes with an increase of kmax that accelerates disinfection and permits a reduction 335 

of dose requirements to reach a specific disinfection goal (D4).  336 

There are several previous works in the literature regarding E. faecalis inactivation by 337 

either UV/TiO2 or UV/H2O2. This study used UV-C as a light source; regarding 338 

UV/H2O2 process, results obtained improve those with UVsolar (Lanao et al., 2012; 339 

Ortega-Gómez et al., 2013)  because H2O2 absorbs radiation mainly on 100-280 nm 340 

(Gligorovski et al., 2015; Lanao et al., 2012). Additionally, the use of a CFPhr that 341 

results in higher UV intensity could also improve the process in terms of H2O2 342 

photolysis and obtain major disinfection efficacy than those assays in CB reactors 343 

(Koivunen and Heinonen-Tanski, 2005).  344 

When photocatalysis is applied, there are two main configurations: suspended and 345 

immobilized TiO2. E. faecalis inactivation is generally conducted under a UVsolar source 346 

in a slurry photo-catalytic reactor (Lanao et al., 2012; Malato et al., 2009; Venieri et al., 347 

2011) and some under immobilized TiO2 (Fisher et al., 2013; van Grieken et al., 2010). 348 

When suspended TiO2 is applied, the process could be more effective because that 349 

means a high total surface area per volume. However, it does not permit a continuous 350 

operation because the catalyst suspended must be recovered (Malato et al., 2009). When 351 

TiO2 is fixed, it permits a continuous operation: a CFPhr involves high light intensity 352 

that generates more radicals on a photocatalytic surface and subsequent bacteria 353 

inactivation (Rincón and Pulgarin, 2003). The light wavelength could have 354 

consequences on the photocatalytic reaction as well; the use of a UV-C (253.7 nm) 355 

means major energy per photon (4.88 eV) that results in a higher degree of cell damage 356 
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than UVsolar. It could enhance the effectiveness on the photonic activation of TiO2 357 

(Chong et al., 2010) which is activated at a wavelength <385 nm (Rubio et al., 2013a). 358 

According to the results, it makes the process viable for these types of treatments that 359 

involve continuous operation for short treatment periods. 360 

3.3 Salinity effects 361 

The processes used in this study can be affected by water composition (Rincon and 362 

Pulgarin, 2004), specifically, the weight of salinity on UV-based disinfection processes 363 

is not well-defined because the photolytic mechanisms have remained ambiguous. Since 364 

salinity is a key factor for BWTs, experimental data were subjected to an ANOVA test-365 

factorial analysis of the variance (Table 2). It will detect if there are significant 366 

differences between water matrices and if the salinity factor affects the different 367 

processes.  368 

Results from ANOVA were summarized in Table 3. For both kmax and D4, differences 369 

were detected in the results related to the Treatment factor, Salinity factor, and the 370 

interaction of both. As the interaction of both factors (treatment and salinity) is 371 

significant, they must be considered instead of the individual factors ( cheff , 1999).  372 

Interaction effects for both variable responses were analyzed (Post-hoc Tukey-HSD 373 

test) and plotted in Fig. 3-outerbox where it is shown how the salinity factor affected 374 

both kmax and D4 regardless of the treatment applied.  375 

Statistical analysis for kmax (Fig. 3-left) indicates a significant difference by UV/TiO2 376 

for both salinity and treatment efficiency, i.e., a strong kmax reduction is obtained by 377 

means of salinity, 39.48%, and no significant differences were detected between UV and 378 

UV/H2O2.  Regarding the D4 parameter (Fig. 3-right), the results are slightly different. 379 

Since UV/TiO2 is the only process with differences in salinity, three treatment groups 380 

were statistically different. Those variations on both variable responses are explained 381 

because of the kinetic model that was applied; rate inactivation has been obtained by 382 

Shoulder + Log-linear for UV and Log-linear for AOPs. Since the D4 prediction is 383 

within the whole kinetic, and kmax only takes in account the Log-linear yield, the D4 is 384 

more accurate in this sense. 385 
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Nevertheless, despite the salinity affection and accuracy of variable responses, UV/TiO2 386 

is still the process with higher efficiency followed by UV/H2O2 and UV. In fact, 387 

differences in groups are determined by UV/TiO2. 388 

When UV radiation is applied, the results suggest only minimal effects from salinity on 389 

inactivation rates of E. faecalis. Two different forms could affect UV-inactivation in 390 

seawater: a light absorption or scattering effect from dissolved organic/inorganic 391 

compounds (Penru et al., 2012; Rincon and Pulgarin, 2004) and an osmotic effect on 392 

bacteria (van Grieken et al., 2010). Osmotic stress on E. faecalis caused by salinity is 393 

almost non-existent, obtaining 0.07 Log-reduction within 60 min (Moreno-Andrés et al., 394 

2016); this resistance in different environments with high ranges of salinities is known 395 

(Belkin and Colwell, 2005). On the other hand, dissolved compounds could absorb light 396 

causing a shielding effectiveness on bacteria obtaining lower inactivation rates as in 397 

(Chen et al., 2016; Rubio et al., 2013b). In our case, the inactivation rates were slightly 398 

higher in high salinity media and could be attributed to minor osmotic stress. Further, 399 

the dissolved organic compounds in water are minimal (TOC= 1.816 mg C·L-1) with the 400 

UVT254 being similar between both water matrices. In this way, the differences between 401 

DWBuff and SW were within the deviation for the 95% and can be considered 402 

imperceptible. The same fact was obtained by Spuhler et al., 2010 as well as Agbaba et 403 

al., 2016 in which no effects of water treatments on the organic compounds in the range 404 

of TOC (1-4 mg C ·L-1) and UV254 (0-0.07) were evidenced, which is within our range. 405 

When AOPs are applied, the generation of ·OH radicals are involved together with the 406 

effects of UV radiation on the disinfection processes and inactivation routes 407 

(Gligorovski et al., 2015; Rubio et al., 2013b). As shown in Fig. 3, there are some 408 

effects from salinity when AOPs are applied. D4 increased by 5.66% on UV/H2O2 and 409 

65.54% on UV/TiO2 in comparison with DWBuff (Table 4).   410 

In SW, appear halide ions and concomitant cations that are marginally present in 411 

DWBuff. From the perspective of AOPs, these compounds act as scavengers of ·OH. The 412 

most significant anions are Cl- and Br-. Cl- is the most abundant halide in these types of 413 

waters, however, Br- is the halide of more significant concern due to the strong 414 

scavenging rate together with CO3
- (Grebel et al., 2010; Rubio et al., 2013b; Song et al., 415 

2015). In the case of SO4
2-, it has an inconsequential hindering effect in comparison 416 

with Cl- (Rincon and Pulgarin, 2004; Song et al., 2015). As a result, sub-reactive species 417 
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appear that convert the non-selective ·OH radicals to selective radicals whereby their 418 

treatment efficiency will depend on the attacking groups, i.e., nucleophiles or 419 

electrophiles. Hence, the treatment efficacy is highly contaminant specific with a slow 420 

reaction of sub-reactive species with electrophiles groups and highly reactive with 421 

nucleophiles functional groups (Afzal et al., 2012; Grebel et al., 2010).  422 

This explanation could describe the results obtained under the UV/H2O2 process in 423 

which the efficacy of the treatment is slightly affected on the SW matrix. Although there 424 

is scavenging of ·OH radicals caused by the ions, the sub-reactive species could 425 

selectively react with the nucleophilic peptidoglycan substrates (Silhavy et al., 2010; 426 

Sun et al., 2016) resulting in similar bacteria inactivation. Other studies have obtained 427 

similar results, i.e., slight effects detected by salinity when UV/H2O2 is applied 428 

(Pradhan et al., 2016; Rubio et al., 2013b). 429 

The UV/TiO2 process is an AOP and will have the same effect on ·OH scavenging; 430 

however, the disinfection effectiveness is significantly different on SW than on 431 

UV/H2O2. The generation of ·OH radicals is derived from light incidence on a 432 

photocatalytic surface, leading to a positive electron hole (h+
VB). At this point, ions 433 

could have two different responses: bacterial adhesion to the photocatalytic surface and 434 

ion-blockage of the active sites.  435 

Counter ions, especially Ca2+ and Mg2+, could attract bacteria to the TiO2 catalytic 436 

surface because of neutralization of repulsion forces, meaning a major bacterial 437 

inactivation (Pablos et al., 2013); otherwise, the surface charge of the catalyst becomes 438 

negatively charged due to the pH of both water matrices always being above pHZPC 439 

(Chong et al., 2010; Rincon and Pulgarin, 2004). Our results reflect the significant 440 

decrease in bacteria inactivation; this could be due to the action of scavenger ions that 441 

appear to be predominant in water interaction. Additionally, when halide ions are 442 

present, they can create blockage in the active sites on the photocatalytic surface and 443 

reduce TiO2 valence band holes by reacting with the generated ·OH (Bhatkhande et al., 444 

2002; Surolia et al., 2007). This effect leads to a significate decrease in rate inactivation 445 

caused by the competition between anions and active sites. It may contaminate the TiO2 446 

catalyst, and the photocatalytic efficiency could diminish slowly during long-term use 447 

(Linsebigler et al., 1995).  448 
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In summation, results suggest some obstruction by salinity when AOPs are applied 449 

(Table 4). In the case of UV/H2O2, the disinfection efficiency is less than photocatalysis, 450 

but it does not show major effects caused by salinity. While ·OH scavenging processes 451 

by ions triggered the formation of sub-reactive species, it selectively reacts with 452 

nucleophile groups, meaning a contaminant specific reaction. In terms of disinfection 453 

efficiency, salinity does not majorly interfere with the UV/H2O2 process. Different 454 

results appear on UV/TiO2 in which salinity interferes most significantly in the 455 

disinfection process because of the blockage of active sites by anions’ adsorption on the 456 

catalytic surface. Further studies about the possible remediation of this poisoning effect 457 

are recommended, as it is a critical issue.   458 

Finally, the UV-based technologies assessed in this study appear to indicate that  non-459 

toxic by-products are involved (Grebel et al., 2010) because the generation of different 460 

radicals are short-lived with only a few nanoseconds of reaction (Malato et al., 2009). 461 

Additionally, they have the capacity to work with a high water-flow that is needed 462 

according to ballasting/de-ballasting rates in vessels. According to the results, it is 463 

recommended to scale-up, suggesting the potential of AOPs for the treatment of marine 464 

water instead of chemical treatments that could generate harmful by-products with 465 

associated negative impacts on sea environments (Werschkun et al., 2014). 466 

 467 
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4. Conclusions 468 

In this laboratory study, different UV-based treatments were tested as alternatives for 469 

marine water disinfection and focused on the Ballast water global challenge. The 470 

conclusions that were drawn are shown below:  471 

First, an assessment of the E. faecalis indicator shows great potential instead of other 472 

Gram-negative indicators because of the differences in cell structure. E. faecalis 473 

demonstrates adherence to the Bunsen-Roscoe law of time-dose reciprocity. It could 474 

allow comparing results between conventional batch reactors and dynamic photo-475 

reactors as long as the kinetics are on the region of linear log inactivation. The results 476 

suggest E. faecalis as a good Standard Test Organism for seawater. 477 

Both AOPs (UV/H2O2 and UV/TiO2) have demonstrated more disinfection efficiency 478 

than UV alone even in waters with a high salinity concentration. The efficacy of the 479 

treatment increased according to UV<UV/H2O2<UV/TiO2. Two variables responses 480 

were studied in terms of kinetic rates (kmax) and UV-dose reductions (D4). When 481 

different kinetics models should be compared, results suggest the suitability of a D4 482 

parameter (disinfection goal) as a disinfection efficiency indicator. In this way, the 483 

accuracy of measurement could be improved in comparison with kmax that take in 484 

account the log-linear phase without modifications as shoulder or tailing singularities. 485 

While little impact of salinity has been determined on the UV/H2O2 process, significant 486 

effects had been found mainly in UV/TiO2 treatment. In both processes, a scavenging 487 

effect of ·OH is involved caused by halide ions, however, the ion-blockage of the active 488 

sites on a photocatalytic surface appears to be of major influence. Nevertheless, 489 

photocatalytic treatment is the process where major inactivation rates were obtained 490 

despite the salinity effect.  491 
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6. Figures and Tables 714 

Fig. 1. Schematic of experimental procedure.  715 

Fig. 2.a) E. faecalis UV Dose-Response curve (D-Rcurve) defined as UV Dose (mJ·cm-2) 716 

Versus Log (N0/N). In the outer box appears full kinetics for CB according to Log-linear 717 

+ Tail (Log (N/N0) is referred to microbial survival). b) RED values (obtained 718 

experimentally by biodosimetry test) Versus Calculated UV Dose on CFPhr (DCFPhr). 719 

Fig. 3. Descriptive plots for the two variables studied: Left – kmax (cm-2·mJ-1). Right- D4 720 

parameter (mJ·cm-2). Error bars depict the 95% confidence interval. Asterisks (*) show 721 

data for differences (p<0.05) between water matrices (DWBuff-SW) in the same 722 

treatment. Letters show differences (p<0.05) between treatments at DWBuff (A-B) or SW 723 

(a-c). Values were obtained by an application of different kinetic models (Log-Linear + 724 

Shoulder for UV and, Log-Linear for UV/H2O2 and UV/TiO2). Outer boxes show 725 

interaction effects plot for kmax (Left side) and D4 (Right side).  726 

  727 



27 

 

Table 1. Characterization of water matrices used in the experimentation. 728 

Parameter Low Salinity matrix 
(DWBuff) 

High Salinity matrix 
(SW) 

pH 7.58 ± 0.14 8.74 ± 0.05 

Conductivity at 20ºC 
(µS·cm-1) 79.06 ± 1.17 45680 ± 1493.3 

Temperature (ºC) 23.83 ± 2.11 21.23 ± 2.15 

UVT254 (%)  89.80 ± 1.84 88.28 ± 2.74 

Total Organic Carbon 
(TOC) (mg C·L-1) -- 1.816 ± 0.049 

Cl- (g · L-1) -- 17.330 ± 0.099 

SO4
2- (g·L-1) -- 0.522 ± 0.008 

Br- (mg·L-1) -- < 0.0001 

Na+ (g·L-1) -- 11.619 ± 0.145 

K+ (mg·L-1) -- 51.55 ± 2.45 

Ca2+ (mg·L-1) -- 79.80 ± 2.60 

Mg2+ (mg·L-1) -- 40.47 ± 0.72 

CO3
2- (µmol·L-1) -- 0.52 ± 0.10 

HCO3
- (µmol·L-1) -- 96.60 ± 0.20 

 729 
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Table 2. Experimental domain for the variables responses studied: kmax (cm2·mJ-1) and 735 
D4 (mJ·cm-2). They are summarized together with regression coefficient and models 736 
applied for all factorial runs. 737 

Run Salinity Treatment kmax 
(cm2·mJ-1) 

D4 
(mJ·cm-2) 

r2 Kinetic Model applied 

       

1 DWBuff UV-C 0.351 29.12 0.962 Log-Linear + Shoulder 

2 DWBuff UV/H2O2 0.489 19.05 0.904 Log-Linear 

3 DWBuff UV/TiO2 1.380 6.72 0.904 Log-Linear 

4 SW UV-C 0.435 28.8 0.944 Log-Linear + Shoulder 

5 SW UV/H2O2 0.421 22.15 0.995 Log-Linear 

6 SW UV/TiO2 0.880 10.63 0.976 Log-Linear 

7 DWBuff UV-C 0.336 31.05 0.923 Log-Linear + Shoulder 

8 DWBuff UV/H2O2 0.435 21.33 0.951 Log-Linear 

9 DWBuff UV/TiO2 1.219 7.59 0.962 Log-Linear 

10 SW UV-C 0.363 29.19 0.967 Log-Linear + Shoulder 

11 SW UV/H2O2 0.474 19.46 0.966 Log-Linear 

12 SW UV/TiO2 0.720 12.87 0.985 Log-Linear 

13 DWBuff UV-C 0.359 30.74 0.921 Log-Linear + Shoulder 

14 DWBuff UV/H2O2 0.484 19.15 0.918 Log-Linear 

15 DWBuff UV/TiO2 1.455 6.41 0.898 Log-Linear 

16 SW UV-C 0.419 28.83 0.985 Log-Linear + Shoulder 

17 SW UV/H2O2 0.439 21.29 0.938 Log-Linear 

18 SW UV/TiO2 0.854 10.8 0.931 Log-Linear 

 738 
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Table 3. Summary table of ANOVA test. Significant factors at p-values under 0.05 are 745 
denoted in bold. 746 

Variable Factor Degrees of 
freedom 

Sum of 
Squares 

Mean 
Square 

F-value P-value 

kmax A: Treatment 2 1.802 0.901 215.400 <0.0001 

 B: Salinity 1 0.126 0.126 30.010 0.0001 

 AB 2 0.307 0.153 36.700 <0.0001 

 Error 12 0.050 0.004   

 Total 17 2.284    

D4 A: Treatment 2 1258.890 629.443 572.360 <0.0001 

 B: Salinity 1 9.188 9.188 8.350 0.0136 

 AB 2 26.229 13.115 11.930 0.0014 

 Error 12 13.197 1.099   

 Total 17 1307.500    

 747 

 748 

 749 
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Table 4. Summary table with efficiencies related to kmax and D4 obtained on SW in 759 
comparison with DWBuff  by means of salinity effects. 760 

Treatment kmax (cm2·mJ-1) D4 (mJ·cm-2) Key findings  

UV-C 16.21% -4.50% 

No significant effects have 

been detected. A minimal 

increase on efficiency could be 

attained to slightly osmotic 

stress. 

UV/H2O2 -5.22% 5.66% 

Slightly affection by salinity 

has been reported. The main 

reason is attained to scavenging 

rate of ·OH and consequent 

generation of sub-reactive 

species that can selectively 

react with bacteria. 

UV/TiO2 -39.48% 65.54% 

Significant differences have 

been reported. Ion blockage of 

active sites on the catalytic 

surface seems to be the major 

effect caused by salinity.  

 761 
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