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LP-UV/H2O2 treatment of NOM-containing synthetic waters led to nitrite, nitrophenol and measurable but not mutagenic Ames responses in the presence of nitrate, where the NOM type affected the response levels.

Water Impact Statement
[bookmark: _Hlk493692025]Despite the increasing application of UV advanced oxidation processes in water treatment, few studies have considered the potential formation of nitrated by-products and potential toxicity issues. This study showed that UV advanced oxidation of waters containing nitrate and natural organic matter can produce nitrite and nitrophenols, but measurable mutagenicity formation in Salmonella typhimurium was not significant compared to standard thresholds.

Introduction 
Advanced oxidation processes (AOPs) have been increasingly incorporated for drinking water treatment applications, due to the rise of recalcitrant micro-pollutants in the water, and because of the effective non-selective degradation achieved1. More specifically, UV-based AOPs (e.g. UV/O3, UV/H2O2, UV/TiO2, UV/HOCl) have been widely applied in the past decade due to the combined effect of UV photolysis and hydroxyl radical oxidation for the degradation of organic micro-pollutants2 (as well as for disinfection purposes). AOPs have been shown to produce reaction products3, which depend greatly on the water matrix, the process and the conditions applied. This work has focused specifically on the application of the Low Pressure (LP)-UV/H2O2 process. UV/H2O2 treatment is becoming popular since it has been shown in numerous previous studies to successfully treat various organic contaminants, e.g. endocrine disrupting compounds (EDCs)4, polycyclic aromatic hydrocarbons (PAHs)5-6, pharmaceuticals7 and pesticides8-9. It is a promising technology due to the effective, non-selective degradation of micropollutants via OH-radical-assisted oxidation with an additional contribution of UV photolysis, while disinfection of the water takes place at the same time. Specifically, Low Pressure (LP) lamp applications exhibit advantages over Medium Pressure (MP) applications due to higher energy efficiency, longer lifetime, and minimum formation of by-products of concern, such as nitrite and bromate10.
The formation of nitrogenous reaction products via the photolysis of nitrate, followed by a complex series of reactions, has been studied previously only to a limited extent11. In contrast, the photolysis of nitrate has been studied extensively, especially for medium pressure (MP)-UV wavelengths (λ < 240 nm) where its absorption is the highest, leading to peroxynitrite (OONO-) formation as the main intermediate species. Peroxynitrite decomposition leads to the production of nitro- and nitroso- radicals, with nitrate and nitrite as end products12-13. In the presence of an organic matrix, the incorporation of inorganic nitrogen into the organic matrix has been demonstrated14. The main mechanisms shown to take place during the photolysis of nitrate or nitrite in the presence of low molecular weight organic molecules, mainly aromatic substances such as benzene and phenol15-18, are hydroxylation, nitration and nitrosation, the latter being enhanced in the absence of oxygen19. In these studies, the formation of a variety of nitrated compounds was observed (e.g. 2-nitrophenol, 4-nitrophenol, 4-nitropyrocatechol, 4-nitrosophenol). Studies investigating the reaction product formation in NOM-nitrate rich water by UV/H2O2 treatment are few; Martijn et al.17-18 reported the formation of 2- and 4-nitrophenol and 4-nitrocatechol when irradiating phenol as surrogate for NOM in the presence of nitrate with MP-UV, whereas Kolkman et al.20 found a variety of nitrogen containing compounds by MP-UV photolysis and MP-UV/H2O2 treatment of synthetic (nitrate-rich, with Pony Lake NOM) and full-scale water samples, respectively, confirming the following three reaction products: 4-nitrophenol, 4-nitrocatechol, and 2-methoxy-4,6-dinitrophenol. 
Since some nitrated compounds are known to be toxic21 and as a result may pose a health risk in drinking water, it is critical that their presence and potential contribution to the water’s toxicity are investigated. For that reason, various bioassays have been developed, such as the Ames assay, which is widely used as a standard screening method for the detection of mutagenic compounds22. The Ames assay was selected, since regulators consider that, ‘‘a substance that is mutagenic in the Salmonella typhimurium bacterium is more likely than not to be a carcinogen in laboratory animals, and thus, by extension, present a risk of cancer to humans’’ (U.S. Department of Health and Human Services, 2016)23. The test is advantageous in terms of its easy application, rapid generation of results and low cost, thus rendering it a useful tool for assessing potential carcinogenicity. It makes use of strains of the bacterium Salmonella typhimurium that carry gene mutations that inhibit histidine synthesis; these mutations can be reversed in the presence of mutagenic chemical compounds. The Ames II assay used in this study is a modification of the standard Ames test; it uses a liquid microplate format and much smaller sample volumes are required24. There are two commonly applied Salmonella typhimurium strains, the frameshift strain TA98 and the base-pair detecting strain TA100. It has been shown by previous studies that the TA98 strain (and especially the TA98(-S9) combination, where (-S9) denotes the absence of a rat liver metabolic activation system) is most responsive in samples treated with oxidation processes17,25-28, whereas the TA100 strain (both with and without S9 addition) has exhibited positive responses in cases of chlorinated samples29-32. Therefore, in this study, the strain TA98, in the absence of a rat liver metabolic activation system (S9), was selected. 
The mutagenicity of MP-UV/H2O2-treated water has been investigated previously and showed a significant Ames assay response and the important role that the presence of nitrate played in this response17-18, 20, 27, 33 with only one study giving negative Ames assay results where natural quartz sleeves with a cut-off of UV light< 240 nm were utilized34. Martijn et al.17-18 showed in a preliminary risk assessment, by converting the Ames responses of full-scale water samples treated by MP-UV and MP-UV/H2O2 into 4-nitroquinoline oxide (4-NQO) equivalent concentrations, that there is reason for concern and further investigation is required. Although in theory LP-UV and LP-UV/H2O2 processes are expected to cause little, if any, mutagenicity formation, very few studies have examined this in detail, and these have suggested that LP-UV-based treatment did not cause any mutagenicity formation33 or a very weak response35. In order to provide further clarification of potential effects, this paper summarises the results of recent research which has evaluated: a) the formation of mutagenicity, nitrite and nitrophenol in laboratory tests using synthetic water containing NOM and nitrate, and b) the formation of mutagenicity in samples from a full-scale drinking water plant where LP-UV/H2O2 treatment was applied.

Methods
Chemicals
Sodium nitrate, hydrogen peroxide (30%), HPLC-grade acetone, ammonia (30%), methanol and ethyl acetate (99.9%) were supplied by VWR (the Netherlands). Acetonitrile was supplied by Merck (the Netherlands), formic acid (99%) by Boom (the Netherlands) and fenoprofen by Sigma-Aldrich (the Netherlands). Laboratory-grade water (LGW) was produced by a Milli-Q Advantage A10 system (Merck Millipore, Darmstadt, Germany). 
Two types of reference natural organic matter were obtained from the IHSS (International Humic Substances Society) as dry solid extracts: Suwannee River NOM (2R101N) and Pony Lake NOM (1R109F). Suwannee River NOM is a widely used reference aquatic NOM, and Pony Lake NOM is a reference fulvic acid-containing NOM. The nitrogen content for Suwannee River NOM was 1.27 % (w/w), whereas for Pony Lake NOM it was 6.51 % (w/w); the highest nitrogen content among the IHSS NOMs available. Their difference is reflected by the SUVA254 (SUVA254=Abs254/DOC) values obtained experimentally, 3.6 and 1.6 L mg−1 m−1 for Suwannee and Pony Lake, respectively, showing that Suwannee NOM consists of humic, highly aromatic and hydrophobic matter with high molecular weight organic fractions, whereas Pony Lake is mostly hydrophilic non-humic (fulvic) matter. The A254/A203 UV absorbance ratios36 were calculated as 0.42 and 0.32, respectively, suggesting aromatic rings highly substituted with hydroxyl, carbonyl, ester and carboxyl groups for Suwannee River NOM, and rings predominantly substituted with aliphatic functional groups for Pony Lake NOM.
Phenomenex Strata-X Polymeric Solid Phase Extraction (SPE) columns (200 mg Oasis HLB 3 mL glass cartridges) were supplied by Phenomenex (the Netherlands).
Stock solutions of the two types of NOM and NaNO3 were prepared in MilliQ water, and test solutions were produced from the required amounts of the stock solutions and hydrogen peroxide solution.  
[bookmark: _Toc489872814]UV collimated beam experiments
[bookmark: _Hlk502765564]UV exposure experiments were carried out with a bench scale collimated beam apparatus, equipped with a 25-Watt low pressure (LP) mercury arc discharge lamp without a lamp sleeve. The emission spectrum of the UV lamp, obtained from Trojan UV Technologies (London, Ontario, Canada) consisted of a strong, almost exclusive emission at 254 nm (Figure S.1, ESI). The experimental conditions for the LP-UV collimated beam experiments are given elsewhere37. The exposure time for the desired UV fluences was calculated using a fluence calculation spreadsheet based on Bolton and Linden38. According to this protocol, the UV fluence applied, and consequently the irradiation time, were adjusted for the absorbance of each solution at 254 nm. 
Regarding the study of mutagenicity formation by LP-UV/H2O2 treatment, experiments were performed in laboratory-grade water spiked with either Suwannee River NOM or Pony Lake NOM (both at 4 mg/L, which corresponded to 2 and 2.1 mg C/L as DOC for Suwannee River and Pony Lake NOM, respectively) in the presence of nitrate (50 mg/L). The UV fluences applied were 0 (no irradiation), 1500 and 2000 mJ/cm2, corresponding to the upper-end of the fluence range that is commonly applied (1500 mJ/cm2) and worst case (2000 mJ/cm2) UV fluences, with a peroxide dose of 15 mg/L. All experiments were performed in duplicate and at room temperature (23-25 ˚C).
[bookmark: _Toc489872815]Analytical methods 
Nitrite and nitrate ions were quantified by ion chromatography (detection limits of 0.05 and 0.1 mg/L, respectively), using a Metrohm IC Compact 761 ion chromatograph (IC) equipped with a Metrohm Metrosep A Supp 5 (150/4.0 mm) column, a Metrohm Metrosep A Supp 4/5 Guard pre-column and a conductivity detector. 
The analysis for the detection of nitrophenols was performed by a method involving compound extraction using polymeric SPE tubes (Phenomenex Strata-X Polymeric 200 mg / 3 ml SPE extraction tubes), followed by liquid chromatography tandem mass spectrometry (LC-MS/MS). For the SPE extraction, acetone/ethyl acetate (1:1), methanol and acidified blank sample (pH=2) were used consecutively for the activation of the SPE cartridges. The cartridges were then loaded with 0.5 L of acidified sample. Elution was performed with 7.5 mL of acetone/ethyl acetate (1:1). A volume of 50 µL of the internal standard solution (fenoprofen in methanol) was added to the eluates, which were further evaporated with a nitrogen stream until the volume reached 0.2 mL. Finally, 0.8 mL of ultrapure water was added before analysis.
For the negative ion electrospray LC-MS/MS analysis, an Agilent 6410 QQQ Mass Analyzer with electrospray ion source was used. A Phenomenex Gemini Phenyl-hexyl column (150mm*3mm, 3µm particle size) was employed and equipped with an appropriate guard column for separation. The mobile phases used were A: 2.5 L Milli-Q water with 0.75 mL formic acid (99%) and 1.75 mL ammonia (30%), and B: 2.5 L acetonitrile. The flow rate was 0.6 mL/min. As internal standard, fenoprofen was used. The compounds were measured with specific QQQ transitions. For instrument control and data analysis Agilent MassHunter software was used. The quantitation limit (QL) and detection limit (DL) of the method were 0.02 and 0.007 μg/L, respectively. 
NOM characterisation was performed by Liquid Chromatography-Organic Carbon Detection (LC-OCD) (Model 8, DOC-LABOR, Karlsruhe, Germany), equipped with both DOC and DON detection, an organic carbon detector (NDIR), an organic nitrogen detector (UV 220 nm), as well as a UV detector (254 nm), all integrated within the LC-OCD system. The column used was a Toyopearl HW-50S (30μm, 250 mL) and a phosphate buffer was used as eluent. Data analysis was performed with DOC-LABOR software (ChromLog version).
H2O2 concentrations were measured using the triiodide method39.
All experiments were performed in duplicate and statistical t-test comparisons were conducted with a 95% confidence interval.
[bookmark: _Toc489872816]Water treatment works sampling
Samples were collected from a selected drinking water treatment works (WTW) in the UK, incorporating LP-UV/H2O2 technology and treating surface water from a lowland river known for its poor water quality caused by the presence of industrial discharges, pesticides and high nitrate concentrations. The WTW comprises river bank side storage where surface water is collected from the adjacent river, followed in sequence by roughing granular activated carbon (GAC) filtration, submerged ultrafiltration, LP-UV/H2O2 oxidation, polishing post GAC filtration, UV disinfection and residual chlorine addition. The LP-UV/H2O2 treatment process makes use of four UV reactors, each containing 96 UV 1kW lamps, and a H2O2 dosing system. Two separate samplings (referred to as (a) and (b)) took place in February and April 2016, to cover expected differences in water composition and the maximum design UV/H2O2 conditions that were applied as part of testing the efficiency of the system in a worst-case scenario ((UV fluences of 2000 and 1750 mJ/cm2 for sampling (a) and (b), respectively, and a H2O2 dose of 40 mg/L in both cases). These doses, along with water quality and operational parameters for the WTW sampling events can be found in Table 1. Water samples were collected from the inlet (only for sampling (b)), pre-AOP, post-AOP and post-GAC treatment steps, to assess nitrite formation, NOM fate and potential mutagenicity in terms of Ames assay response during treatment.     
Ames II Mutagenicity assay
Both the synthetic and full-scale water samples were subjected to the Ames II Mutagenicity assay (the TA98(-S9) combination) in order to evaluate their mutagenic potential to induce reverse mutations in Salmonella typhimurium. All water samples were extracted by SPE according to the method described by Heringa et al.27. The extracts were 20,000x concentrated after SPE extraction, diluted 25x in the Ames II assay (i.e. relative enrichment factor was 800). The Ames II assay was performed according to the Xenometrix protocol40. A blank (SPA Reine = spa bottled water) was treated identically as a method control. Solvent control (100% DMSO), and positive controls (2-nitrofluorene + 4-nitroquinoline N-oxide) were included. In total, 9 replicates in the control conditions (method and solvent controls) and 3 replicates for each extract (i.e. sample) were prepared. Per replicate, 48 wells are used, therefore the mean number of positive wells was expressed as a percentage (%) of the 48. Both the sample extraction and the Ames assay were performed by VITO laboratories in Belgium. 
In order to interpret the findings in terms of positive or negative mutagenicity, the number-fold inductions over the solvent control (ratio of the mean number of positive wells for the test item divided by the mean number of positive wells for the solvent control) and the number-fold inductions over the baseline value (ratio of the mean number of positive wells for the test item divided by the baseline value for the solvent control) were calculated. The baseline value represented the mean number of positive wells in solvent control conditions + 1 SD. A Student’s t-test (1-sided, unpaired) was also carried out to determine significance at the p ≤ 0.05 level between the range of data for the solvent control and the data for the test substances. The raw data and calculated values are given in Table S.1 (ESI).
Number-fold inductions in revertant numbers over the solvent control are considered as positive if > 3.0, whereas number-fold inductions in revertant numbers over the baseline value are positive if > 2.0. A sample (or compound) that shows a clear number-fold increase > 2.0 (baseline) and significant difference (p<0.05 in the t-test), is classified as mutagenic. When the number-fold induction is below these values the test substances are not mutagenic towards the Salmonella typhimurium strain TA98. 

[bookmark: _Toc489872818][bookmark: _Toc489872819]Results and Discussion
Ames II assay of synthetic water samples
The Ames II assay was performed to assess the mutagenicity of the treated water, using two different types of NOM, Pony Lake and Suwannee River NOM, in the absence and presence of nitrate (50 mg/L) under the following conditions: UV fluences of 0 (no irradiation), 1500 and 2000 mJ/cm2 and a dose of 15 mg/L H2O2. The results for the water samples, including the method and solvent control, are given in Figure 1 (a-b).
Comparing the combinations of 0 UV+H2O2+NO3 and 2000 UV+H2O2+NO3 the Ames II assay results for Suwannee River NOM (Figure 1a) were not statistically different. In contrast, for Pony Lake NOM, the 2000 UV+H2O2+NO3 combination showed a significant increase in positive wells levels (Figure 1b). Therefore, it can be concluded that LP-UV photolysis and/or hydroxyl radical oxidation was responsible for the increase in the number of positive wells. A statistically significant increase was also observed for the 2000 UV+H2O2+NO3 combination compared to the 2000 UV+H2O2 (no NO3), indicating that NO3 photolysis played a major role in the increased number of positive wells. This finding agrees with the findings from Martijn et al. (2014, 2015)17-18 treating samples containing Pony Lake NOM with and without the presence of nitrate with either MP-UV photolysis or MP-UV/H2O2 treatment, producing an increase in the Ames II assay response only when nitrate was present. Overall, significant variations in the Ames II assay response were observed in Pony Lake NOM samples in the presence of nitrate after LP-UV/H2O2 treatment. Nevertheless, the levels produced (around 10 positive wells) with a high nitrate concentration (50 mg/L) and high UV fluence (2000 mJ/cm2) were only half of those observed by Martijn et al. (2014)17 (around 20 positive wells) when MP-UV/H2O2 treatment was applied with a lower UV fluence and H2O2 dose (560 mJ/cm2 with 6 mg/L H2O2).
In order to interpret the results in this work in terms of mutagenicity with the Ames II assay, the number-fold inductions over the solvent control and the number-fold inductions over the baseline value (explained in the Methods Section) were calculated. Figure 2 shows that all number-fold inductions over the solvent control were below 3 and all number-fold inductions over the baseline value were below 2, indicating that none of the SPE extracts of the samples could be classified as mutagenic towards the Salmonella typhimurium strain TA98. It should be noted that negative results are not conclusive of the total absence of mutagenic potency, as other mutagenic mechanisms cannot be excluded.
Based on the calculated SUVA values (3.6 and 1.6 L mg−1 m−1 for Suwannee River and Pony Lake NOM, respectively), Suwannee River NOM is expected to have a more aromatic nature compared to Pony Lake NOM, and consequently be more prone to OH-radical attack under UV/H2O2 treatment at the electron-rich sites41. Nevertheless, this would be the case for low molecular weight organic compounds42, whereas based on the high SUVA value it is suggested that Suwannee River NOM contains high molecular weight organic fractions. According to literature values, the reaction rate constant of these two NOMs with OH-radicals are reported to be 3.3 108 M-1 s-1 for Suwannee River NOM43 and 2.03 108 M-1 s-1 for Pony Lake NOM44 (by competition kinetics), so the difference in reactivity is small. If, however, the degradation of Suwannee River NOM takes place to a greater extent than Pony Lake NOM, and mutagenic products are formed as intermediates, the degradation of those intermediates could also take place, therefore lowering the final Ames levels. 
The difference between the Ames levels obtained by the two NOMs was not statistically significant; nevertheless, the role of photolysis as well as the role of the presence of nitrate were apparent only for Pony Lake NOM under the conditions applied, as already explained earlier. The incorporation of the nitrate-nitrogen into the organic matrix and the formation on nitrated/nitrosated compounds by MP-UV treatment has been demonstrated for both Suwannee River14 and Pony Lake NOM17,20. This could be the reason why mutagenicity levels (even though low) were measured for both NOMs. It can be suggested that this N-incorporation is also affected by the nitrogen content of the NOM, especially when it comes to N-nitrosation45; since this content is 5 times higher for Pony Lake NOM (1.27 % (w/w) and 6.51 % (w/w) for Suwannee River and Pony Lake NOM, respectively), nitrosation could have been favoured, giving rise to more, potentially mutagenic, compounds. Additionally, the more aliphatic composition of Pony Lake NOM could have contributed to greater nitrosation, since, according to Thorn and Cox45, the greater the aliphatic carbon content, the greater the concentration of activated methylene and methyl carbons that are available for nitrosation and subsequent rearrangement. Although in the Thorn and Cox study45 the NOMs were treated with nitric acid and not a nitrate salt, they state that some detected N-compounds were also observed when sodium nitrate was used.
[bookmark: _Toc489872820]Nitrite and nitrophenol formation
While no nitrite was formed in dark samples (i.e. no UV irradiation), the nitrite concentrations obtained for the irradiated samples (1500/15 and 2000/15, in mJ/cm2 / mg/L) for both NOMs were 0.08-0.09 mg/L (Figure S.2, ESI), which were very close to the 0.1 mg/L EU regulatory limit for nitrite. However, this limit might be exceeded if the H2O2 dose is increased46. It should be noted that conflicting results have been reported regarding the role of hydrogen peroxide. Thus, Lu et al.47, utilizing a LP lamp at pH = 9.5 for a concentration of 10 mg/L NO3--N (44 mg/L NO3-), found that 0.8 mg/L NO2- was produced both in the absence of H2O2 and with 10 mg/L H2O2, while in contrast Sharpless et al.48 reported 0.16 mg/L NO2- formed by MP-UV photolysis of water containing 10 mg/L of nitrate with a UV fluence of 150 mJ/cm2 and 0.19 mg/L NO2- with the addition of 10 mg/L H2O2, thereby showing that nitrite formation by MP-UV can be enhanced by H2O2 addition. The nitrite formation with and without H2O2, under the same UV fluences as in this work, and both in the presence and absence of NOM, can be found in our previous study46. It was observed that, a) the H2O2 concentration (up to 50 mg/L) and nitrite yield (0.05-0.13 mg/L) were directly proportional when 50 mg/L nitrate was used in NOM-free water, and b) the presence of NOM (either Suwannee River, Nordic Lake or Pony Lake NOM) increases the formation of nitrite for all UV/H2O2 dose combinations and NOM concentrations, compared to UV photolysis and NOM-free waters. Specifically for Pony Lake NOM (for comparison reasons) the nitrite concentrations under the fluences of 1500 and 2000 mJ/cm2 without H2O2 were 0.11 and 0.13 mg NO3- /L, respectively, compared to the 0.09 mg NO3- /L value for both 1500/15 and 2000/15 (mJ/cm2 / mg/L) combinations.
In addition, the presence of nitrophenols was investigated (only with Pony Lake NOM) since their formation has been observed previously (as mentioned in the Introduction), due to the reaction of phenol with UV photolysis intermediates of NO3. Martijn et al. (2014)17 used Pony Lake NOM in the presence and absence of nitrate, hypothesizing the Ames response was caused by the incorporation of inorganic nitrogen into the organic matrix by MP-UV and MP-UV/H2O2 treatment, and subsequently observed the formation of nitrophenols by MP-UV photolysis when phenol was used as a model compound for NOM. Therefore, it was considered worthwhile to investigate any nitrophenol formation in the tests in this study stemming from reactions in the NOM-NO3 system, induced by LP-UV photolysis (i.e. 254 nm). 
The LC-MS/MS method was used to analyse for the following nitrophenols: 2-nitrophenol, 4-nitrophenol and a combination of both. All samples yielded trace amounts of mono-nitrophenol (0.014-0.046 μg/L), without the possibility to distinguish between 2-nitrophenol and 4-nitrophenol, since the analytical method used only determines the total mono-nitrophenol concentration. The experiments were performed in duplicate and the results are shown in Figure 3. With no UV irradiation, 0.01 μg/L of nitrophenol was found, which was very close to the detection limit (0.007 μg/L) and lower than the quantitation limit (0.02 μg/L). For the two UV/H2O2 combinations, a significant nitrophenol concentration (~0.04 μg/L) above the quantitation limit was observed.
Nitrophenol production is expected since phenolic groups are one of the aromatic structures present either in the NOM or from the degradation products of NOM molecules by oxidation. The results agree with Kolkman et al. (2015)20 who found a variety of nitrogen-containing compounds, including 4-nitrophenol, when MP-UV photolysis was applied in samples with Pony Lake NOM, as well as in full-scale water samples treated with MP-UV/H2O2. The two phenols detected, 2- and 4-nitrophenol, were also found by Martijn et al. (2014)17 along with 4-nitrocatechol, when irradiating samples containing phenol and NO3 with a MP lamp. In our experiments with the LP lamp, a significant concentration of nitrophenol was found for both UV fluences (i.e. 1500 and 2000 mJ/cm2). The measured nitrophenol concentration was less for the 2000 mJ/cm2 than for the 1500 mJ/cm2 fluence (0.037 and 0.046 μg/L, respectively), although the difference was not statistically significant (Figure 3). This finding agrees with Martijn et al. (2014)17 who showed an initial increase in nitrophenol concentration as a function of the irradiation time, followed by a decrease at longer irradiation times, attributed to oxidation of the previously produced nitrophenols.
Ames II assay of full-scale water samples
Samples collected from the UK drinking water treatment plant after various treatment steps on two days in different months (sampling (a) was in February and sampling (b) in April) were also analysed with the Ames II assay. On both sampling days, duplicate samples were collected. The water quality and operational parameters, relevant for the LP-UV/H2O2 treatment of the WTW, for the two samplings are given in Table 1.
The number of positive wells from the Ames II assay for the water treatment works samples are shown in Figure 4. Sampling (a) showed a small but significant decrease in Ames II assay response as the water passed through the AOP step. However, in sampling (b) (when the inlet water was also analysed) the number of positive wells significantly decreased from the inlet to the pre-AOP step (the submerged ultrafiltration), but remained unchanged for the AOP step and significantly increased after passing the GAC filters. Although all samples produced low levels of positive wells compared to the positive control, the two sampling sets differed significantly for the pre-AOP and post-AOP steps, indicating that the Ames II assay response was indeed influenced by the different water characteristics and/or treatment conditions of the two periods.
[bookmark: _Hlk502765856]The increased response after the post-GAC filtration found during the second sampling could be attributed to either: a) toxic chemical compound formation on the GAC filter via biological activity, or b) pathogen colonization of the GAC filter, e.g. by Salmonella bacterium, both of which would induce undesired biological activity on the GAC filters. Regarding the first factor, examples of microbiologically assisted processes like methylation of mercury, hydroxylamine formation, pesticide-related molecule conversion to toxic metabolites, nitrosamine formation with nitrite as a precursor and co-metabolism of refractory compounds, have been observed in laboratory models or natural water bodies. Nevertheless, for drinking water treatment production, the possibility of bio-degradation by-products has been demonstrated only after O3-BAC treatment49. Regarding the second factor, according to Camper et al.50, pathogens such as Salmonella can colonize and persist in the carbon bed, especially on virgin GAC filters. The presence of Salmonella could increase the response of the Ames test, which makes use of strains of the bacterium Salmonella typhimurium, giving a false positive. The likelihood, though, of this speculation is also very low since the water samples would have a reduced microbial load by having been enriched by the SPE method as well as having been subjected to high UV fluences before entering the GAC filters. The most probable explanation is an experimental error during the second sampling.  
Figure 5 depicts the number-fold increases obtained for the WTW samples. All number-fold increases over the solvent control were < 3.0, and all number-fold increases over the baseline value were < 2.0, indicating that none of the SPE extracts of the samples could be identified as mutagenic towards the Salmonella typhimurium strain TA98.
In an attempt to explain the differences in the Ames II assay responses between the two samplings (Figure 4), all samples were analysed for nitrite concentrations, and LC-OCD fractionation was performed to assess any changes in the NOM content due to the pre-treatment (up to UV/H2O2 treatment), the UV/H2O2 treatment itself and post GAC filtration. The nitrite concentrations for all samples were at the detection limit (0.05 mg/L). The results from the LC-OCD fractionation are given in Figure 6. For both samplings, the decrease in the humics-C and humics-N content through all the treatment stages (inlet, pre-AOP, post-AOP and post-GAC steps) was statistically significant (except for the post-AOP/post-GAC for the humics-N in sampling (a)). Comparison for either humics-C or humics-N content between the two samplings showed that the differences were significant for all the treatment steps except for the GAC filtration step, for the humics-N, suggesting that the NOM composition variations were period-dependent.
The SUVA254 values obtained (SUVA254 > 4 L/m mg) for both samplings (Table 1) suggested that pre-AOP the water contained humic, aromatic and hydrophobic matter with high molecular weight DOM fractions. The SUVA values decreased post-AOP, suggesting that the aromatic compounds present in the water pre-AOP (which comprise a major fraction of the humic content51, the NOM fraction most susceptible to photolysis and oxidation via UV/H2O2), underwent degradation to lower molecular weight (LMW) compounds which are more likely to have sustained loss of aromaticity (e.g. loss of cyclicity, conjugated π-system). This hypothesis was supported by the decrease in humic content, as well as by the increase in LMW acids evident from the LC-OCD fractionation (see Figure 6), which were found to be statistically significant pre- and post-AOP for both samplings. Nevertheless, these results only suggest a link between the fate of NOM in the water and the Ames II assay responses obtained, without proving a direct cause and effect relationship.
[bookmark: _Toc489872822]MP vs LP-based treatment
[bookmark: _Hlk502765883]The findings from the work of Martijn52 were compared to ours, since the procedure followed for the Ames II assay was identical in both studies and the concentration factor (cf) of the samples from the SPE extraction before the Ames II assay (i.e. 20,000 cf) was also the same for both studies. Martijn52 measured the Ames II assay response of synthetic water with Pony Lake NOM (2.5 mg C/L) after MP-UV/H2O2 treatment (600 mJ/cm2 and 6 mg/L H2O2) and reported a yield of 25 positive wells (Figure 7.252) in the presence of nitrate (12 mg/L); in our case where Pony Lake NOM (2.1 mg C/L) was treated by LP-UV/H2O2 (1500 mJ/cm2 and 15 mg/L H2O2) the number of positive wells was 3 times lower (8 positive wells), even though the initial nitrate concentration was 4 times higher (50 mg/L). Applying a maximum fluence of 2000 mJ/cm2, 4 and 10 positive wells were obtained in the absence and presence of nitrate, respectively. Therefore, even though the Ames II assay responses obtained in this work were much lower than the ones obtained by Martijn52 the Ames II assay response in nitrate-rich water was still significant.
A distinction between significant and positive results (in terms of testing by the Ames assay) should be kept in mind here; a detectable response is not necessarily considered significant. For example, an organic compound in levels high enough to be detected may be below the quantitation limit, therefore it can be considered not significant, and no sound conclusions can be drawn from this finding. In the example of the Ames responses, the levels obtained were detectable and statistically significant from one another in many cases; nevertheless, without reaching the mutagenic level defined by the Ames protocol, the responses are not considered positive in that respect.
Illustrating the significant role of nitrate for both MP and LP-UV processes, the Ames II assay response as a function of nitrite formation was shown by Martijn52 (Figure 5.3). Plotting our nitrite data (0.08-0.09 mg NO3-/L) obtained from the synthetic Pony Lake NOM in Figure 7, gave an Ames II assay response of 5.5 positive wells, which is within the range of the Ames II assay response we obtained for Pony Lake NOM for the 1500 mJ/cm2 (8 ± 3.46 positive wells) (Figure 1b). Although different treatment processes (MP-UV vs LP-UV/H2O2) and different nitrate contents (12 mg/L vs 50 mg/L) were involved, the overlap observed supports the earlier indication of the impact of UV photolysis of nitrate on both the nitrite formation and the Ames II assay response (Martijn et al. 2014)17, and is a confirmation of the clear relation between the two (nitrite and Ames II assay response).
Based on the observations of MP-UV processes, it became clear that due to the significant Ames responses observed, a risk assessment was required. Martijn et al.53 performed a preliminary risk assessment by converting the Ames test responses into 4-nitroquinoline oxide (4-NQO) equivalent concentrations, in order to obtain a risk indication via the Margin of Exposure (MOE) approach54. They found that the 4-NQO equivalent concentrations exceeded the Estimated Daily Intake (EDI), associated with a negligible risk, indicating a concern of the water quality, should it be distributed “as drinking water without further post treatment”. Such an approach was not required for this work, since it became evident from our findings that the LP-UV/H2O2 treatment gave little, if any, reason for concern from a health-related aspect.

Conclusions
[bookmark: _Hlk502765897][bookmark: _Hlk502765909]From the current work, it can be concluded that by LP-UV/H2O2 treatment of nitrate-rich water, nitrite and mono-nitrophenol formation may be observed. The principal two mono-nitrophenols, 2- and 4-nitrophenol, reported in previous research, were also detected in this work. These nitrophenols are known to have higher toxicity to organisms than the parent compound, phenol, i.e. the oral LD50 values in mice are 0.3, 1.30-2.08 and 0.38-0.47 g/kg for phenol, 2- and 4-nitrophenol, respectively55. However, under the conditions applied in this research study, the concentrations of these phenols were in the range of trace levels and would not be expected to cause health-related issues. Moreover, previous studies of 2- and 4-nitrophenol have shown that no mutagenicity was observed when different variations of the Ames II assay were applied56.
These nitrated organics are the result of the reaction of intermediate radicals (formed by LP-UV photolysis of nitrate) with the organic matrix of the water samples. Since the nitrate photolysis is much more enhanced in the MP region due to its absorption spectrum, especially at wavelengths below 240 nm, the formation of radical species as well as nitrite (the end product of a complex series of photolysis reactions) is correspondingly enhanced, compared to the case of LP-UV (254 nm).  Therefore, as expected, the incorporation of inorganic nitrogen into the organic matrix and consequently the reaction product formation and mutagenicity response are lower in LP-UV applications, giving little reason for concern. From the present work, it can be concluded that LP-UV/H2O2 treatment is not expected to produce significant mutagenic activity as shown by the applied Ames II assay results (although other mutagenic mechanisms cannot be excluded), even when high nitrate concentrations are present and high UV fluences and H2O2 doses are applied. Nevertheless, case-specific studies should be conducted since the nitrite levels produced by the LP-UV/H2O2 treatment are not always negligible (0.08-0.09 mg NO2-/L in our case) and the conjunctive effect of all factors contributing to health effects is usually complex.
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Table 1. Water quality and operational parameters for the two WTW sampling events. * denotes ‘’not calculated’’, since the DOC value was below the detection limit (1 mg/L); UVT: Ultraviolet Transmission
	
	Sampling (a)
	Sampling (b)

	Temperature (ₒC)
	5.0
	10

	pH (-)
	8.2
	8.5

	Works inlet DOC (mg/L)
	4.05
	4.71

	Pre-AOP DOC (mg/L)
	2.68
	2.11

	Post-AOP DOC (mg/L)
	1.52
	<1.00

	Inlet SUVA (L/m mg)
	4.61
	3.74

	Pre-AOP SUVA (L/m mg)
	4.70
	4.18

	Post-AOP SUVA (L/m mg) 
	2.90
	*

	Inlet UVT (%)
	65.0
	66.7

	Pre-AOP UVT (%)
	74.8
	81.7

	Post-AOP UVT (%)
	90.4
	92.7

	UV fluence (mJ/cm2)
	2000
	1750

	Hydrogen peroxide dose (mg/L)
	40
	40

	Works inlet nitrate (mg/L)
	30.5
	31.7

	Works effluent nitrate (mg/L)
	30.0
	30.2
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Figure 1. Number of positive wells generated by the Ames II assay (TA98 – S9) under different experimental conditions with a) Suwannee River, and b) Pony Lake NOM (H2O2 concentration 15 mg/L). The numbers 0, 1500 and 2000 represent the UV fluences applied, in mJ/cm2. The positive control (2-nitrofluorene + 4-nitroquinoline N-oxide) produced 46.9 (±0.782) positive wells. The error bars represent the standard deviation values for the mean number of positive wells, where the mean number of positive wells represents the average of the positive wells for 9 replicates in the control conditions and 3 replicates for each extract.
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Figure 2. Number-fold increases over a) solvent control, and b) baseline, calculated from the Ames II assay (TA98 – S9) values for the different experimental conditions with either Pony Lake or Suwannee River NOM (H2O2 concentration 15 mg/L). The numbers 0, 1500 and 2000 represent the UV fluences applied, in mJ/cm2. The error bars represent the standard deviation values for the mean number of positive wells, where the mean number of positive wells represents the average of the positive wells for 9 replicates in the control conditions and 3 replicates for each extract.
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Figure 3. Concentrations of mono-nitrophenol (2-nitrophenol, 4-nitrophenol or a combination of both) produced by the LP-UV/H2O2 treatment of synthetic water samples containing Pony Lake NOM and nitrate. The bar representing the value for the 0/15 UV/H2O2 combination is shaded because the nitrophenol concentration is higher than the detection limit of 0.007 μg/L but lower than the quantification limit of 0.02 μg/L. The numbers 0, 1500 and 2000 represent the UV fluences applied, in mJ/cm2, while the 15 represents the H2O2 dosage in mg/L.
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Figure 4. Number of positive wells generated by the Ames II assay (TA98 – S9) for the full-scale water samples during different stages of treatment for the two sampling dates. The positive control (2-nitrofluorene + 4-nitroquinoline N-oxide) produced 46.9 (±0.782) positive wells. The error bars represent the standard deviation values for the mean number of positive wells, where the mean number of positive wells represents the average of the positive wells for 9 replicates in the control conditions and 3 replicates for each extract.
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[bookmark: _Hlk494200348]Figure 5. Number-fold increases over a) solvent control, and b) baseline, calculated from the Ames II assay (TA98 – S9) values for the full-scale water samples during different stages of treatment for both samplings (a) and (b). The error bars represent the standard deviation values for the mean number of positive wells, where the mean number of positive wells represents the average of the positive wells for 9 replicates in the control conditions and 3 replicates for each extract.
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Figure 6. LC-OCD fractionation of full-scale water samples: a) sampling (a), and b) sampling (b) (C: Carbon, N: Nitrogen, LMW: Low Molecular Weight).
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[bookmark: _GoBack]Figure 7. Ames II response in water samples (20,000 concentration factor) as a function of the nitrite formation by MP UV treatment at WTP Andijk and in CB experiments with IHSS Pony Lake NOM (current LP-UV/H2O2 results superimposed on adapted Figure 5.3 of Martijn, 2015)52.
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