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Abstract 11 

The influence of the pre-ozonization on the formation of disinfection by-products 12 

(DBPs) upon chlorination for fresh waters containing three common cyanobacteria, 13 

namely Microcystis aeruginosa, Anabaena aequalis and Oscillatoria tenuis at 10,000 14 

cells/mL is reported. Specifically, the formation carbonaceous-DBPs (C-DBPs) 15 

(trihalomethanes (THMs), haloacetic acids (HAAs) and haloketones (HKs)) and 16 

nitrogenous-DBPs (N-DBP) (haloacetonitriles (HAN) and trichloronitromethane 17 

(TCNM)) has been determined as a function of the pH (6.5 or 8.0 and bromide ion 18 

concentration (300 g/L). The main C-DBPs were THMs and HAAs with negligible 19 

formation of HKs accompanied by minor amounts of HANs in the absence of TCNM. 20 

Pre-ozonation of the aqueous cyanobacteria suspensions does not allow a control over all 21 

the DBPs. In fact, pre-ozonation increases THM formation and generates TCNM, has low 22 

influence on HAAs and only decreases the formation of HANs. The overall conclusion 23 
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of this work is that pre-ozonation of waters containing a relatively low concentration of 24 

common fresh water cyanobacteria is not an appropriate process to decrease DBP 25 

formation from chlorine. Cyanobacteria removal from raw water before chlorination or 26 

ozonation should reduce DBP formation. 27 

 28 

Keywords: cyanobacteria; chlorination; ozonation: disinfection by-products  29 
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1. Introduction 36 

Cyanobacteria, traditionally identified as blue-green algae, occur worldwide in 37 

fresh and marine natural aquatic ecosystems exposed to sunlight, allowing the operation 38 

of oxygenic photosynthesis necessary for the metabolic synthesis of carbohydrates from 39 

CO2(Merel et al. 2013). One of the main concerns related with the presence of 40 

cyanobacteria in water is the production of toxins for aquatic or terrestrial organisms, 41 

animals and humans with unwanted effects by contact or ingestion, including 42 

hepatoxocity and tumor promotion (Carmichael and Boyer 2016, Codd et al. , Falconer 43 

1991, Frazier et al. 1998, Hawkins et al. 1985, Jochimsen et al. 1998, Turner et al. 1990). 44 

In the conventional drinking water treatment, the presence of cyanobacteria bloom 45 

impedes the settling process and increases the demand of oxidant employed as water 46 

disinfectant during the treatment (Chen et al. 2017). 47 

In addition, previous studies have reported that cyanobacteria aqueous 48 

suspensions are important precursors of disinfection by-products (DBPs) during water 49 

chlorination (Goslan et al. 2017). In this context, Microcystis aeruginosa has been the 50 

preferred cyanobacteria for these studies due to its ubiquity in the surface waters (Daly et 51 

al. 2007, Fang et al. 2010, Ho et al. 2006, Zhu et al. 2015), among others. Most of these 52 

studies, however, have focused on the total formation of few DBPs, but they do not 53 

provide the individual evaluation of each of the various C-DBPs and N-DBPs. For 54 

example, some studies have studied the impact of cyanobacteria aqueous suspensions 55 

chlorination on the formation of individual families of DBPs such as trihalomethanes 56 

(THMs) (Shi et al. 2019), haloacetic acids (HAAs)(Ge et al. 2011) or the concomitant 57 

production of few DBPs such as haloacetonitriles (HANs)/THMs(Pu et al. 2013) or 58 

THMs/HAAs(Hong et al. 2008) among others. It is noteworthy that the formation of 59 

unregulated nitrogenous-DBPs (N-DBPs), such as HANs or trichloronitromethane 60 
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(TCNM) is highly important since some of these DBPs are more genotoxic, cytotoxic or 61 

carcinogenic than carbonaceous-DBP (C-DBPs) and the presence of phytoplankton in the 62 

raw water increases their formation (Shah and Mitch 2012) such as THMs or 63 

HAAs(Plewa et al. 2004). 64 

Another frequent situation found in the studies of DBP formation from 65 

cyanobacteria aqueous suspensions is that some reports have focused on the exclusive 66 

formation of chlorinated-DBPs at pH 7. Thus, there is still room to investigate the impact 67 

of the presence of bromide ions(Ge et al. 2011, Hong et al. 2008, Plummer and Edzwald 68 

2001, Shi et al. 2019) at the concentration range naturally occurring and the influence of 69 

the pH(Shi et al. 2019) during the chlorination of the water contaminated by 70 

cyanobacteria. Nowadays it is well-stablished that the impact of some brominated DBPs 71 

such as THMs, HAAs, HANs on the human health is higher compared to their 72 

corresponding chlorinated analogues (Yang et al. 2014). Brominated DBPs are more 73 

cytotoxic and genotoxic than their corresponding chlorinated analogues (Bond et al. 74 

2011). In addition, regardless the higher occurrence and concentration of THMs and 75 

HAAs in drinking waters, N-DBPs such as HANs seem to be the responsible DBPs for 76 

toxicity (Plewa et al. 2017). Regarding the influence of the pH, most of studies related 77 

with cyanobacteria chlorination have been conducted at about pH 7(Hong et al. 2008, 78 

Plummer and Edzwald 2001, Shi et al. 2019) while most of the surface natural waters 79 

have pH values around 8. At pH 8 the main chlorine form is ClO-, while at pH 7 the main 80 

form is HClO (Deborde and von Gunten 2008). Chlorine speciation influences in large 81 

extent DBP formation. Therefore, it is desirable to obtain further information on the 82 

influence of the presence of bromide ions and pH on DPB formation during the 83 

chlorination of some common cyanobacteria found in fresh waters destined for human 84 

consumption. 85 
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One of the main strategies employed to minimize the risk of cyanobacteria 86 

accumulation in drinking water treatment plants and degrade the toxins released upon cell 87 

lysis is the use of ozone as oxidant (Daly et al. 2007, Fan et al. 2014). In addition, ozone 88 

has been generally employed as pre-oxidant to minimize DPB formation in the 89 

subsequent water chlorination (Richardson et al. 2007). In this context, the number of 90 

studies reporting the influence of pre-ozonation of cyanobacteria aqueous suspensions on 91 

DPB formation in the chlorination is much lower respect to those limiting only to 92 

chlorination (Plummer and Edzwald 2001). Thus, it would be desirable further gain 93 

information on the influence of pre-ozonation also for other common cyanobacteria in 94 

water on the formation of DBPs, particularly in the presence of bromide ions that can 95 

form brominated THMs performing the experiments at pH values commonly found in 96 

natural waters. 97 

Towards this goal, the present study shows the impact of the presence of three 98 

common cyanobacteria in surface waters, namely, Microcystis aeruginosa, Anabaena 99 

aequalis and Oscilatoria tenuis on DBP formation upon chlorination with or without a 100 

pre-ozonation process at relatively low cell concentration (10,000 cells/mL). In particular, 101 

THM, HAA, HAN, haloketone (HK) and chloropicrin or trichloronitromethane (TCNM) 102 

formation together with the chlorine demand has been evaluated in the absence and 103 

presence of bromide ions as a function of the pH.  104 

Considering the ways in which the presence of cyanobacteria can influence DBP, 105 

it has been reported that each class of biomolecule has a different behaviour regarding 106 

DBP formation. Thus, some of us have reported that chlorination of carbohydrate aqueous 107 

solutions result in a moderate chlorine demand (~1.5 mg Cl2/mg_C at pH 8 at 20 ºC after 108 

3 d) with most of consumed chlorine atoms ending as THMs (100 g/L) (Navalon et al. 109 

2008). 110 
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Other studies have reported that the presence of N-containing organic compounds 111 

such as amino acids  or peptides (Hureiki et al. 1994)  results in some cases in chlorine 112 

demands higher than humic substances (Hong et al. 2009). For example, some some 113 

peptides and proteins exhibit chlorine demand between 3-4 mg Cl2/mg_C (Hureiki et al. 114 

1994). In general, chlorination of N-containing organic compounds results in the 115 

formation of C-DBPs including THMs and HAAs, together with lesser amounts of 116 

aldehydes and HKs. In this context, it is pertinent to mention that in the case of the 117 

cyanobacteria Oscillatoria tenuis studied in this work, the main amino acids present in its 118 

composition are in average aspartic acid (7.33 %), glutamic acid (10.1 %), leucine (7.34 119 

%), histidine (1.65 %) and methionine (0.82 %).(Hong et al. 2008)  Of note is that aspartic 120 

acid have been identified as one of the main non-aromatic HAA precursors (83.2 g mg-121 

1 C) present in the organic matter  of natural waters. In addition, N-DBPs(Bond et al. 122 

2011) such as organic haloamines(Hureiki et al. 1994), halonitriles, haloamides, halonitro 123 

compounds or cyanogen chloride are also formed upon chlorination of N-containing 124 

organic compounds (Trehy et al. 1986). As commented in the introduction, HANs and 125 

TCNM are important N-DBP groups due to their high geno- and cytotoxicity compared 126 

to regulated C-DBPs such as THMs or HAAs(Plewa et al. 2004). 127 

Regarding to DBP formation upon chlorination of lipids it has been reported that 128 

the higher number of double bonds in their structure the higher DBP formation (Deborde 129 

and von Gunten 2008). For example, chlorination of common algal fatty acids showed 130 

that the higher amounts of double bonds the higher amount of TCNM and DCAA(Liang 131 

et al. 2012). The reader is referred to some existing reviews and articles for a deeper 132 

discussion regarding chlorination mechanisms leading to DBP formation as a function of 133 

the structure of the precursor(Deborde and von Gunten 2008). 134 
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Overall, the results obtained indicate that chlorination of fresh water contaminated 135 

by three common cyanobacteria at relatively low cell concentration results in significant 136 

increase in DBP formation. In addition, a pre-ozonation of waters containing these three 137 

cyanobacteria is not useful to decrease the concentration of C-DBPs and N-DBPs. Our 138 

study indicates the need to remove cyanobacteria from the raw water before ozone pre-139 

oxidation and/or chlorination in order to observe a diminution in the DBP formation.  140 

 141 

2. Materials and methods 142 

2.1. Reagents 143 

All the reagents employed in this work were of analytical or HPLC grade. The list 144 

of the reagents includes: a) EPA 501/601 THMs calibration mix (2000 µg/mL each 145 

component in methanol; Merck) for the analysis of chloroform (TCM), 146 

dichlorobromomethane (BDCM), dibromochloromethane (DBCM) and bromoform 147 

(TBM); b) HAA standard mixture (EPA 552.2 Methyl Ester Calibration Mix, Sigma-148 

Aldrich) for the analysis of monochloro-, dichloro-, trichloro-, monobromo-, dibromo-, 149 

bromochloro-, bromodichloro-, dibromochloro-, and tribromo-acetic acids (MCAA, 150 

DCAA, TCAA, MBAA, DBAA, BCAA, BDCAA, DBCAA, and TBAA, respectively); 151 

c) EPA 551B halogenated volatiles mix (2000 µg/mL each component in acetone; Sigma-152 

Aldrich) for the analysis of bromochloroacetonitrile (BCAN), dibromoacetonitrile 153 

(DBAN), dichloroacetonitrile (DCAN), 1,1-dichloro-2-propanone (1,1-DCP), 1,1,1-154 

trichloroacetone (1,1,1-TCP), trichloroacetonitrile (TCAN), trichloronitromethane 155 

(TCNM). d) Sodium hypochlorite (NaOCl) (5 % active chlorine, Acros Organics). The 156 

three cyanobacteria under study Microcystis aeruginosa, Anabaena aequalis and 157 

Oscillatoria tenuis were supplied Spanish Bank of Algae (BEA-Banco Español de Algas). 158 
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2.2. Experimental procedures and analysis 159 

Supplementary information describes the detailed description of cyanobacteria 160 

aqueous suspensions preparation (Section S1), the pre-ozonation and chlorination 161 

experiments (Section S2) and the analytical methods (Section S3) employed in this study. 162 

Herein, in contrast to precedents using high Algae concentration of 1,000,000 cells/mL 163 

to study DBP formation (Fang et al. 2010), the present work aims to determine the 164 

influence of a moderate cyanobacteria concentration on DBP formation upon 165 

chlorination, depending on whether or not a pre-ozonation step is performed 166 

(Almuhtaram et al. 2018). The range of concentration selected in the present study is more 167 

often occurring in water treatment plants, in which the operation conditions makes less 168 

probable acute cyanobacteria proliferation. 169 

Optical microscopy confirmed the presence in the aqueous suspension of the three 170 

cyanobacteria under study, namely Microcystis aeruginosa, Anabaena aequalis and 171 

Oscillatoria tenuis, with their expected morphology (Figure 1).   172 

 173 

Figure 1. Optical microscopy images of Microcystis aeruginosa (a), Anabaena aequalis 174 

(b) and Oscillatoria tenuis (c). 175 
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In general, the aqueous cyanobacteria solution (10,000 cells/mL; 200 mL) is 176 

ozonated at 1.6 mg/L and contacted for 2 h at pH 8. Then, the pre-ozonated solution is 177 

chlorinated (100 mL) under headspace-free conditions with a chlorine dose of 11 mg/L 178 

at either pH 8 or 6.5 at 20 ºC for 72 h. More details on the ozonation and chlorination 179 

processes can be found in the supplementary information. 180 

2.3. Cyanobacteria characterization  181 

The three cyanobacteria under study were prepared at 10,000 cells/mL as 182 

described earlier. Table 1 collects the TOC of the three cyanobacteria suspensions under 183 

study as well as their composition in terms of percentage of lipids, proteins and 184 

carbohydrates, determined according to the literature(Cao et al. 1997, Sun et al. 1997). It 185 

is important to note that previous studies have reported the formation upon chlorination 186 

of several DBPs depending on the type of biomolecule either carbohydrates, proteins or 187 

lipids as organic model precursors to understand the behaviour of natural organic matter 188 

present in fresh water.  189 

Table 1. List of cyanobacteria under study, TOC of the employed suspensions and 

composition in terms of proteins, carbohydrates and lipids. 

 TOC 

(mg/L)a 

Carbohydrates 

(%) 

Proteins 

(%) 

Lipids (%) Ref 

Microcystis 

Aeruginosaa,b 

1.04 14.5 82.0 3.57 (Cao 

et al. 

1997) 

Oscillatoria tenuisa 0.7 23.9 64.6 11.6 (Sun 

et al. 

1997) 
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Anabaena aequalisa 1.04 39.8 54.6 5.62 (Cao 

et al. 

1997) 

a TOC values corresponding to a cell concentration of 104 cells/mL 

b TOC value of 2.4 mg/L at a cell concentration of 106 cells/mL 

 190 

3. Results and discussion 191 

Considering the distribution of biomolecules in the three cyanobacteria under 192 

study shown in Table 1 and having in mind that each class of biomolecule renders a 193 

different distribution of DBP, it was anticipated that chlorination of the three 194 

cyanobacteria aqueous suspensions should follow the expected behaviour respect to C-195 

and N-DBP formation. Thus, in spite of the complexity of the organic components present 196 

in the three cyanobacteria under study, the present study attempts to rationalize the 197 

observed results on DBP formation upon chlorination based on the course cyanobacteria 198 

composition in polysaccharide, proteins and lipid-like organic moieties. Note that 199 

according to Table 1, the three cyanobacteria exhibit notable differences in the 200 

percentages of the three main types of biomolecules. 201 

3.1. Influence of the presence of cyanobacteria on chlorine demand during 202 

chlorination 203 

One of the negative impacts of the presence of algae in the aquatic resources 204 

destined to human consumption is the increase of the chlorine demand that has to lead to 205 

higher DBP concentration(Zamyadi et al. 2013). Figure 2a shows the chlorine demand of 206 

the three cyanobacteria aqueous suspensions (10,000 cells/mL) under study namely 207 

Microcystis aeruginosa, Anabaena aequalis and Oscillatoria tenuis at pH values 8 or 6.5 208 
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in the absence or presence of bromide ions (300 g L-1). On one hand, the chlorine 209 

demand for the all three cyanobacteria suspensions at pH 8 in the absence of bromide ions 210 

is around 6.6 ±0.7 mg L-1. Considering that TOC values of the three cyanobacteria 211 

suspensions at 10,000 cells/mL, chlorine demands are 1.04 ±0.2 mg L-1 or ~ 6.3 mg free 212 

chlorine/mg TOC. The somewhat higher chlorine demand of Microcystis aeruginosa 213 

respect to the other two cyanobacteria under study may be partially attributed to its higher 214 

protein content (Table 1). These values are in the range of those reported for some N-215 

containing organic compounds, based on amino acids varying from 3.4 to 10 mg/L of C 216 

as a function of their chemical structure. 217 

On the other hand, the chlorine demand of the three cyanobacteria under study at 218 

pH 6.5 decreases to the average value of 5.3 ±0.5 mg L-1 or 5.1 mg L-1 chlorine per mg 219 

of TOC. These results indicate that the higher the pH value during the chlorination of the 220 

cyanobacteria suspensions, the higher chlorine demand. The main chlorine species 221 

present in water at pH 8 is ClO- (ERED
0 = 0.81 eV) that is a worst oxidizing and 222 

chlorinating agent than HClO (ERED
0 = 1.49 eV) that is the species present at pH 6.5. 223 

Thus, it can be concluded that the experimental higher chlorine demand at basic pH values 224 

during cyanobacteria aqueous suspension chlorination should be due to the different 225 

organic substances speciation. In this context, it has been reported that saccharide 226 

chlorination at basic pH values requires higher chlorine consumption due to the 227 

occurrence of oxidation and chlorination compared to the chlorination at acidic pH values 228 

(Navalon et al. 2008). Other works have also observed that the chlorine consumption of 229 

proteins, peptides and amino acids is also higher at basic pH values due to the N-230 

chlorination pathway that is hampered at acidic pH values in which the amino groups are 231 

protonated (Deborde and von Gunten 2008). The chlorination rates of lipids are mainly 232 

controlled by the chlorine speciation at the corresponding pH value of the water (Deborde 233 
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and von Gunten 2008). Overall, it is likely to propose that the higher chlorine demand of 234 

cyanobacteria at basic pH values is due to both the reaction of chlorine with deprotonated 235 

amino groups and the chlorine reaction with carbohydrates through oxidation and 236 

chlorination pathways.  237 

 238 

Figure 2. Chlorine demand of cyanobacteria aqueous suspensions in the presence and in 239 

the absence of bromide ions at pH 8 or 6.5. Legend of left figure, a): Chlorination at pH 240 

8 in the absence (1) or the presence (2) bromide ions; Chlorination at pH 6.5 in the absence 241 

(3) or the presence (4) bromide ions. Legend of right part, b): Pre-ozonation followed by 242 

chlorination at pH 8 in the absence (1) or the presence (2) bromide ions; Pre-ozonation at 243 

pH 8 followed by chlorination at pH 6.5 in the absence (3) or the presence (4) bromide 244 

ions. General reaction conditions: Cyanobacteria concentration (10,000 cells/mL), ozone 245 

dose (1.6 mg/L), chlorine dose (11 mg/L), pH as indicated, 20 ºC, 72 h reaction time. 246 

 247 

The presence of bromide ions at concentrations typically found in ground waters 248 

(300 g L-1) either at pH 8 or 6.5 increases the chlorine demand for the three 249 

cyanobacteria (10,000 cells/mL) under study. In the presence of bromide, the chlorine 250 

demand is also higher at pH 8 than at pH 6.5. This increase of the chlorine demand when 251 

Br- is present can be explained considering that chlorine in the form of HClO or ClO- 252 
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oxidizes Br- to HBrO or BrO-. The oxidizing character of HBrO (ERED
0 = 1.33 eV) or 253 

BrO- (ERED
0 = 0.761 eV) is slightly lower respect to their respective chlorine analogous. 254 

In contrast, the reactivity of bromine respect to chlorine is higher towards electrophilic 255 

aromatic substitution. This fact is due to the higher carbocation stability substituted by 256 

bromide atoms that enjoys higher electron density and smaller bond strength compare 257 

with the chlorine ones(Deborde and von Gunten 2008). The higher chlorine demand in 258 

the presence of bromide ions or at pH 8 will be mainly reflected in an increase of THMs 259 

and HAAs (see below). In contrast, HANs are formed preferentially at acidic pH values 260 

due to their partial instability at basic pH values in which these DBP become hydrolyzed 261 

to haloacetamides. Thus, the higher chlorine demand accompanied by higher DBP 262 

formation, generally observed during water disinfection, also applies for the case of 263 

cyanobacteria chlorination in the presence of bromide ions. 264 

For comparison, the chlorine demand of Microcystys aurea in the presence of 265 

bromide was also measured at high cyanobacteria concentration (1,000,000 cells/mL) at 266 

pH 8. A chlorine demand value of is 17.2 mg L-1 was determined. This chlorine demand 267 

when referred to the TOC of the cyanobacteria suspension (2.3 mg/L TOC) is somewhat 268 

lower (7.5 mg Cl2/mg TOC) than that measured for a concentration of 10,000 cells/mL 269 

(8.1 mg Cl2/mg TOC). This deviation may be attributed to the agglomeration of the 270 

cyanobacteria at higher concentration in the aqueous suspension and, therefore, 271 

decreasing slight chlorine accessibility to biomolecules. As it will be commented latter, 272 

the higher cyanobacteria concentration, the higher DBP production in absolute values 273 

(g/L), but the lower chlorine demand referred to the TOC is reflected also in the 274 

relatively lower DBP production  (g/mg of TOC). 275 

  276 
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3.2. Influence of cyanobacteria chlorination and pre-ozonation on DBP formation 277 

This section addresses the influence that the presence of the three cyanobacteria 278 

(10,000 cells/mL) under study in water on the DBP formation (THMs, HAAs, HANs, 279 

TCNM and HKs) upon chlorination with or without pre-ozonation. The study has been 280 

carried out at pH values of 8 or 6.5 in the presence or absence of bromide ions. Some of 281 

the results are presented in Figures 3-6 and Tables S1-S3. Figures 3-5 collects the THM 282 

and HAA formation after 1 and 3 days of chlorination. HAN formation is presented after 283 

3 days of chlorination since the values 1 day after chlorination are below the 284 

quantification limit (0.5 g L-1). HK formation has not been included in the plots since in 285 

all the experiments its value is below the quantification limit (1 g L-1). TCNM was not 286 

observed in the chlorination, but it has been quantified when a pre-ozonation process is 287 

performed in the absence of bromide ions (Figure 6). 288 

In general, the chlorination of the three cyanobacteria under study results in the 289 

formation of THMs and HAAs as the main C-DBPs. It was observed that DBP formation 290 

for Microcystis aeruginosa is always somewhat higher than for the other two 291 

cyanobacteria under study. This fact follows the higher chlorine demand of Microcystis 292 

aeruginosa and the higher protein content respect to Anabaena aequatis or Oscillatoria 293 

tenuis. HAN concentrations have been found to be below 5 g/L. 294 
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 295 

Figure 3. DPB formation after one (1 d) or three (3 d) days for Microcystis aqueous 296 

suspensions under chlorination without (a, b) or after pre-ozonation (c, d) as a function 297 

of the pH and in the absence (a, c) or presence (b, d) of bromide ions. Legend panels a 298 

and c: THMs corresponds to TCM, HAAs correspond to DCAA (bottom part) and TCAA 299 

(upper part), HANs correspond to DCAN. Legend panels b and d: THMs (TCM-white, 300 

BDCM-cyan, CDBM-purple, TBM-blue), HAAs (MCAA-yellow, MBAA-white, 301 

DCAA-red, TCAA-blue, BCAA-pink, BDCAA-green, DBAA-cyan, CDBAA-purple, 302 

TBAA-orange), HANs (DCAN-orange, TCAN-blue). Reaction conditions: 303 

Cyanobacteria concentration (10,000 cells/mL), chlorine dose (11 mg/L), ozone dose (1.6 304 

mg/L), pH as indicated, bromide ions (300 g/L), temperature (20 ºC). 305 

 306 

 307 
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 308 

Figure 4. DPB formation after one (1 d) or three (3 d) days for Anabaena aqueous 309 

suspensions under chlorination without (a, b) or after pre-ozonation (c, d) as a function 310 

of the pH and in the absence (a, c) or presence (b, d) of bromide ions. Legend panels a 311 

and c: THMs corresponds to TCM, HAAs correspond to DCAA (bottom part) and TCAA 312 

(upper part), HANs correspond to DCAN. Legend panels b and d: THMs (TCM-white, 313 

BDCM-cyan, CDBM-purple, TBM-blue), HAAs (MCAA-yellow, MBAA-white, 314 

DCAA-red, TCAA-blue, BCAA-pink, BDCAA-green, DBAA-cyan, CDBAA-purple, 315 

TBAA-orange), HANs (DCAN-orange, TCAN-blue). Reaction conditions: 316 

Cyanobacteria concentration (10,000 cells/mL), chlorine dose (11 mg/L), ozone dose (1.6 317 

mg/L), pH as indicated, bromide ions (300 g/L), temperature (20 ºC). 318 

 319 
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 320 

Figure 5. DPB formation after one (1 d) or three (3 d) days for Oscillatoria aqueous 321 

suspensions under chlorination without (a, b) or after pre-ozonation (c, d) as a function 322 

of the pH and in the absence (a, c) or presence (b, d) of bromide ions. Legend panels a 323 

and c: THMs corresponds to TCM, HAAs correspond to DCAA (bottom part) and TCAA 324 

(upper part), HANs correspond to DCAN. Legend panels b and d: THMs (TCM-white, 325 

BDCM-cyan, CDBM-purple, TBM-blue), HAAs (MCAA-yellow, MBAA-white, 326 

DCAA-red, TCAA-blue, BCAA-pink, BDCAA-green, DBAA-cyan, CDBAA-purple, 327 

TBAA-orange), HANs (DCAN-orange, TCAN-blue). Reaction conditions: 328 

Cyanobacteria concentration (10,000 cells/mL), chlorine dose (11 mg/L), ozone dose (1.6 329 

mg/L), pH as indicated, bromide ions (300 g/L), temperature (20 ºC). 330 

 331 
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 332 

Figure 6. TCNM formation after 3 days upon pre-ozonation followed by chlorination of 333 

the cyanobacteria suspensions as a function of the pH of the aqueous solution. Reaction 334 

conditions: Cyanobacteria concentration (10,000 cells/mL), chlorine dose (11 mg/L), 335 

ozone dose (1.6 mg/L), pH as indicated, temperature (20 ºC). 336 

3.2.1. DBP formation as a function of the pH of the chlorination  337 

Figures 3-6 show the formation of THMs, HAAs and HANs after chlorination of 338 

cyanobacteria aqueous suspensions of Microcystis aeruginosa, Anabaena aequalis and 339 

Oscillatoria tenuis upon chlorination at pH 8 or 6.5 during 24 or 72 h. Obviously, 340 

exclusive formation of chlorinated DBPs is observed when the chlorination process 341 

occurs in the absence of bromide ions. Regardless the slightly higher DBP formation 342 

when using Microcystis aeruginosa some general comments can be drawn for the three 343 

cyanobacteria under study. 344 

The main DBPs formed upon chlorination of cyanobacteria suspensions at pH 8 345 

are THMs and HAAs, reaching concentrations of 35±0.12 and 29±3.6 g/L, respectively, 346 
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at 72 h. The only THM observed is chloroform, while the HAAs are mainly constituted 347 

by DCAA and TCAA. In addition, THM and HAA concentrations increase over the time, 348 

an observation that is in agreement with the stability of these compounds in aqueous 349 

solutions under ambient conditions and quasi-neutral pH values. In the case HANs, 350 

DCAN is the main DBP observed with concentration values for the three cyanobacteria 351 

at pH 8 of about 0.97±0.55 g L-1 after 72 h. Previous studies have shown that 352 

chlorination of free amino acids leads to the formation of chloroform, DCAN and 353 

trichloroacetaldehyde as main DBPs(Trehy et al. 1986). The absence of TCAN was 354 

attributed to its high hydrolysis rate(Bond et al. 2011, Glezer et al. 1999).  355 

As commented before, a decrease of the pH of the solution from 8 to 6.5 results 356 

in a general decrease about 15 % of the chlorine demand. The influence of the pH during 357 

the chlorination is, however, strongly dependent on the DBP nature. When the pH 358 

decreases from 8 to 6.5, the THM and HAA concentrations are reduced about 50 and 359 

20 %, respectively.  360 

Regarding HAN formation upon cyanobacteria suspension chlorination, its 361 

concentration increases as the pH decreases for the three cyanobacteria from 0.97±0.55 362 

g L-1 to 3.3 g L-1 after 72 h. This observation agrees with previous reports that observed 363 

a maximum HAN stability in water at pH 6.5, while an increase of the pH decreases the 364 

HAN concentration due to their hydrolysis to their corresponding haloacetamides(Chu et 365 

al. 2015, Glezer et al. 1999)). Haloacetamides can be further hydrolyzed to their 366 

corresponding HAAs(Glezer et al. 1999). 367 

  368 
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3.2.2. Effect of the presence of bromide ions on DBP formation during chlorination 369 

of the cyanobacteria as a function of the pH 370 

In addition to the influence of the pH on DBP formation, the presence of bromide 371 

ions is also an important factor. The general trend observed during water chlorination is 372 

that the presence of bromide ions, even at microgram per liter concentrations, increases 373 

the total DBP formation and results in the formation of brominated DBPs. Figures 3-5 374 

summarize the results for the DBP formation from the three cyanobacteria under study 375 

(10,000 cells/mL) in the presence of bromide ions at 300 g L-1 at both pH 8 or 6.5. As it 376 

can be seen there, the presence of bromide ions increases the concentration of THMs at 377 

both pH 8 and 6.5 reaching average values of 68.7±11.9 and 26.9±14.5 g L-1, 378 

respectively. In the case of HAAs, the presence of bromide ions mainly favors the 379 

formation of brominated HAAs with slight increase of the total concentration at both pH 380 

8 and 6.5 with average values of 60.7±5.0 and 40.2±1.6 g L-1, respectively. In the case 381 

of HANs the presence of bromide ions also increases the total HAN concentration, 382 

reaching values of 1.2±0.6 and 4.8±0.7 g L-1 at pH 8 and 6.5, respectively, while 383 

favoring the formation of brominated HANs.  384 

Figure 7 shows the bromide incorporated into THMs and HAAs during the 385 

chlorination of the three cyanobacteria under study in the presence of bromide ions at pH 386 

8 and 6.5. As it can be seen there, the proportion of brominated THMs is between 90 and 387 

70 % a fact that agrees with the higher stability of brominated methyl anions (CBr3
-) than 388 

chlorinated (CCl3
-) ones (Navalon et al. 2008). In the case of HAAs the proportion of 389 

brominated compounds is lower than in the case of THMs especially at pH 6.5. It should 390 

be reminded that since HClO pKa is 7.54, it prevails at pH 6.5 in the acid form.  391 

Considering that HClO is a stronger oxidant than ClO-, more oxidized and chlorinated 392 
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compounds such as DCAA can be expected, as in the present case. This situation, i.e. the 393 

lower bromide incorporation at pH 6.5 respect to pH 8, although in less extent, also 394 

applies for THMs.  395 

 396 

 397 

Figure 7. Bromide incorporation into THMs (a) or HAAs (b) and percentage of 398 

brominated THMs (c) or HAAs (d) during the chlorination of Microcystis aeruginosa 399 

(black bar), Anabaena aequalis (red bar) and Oscillatoria tenuis (blue bar) cyanobacteria 400 

under various reaction conditions as indicated. Cyanobacteria concentration (10,000 401 

cells/mL), chlorine dose (11 mg/L), ozone dose (1.6 mg/L), pH as indicated, bromide ions 402 

(300 g/L), temperature (20 ºC). 403 
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 When considering the possible differences in DBP distribution among the three 404 

cyanobacteria under study as presented in Figure 7, it has to be considered that assuming 405 

a normal Gaussian distribution, the 95.5% level of confidence for the lower and higher 406 

limit for a value corresponds to two times the standard deviation (indicated for each bar). 407 

Therefore, there are certain data (as THM values shown in frame c of Figure 7) that 408 

correspond to essentially identical statistical values, while there are others, like formation 409 

of CHCl2Br in Oscillatoria tenuis that is certainly below the values formed for the other 410 

two cyanobacteria. 411 

In the case of Microcystis an additional chlorination was carried out at a 412 

cyanobacteria concentration of 1,000,000 cells/mL in the presence of bromide (300 413 

g/L). Formation of THMs, HAAs and HANs of about 143, 87 and 1.9 g/L, respectively, 414 

(Figure S1) was measured. Again, the formation of TCNM or HKs was below the 415 

quantification limit.  416 

3.2.3. Effect of pre-ozonation on DBP formation 417 

The influence of pre-ozonation on DBP formation was studied at an ozone dose 418 

of 1.6 mg/L. This ozone dose is in the average range typically employed in water 419 

treatment plants. The use of higher ozone dose can compromise the possibility of using 420 

ozone to control DBPs, due to the oxidation of the naturally occurring bromides to 421 

bromates. Bromate concentration is limited by most drinking water regulations to the 422 

value of 10 g/L(von Gunten 2003). In this work, bromate concentrations after ozonation 423 

have been always found below 4 ± 0.7 g/L. Moreover, a pre-ozonation of the 424 

cyanobacteria aqueous suspensions under study decreases the chlorine demand respect to 425 

the chlorination process (Figure 2b). However, this chlorine demand decrease does not 426 

diminish the concentration of all the DBPs considered in this study (THMs, HAAs, 427 
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HANs, TCNM or HKs) and in some cases these concentrations even increase 428 

significantly. It should be noted that DBP formation occurs in the range of about 0.1 429 

mg/L, while chlorine consumption is one order of magnitude higher in the range of about 430 

6 mg/L.  431 

More specifically, a pre-ozonation followed by chlorination of the three 432 

cyanobacteria under study results in an increase of THM formation both at pH 8 or 6.5 433 

either with or without bromide ions up to 50 % respect to the chlorination process (Figures 434 

3-5). In the case of HAA formation from the three cyanobacteria also at pH 8 or 6.5 in 435 

the presence of absence of bromide ions, the pre-ozonation process does not significantly 436 

diminish and even sometimes slightly increases its concentration. With these precedents, 437 

our work further exemplifies that a pre-ozonation at doses commonly employed in the 438 

water treatment plants of the three cyanobacteria under study working at relatively low 439 

cell concentrations (10,000 cells/mL) working at either pH 8 or 6.5 with or without 440 

bromide ions results in a significant increase of THMs and poor control of HAA 441 

concentration that in sometimes increases. 442 

The reasons for the observed increase of THMs and HAAs due to a pre-ozonation 443 

of cyanobacteria aqueous suspensions still remain unknown. On one hand, there is limited 444 

knowledge on how ozonolysis transforms complex biomolecules such as those present in 445 

cyanobacteria(Sharma and Graham 2010, von Gunten 2003). On the second hand, 446 

ozonation reaction conditions can determine the contribution of ozonolysis vs. radical 447 

mechanism with the generation of hydroxyl radicals(von Gunten 2003). Besides 448 

electrophilic attack of ozone, this molecule can decompose in water, especially at basic 449 

pH values, into reactive oxygen species, such as hydroxyl radicals, that can virtually react 450 

non-selectively with any organic compound. Thus, further studies about the reactivity of 451 
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ozone with natural complex biomolecules are necessary to understand the effect of the 452 

pre-ozonation of cyanobacteria on THM and HAA formation. 453 

In this context, some studies have reported the release of free amino acids upon 454 

oxidation of peptides and proteins by hydroxyl radicals and this release should influence 455 

DBP formation(Liu et al. 2017). For instance, regarding peptide reactivity, it has been 456 

reported that free tyrosine (Tyr) forms 74 % more chloroform than Tyr-Tyr-Tyr 457 

peptide(Chu et al. 2015). The same study also found different chlorine reactivity towards 458 

THM formation of NH2- or COOH-terminated peptide isomers such as tyrosine-alanine 459 

or alanine-tyrosine(Chu et al. 2015). Other study has reported that preoxidation of the 460 

amino acids leucine and serine by a UV/H2O2 treatment followed by chlorination results 461 

in an increase of HAA formation(Sakai et al. 2013). In this sense, the increase of HAA 462 

formation of pre-ozonized cyanobacteria may be partially attributed to similar reaction 463 

pathways.  These results exemplify the complexity of chlorine reactivity for peptides.  464 

 Similarly to peptides, the reactivity of ozone with polysaccharides and the 465 

consequences for DBP formation are difficult to predict(Sharma and Graham 2010). Only 466 

few studies have reported the production of THMs from mono- and oligosaccharides. It 467 

seems that oligosaccharides such as maltopentose or maltotriose produce higher THM 468 

amounts than the monosaccharide maltose(Navalon et al. 2008). Other studies have 469 

reported that ozonolysis is able to depolymerize polysaccharides containing β-D-470 

aldosidic linkages(Wang et al. 1998). As in the case of proteins, it is not possible to predict 471 

the effect of pre-ozonation on THM formation in polysaccharides. 472 

Figure 7 shows that pre-ozonation increases significantly brominated THMs at pH 473 

8 without changing significantly the percentage of Br-DBP respect to the THM total. 474 

Some reports using humic acids as DBP precursors have shown that pre-ozonation results 475 
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in a shift of DBPs towards brominated ones(Mao et al. 2014), but this is not the case of 476 

pre-ozonation of the aqueous suspensions of the three cyanobacteria (Figure 7c,d). 477 

Regarding N-DBPs, while TCNM is not observed either at pH 8 or 6.5 when the 478 

aqueous suspensions of the three cyanobacteria were submitted to a chlorination, its 479 

presence could be quantified after pre-ozonation and chlorination of the samples in the 480 

absence of bromide ions (Figure 6). In agreement with previous works(Hu et al. 2010), 481 

TCNM formation is favoured at basic pH values. The fact that TCNM is again not 482 

observed when pre-ozonation is carried out in the presence of bromide ions is due to the 483 

formation of other N-DBPs related to TCNM, but containing bromide replacing to 484 

chlorine atoms(Hu et al. 2010).  485 

A reasonable pathway to understand the formation of TCNM upon pre-ozonation 486 

considers the release of free amino acids due to oxidation of peptides and proteins by 487 

hydroxyl radicals(Liu et al. 2017), followed by decarboxylation of the amino acid and 488 

subsequent halogenation of the resulting amines(Le Lacheur and Glaze 1996). In this 489 

regard, it has been reported that ozone promotes TCNM formation by oxidizing amines 490 

to nitro compounds that subsequently undergo chlorination to halo nitro compounds 491 

(Figure 8b)(McCurry et al. 2016). This effect has also been reported when using natural 492 

waters(Bond et al. 2011). The higher TCNM formation at basic pH values would be due 493 

to the easier oxidation of deprotonated amino groups to nitro groups. In addition, basic 494 

pH values favor the partial O3 decomposition to hydroxyl radicals that are better oxidizing 495 

reagents promoting the conversion of amino to nitro groups. 496 
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 497 

Figure 8. Proposed reaction pathway for generation of halonitroalkanes upon pre-498 

ozonation and chlorination of amino acids and amines. Adapted from ref. (McCurry et al. 499 

2016)  500 

In accordance to the mechanism leading to TCNM, formation of this DBP after 501 

pre-ozonation would occur at the expense of a decrease in the concentration of HANs. 502 

Oxidation of the -carbon to the nitrile by ozone would hamper0 its chlorination.  503 

4. Conclusions 504 

The influence of the presence of three common cyanobacteria commonly 505 

encountered in fresh waters, namely Microcystis aeruginosa, Anabaena aequalis and 506 

Oscillatoria tenuis at relatively low cell concentration (10,000 cells/mL) on DBP 507 

formation depending on the pH and pre-ozonation has been studied. Cyanobacteria 508 

chlorination results in the formation THMs and HAAs as main C-DBPs, accompanied by 509 

minor amounts of N-DBPs such as HANs and absence of HKs and TCNM. Basic pH 510 
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values increases formation of THM and in less extent HAAs, decreasing HAN 511 

concentration. The presence of bromide ions increases THM and HAN concentrations, 512 

while the formation of HAAs is promoted in less extent. 513 

Pre-ozonation (1.6 mg/L O3) of the aqueous suspensions containing the three 514 

cyanobacteria under study  was carried out under conditions in which bromate formation  515 

(4 ± 0.7 g/L) is below the maximum legal concentration (10 g/L). Pre-ozonation 516 

increases THM formation and generates TCNM, while has minor influence on HAA 517 

formation. In contrast, this oxidation process decreases HAN formation.  518 

 In summary, the present work shows that common cyanobacteria present in fresh 519 

waters are important DBP precursors and pre-ozonation is not a general method to 520 

decrease the main C- and N-DPBs.  521 
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