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Abstract  
Worldwide water shortage increase and water quality depletion from microbial and chemical compounds, pose 
significant challenges for today’s water treatment industry. Both the development of new advanced oxidation 
technologies, but also the enhancement of existing conventional technologies is of high interest. This study tested 
improvements to conventional ozonation that reduce the formation of the oxidation-by-product bromate, while 
maintaining the effectiveness for removal emerging contaminants (atrazine).  MnO4

-, ClO2
-, ClO2, ClO-, 

CH3COOO-, HSO5
- or S2O8

-2 with NH4
+ were tested as pre-treatments to ozonation of ground water. Each oxidant 

and NH4
+ were added in a single stage or separately prior to ozonation. To the best of our knowledge, this is the 

first study that has tested all the above‐mentioned oxidants for the same water matrix.  Based on our results, 
the most promising pre-treatments were MnO4

--NH4
+, ClO2

--NH4
+ and ClO2-NH4

+. MnO4
--NH4

+ was the only pre-
treatment that didn’t inhibit atrazine removal. When compared with the previously proposed Cl2/NH4

+ pre-
treatment, MnO4

-+NH4
+ was found as effective for preventing BrO3

- formation, while atrazine removal was 
higher. In addition, MnO4

-+NH4
+ can be added in a single stage (compared to the 2 stage addition of Cl2/NH4

+) 
without causing the formation of potentially harmful chlorination-by-products.  
 

Keywords: ammonia, atrazine, bromate, chlorine dioxide, ozone, permanganate 

1. Introduction 
The presence and subsequently the removal of emerging contaminants (ECs) like pesticides, hormones, 

medical drugs and naturally occurring toxic metabolites from water resources poses a challenge for the water 
industry [1-5]. In order to remove micropollutants in trace concentrations  from water resources chemical 
oxidation technologies such as ozonation and advanced oxidation processes (AOPs) are increasingly applied in 
different types of source water [2, 6-12]. Ozone (O3) is able to remove most ECs with less energy consumption 
than conventional UV/H2O2 AOPs [12-14], but at higher capital costs and with a larger footprint of the treatment 
unit. The recently developed UV/Cl2 AOP appears to be a promising candidate for significantly reducing capital 
and operational costs for the oxidative removal of trace compounds especially from wastewater treatment plant 
effluents [15, 16].  

 Nevertheless, ozonation remains a preferred method for the removal of organic ECs as it is a 
simple to control and implement at existing waterworks. In addition to water purification, O3 has been used for 
disinfection, taste, color, and odor removal, and the pre-oxidation of drinking water to reduce formation of 
byproducts in post treatment chlorination [17-19]. Ozone installations are currently found in many water 
treatment plants primarily for pathogen control and/or for taste and odor control such as the Metropolitan Water 
District of Southern California and Alameda County Water District in California [19]. This is because, O3 readily 
reacts with unsaturated bonds in organic molecules through cyclo addition reactions leading to the formation of 

unstable ozonides that eventually breakdown to aldehydes and ketones. Its ability to form hydroxyl radicals (HO) 
as a decomposition intermediate increases the oxidation efficiency of the technology by adding the possibility for 
non-selective oxidation [20]. A side effect of ozonation is the formation of bromate (BrO3

‐) when the source 

water contains naturally occurring bromide (Br‐) [17, 21‐23]. Bromate is a probable human carcinogen [22, 24] 

and therefore its concentration is regulated in drinking water. BrO3
‐ comprises the only ozonation by‐product 

that is currently being regulated in drinking waters [18, 25, 26]. In the past, the drinking water standard limits 

for bromate have been decreased to 10.0 μg/L in Europe and in the USA (0.010 mg/L) [25, 26] and even 

stronger restrictions (5 μg/L) have been considered for its annual average concentration [26‐28]. Following 

extensive evaluation of the risks and benefits of ozonation the USEPA decided against the reduction of the BrO3
‐ 

limit because technical analyses indicated that many facilities utilizing ozonation for improved disinfection 

would be unable to meet the stringent disinfection criteria under LT2ESWTR and maintain bromate formation 

below 0.005 mg/L, at the same time. This applies especially for facilities were chlorine-resistant microorganisms 

such as Cryptosporidium necessitate treatment [19, 26, 28, 29].  
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The process in which BrO3
- is formed during ozonation consists of two phases: a quick and a slow initiated by 

HO and O3 respectively [30]. These mechanistic steps have been extensively studied and unveiled by von 
Gunten’s research group and have been illustrated as a series of bimolecular reactions (Figure 1) [8, 30, 31]. The 
4 major steps that lead to BrO3

- formation begin with O3 oxidizing bromide (Br-) to hypobromite (BrO-) or 

hypobromous acid (HBrO), depending on the solution pH. Then, HBrO/OBr- is oxidized by HO to BrO, 

followed by a disproportionation reaction (2BrO BrO- + BrO2
-) to give BrO2

- and finally O3 oxidizes the latter 

ion to BrO3
- [8]. A secondary pathway where HO oxidizes bromide to its corresponding radical (Br), that either 

reacts with O3 or HO to form BrO or HOBr/BrO-, respectively has also been reported. The oxidation of 
HBrO/BrO- can also occur with O3 but at lower rates [8]. Identification of the mechanistic steps of BrO3

- 
formation was crucial because it revealed its rate limiting steps and consequently assisted in adopting practices 
that can significantly reduce BrO3

- formation.  
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Figure 1: Effect of pre‐treatment reagent pairs and concentrations [Oxidant (mg/L)/NH4
+
 (mg/L)] on BrO3

‐
 formation (left axis) and 

remaining atrazine (right axis) during ozonation. Experimental conditions: O3= 3.5 mg/L; Br
‐ 
= 100 μg/L; Atrazineo= 200 μg/L; NH4

+
 = 

1.0, 2.0, 4.0, mg/L; [NH4
+
]/[Br

‐
] = 44, 88, 178; [Ox] =15, 30, 60 μΜ; [Ox]/[Br

‐
] = 12, 24,48; pH= 7.0. (Methods std error: SEBrO3‐ = 4.5 

μg/L; SEATR= 1.5 μg/L). Schematic inside Figure 1 is based on the mechanism discussed by [8, 53] and edited to include the effect of 
pre‐treatments. 

Based on this mechanistic understanding, several methods have been proposed to alter the water chemistry of 
the treated water in order to decrease the formation of bromate during the ozonation process. Depression of water 
pH to 6 shifts the equilibrium of HBrO/BrO- towards HBrO which reacts slowly with O3 to form BrO3

-, therefore 
BrO3

- formation is hindered [31, 32]. This pre-treatment has successfully and cost-effectively been applied in 
water facilities [19]. However if the treated water has moderate to high alkalinity (ground-water) the pH 
adjustment cost may be prohibitive reaching 2 to 9 times ozone’s operational cost [27, 28]. Another method is the 
Cl2/NH4

+ pre-treatment [31]. Cl2 is added prior to ozonation and oxidizes Br- to HBrO/BrO-, which then reacts 
with added NH4

+ to form bromamine (NH2Br, kNH4+/O3=8 x107 M-1s-1) [8, 27, 28, 30, 31]. Since the latter molecule 
is not significantly oxidized by O3 (kNH2Br/O3=40 M-1s-1) [28], BrO3

- formation is greatly reduced. However, this 
approach has some disadvantages including the formation of undesired chlorination by-products from the reaction 
of the added chlorine with organic matter and the need for sequential addition of Cl2 and NH4

+ since these 
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chemicals readily react with each other to form chloramines. The most recently tested technology, is the coupling 
of photocatalysis to ozonation, which besides causing acceleration of the degradation rates of ECs, it can also 
limit bromate formation [33]. The effectiveness of these pre-treatments greatly depends on the quality of the 
treated water, including pH, NOM and alkalinity since they affect the oxidation routes followed and contact times 

of O3 or HO [28, 31, 34].  
In our earlier study, [34], the abovementioned pre-treatments were evaluated for their efficiency to inhibit 

bromate formation while achieving one log atrazine (herbicide) removal from Br- spiked ground water from the 
DTU (Technical University of Denmark) Campus, which has high alkalinity (HCO3

- =332 mg/L, pHo= 7.4) and a 

considerable concentration of ‘aged’ natural organic matter (NOM; DOC ∼ 2.5 mg/L) [34]. This water presents 

an exceptional challenge for O3 treatment because both O3 and HO• are consumed by the NOM and high 
alkalinity, and consequently the required O3 dose for contaminant degradation is significantly increased along 
with BrO3

- formation [35]. Our previous results indicated that a high O3 dose (3.5 mg/L) was needed to achieve 
90% removal of atrazine from ground-water resulting in the formation of 130-170 μg/L BrO3

-. The O3-dose 
required to remove atrazine was unaffected even when ozone was applied as peroxone  (O3/H2O2 1:3.5 w/w), 
though it limited BrO3

- formation below the drinking water limit of 10 μg/L. Depression of pH to 6 was proven 
insufficient to control BrO3

- formation below the 10 μg/L limit in the ground water from the DTU Campus. 
Pretreatment with Cl2/ NH4

+ reduced BrO3
- formation close to the 10 μg/L limit; however, atrazine removal was 

reduced to below 75%. 
Based on the above, this co-operative study between Siemens Water Technologies and DTU aimed to 

investigate the efficiency of several oxidants commonly used in water treatment as replacements of Cl2 in the 
“Cl2/NH4

+” pre-treatment for inhibiting BrO3
- formation during ozonation to exceed the limit of 10 μg/L. It was 

anticipated that these alternatives may be advantageous to Cl2, since they do not form chlororganic byproducts 
nor react directly with NH4

+. Therefore, sodium hypochlorite (NaClO) [22, 36] and chlorine dioxide (ClO2) [21, 
32], and the never before tested paracetic acid (CH3COOOH, PAA), potassium persulfate (K2S2O8), 
peroxymonosulfate (KHSO5), and potassium permanganate (KMnO4) were used in this study. Apart from 
monitoring BrO3

- formation for each pre-treatment, the effect of the concentration of the oxidant and NH4
+ added 

were investigated. Also, the extent to which these pre-treatment affected atrazine removal during ozonation, was 
monitored. Atrazine was chosen as the model EC of this study, because it is a common treatment target for 

ozonation and its degradation is mainly attributed to the HO formed during ozonation and less on direct 
ozonation [4, 12, 34, 37, 38]. In addition atrazine is part of the list of contaminants that the Water Framework 
Directive requires to be monitored in surface waters and its maximum allowable concentration in surface waters 
should not exceed 2.0 μg/L [39]. To the best of our knowledge, this is the first study that investigates the potential 
use of all these oxidants on the same source water, in order to control BrO3

- formation during ozonation under the 
10 μg/L limit, while achieving at the same one log atrazine removal. 

2. Materials and Methods 
2.1 Reagents:  
Atrazine (ATR), sodium bromide (NaBr), potassium permanganate (KMnO4), sodium chlorite (NaClO2), 

sodium hypochlorite (NaClO), paracetic acid (CH3COOOH), peroxymonosulfate (KHSO5), and potassium 
persulfate (K2S2O8) were purchased from Sigma-Aldrich and used as received. The treated tap water was first pH 
adjusted to 7 and then spiked with atrazine and Br- with final concentrations of  200 μg/L and 100 μg/L, 
respectively. Details on the preparation of the water mixture and chlorine dioxide (ClO2) stock solution are found 
in Antoniou and Andersen (2012) [34]. Details on the chemical composition of the DTU-tap water are found in 
Table S1. 
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2.2 Batch Experiments:  
In 120 mL blue cap borosilicate glass bottles, 100 mL of the water mixture were added and placed in a water bath 

at 15C. For the pre-treatment experiments, the oxidant was added first, allowing 15 min reaction time, NH4
+ (as 

NH4SO4) was added next and allowed another 15 min of reaction time, before O3 addition (2 stages addition). For 
single stage addition, both the oxidant and NH4

+ were added at the same time 30 min before O3. Specific aliquots 

from the O3 stock solution were added and the bottles were left in a water bath to react overnight, at T=15C. The  
half-life of 1.7 mg/L O3 in the same water matrix was measured at 2.74 min, which means enough time was given 
for the reaction to be completed (estimated O3 contact time of 30 min) [34]. Samples were taken the next day for 
the analysis of BrO3

- and ATR. The error bars in the Figures represent the relative standard deviation (RSD) of at 
least 3 measurements. 

2.3 Quantification of O3 Initial Concentration:  
The initial O3 concentration of the saturated O3 solution was measured with a UV-Vis spectrophotometer at λ = 

260nm in a quartz cuvette (λ = 1 cm). By using the extinction co-efficient of O3 (ε260 =2900 cm-1Μ-1) the 
molarity of the saturated solution was estimated. Specific volumes of the solution were added in each batch bottle 
to give a theoretical O3 concentration. The actual O3 concentration was quantified with the Indigo method [34, 
40]. 

2.4 Quantification of Initial Oxidant Concentration:  
The initial concentration of ClO-, ClO2 and CH3COOO- was measured photometrically with the HACH LANGE 
DR2800. ClO- was measured in the “free chlorine mode” by adding 3 drops of phosphate buffer (pH = 2.0), 1 
drop of N,N-diethyl-p-phenylenediamine, DPD (5 g/L) and 10 mL of ClO- solution (5 mL from concentrated 
stock in 1000mL of Milli-Q water). ClO2 was measured in the “ClO2 mode” by following the same procedure as 
ClO-. Finally, CH3COOO- was measured in the Cl2 mode by adding 3 drops of potassium iodide (5 g/L) 1 drop of 
DPD (5 g/L) and 10 mL of dilute CH3COOO- solution. 

2.5 HPLC Analysis:  

Atrazine (FW = 215.69) was quantified with an Agilent 1100 Series HPLC equipped with a variable wavelength 
detector (VWD). A C18 column (46 mm x 15 cm, 5 μm particle size) from Supelco Discovery was utilized. The 

eluent phase was 50:50 acetonitrile:H2O, with a flow rate of 0.5 mL/min, Tcolumn = 25.5C and the detector set at λ 
= 220 nm. Based on these conditions atrazine eluted at RT = 8.2 min. Calibration curves with standard solutions 
at 10– 1000 μg/L were conducted and the method quantification limit was set at 5 μg/L.  

2.6 Ion Chromatography Analysis:  

Determination of BrO3
- concentration was performed via ion chromatography coupled with a post column 

reaction with KI that resulted in the formation of I3
- which was measured in a UV detector (based on the method 

of Salhi et al., 1999 [41]. More information on the IC analysis can be retrieved from Antoniou and Andersen 
(2012) [34].   
 

3. Results and Discussion 

3.1 Effect of pre-treatment type and added concentrations:  
The aim of this study was to find appropriate pre-treatments based on the “Cl2/NH4

+” pre-treatment so that the 
formation of carcinogenic BrO3

- during ground-water ozonation is limited below 10.0 μg/L and to evaluate how 
much these pre-treatments affect atrazine removal. The applied concentrations of NH4

+ and oxidant (Cl2) 
concentrations were within the range of literature reports [30, 31]. NH4

+ was added at 1.0 mg/L, which has a 
molar ratio to Br- equal to [NH4

+]/[Br-] = 44. The oxidants used, were added in the same molar concentrations as 
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Cl2 starting at 1.0 mg/L equivalent Cl2,  which is equal to 15.0 μΜ and gives a molar ratio to bromide [Ox]/[Br-] = 
12. The doses for both NH4

+ and Cl2 were doubled and quadrupled to account for the added concentration effects. 
Overall, the oxidants HSO5

- S2O8
-2, ClO2, ClO2

-, ClO-, CH3COOO- and MnO4
- were tested under the 

abovementioned conditions. Initially, control experiments with 3.5 mg/L O3 (as determined by the indigo method) 
were conducted in the batch reactors to account for the amount of BrO3

- formed during treatment. Next, NH4
+ was 

added at molar concentrations equal to [NH4
+]/[Br-] = 44, 88, 178 and allowed 15 min of reaction, and then 3.5 

mg/L O3 were added and left to react overnight in a 15C  water bath. For the experiments with the oxidants, the 
oxidant was added first, allowed 15min of reaction time, then NH4

+ was added and allowed another 15 min of 
reaction time before adding 3.5 mg/L O3. The formation of BrO3

- and reduction of the ATR’s concentration were 
determined for all the experiments. 
 Figure 1 summarizes the results from the different pre-treatments on the BrO3

- formation (left axis) and 
remaining atrazine (right axis). Ozonation of DTU tap water with 3.5 mg/L O3, resulted in the formation of 
160.0±19.0 BrO3

- μg/L. Based on the fact that the initial Br- concentration was 100 μg/L, 3.5 mg/L O3 has 
completely transformed Br- to BrO3

-. Addition of excess NH4
+ (which reacts with HOBr/OBr- to form NH2Br), 

decreased BrO3
- formation ~75% compared to the O3 control, irrespective of the NH4

+ dosing. This means that 
lower concentrations than 1.0 mg/L NH4

+ ([NH4
+]/[Br-] = 44) could be efficiently used in DTU-water as they 

have been reported for lake water [30, 42]. It was expected that ammonia alone would not be able to completely 
control bromate below the 10 μg/L limit since it does not influence bromate formation with the radical pathway 
during the initial phase of ozonation [30]. As expected, Cl2/NH4

+ (as ClO-) greatly inhibited BrO3
- formation 

compared to O3 alone. With increasing oxidant and NH4
+ concentrations, bromate formation reduced from 20 

μg/L to below the method detection limit (BDL). ClO2/NH4
+, ClO2

-/NH4
+ and MnO4

-/NH4
+ were the most efficient 

pre-treatments, since bromate formation was BDL for all oxidant concentrations (except for 15.0 μΜ MnO4
- 

which was on the limit). Besides BrO3
-, these oxidants can oxidize the active sites of NOM [18, 43] which is 

found in higher concentrations compared to the other matrix components (2.5 mg/L DOC). Given that NOM is 
known to accelerate O3 decomposition [18], this has a direct impact on O3 exposure (C·t), which becomes shorter, 
and results in decreased BrO3

- formation. In addition, NOM competes with the contaminant for oxidation by the 
active species, therefore reducing the level of contaminant degradation. Since these oxidants were equally 
efficient for all the range of concentrations, it is implied that lower concentrations can be used and still control 
BrO3

- formation below the set drinking water limit. The oxidants HSO5
- and S2O8

-2 that follow free radical 
mechanisms (SO4

•- and HO•) for oxidation [44, 45], did not perform as well as expected with NH4
+, especially 

HSO5
- which performed worse than NH4

+ alone. One possible explanation could be that the reaction time was not 
sufficient for the oxidants to effectively oxidize Br- to OBr-, but longer reaction times would be technically 
impractical. Since the inhibition of BrO3

- formation, relies on the efficiency of the oxidant to convert Br- to OBr-  
prior to ozonation, it is apparent that HSO5

- and S2O8
-2 necessitate either additional reaction time or further 

catalytic activation to convert them into oxidizing radical species [44, 45]. The increase of BrO3
- concentration 

with HSO5
-/NH4

+ could be attributed to HO• formed during its decomposition that enhance the radical based 
oxidation route of Br-. CH3COOO- had the same efficiency on BrO3

- formation as NH4
+, which means that it did 

not cause notable oxidation of Br-. Overall, the effectiveness on inhibiting BrO3
- formation followed the order of: 

KMnO4/NH4
+ = ClO2/NH4

+ = ClO2
-/NH4

+ > NaClO/NH4
+ > NH4

+ > CH3COOO-/NH4
+ > S2O8

-2/NH4
+ > HSO5

-

/NH4
+.  

The right axis of Figure 1, depicts the remaining atrazine concentration following the different pre-treatments 
and ozonation. Based on our previous studies [34], an O3 concentration of 3.5 mg/L was adequate to remove 
atrazine (90.3% ± 3.0%) and was used as the O3 delivered concentration throughout this study. The presence of 
NH4

+ reduced atrazine removal to 78.0 ± 8.0%. This may be attributed to the consumption of O3 by reacting with 
NH4

+ instead (as NH3, kO3,NH3= 20.0±2.0 M-1s-1 [46], kOH,NH3= 1.0± 0.1·108 M-1s-1 [47]. Though at pH =7.0 only 
0.22-0.88 μmol/L of ammonia are present as NH3(aq) (pkaNH4+ = 9.3, [NH4

+]o= 5.5-22.0 μmol/L), since atrazine 
concentration is 0.09 μmol/L (kATR,O3 =

 6.0-6.3 M-1s-1 & kATR,HO = 2.5-3.0·109 M-1s-1) [38], NH3(aq) becomes a 
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significant competitor for both O3 and HO• degradation. The effect of the presence of NH4
+ on atrazine removal is 

noticeable because the latter is primarily removed through reaction with HO formed through O3 decomposition. 
NH4

+ was not the only pre-treatment that inhibited atrazine removal. In fact, HSO5
-/NH4

+ and       S2O8
-2/NH4

+ 
and CH3COOO-/NH4

+ inhibited atrazine removal in the same range as NH4
+. It is believed that these oxidants 

under our experimental conditions were not sufficiently activated to form the radical that can oxidize bromide to 
bromate and therefore, the effect on atrazine removal is mainly attributed to the presence of NH4

+. Pre-treatments 
with ClO2

-/NH4
+, ClO2/NH4

+ and ClO-/NH4
+ affected atrazine removal the most, with the efficiencies varying 

between 35.0-75.0% for the different oxidant concentrations. MnO4
-/NH4

+, besides controlling BrO3
- formation at 

the 10 μg/L limit did not influence atrazine removal (90.0±1.0%) for all the oxidant concentrations. The 
reproducibility of the experiments was tested in a separate experiment summarized in the supplementary 
information document (S.I., Figure S1). 

3.2 Pre-treatment with ClO2, ClO2
- and MnO4

-: Effect of oxidant and NH4
+ concentration and addition 

stages:   
With ClO2/NH4

+ and ClO2
-/NH4

+ and MnO4
-/NH4

+ exhibiting the highest potential for preventing BrO3
- 

formation during ozonation, these oxidants were further investigated. Figure 1, indicates that lower oxidant and 
NH4

+ concentrations could potentially be used, while reaching the treatment goals. Therefore, the oxidant 
concentrations were reduced to doses between 1.5 and 15 μΜ ([Ox]/[Br-]= 1.2-12.0), while NH4

+ was kept at 1.0 
mg/L ([NH4

+]/[Br-] = 44). Based on the results shown in Figure 2A, for ClO2/NH4
+ and ClO2

-/NH4
+, BrO3

- 
formation was approximately 22.0 μg/L for all concentrations except for 0.1 mg/L ClO2

-  (C=1.5 μΜ) which gave 
30 ± 7 μg/L BrO3

-. For these two oxidants, BrO3
- formation was better controlled when the higher range of 

oxidant and NH4
+ concentrations were used (Figure 1). In the case of MnO4

-/NH4
+, only at 2.4 MnO4

- mg/L BrO3
- 

formation was below the 10.0 μg/L limit while for the remaining concentrations it was ~18μg/L. On the other 
hand, with reduced oxidant concentrations and 1.0 mg/L NH4

+, atrazine removal greatly improved for ClO2/NH4
+ 

and ClO2
-/NH4

+. For ClO2
- it was 85.0% for all oxidant concentrations, while for ClO2, atrazine removal reduced 

with increasing oxidant concentration from 85% to 75%. As far as MnO4
-/NH4

+, the efficiency reached almost 
90% for all oxidant concentrations (Figure 2A). When it comes to atrazine removal, the effect of ClO2 and ClO2

- 

with O3 is not additive since they are exerting an ozone demand (as explained in Section 3.4). Also, when used 
alone O3 and MnO4

- react very slowly with atrazine (kO3 =
 6.0-6.3 M-1s-1 [38]; kMnO4

- = 1.16 M-1s-1 [48]), while 
ClO2 and ClO2

- have been reported not to react [49]. Based on our results, O3 and MnO4
- can co-exist without 

inhibiting each other’s oxidative action on atrazine and Br-, respectively. On the contrary, ClO2 and ClO2
- greatly 

affect the oxidation capacity of O3. One possible reason (explained in greater detail later on and in Figure 4) could 

be the preferential reaction of ClO2
- with O3 to form ClO2 which limits O3 exposure and thus HO production. 

When ClO2 and ClO2
- are reduced, the loss of O3 is also reduced and more O3 (and therefore HO) are available 

for atrazine removal. Based on this experiment, it was decided to use 0.6 mg/L ClO2, 0.6 mg/L ClO2
- and 1.4 and 

2.4 mg/L MnO4
- as the optimum oxidant concentrations for the remaining experiments. 

Since the effect of reduced oxidant concentration was beneficial towards the treatment goals, the effect of 
reduced NH4

+ concentration was tested next at, the previously determined, reduced oxidant concentrations. The 
new NH4

+ concentration was 0.1 and 0.4 mg/L (equal to   [NH4
+]/[Br-] = 4.4; 17.6). Even though, the added 

NH4
+ is significantly less, it is still in excess compared to Br-, and should be sufficient for the reaction of BrO- to 

NH2Br.  Based on the results depicted in Figure 2B, for the ClO2/NH4
+  pre-treatment, NH4

+ reduction to 0.1 
mg/L reduced BrO3

- formation to 10.0 μg/L, while at the same time atrazine removal was 87.0%. For 0.4 mg/L 
NH4

+, the efficiency for BrO3
- formation was BDL and atrazine removal 82.0%. For ClO2

-/NH4
+, BrO3

- formation 
increased to 40 μg/L at 0.1 mg/L NH4

+ and decreased BDL for 0.4 NH4
+ mg/L, while atrazine removal was at 

90.0% with 0.1 mg/L NH4
+, and decreased to 85% when 0.4 mg/L NH4

+ were used. For MnO4
-/NH4

+, 1.4 and 2.4 
mg MnO4

- /L were used with the low NH4
+ concentrations since they had similar efficiencies (Figure 2A). From 

the results depicted in Figure 2B, it is determined that 0.4 mg/L of NH4
+ are needed for MnO4

- to be effective in 
controlling BrO3

- formation. Also, 1.4 mg/L of MnO4
- was not sufficient to oxidize Br- to OBr-, and therefore, at 
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least 2.4 mg MnO4
- /L should be used. Atrazine removal maintained around 87.0% irrespective of the 

experimental conditions.  
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Figure 2A: Effect of reduced oxidant doses (ClO2 and ClO2
‐
 and MnO4

‐
) on BrO3

‐
 formation and remaining atrazine concentration. 

Experimental conditions: O3= 3.5 mg/L; Br
‐ 
= 100 μg/L; ATRo= 200 μg/L; NH4

+
 = 1.0 mg/L; [NH4

+
]/[Br

‐
] = 44.0; [Ox] =1.5, 4.5, 9.0,15.0 

μΜ; [Ox]/[Br‐] = 1.2, 3.6, 7.2, 12.0.; pH= 7.0. 2B: Effect of reduced ammonia doses on BrO3
‐ formation and remaining atrazine 

concentration for ClO2 and ClO2
‐ at [Ox]/[Br‐]= 7.2 and MnO4

‐ at [Ox]/[Br‐]= 7.2, 12.0.  Experimental conditions: O3= 3.5 mg/L; Br‐ = 100 
μg/L; ATRo= 200 μg/L; NH4

+
= 0.1, 0.44 mg/L; [NH4

+
]/[Br

‐
] = 4.4, 17.6; [Ox] =9.0,15.0 μΜ; [Ox]/[Br

‐
] = 7.2, 12; pH= 7.0. 

To summarize, the optimum concentrations to reach the treatment goals are 0.6 mg/L ClO2     ([Ox]/[Br-]= 7.2)  
with 0.1 mg/L NH4

+ ([NH4
+]/[Br-] = 4.4); 0.6 mg/L ClO2

- ([Ox]/[Br-]= 7.2) with 0.4 mg/L NH4
+ ([NH4

+]/[Br-] = 
4.4) and 2.4 mg/L MnO4

- ([Ox]/[Br-]= 7.2) with 0.4 mg/L NH4
+ ([NH4

+]/[Br-] = 4.4).  
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Simultaneous (single stage) addition of the oxidant and NH4
+ is technically more advantageous than two stage addition 

because it reduces treatment time and thus tank size in the waterworks. To test whether the effectiveness of ClO2, ClO2
- and MnO4

- 

with NH4
+ to inhibit BrO3

- formation is affected by the addition stages, experiments with [Ox]/[Br-]= 7.2  and 1.0 mg/L NH4
+ were 

performed. The results on BrO3
- formation and atrazine removal (Figure 3) do not vary statistically (t-testing, 95% confidence) 

and therefore, pre-treatments with these oxidants, in contrast to Cl2/NH4
+, are proven not to be dependent on the addition stages.  
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Figure 3: Effect of oxidants (ClO2 and ClO2
‐ and MnO4

‐) and NH4
+ addition for single (Ox +NH4

+, t =30 min) and two stage addition (Ox 
/NH4

+
, t=15+15 min). Experimental conditions: O3= 3.5 mg/L; Br

‐ 
= 100 μg/L; ATRo= 200 μg/L; NH4

+
 = 1.0 mg/L; [NH4

+
]/[Br

‐
] = 44; [Ox] 

=9.0 μΜ; [Ox]/[Br
‐
] = 7.2; pH= 7.0. 

3.3 Pre-treatment with ClO2, ClO2
-, and MnO4

- in the absence of NH4
+:  

In an effort to unveil the mechanisms that inhibit BrO3
- formation with ClO2, ClO2

-, and MnO4
-, experiments in 

the absence of NH4
+ were conducted. Concentrations of 0.6 mg/L were used for ClO2, ClO2

-, ([Ox]/[Br-]= 7.2) 
and 2.4 mg/L MnO4

- ([Ox]/[Br-]= 12). Each oxidant was left to react for 15 min prior to the addition of 3.5 mg/L 
O3. It is apparent from Figure 4 that the absence of NH4

+ resulted in a drastic increase of BrO3
- formation for all 

the oxidants (compared to Figure 2B) and especially for 2.4 mg/L MnO4
-, that yielded the same BrO3

- 
concentration as the O3 control.  

There are two more studies in the literature in which addition of permanganate in the absence of ammonia was 
investigated as a pre-treatment to ozonation [50-51]. Dong et al. (2010) reported that addition of 1.0 mg/L 
KMnO4 could decrease BrO3

- formation by 26 % in water containing 100 µg/L bromide, 5 mg/L humic acids, for 
an added O3 dose of 5.6 mg/L and reaction time of 30 min.  In the absence of humic acid an approximate 20% 
reduction of BrO3

- formation was reported in similar reaction conditions [50]. Liu et al. (2014) also reported that 
KMnO4 alone can inhibit BrO3

- formation for 0.4 mg/L O3 without providing further explanation on their findings 
[51]. These results differ from the findings of our study, where absolutely no inhibition of bromate formation by 
permanganate was achieved without the co-addition of ammonia. This may be explained by the differences in the 
experimental conditions between studies (water matrix, O3 dose). Dong et al. (2010) hypothesized that the 
observed decrease in bromate formation is caused by catalytic and reductive consumption of ozone by manganese 
oxides formed from MnO4

- which compete with bromide for ozone. This suggested mechanism implies that 
removal of target chemicals for the ozone treatment, like atrazine in our study, would decrease by permanganate 
addition, but inhibition of atrazine removal was not observed in this study in the presence or absence of ammonia. 

Addition of ClO2 and ClO2
- yielded 50.0 μg/L and 42.0 μg/L of BrO3

-, respectively. The results (Figure 4) 
confirmed the importance of NH4

+ for the pre-treatments to be effective in preventing BrO3
- formation. In the 

absence of NH4
+, the in situ generated OBr- (from the oxidation of ClO2, ClO2

-, and MnO4
-) exclusively 
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transforms to BrO3
- with ozonation. Atrazine removal was less affected by the absence of NH4

+ and was ~85.0% 
for ClO2 and ClO2

- and 95.0% for MnO4
-.  

Figures 

0.
6

0.
6

2.
4

10

40

70

100

130

160

190

20

40

60

80

100
BrO3

- Atrazine

ClO2Control MnO4
-ClO2

-

Pre-treatments [Ox mg/L]

B
rO

3
-  (
 g

/L
)

%
 [

A
T

R
A

Z
IN

E
]/

[A
T

R
A

Z
IN

E
o
]

NOM‐ox

NOM O2

O3

ClO2

ClO2
‐

ClO3
‐

O2

O3

 

Figure 4: Pre‐treatment with ClO2, ClO2
‐
, and MnO4

‐
 in the absence of NH4

+
 following ozonation. Experimental conditions: O3= 3.5 

mg/L; Br
‐ 
= 100 μg/L; ATRo= 200 μg/L; [Ox] =9.0 μΜ; [Ox]/[Br

‐
] = 7.2. For 2.4 mg/L MnO4

‐
, [Ox] =15 μΜ; [Ox]/[Br

‐
] = 12; pH= 7.0. 

 
3.4 Proposed secondary mechanisms for ClO2 and ClO2

- inhibition of BrO3
- formation:  

Based on the findings of this study, side mechanisms that inhibit BrO3
- formation are proposed (Figure 4). The 

main mechanism behind the inhibition of BrO3
- formation in the pre-treatments ClO2, ClO2

-, and MnO4
- with 

NH4
+ is: 

Oxidant +Br- →BrO-; BrO- + NH4
+ →NH2Br  (Eq.1) [8, 30, 31] 

However, the experiment with ClO2, ClO2
-, and MnO4

- in the absence of NH4
+ indicated the existence of 

another mechanism that affects BrO3
- formation and atrazine removal (Figure 4). Prior to ozonation, ClO2 reacts 

with NOM and becomes ClO2
-.  The NOM in DTU-tap water reduces 0.6 mg/L ClO2 to ClO2

- almost 
instantaneously (unpublished data). Once the solution is ozonated, the added or in situ formed (from ClO2) ClO2

-, 
rapidly reacts with O3 and produces ClO3

- (terminal reaction) or regenerates ClO2 (cyclic reaction). These 
reactions reduce the available O3 for oxidation of brominated species and therefore less BrO3

- is formed. This is 
the reason why in the absence of NH4

+ with ClO2 and ClO2
-, BrO3

- formation is 31.0% and 26.0% of the O3 
control, respectively. This experiment indicates that MnO4

- did not follow a similar mechanism and therefore, 
BrO3

- formation with MnO4
- pre-treatment in the absence of NH4

+ was the same as the O3 control. 
It was also observed, that pre-treatment with ClO2/NH4

+ required 0.1 mg/L of NH4
+ to inhibit BrO3

- formation 
while ClO2

- required 0.4 mg/L of NH4
+, at the same molar concentration. This is likely due to the fact that ClO2 is 

a stronger oxidant that ClO2
- and it is able to oxidize Br- to HOBr/OBr-, prior to ozonation. ClO2

- can only initiate 
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Br- oxidation when it is oxidized by O3 to ClO2 (Figure 4). Therefore, excess NH4
+ is required to insure 

conversion of HOBr/OBr- to NH2Br (since this reaction is in competition with the others that lead to the further 
oxidation of HOBr/OBr- to BrO2

- and BrO3
-).  

3.5 Estimated cost of pretreatments:  
With the focus of this study placed on the feasibility of various pretreatments for BrO3

- control during ozonation, 
the additional chemical cost at the optimum conditions of each pre-treatment was calculated, based on market 
prices (Germany, collected in August 2010) for bulk chemicals as given by relevant suppliers (Supplementary 
information, Table S1). Thus, the running cost for chemicals for the pretreatment with ClO2/NH4

+, ClO2
-/NH4

+, 
and MnO4

-/NH4
+, were estimated at 2.1, 0.8, and 3.8 c€/m3, respectively. This is a reasonable price compared to 

the total costs of drinking water production.  
So far, we are aware of two treatment facilities in Netherlands (PWN Water Supply Company and DUNEA) 

that are treating similar type of water matrixes to DTU tap water for ECs removal (including atrazine) and have 

naturally high content of Br‐ (300‐500 μg/L). PWN decided to install a UVC/H2O2 treatment instead of O3 ([23], 

while DUNEA used a multiple barrier approach of combined O3/H2O2 and UVC (at low UV and O3 doses) [52]. It is 

our belief that the proposed new pre‐treatment could allow more economical solutions for such cases in the 

future.  Based on the treatment goals that each facility has, they may choose the MnO4
-/NH4

+ pre-treatment was 
the most efficient for achieving a log removal of atrazine and inhibiting bromate formation below 10 μg/L, or the 
less expensive ClO2

-/NH4
+, if the requirements for atrazine removal are reduced to 70%. 

 

4. Conclusions 

To conclude, among the array of oxidants tested, ClO2, ClO2
-, and MnO4

- with NH4
+ were the most promising 

pre-treatments for controlling BrO3
- formation and atrazine removal during the ozonation of ground-water. By 

varying the oxidant and NH4
+ concentrations, the optimum conditions  of each  of the abovementioned pre-

treatments were determined to be: 0.6 mg/L ClO2/0.1 mg/L NH4
+, 0.6 mg/L ClO2

- / 0.4 mg/L NH4
+, and 2.4 mg/L 

MnO4
-/0.4 mg/L NH4

+. These pre-treatments were found not to be affected by the addition steps (single or two 
stage addition). Experiments performed in the absence of NH4

+, confirmed its importance on the mechanism that 
reduces BrO3

- formation during ozonation, as well as side mechanisms that affect BrO3
- formation and atrazine 

removal. Finally, the running cost for chemicals for the pretreatment with ClO2/NH4
+, ClO2

-/NH4
+, and  MnO4

-

/NH4
+, were estimated at 2.1, 0.8, and 3.8 c€/m3, respectively which is considered reasonable for drinking water 

production. 
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Supplementary Figures and Schemes Captions 

 

Figure S1: Reproducibility of the experiments on BrO3
- formation and ATR removal at the 

highest doses. Experimental conditions: O3= 3.5 mg/L; Br- = 100 μg/L; ATRo= 200 μg/L; NH4
+ = 4, 

mg/L; [NH4
+]/[Br-] = 178; [Ox] =60 μΜ; [Ox]/[Br-] =48.  

 

Table S1: Cost of pre-treatments based on the optimum oxidants (Cl2, ClO2, ClO2
-, and MnO4

-) 

and NH4
+ concentrations  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Materials and Methods: 

Chlorine Dioxide:  For the preparation of 1L of ClO2, 400 mL of Milli-Q water were mixed with 

25 mL of HCl (9%) and 25 mL of NaClO2 (7.5% =75g/L). The glass bottle was covered with 

aluminum foil and the cap was placed carefully on the top allowing space for gas release. The next 

day milli-Q water was added to complete the volume at 1000mL. The concentration of the stock 

was measured photometrically with a HACH LANGE DR2800. 
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Figure S1: Reproducibility of the experiments on BrO3
- formation and ATR removal at the 

highest doses. Experimental conditions: O3= 3.5 mg/L; Br- = 100 μg/L; ATRo= 200 μg/L; NH4
+ = 4, 

mg/L; [NH4
+]/[Br-] = 178; [Ox] =60 μΜ; [Ox]/[Br-] =48.  

 
After obtaining the data depicted in Figure 1 it was decided to verify the reproducibility of the 

experiments. Therefore, the experiments with the highest level of oxidant concentration 

([NH4
+]/[Br-] = 189, [Oxidant] = 60 μM and O3 = 3.5 mg/L), were repeated in two separate batches 

(A and B) (Figure S1). It is evident from Figure S1, that both BrO3
- and atrazine concentrations are 

very close and in some cases the error between the measurements was lower than the error of the 

analytical method. The data were also statistically analyzed by performing t-testing at 95% 

confidence, which confirmed that the data do not vary statistically. This means that the way the 

experiments were conducted is generating reliable and reproducible results.  

 

 

 

 



Table S1: DTU-tap water analysis 

Expanded water control 
With organic micro pollutants 

Analysis Report Lyngby Waterworks April 29, 2008 
Parameter  Result Water Quality 

Requirements 1) 
Method St 

Platinum Pt mg/l 4 5 DS/EN7887  5%

Turbidity    FTU 0,15 0,3 DS/EN27027 5%
pH   pH 7,65 7,0-8,5 DS287  
Conductivity    mS/m 82  DS/EN27888 2%
Evaporation residue   mg/l 485 1500 DS204 5%
NVOC C mg/l 1,8 4  SM5310 5%
Calcium Ca2+ mg/l 111  DS/EN14911 3%
Magnesium Mg2+ mg/l 17 50 DS/EN14911 3,50%
Total Hardness   odH 19,4  DS/EN14911 3,50%
Sodium Na+ mg/l 32 175 DS/EN14911 3%
Potassium K+ mg/l 4,2 10 DS/EN14911 3%
Ammonium NH4

+ mg/l 0,05 0,05  SM 418B 4%
Iron Fe mg/l 0,02 0,1 DS225  4%
Manganese  Mn mg/l 0,005 0,02 DS227  5%
Bicarbonate HCO3

- mg/l 332   DS/EN9963-1  2%
Chloride Cl- mg/l 71 250 DS/EN10304  1,50%
Sulphate SO4

2- mg/l 46 250  DS/EN10304  1,50%
Nitrate NO3

- mg/l 2,6 50  DS/EN10304  2,50%
Nitrite NO2

- mg/l 0,01 0,01  DS6777  1,50%
Phosphorus, total P mg/l 0,02 0,15  DS292 5%
Fluoride F- mg/l 0,35 1,5  DS/EN10304 3%
Oxygen O2 mg/l 8,5   DS2205 5%
AGGR. Carbon dioxide  CO2 mg/l 2 2  DS236 2%

1) See Statutory Order no. 871 dated 21 September 2001 

* Outside of accreditation 

! Water quality requirements not met 

m.l.: measurable limit 

St?????? 

 





Table S2: Cost* of pre-treatments based on the optimum oxidants (Cl2, ClO2, ClO2
-, and MnO4

-) and NH4
+ concentrations  

Treatment 
O3 dose Oxidant Oxidant dose 

NH4
+ 

dose 
Cost of 
oxidant 

Cost of NH4
+ Pre-Treatment Cost 

g/m3   g/m3 g/m3 €/m3 €/m3 c€/m3 

Pretreatment with NH4
+    1 N/A 0,0022 0.22 

Pretreatment with NH4
+-Cl2  Cl2 4 4 0,008 0.0089 1,69 

Pretreatment with NH4
+-MnO4

- 3.5 MnO4
- 2.4 0,4 0,038 0.0009 3.84 

Pretreatment with NH4
+-ClO2

- 3.5 ClO2
- 0.6 0,4 0,007 0.0009 0.76 

Pretreatment with NH4
+-ClO2 3.5 ClO2 0.6 0,1 0,021 0.0002 2.12 

*Based on German market prices for bulk chemicals as given by relevant suppliers obtained August 2010. 
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