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Summary 

The impact that anthropogenic micropollutants have on the environment is increasingly gaining 

attention. As a result of this, Sweden, among other countries, is looking towards implementing 

advanced treatment for micropollutant and pharmaceutical product removal from wastewater 

prior to discharge into the environment. The leading method to achieve this is ozonation, which 

unfortunately also creates a host of undesirable by-products, one of which being the formation 

of bromate from bromide-containing wastewaters. Bromate has been identified as a 

carcinogenic compound with additional ecotoxicological impacts. A survey of wastewater 

treatment plants in southern Sweden showed that a number of plants, particularly those situated 

on the coastline, received levels of bromide high enough to potentially cause bromate levels 

above the environmental discharge recommended limit of 50 μg/L, if ozonated. Ozonation of 

wastewater from southern Sweden demonstrated that yields of bromate are in line with previous 

literature values, with a conversion of approximately 7% at applied ozone doses capable of the 

recommended 80% removal of micropollutants. A novel and cost-effective method for removal 

of bromate is therefore required if ozonation is to be considered viable at wastewater plants 

with incoming bromide present in their wastewater. Biological reduction of bromate has been 

identified as a promising technology, due to the possibility of utilizing existing wastewater 

treatment infrastructure and technology to achieve bromate removal. Experimental work 

concluded that biological reduction of bromate is possible at rates that are implementable on a 

large scale. The rate of reduction is influenced by the concentration of nitrate present, with the 

rate of bromate removal rapidly increasing once denitrification was complete. Complete 

removal of bromate was achieved using carriers from both methanol and ethanol adapted post-

denitrification units, and using wastewater from different sources. Near stoichiometric 

quantities of bromide were produced, although the rate of bromide formation was an order of 

magnitude lower than that of bromate reduction. These findings demonstrate that biological 

reduction of bromate is a feasible possibility for wastewaters containing bromide, where 

ozonation is desirable for micropollutant removal. 
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1 Introduction 

The global awareness of the impact of wastewater contaminants has increased significantly in 

recent years, with attention shifting towards protection of the natural environment from 

discharged pollutants. The presence of pharmaceutical products and micropollutants in 

wastewater is an issue of ongoing concern, increasingly affecting aquatic environmental health 

and contributing to the increase in antibiotic-resistant bacteria. The wide variety of 

micropollutants present in wastewater requires that a catch-all method of removal be 

implemented at wastewater treatment works, if a reduction in concentrations of micropollutants 

entering the environment is to be achieved. The two options currently considered to be the best 

available technology are oxidation through ozonation and adsorption through activated carbon 

(Schindler Wildhaber et al., 2015). Ozonation is the preferred method, as the cheaper of the two 

and requiring less additional infrastructure. However, ozonation may produce potentially 

harmful by-products, and as such, should only be implemented when several criteria are met. 

A test procedure has been developed  to identify waters where ozonation is not considered 

suitable, in which a criteria considered to be of crucial importance is the presence of bromide 

(Schindler Wildhaber et al., 2015), which will lead to the formation of bromate when exposed 

to ozone (Soltermann et al. 2017).  

Bromate in drinking water has been correlated to increased risk of cancer, and therefore a 

drinking water limit of 10 μg/L has been recommended by the World Health Organisation 

(WHO). In addition, based on ecotoxicological impacts, a freshwater environmental quality 

standard of 50 μg/L has been suggested (Soltermann, et al. 2016).  These limits have been 

implemented as a precautionary approach, as little is known of the behaviour and extended 

lifespan of bromate in the natural environment (Butler et al. 2005).  

Recently, many wastewater treatment works (WWTW) in southern Sweden have begun to 

evaluate the feasibility of adding advanced treatment for micropollutant removal to the existing 

wastewater treatment plant processes (Swedish Environmental Protection Agency, 2016). 

Analysis of the quality of water entering the current wastewater treatment works indicates that 

while pharmaceuticals are present and require treatment, there are also levels of bromide present 

in some catchment areas that will effectively preclude ozonation as a treatment option, on the 

basis of a higher than acceptable level of bromate production, unless a novel and cost-effective 

method of removal of bromate can be determined.  

One method of bromate removal that has shown potential is the biological reduction of bromate, 

which opens the possibility of using denitrifying bacteria to reduce bromate to bromide, 

enabling the coupling of existing denitrifying infrastructure to be utilised as a polishing step 

post-ozonation. 

1.1 Aim 

This study has three aims:  

1. To provide an indication of the prevalence of bromide reporting to wastewater treatment 

plants in southern Sweden, and thereby provide an indication of the suitability of using ozone 

as treatment for the removal of pharmaceuticals residues and micropollutants, given the concern 

relating to the production of bromate from bromide-containing wastewater. 



 

2 

 

2. To produce bromate yield curves from ozonation using specific wastewater present in 

southern Sweden to determine whether ozonation will yield bromate in unacceptable quantities.  

3. To investigate the possibility of using denitrifying bacteria, sourced from operational Moving 

Bed Biofilm Reactors (MBBR’s), to reduce bromate to bromide, enabling the coupling of 

existing denitrifying infrastructure to be utilised as a polishing step post-ozonation. 
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2 Background Context 

The sources of bromide and bromate in wastewater, the current understanding of biological 

reduction of bromate and previous studies carried out to investigate the possibility of using 

biological bromate removal in water treatment, are discussed below. 

2.1 Bromide Concentrations in Sweden’s Wastewaters 

The source of bromide in wastewater is complex and can be traced to both natural sources, 

namely seawater intrusion and seaborne aerosols (Lundström & Olen, 1986), and anthropogenic 

sources, such as waste handling sites (both landfill and waste incineration plants), biocides used 

in industrial water treatment, de-icing salt used on roads and the chemical industry (Soltermann 

et al. 2016). Natural levels of bromide in surface waters range from approximately 15-200 μg/L. 

(Butler et al. 2005).   

The concentration of bromide in natural surface waters has been found to originate primarily 

from seawater, identified through the strong correlation of bromide to chloride concentration 

ratios. A survey of bromide concentrations found in surface waters in Sweden, carried out by 

Lundström et al (1986) found that the molar ratio of Br/Cl in Sweden’s surface water was fairly 

consistent across the country at 1x10-3. The study further found that Skåne, in the far south of 

Sweden, had a higher occurrence of bromide in surface waters, with values ranging from 4 – 

12 μg/L, compared to northern regions of Sweden where concentrations of less than 4 μg/L 

were consistently found. The survey of over 300 surface water samples indicated that the ratio 

of Br/Cl is higher in precipitation, and thereafter surface water, than it is for seawater itself 

(Lundström & Olen, 1986).  

Due to the hydrophilic nature of bromide and its small ionic size and high solubility, natural 

soil and ion exchange processes do not play a role in the concentrations of bromide and chloride 

in natural settings, and bromide has been used extensively as a conservative tracer in aquifer 

studies (Butler et al., 2005). The Br/Cl ratio can thus be used as a tracer to determine 

anthropogenic sources of bromide contamination to surface and ground waters (Alcal & 

Custodio, 2008) and give an indication of whether bromide levels are within natural ranges or 

are markedly supplemented by an additional anthropogenic source.  

Surface waters across the Skåne region would therefore be expected to display a similar range 

of values of bromide to chloride ratios. The water reporting to the wastewater treatment works 

will, by definition, be different to the natural surface water in the region, however, comparison 

of the ratio of chloride to bromide ion concentrations could give an indication of whether the 

contamination is derived from sea water intrusion or is from another source.  

2.1.1 Occurrence of Bromate in Sweden’s Waters 

In contrast to bromide, bromate does not occur naturally in surface or groundwater, and until 

recently, was not a contaminant commonly detected in water bodies. The increasing 

implementation of advanced water treatment methodologies and disinfection processes, 

particularly ozonation and oxidation, has seen bromate levels in the natural environment 

increasing. Bromate has been historically used in flour, cheese, beer and wool production, as 

well as gold extraction processes, however many of these processes have been phased out due 

to the health concerns surrounding bromate (Butler et al. 2005).  
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Bromate salts dissolve readily in water (KBrO3 has a solubility of 75 g/L at 25 C) and once 

dissolved, are highly stable and do not volatize (Butler et al. 2005). These properties mean that 

contamination of water by industrial activity is highly probable, and also contribute to their 

persistence in the natural environment once released.  

2.2 Yield of Bromate Achieved by Ozonation of Wastewater 

The ozonation of wastewater is widely considered to be the leading technology for the removal 

of micropollutants prior to discharge into the environment. While much research has been 

carried out on the mechanisms around micropollutant abatement using ozonation, the 

undesirable by-products of ozonation have also become areas requiring further investigation.  

2.2.1 Reaction of Bromide with Ozone 

Bromate production is one of these undesirable outcomes, with very limited concentrations 

considered acceptable for environmental discharge. The concentrations of bromate derived 

during ozonation depend largely on the bromide concentrations of the incoming water as well 

as the applied ozone dosage (Antoniou, et al., 2013). Some impact from the wastewater matrix 

has also been documented (Soltermann et al., 2017).  

The two desired outcomes of ozonation are disinfection and oxidation, both of which are 

dependent on the lifespan and stability of the applied ozone in the wastewater to be treated. 

Ozone is naturally unstable in aqueous solutions, due in large part to the formation of OH by 

OH-, and the subsequent reaction of OH with ozone (Jarvis, Smith, & Parsons, 2007). Through 

this mechanism, ozone is spontaneously decomposed (von Sonntag & von Gunten, 2012).  

The nature of the water in question plays a large role in the stability of the ozone, as dissolved 

organic matter (DOM) and carbonate alkalinity both impact the lifespan of ozone in wastewater, 

and therefore impact its ability to react with other contaminants. DOM consumes ozone, and 

creates OH in a side reaction. The presence of DOM in the wastewater therefore decreases the 

effectiveness of the applied ozone dose. The nature of the organic matter also plays a role as 

some compounds within DOM, for example phenols, react more readily than other compound 

and thus affect the rate of decomposition of ozone (von Sonntag & von Gunten, 2012). 

Conversely, carbonate alkalinity scavenges OH, and therefore increases the stability of ozone 

(von Sonntag & von Gunten, 2012). These side reactions, along with numerous others, compete 

for the available ozone, which in turn influences the effective level of oxidation possible by the 

applied ozone dosage.  

Ozone in water forms a number of radicals and intermediates, including O3
-
, O2

-
, OH and 

HO2
-
, many of which take part in reactions which collectively achieve the desired oxidative 

effect. Bromate is formed through the interaction of bromide in wastewater with the ozone 

radical and the hydroxyl radical (Soltermann et al. 2017), as shown in the diagram below (Lv, 

Wang, Iqbal, Yang, & Mao, 2019).  Bromate formation is a multistep reaction, involving 

various possible pathways and multiple intermediaries, including bromite (BrO2
-) and 

hypobromite (HOBr), and radicals, including BrO2, O3
- and OH. The formation steps are 

displayed in the Figure 2.1 (Lv et al. 2019). 
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Figure 2.1 Formation of bromate from ozonation (Adapted from Lv et al. 2019) 

The exact mechanisms of the reactions involved in the formation bromate are complex with 

many intermediate steps and products formed. It is, however, clear that the oxidation steps 

necessary to form bromate require the OH radical to be present (von Sonntag & von Gunten, 

2012, Soltermann et al., 2017).  

The reactions involved in the final step of the formation of bromate from bromite show that 

oxidation of bromite is a possible bottleneck in the process (Jarvis et al., 2007, Lv et al., 2019).  

2.2.2 Yield of Bromate 

Bromate is only formed when the applied dose of ozone is high enough to oxidise the 

intermediaries formed in the process.  Soltermann et al. (2017) reported bromate yields 

increased linearly with increasing bromide levels in typical wastewaters, with relatively small 

amounts of bromate being formed at ozone doses under 0.4 mg O3/mg DOC, and increasing 

yields being witnessed above this level. Ozone stability is primarily determined through the 

dissolved organic carbon content of the wastewater, as this tends to be the largest ozone-

depleting contaminant present in wastewater. 

The formation of bromate is a comparatively slow process, and as such, ozone is consumed by 

organic matter before bromate can be produced.  However, at higher ozone concentrations, 

when more ozone remains available for oxidation reactions after reactions with organic matter, 

bromate formation increases. Bromate formation is also dependant on the concentrations and 

stability of ozone and hydroxyl radicals in the specific wastewater matrix present (Soltermann 

et al., 2017).  

It has been found that specific ozone dosages of 0.4 to 0.6 mg O3/mg DOC (Soltermann et al., 

2016) are generally sufficient to oxidise both organic matter and micropollutants to the 

recommended removal rate of 80%. Molar experimental yields of bromate of approximately 

3% were achieved by Soltermann et al. (2016) by applying this range of ozone doses. This 

indicates that the presence of high initial concentrations of bromide may lead to levels of 

bromate which are unacceptable for environmental discharge, being above the 50 μg/L limit 

recommended for environmental discharge. 

The screening methodology recommended to determine whether a particular wastewater is 

suitable for ozonation, described by Schindler Wildhaber, et al. (2015), sets a maximum limit 

of bromide in the wastewater at 400 μg/L, with waters containing between 100-400 μg/L to be 

treated with caution, depending on other contaminants represented in the water matrix.  
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2.3 Biological Reduction of Bromate 

Mechanisms for the control of bromate have been previously investigated primarily within a 

drinking water context, but the increasing demand for ozonation in wastewater treatment has 

led to further interest in the control of bromate in wastewater too.  

2.3.1 Natural Biodegradation of Bromate 

The aerobic and anaerobic bacterial respiration processes are well understood and are 

commonly utilized as process steps in domestic wastewater treatment works to break down 

organic and nitrogen-containing species found in wastewater. Oxygen is the preferred electron 

acceptor, with a high energy yield, while nitrate is the preferred alternative under low oxygen, 

or anoxic, conditions (Butler et al. 2005). Other compounds, with lower energy yields, will be 

naturally utilized by bacteria as electron acceptors should higher energy-yielding donors be 

depleted. Butler, et al. (2005) described the subterranean environmental redox reactions, in 

order of decreasing Gibbs Free Energy changes, and therefore decreasing selectivity, as follows: 

𝐴𝑒𝑟𝑜𝑏𝑖𝑐 𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛:   

          𝐶𝐻2𝑂 + 𝑂2 → 𝐻2𝑂 + 𝐶𝑂2 ∆𝐺0 = −501.6 𝐾𝐽/𝑚𝑜𝑙 

𝐷𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛:    

           5𝐶𝐻2𝑂 + 4𝑁𝑂3
− + 4𝐻+ → 7𝐻2𝑂 + 5𝐶𝑂2 + 2𝑁2 ∆𝐺0 = −476.5 𝐾𝐽/𝑚𝑜𝑙 

𝐵𝑟𝑜𝑚𝑎𝑡𝑒 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛:    

          6𝐶𝐻2𝑂 + 4𝐵𝑟𝑂3
− → 6𝐻2𝑂 + 6𝐶𝑂2 + 4𝐵𝑟−            ∆𝐺0 = −453.0 𝐾𝐽/𝑚𝑜𝑙 

𝐼𝑟𝑜𝑛 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛:    

       𝐶𝐻2𝑂 + 4𝐹𝑒(𝑂𝐻)3 + 8𝐻+ → 11𝐻2𝑂 + 𝐶𝑂2 + 4𝐹𝑒2+ ∆𝐺0 = −117.0 𝐾𝐽/𝑚𝑜𝑙 

𝑆𝑢𝑙𝑓𝑎𝑡𝑒 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛:    

          2𝐶𝐻2𝑂 + 𝑆𝑂4
2− + 𝐻+ → 2𝐻2𝑂 + 2𝐶𝑂2 + 𝐻𝑆− ∆𝐺0 = −104.5 𝐾𝐽/𝑚𝑜𝑙 

𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑔𝑒𝑛𝑒𝑠𝑖𝑠:                                

          2𝐶𝐻2𝑂 → 𝐶𝐻3𝐶𝑂𝑂𝐻 →  𝐶𝐻4 + 𝐶𝑂2       ∆𝐺0 = −92.0 𝐾𝐽/𝑚𝑜𝑙 

 

The biological reduction of bromate show a similar mechanism and kinetics to the 

denitrification reaction, leading to the conclusion that biological reduction of bromate is likely 

to occur under similar conditions to denitrification, and second only to aerobic respiration and 

denitrification as preferable electron acceptors.  

The availability of the electron donor, in the form of organic carbon, is also essential for 

biological reduction processes to occur (Butler et al. 2005). The type of electron donor, or 

carbon source, most readily available will have a large influence on the strains of bacteria 

present (Lu, Chandran, & Stensel, 2014).  
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2.3.2 Biological Bromate Reduction 

Methods of controlling bromate concentrations in wastewater that have been investigated 

include reducing influent bromide concentrations, controlling the applied ozone dosage and 

quenching the intermediates of bromate formation through the use of hydrogen peroxide 

(Soltermann et al. 2017). However it is important that any mitigation steps implemented should 

not interfere with the primary goal of ozonation: the oxidation of micropollutants. A process to 

remove bromate after ozonation has occurred would therefore be in line with that objective and 

would be a simple intervention to implement.  

There has been investigation into the removal of bromate through chemical and biological 

processes, which has proven to be ineffective and costly to achieve, due to the solubility of 

bromate and the low concentrations necessary to achieve. Biological reduction of bromate has 

shown promise, but until recently, focus has remained within the context of drinking water 

treatment only. 

Biological reduction of bromate has been previously demonstrated in biologically active carbon 

filters, fixed film reactors and membrane bioreactors (Martin, Downing, & Nerenberg, 2008).  

The benefits to a biological reduction approach would be that infrastructure and biological 

processes already in use at some domestic wastewater treatment plants could be utilised in a 

different capacity, thereby reducing the need for further investment. The use of biofilm 

processes, like MBBRs, allow a mixed culture of bacteria with different metabolic properties 

to coexist (Lu, Chandran, & Stensel, 2014).  

The use of microbiological reduction of bromate under anoxic conditions using denitrifying 

bacteria has been investigated in the context of drinking water treatment, and studies have 

indicated that the process is possible (Hijnen et al. 1999), although economically unviable in a 

drinking water scenario due to the extremely low concentrations of bromate required under 

drinking water quality standards (10 μg/L). Investigations carried out in other areas of water 

research, such as managed aquifer recharge (Wang, et al., 2018) and drinking water production,  

have indicated the plausibility of a biological reduction approach for wastewater treatment 

involving ozonation, where applicable discharge limits of bromate are less stringent than 

drinking water limits, with 50 μg/L  being considered acceptable. 

2.3.3 Analogous mechanisms of bromate reduction 

The exact pathways and intermediaries of biological reduction of bromate have not been fully 

identified as yet, with numerous observations and postulations being available within the 

published literature, but being primarily based on analogous studies into nitrate and 

(per)chlorate reduction pathways.  

Nitrate is a common contaminant of surface and groundwater bodies, generally originating from 

domestic waste, fertilizers and industrial processes. Given the ideal conditions, natural 

biological reduction of nitrate does occur. Requirements for the process include the presence of 

suitable bacterial strains, availability of electron donors and anoxic, or oxygen-limited, 

conditions (Butler et al. 2005). Nitrate reduction is possible by a wide range of more than 27 

genera of bacteria, the majority of which are heterotrophs and therefore require organic matter 

as an electron donor, but also include autotrophs which are capable of utilising inorganic 

sources, such as iron, sulphur or hydrogen, as electron donors.  

The denitrification reaction is in reality a series of reducing steps, as shown below: 
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𝑁𝑂3
− → 𝑁𝑂2

− → 𝑁𝑂 → 𝑁2𝑂 → 𝑁2          

Each step in the reduction pathway is enabled by a discrete enzyme system (Butler et al. 2005). 

Some bacterial species are able to perform the entire reduction process, from NO3
- to N2, while 

others are able to take part in individual processes only. Four subgroups of denitrifiers have 

been identified: complete denitrifiers (capable of reducing NO3
-  or NO2

- to N2), incomplete 

denitrifiers (capable of reducing NO3
- or NO2

- to NO intermediaries), exclusive nitrite 

denitrifiers (capable of reducing NO2
- to N2, but not NO3

-) and incomplete nitrate reducers 

(capable of reducing NO3
-  to NO intermediaries) (Lu, Chandran, & Stensel, 2014). This serves 

to show the complexitiy involved in what initially seems a relatively simple chemical reaction.  

The collective effect of the bacterial community is that denitrification is performed (Butler et 

al. 2005), through the various intermediate pathways.  

Some nitrate-reducing bacteria have been shown to possess the ability to reduce chlorate to 

chlorite, and, more recently, to use perchlorate as an electron acceptor, with the end product 

being chloride. The reduction pathway of (per)chlorate (as chlorate and perchlorate are 

collectively known) has been identified as (Butler et al. 2005): 

𝐶𝑙𝑂4
− → 𝐶𝑙𝑂3

− → 𝐶𝑙𝑂2
−  → 𝐶𝑙− 

A study conducted by Xu et al. (2004) showed that in a specific bacteria in the Dechlorosoma 

Suillum species, one enzyme process was responsible for both (per)chlorate and nitrate 

reduction, while in other species of Dechlorosoma, separate pathways were responsible for the 

two reduction processes. Therefore, nitrate and (per)chlorate reduction may occur 

simultaneously but separately, using independent pathways, while some processes may be 

coupled and occur co-metabolically (Butler et al. 2005). A further strain of bacteria in the 

Pseudomonas genre was able to mediate the entire reduction pathway from chlorate to chloride, 

but could not reduce (per)chlorate or nitrate. Xu, et al. (2004) concluded that all (per)chlorate 

reducing bacteria are able to reduce chlorate, but not all chlorate reducing bacteria can reduce 

(per)chlorate.   

The complexity of biological reduction pathways require in-depth study to determine the direct 

mechanisms in use during reduction processes.  

The bromate reduction pathways suggested thus far rely on a co-metabolic reaction, as a side 

reaction of nitrate reduction, rather than suggesting a specific bromate reduction pathway itself. 

Co-metabolism is the transformation of a non-growth substance in the presence of a growth 

substance (Dalton & Stirling, 1982). Non-growth substances are unable to support cell 

replication, but can however contribute to an increase in biomass. However, there is generally 

a nett-loss of energy during co-metabolic processes, as the cells are unable to utilise the 

substrate as a carbon or energy source. The enzymes used in co-metabolic processes are non-

specific, resulting in a number of compounds being co-metabolised together.  

The lack of naturally occurring bromate, and therefore lack of any evolutionary pressure for a 

specific bromate reduction pathway, has been cited as a reason for the likelihood of a co-

metabolic pathway for bromate reduction (Butler et al. 2005). However, given that (per)chlorate 

is a relatively recent anthropogenic contaminant, and specific (per)chlorate reducing pathways 

have been identified, a specific bromate reduction pathway remains a possibility. 
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The biological reduction of bromate is likely to follow an analogous pathway to nitrate and 

chlorate, shown below: 

𝐵𝑟𝑂3
− → 𝐵𝑟𝑂2

− → 𝐵𝑟𝑂−  → 𝐵𝑟− 

2.3.4 Wastewater Technologies for the Removal of Bromate 

An early paper investigating bromate reduction by Hijnen, et al. (1995) found that bromate was 

reduced by mixed bacterial populations under anaerobic conditions. However, this study found 

that bromate reduction did not occur in the presence of nitrate and that the bromate reduction 

rate was approximately 100 times slower than nitrate reduction rates. Subsequently, a later 

study by Hijnen et al. (1999) using continuous flow conditions found that bromate reduction 

rates comparable with nitrate reduction rates were observed. Removal rates of 0.6-0.8 μg/L.min 

were achieved, using influent concentrations of 25 and 35 μg/L respectively, and requiring 

contact times of between 25-50 minutes. It was noted that ethanol was required in excess to 

achieve full denitrification and bromate removal.  

Reduction of 87-90% of bromate and complete denitrification was observed by Butler et al 

(2006) using a pre-acclimatised inoculum exposed to bromate. Stoichiometric production of 

bromide was reported, indicating complete reduction of bromate with no stable intermediate 

by-products, using retention times of between 40 and 80 hours. Lower retention times resulted 

in decreased bromate reduction, while retention times below 10 hours resulted in incomplete 

denitrification. The study carried out by Butler et al. (2006) indicated that both bromate and 

nitrate can be reduced simultaneously, provided that the concentrations of bromate are not 

excessive enough to inhibit the reaction through the production of large amounts of the 

intermediary, bromite (BrO2
-). Bromite is likely toxic to the denitrifying and bromate reducing 

micro-organisms, in a similar manner to that of chlorate being toxic (van Ginkel et al., 2005).  

Reduction of bromate was further reported with the use of a methane-fed MBR plant, under 

oxygen-depleted conditions. Luo et al. (2017) used a denitrifying reactor with a feed adjusted 

with bromate. This showed a 100% removal rate of bromate in the first few days, after which 

time the removal rate reduced and then stabilized at 66%.  Luo hypothesised that some initial 

bromate removal was achieved by denitrifying bacteria, and then a changeover to a bromate-

specific bacterial population begun in response to the bromate-rich feed stream.  

It has been noted that nitrate and bromate are competing terminal electron acceptors, so that the 

presence of nitrate and nitrite may inhibit the biological reduction of bromate (Luo et al. 2017). 

Self-inhibition of bromate reduction has been observed at high concentrations of bromate, 

possibly through the presence of the toxic intermediary product bromite. Martin et al. (2008) 

found that influent bromate concentrations above 5.0 mg/L inhibited bromate reduction. The 

conclusion was reached that growth of a co-metabolic biofilm capable of bromate and nitrate 

reduction was probably based on resistance to bromate toxicity rather than on selective pressure.  

Control tests conducted by Luo, et al. (2017) demonstrated that bromate was not reduced when 

no microorganisms were present, as well as when no methane was added, showing that the 

reaction  is biological in nature and that methane behaved as the electron donor in this scenario. 

Both pure and mixed cultures of denitrifying bacteria have shown the ability to reduce bromate 

(Martin et al. 2008).  

A summary of experimental findings from previous studies is provided in Table 2.1.   
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3 Experimental Method 

The experimental method consisted of data collection, collation and sample analysis for the 

wastewater survey of bromide, and two bench-top procedures: the ozonation of wastewater 

samples and the biological reduction of bromate using denitrifying carriers.  

3.1 Occurrence of Bromide in Swedish Wastewaters 

The majority of Sweden’s population, and therefore the majority of large scale wastewater 

treatment plants, are situated in southern Sweden. Data was collected from wastewater 

treatment plants in southern Sweden, making use of existing data collected by treatment plants, 

and collection of new samples for analysis. The existing analysis comprised of some composite 

samples and some grab samples. The results should therefore be viewed as indicators rather 

than exact values.  

Where new samples were collected, 24 hour composite samples of effluent water were taken. 

The samples were filtered to 0.45μm, and then analysed using ion chromatography (Metrohm 

Eco IC).  

3.2 Yield of Bromate Achieved by Ozonation of Wastewater 

The ozonation of wastewater samples, obtained from Ryaverket wastewater treatment plant, 

was carried out in batch experiments, using an ozone stock solution produced by sparging ozone 

through chilled, ultrapurified water. The concentration of the stock solution was determined 

using the indigo method and spectrophotometry (von Sonntag & von Gunten, 2012). The ozone 

solution was then added to stirred wastewater samples, and left to react for approximately 2 

hours. Samples were filtered (0.45 μm) and analysed using ion chromatography.  

Three different test conditions were used, namely using natural bromide levels and spiking the 

wastewater with 1mg/L of bromide and with 10 mg/L respectively. Ozone was dosed at 0.3, 

0.5, 0.7, 1.0, 1.5 and 2.0 mg O3/ mg DOC. Dissolved Organic Carbon (DOC) was determined 

for the wastewater using spectrophotometry.  

3.3 Biological Reduction Experimental Work 

The denitrification and biological reduction of bromate test work was carried out using 1L batch 

experiments under anoxic conditions, using wastewater treatment plant effluent water (post-

denitrification). Nitrogen gas was diffused through the beakers to maintain anoxic conditions 

and ensure mixing of the media. 

Three test conditions were carried out concurrently with different concentrations of bromate 

and nitrate added to the wastewater, with excess methanol or ethanol used as a carbon source. 

The experimental set-ups used are described in Table 3.1 below, with the laboratory set-up 

shown in Figure 3.1 below.  

The initial test work made use of wastewater and biological carriers sourced from Sjölunda 

treatment plant, which uses methanol as an additive in their post-denitrification unit, from 

which the carriers were taken. Test 1 investigated the rate of bromate removal with no influence 

of nitrate, with excess methanol. Test 2 investigated the rate of bromate removal with high 

initial levels of nitrate being present, with complete denitrification being achieved during the 
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test, while Test 3 investigated the impact of high levels of nitrate maintained throughout the 

test period (where denitrification was incomplete).  

Figure 3.1 Laboratory set-up of reactors with beakers labelled as 1.BrO3
- only, 2. BrO3

- + NO3
- 

and 3. BrO3
- + NO3

- Excess 

The initial experimental set-up was run over the course of 8 hours, during which time it was 

noted that most biological activity had taken place during the first 2 hours of test work. The 

remaining experiments were consequently run for 4 hours only. Samples were taken at regular 

intervals from the middle of the beaker and were filtered with 0.45 μm filters before being 

analysed using ion chromatography.   

Once the concept had been tested over the course of 8 hours, further test work was carried out 

to determine the impact of different wastewater compositions and the impact of carriers 

adjusted to different carbon sources. 

The wastewaters used were collected from the effluent of Sjölunda, Svedala and Klagshamn 

wastewater treatment plants, situated in Southern Skåne, and the impact of the use of different 

carriers was investigated by using carriers from Sjölunda WWTW, which are acclimatised to 

methanol, and carriers from Klagshamn WWTW, which are acclimatised to ethanol.  Both 

Sjölunda and Klagshamn make use of K1 carriers, shown below in Figure 3.2. K1 carriers are 

plastic filter media with 500 m2 of protected surface area per m3 of media, which provides a 

large surface area upon which a biofilm can develop.  Both sets of carriers were sourced from 

the denitrification tanks at the wastewater treatment plants.  
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Figure 3.2 K1 plastic media used in the bioreactors, after being dried for quantification of the 

biomass present 

The biomass on the carriers was measured by weighing a dried sample of 10 carriers, before 

and after the removal of the biomass. This was triplicated to ensure accuracy, and was carried 

out using carriers from Sjölunda and Klagshamn.  

Table 3.1 Experimental work variables. 

Title 

Carrier 

Source 

Carbon 

Source Type 

BrO3 

 (mg/L) 

NO3 

(mg/L) 

Carbon 

Source 

(mg/L) 

Time 

 (hr) 

Sjölunda Wastewater 

Test 1 Sjölunda Methanol 1 0 600 8 

Test 2 Sjölunda Methanol 1 40 600 8 

Test 3 Sjölunda Methanol 1 70 600 8 

Svedala Wastewater 

Test 1 Sjölunda Methanol 1 0 600 4 

Test 2 Sjölunda Methanol 1 40 600 4 

Test 3 Sjölunda Methanol 1 70 600 4 

Klagshamn Wastewater 

Test 1 Klagshamn Ethanol 1 0 600 4 

Test 2 Klagshamn Ethanol 1 40 600 4 

Test 3 Klagshamn Ethanol 1 70 600 4 

Test 4 Klagshamn  - 1 0 0 4 

Svedala Wastewater 

Test 1 Klagshamn Ethanol 1 0 600 4 

Test 2 Klagshamn Ethanol 1 40 600 4 
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4 Results and Discussion 

The results of the survey of bromide in wastewater in Sweden and the yield of bromate from 

ozonation of wastewater are presented here. A discussion of these results and the practical 

possibilities and feasibility of utilizing biological bromate reduction follows. 

4.1 Occurrence of Bromide in Swedish Wastewaters 

Data collected from wastewater treatment plants in southern Sweden is shown below in Figure 

4.1. The results showed bromide present in all wastewater treatment plants, with generally low 

variability in the concentrations between samples at the same plant. The concentrations are all 

below 0.5 mg/L, with the exceptions being at Sjölunda and Klagshamn wastewater treatment 

plants.  

Figure 4.1 Survey of bromide concentrations present in wastewater in southern Sweden. 

Figure 4.2 shows the variation of bromide concentrations with distance from the coastline, and 

shows a clear correlation between plants situated on the coastline and higher concentrations of 

bromide. A map of the location of the maps, along with their bromide concentrations, is shown 

in Figure 4.3. All plants with average bromide concentrations above 0.25 mg/L were situated 

at the coast.  However, the coastal wastewater treatment plants displayed a large range of values 

varying from 0.2 to 2.0 mg/L.  The wastewater treatment plants inland displayed low 

concentrations of bromide, with increasing distance associated with decreasing concentrations. 

The risk factor for receiving high bromide levels in wastewater is therefore likely increased by 

proximity to the coastline.   
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Figure 4.2 Average bromide concentration variation with distance from the coastline 

The graph above aligns with the findings presented by Lundström & Olen (1986) regarding 

surface water bromide concentrations, and can be interpreted as treatment plants that are closer 

to the coastline receiving more bromide from seaborne aerosols and possible seawater intrusion 

into wastewater systems than those further inland.  

Wastewater from Sjölunda and Klagshamn both display relatively high average concentrations 

of 2.0 and 1.0 mg/L respectively. This indicates significant contamination of the wastewater 

within the catchment areas of the plants. As Sjölunda and Klagshamn are very near the coastline 

and both plants have catchments that lie on relatively flat topography, there is a possibility of 

sea water contamination and ingress contributing to the anthropogenic loading caused by nearby 

industries. As chloride concentrations were not available for these wastewaters, it was not 

possible to compare chloride to bromide ratios, but this would likely give an indication of 

whether the cause of the higher loading is due to sea water ingress or not.  

Lundström & Olen (1986) reported that the average concentration of bromide in rivers in Skåne 

was between 0.76 and 0.8 μM, indicating that approximately 0.055-0.07 mg/L of bromide are 

naturally present in surface water systems.  It can be inferred that approximately 1.93 mg/L of 

bromide is contributed to Sjölunda’s wastewater through other sources.  Sjölunda’s wastewater 

treatment plant lies adjacent to both the coast and a waste incineration plant, both of which may 

contribute to the high levels of bromide identified.  

Soltermann et al. (2016) report on bromide loads in Switzerland and found that 60 out of 69 

wastewater plants analysed reported average levels of bromide below 0.1 mg/L, with the 

remaining plants being directly influenced by an industrial or landfill source. As Switzerland is 

an inland country with no access to the coastline, this strengthens the suggestion that the higher 

levels observed in Sweden are likely related to the influence of seawater.  
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Figure 4.3 Bromide concentrations in selected wastewater treatment works in Sweden 

The standard test procedure to identify waters suitable for ozonation suggest that if bromide 

levels are between 100-400 μg/L, care should be taken, and that levels above 400 μg/L should 

preclude ozonation as a treatment step, based on the formation of bromate (Swiss Water 

Association, 2017). The survey of bromide levels shows that the four out of the ten plants for 

which data was available regularly receive levels of bromide above the recommended bromide 

limits for ozonation. It is therefore important that Swedish wastewater treatment plants monitor 

levels of bromide in incoming wastewater before an advanced treatment step is implemented. 

This finding reinforces the need for a feasible and cost-effective method of bromate removal 

post-ozonation.  

4.2 Yield of Bromate Achieved by Ozonation of Wastewater 

 The ozonation of effluent wastewater from Ryaverket wastewater treatment plant was carried 

out using effluent water, as well as the same effluent water spiked with 1 mg/L and 10 mg/L of 

potassium bromide.  

The effluent initially had a concentration of 0.334 mg/L of bromide, which decreased once 

ozonation was carried out. With increasing ozone dosage, there was a corresponding increase 

in bromate formation, with the concentration increasing from 0 mg/L to 0.075 mg/L for the 

sample dosed with 2 mg/L ozone per mg DOC. This corresponds to the formation of 0.96 mmol 

of bromate being formed within the 100 mL sample. The yield of bromate, as a function of the 

initial bromide concentration in the sample, is shown below in Figure 4.4. The results indicate 

that up to 36% of the initial bromide was converted to bromate, with an ozone dosage of 2 mg 
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O3/mg DOC. The observed results fall within the range of those presented by (Soltermann et 

al., 2017) and follow the same trend of increasing bromate yield with increasing ozone dosage.  

Soltermann et al. (2017) recommends that a specific ozone dosage of between 0.4-0.6 mg O3 

per mg DOC be applied to achieve the recommended 80% micropollutant removal. At this 

applied dosage, this particular wastewater would likely achieve an approximate yield of 

between 3- 7.5%, creating under 0.03 mg/L BrO3
-, which is lower than the recommended 

environmental discharge limit of 0.05 mg/L. 

Figure 4.4 Bromate formation due to ozonation of wastewater from Ryaverket WWTW 

The spiked samples of effluent water were ozonated with the same methodology, but were 

analysed using ion chromatography with a higher minimum bromate detection level. The results 

are displayed in Figure 4.5 and show that the bromide concentrations decreased with increasing 

specific ozone dosages. However, no bromate formation was detected in any of the samples, 

despite repeated analysis of the samples.  

The decrease in bromide concentration, along with the lack of a corresponding increase in 

bromate concentration in the ozonated wastewater suggests that an intermediary product is 

being formed as a result of the oxidation of bromide. The reaction chain required to create 

bromate is likely interrupted before bromate has formed in sufficient quantities for detection. 

The concentration of bromide was decreased by 6% (in the 1 mg/L samples) and 11% (in the 

10 mg/L spiked sample).   

 von Sonntag & van Gunten (2012) reported that bromate can only be formed from bromite or 

hypobromite when OH radicals are present, which is controlled by the applied ozone dosage 

and the concentration of competing compounds, including organic matter, carbonate and other 

compounds.  
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It can be seen that the rate of bromide oxidation was greater in the sample spiked with 10 mg/L 

of bromide than that in the 1 mg/L sample. This aligns the conclusion drawn by Soltermann, et 

al. (2017) and von Sonntag & von Gunten (2012) that the rate of bromate formation is 

dependent upon the concentration of bromide, amongst other factors.  

4.3 Biological Reduction of Bromate 

The biological reduction experimental results are displayed below, with discussion on the 

impact of different wastewater sources and different carriers. The practical feasibility of 

utilising biological reduction of bromate is similarly discussed.   

4.3.1 Time Series 

The initial experimental work made use of wastewater taken from Sjölunda’s effluent water, 

using Sjölunda carriers and methanol as a carbon source. The experiment consisted of running 

the bioreactors over the course of 8 hours, with analysis of bromide and bromate concentration 

at regular time intervals. The results, displayed below in Figure 4.6, show that biological 

reduction of bromate began immediately after bromate was added to the reactor, and continued 

until bromate was completely reduced. This aligns with findings reported by Hijnen et al. 

(1995), although the rate achieved in the experimental set-up exceeds Hijnen’s highest reported 

rate of 0.8 μg/L.min by a factor of 10. Full reduction of bromate was achieved within 90 

minutes, with a linear rate of removal being observed. There is an increase in bromide 

concentration over the course of the full 8 hours, although the rate of increase is smaller than 

the corresponding rate of decrease in concentration seen in bromate over the same time period. 

Figure 4.5 Ozonation of wastewater spiked with 1 mg/L and 10 mg/L of BrO3
- 
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Figure 4.6 Changes in concentration over 8 hours using wastewater and carriers from Sjölunda 

WWTW (methanol adapted), with different initial concentrations of nitrate present. 
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4.3.2 Impact of Nitrate Concentration 

The impact of denitrification on bromate removal was investigated, where complete 

denitrification was achieved and can be seen in Figure 4.6. Full denitrification occurred within 

180 minutes. During this time, the bromate concentration decreased only slightly, from 0.94 

mg/L to 0.74 mg/L, indicating some bromate reduction took place but in a limited capacity. 

However, once the nitrate concentration in the reactor approached 0 mg/L, the rate of bromate 

removal increased significantly, and thereafter followed a linear rate of removal until complete 

removal of bromate was observed, within 120 minutes. A corresponding increase in the level 

of bromide was observed over the same period, and thereafter, bromide concentrations 

remained constant.  

The impact that high levels of nitrate maintained throughout the experimental period would 

have on the bromate removal rate was further investigated. The nitrate concentrations were kept 

above 20 mg/L to ensure full denitrification had not occurred. There was an overall decrease in 

the concentration of bromate over the course of the 8 hours, from 0.99 mg/L to 0.53 mg/L, with 

a linear rate of reaction, indicating that biological reduction of bromate occurred whilst 

denitrification was ongoing. However the rate of bromate reduction was far lower than that seen 

in the experiment where full denitrification did occur. This indicates that biological bromate 

reduction likely occurs spontaneously in an anoxic environment, and is likely to continue with 

a first order rate reaction until complete removal of bromate is achieved. The bacterial 

population present in the bioreactors was not pre-acclimatised to bromate, having originated in 

a post-denitrification tank with no bromate present in the incoming wastewater. The same 

bacterial population which function as denitrifiers are therefore likely capable of bromate 

removal in nitrate limiting conditions. This finding was confirmed by further experimental 

work, using different sources of wastewater and carriers from different wastewater treatment 

plants, as shown in Figure 4.8. In all tests carried out, bromate was completely reduced to below 

detectable limits, in the absence of nitrate and under anoxic conditions.  

However, the experimental work including nitrate indicates that the presence of nitrate inhibits 

the reduction of bromate. This reinforces similar findings by other authors, which indicate that 

nitrate is the preferred electron acceptor when present (Lv, et al, 2019, Hijnen, et al, 1995, 

Butler, et al, 2005). The rapid rate of bromate removal, once full denitrification has been 

achieved, indicates that the bacterial population can readily switch to using bromate as the 

electron acceptor, once nitrate is no longer available. The case in which full denitrification did 

not occur shows that some bromate was reduced while nitrate was still present, indicating either 

that co-metabolism of bromate takes place in the presence of nitrate, as suggested by (Hijnen 

et al, 1995), or that bromate-specific reduction pathways are present, as suggested by 

(Davidson, et al., 2011). It is possible that the result may also be due to a combination of these 

factors.  

Davidson et al. (2011) studied the abilities of bromate-reducing bacteria, and determined that 

of the 15 chosen bacterial strains identified, all could reduce bromate, while 14 of the 15 strains 

reduced bromate in the presence of nitrate.  However, 5 of the strains were able to reduce 

bromate but could not reduce either nitrate or chlorate. This suggests a bromate specific 

reduction pathway, which may account for the bromate reduction observed to be taking place 

while nitrate reduction continued. Davidson also states that both denitrifying bacteria and the 

identified bromate reducing bacteria are phylogenetically diverse, which leads to the conclusion 

that bromate reducing ability is likely widespread within mixed bacterial communities. The 
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exact mechanism of bromate reduction, either through respiration or co-metabolism, requires 

further investigation.  

The experimental work was carried out with an excess of methanol or ethanol (dosed at 600 

mg/L), so as to not limit the reaction kinetics. Lai et al. (2018) suggested that when the electron 

donor is in ample supply, denitrification enhanced bromate reduction, through stimulating the 

growth and activity of denitrifying bacteria, which is simultaneously capable of reducing both 

nitrate and bromate. The results of these experiments conclusively show that biological bromate 

reduction is possible, and that significant rates of reduction are achievable, once nitrate has been 

removed.  

4.3.3 Klagshamn Wastewater and Carriers 

The experimental test work was repeated using wastewater and biofilm carriers from 

Klagshamn wastewater treatment plant, which makes use of ethanol in its post-denitrification 

section. The results and trends observed for the test work using methanol-acclimatised carriers 

were very similar to the results observed using the ethanol-acclimatised carriers, with no nitrate 

being associated with rapid rates of bromate reduction, and nitrate concentrations reducing the 

rate of bromate reduction. 100% removal of bromate was achieved in all tests with no nitrate, 

and rates of removal were comparable to those achieved using methanol. The results are 

displayed below in Figure 4.7. The ethanol carriers had a much higher rate of reduction of 

nitrate, resulting in the test with high levels of nitrate (70 mg/L) to be completely denitrified 

within 90 minutes, as opposed to the methanol carriers which did not completely denitrify. After 

the complete removal of nitrate, the rate of bromate reduction increased significantly and 

achieved 100% removal within the next 90 minutes.  
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Further test work was carried out using effluent wastewater from Svedala wastewater treatment 

plant, and using methanol and ethanol carriers. The results are shown in Figure 4.8. Wastewater 

from Svedala had a lower background bromide concentration, therefore making it easier to 

determine the stoichiometric conversion rate of bromate to bromide. The same trends were 

observed for all tests, with 100% removal of bromate achieved and comparable rates of 

reduction observed. The presence of nitrate similarly impacted the rate across both ethanol and 

methanol carriers.  

The results are therefore reproducible and conclusively show that bromate reduction is possible, 

using existing denitrifying bacterial colonies from plants making use of both ethanol and 

methanol as external carbon sources.   

Figure 4.7 Changes in concentration over 4 hours using wastewater and carriers from 

Klagshamn WWTW (ethanol adapted), with different initial concentrations of nitrate present. 
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4.3.4 Rate of reaction 

The biological carriers reduced the level of bromate to below detectable limits within 100 

minutes of the bromate injection, with a rate of 10.9 μg/L.min for water and carriers sourced 

from Sjölunda treatment plant. The rate was measured as the trending decrease in concentration 

over time, once bromate concentrations began to significantly decrease i.e. only after 

denitrification in the experiments where nitrate was present.  The regression lines used to 

determine the rate therefore only include data after denitrification was complete. The results 

are shown in Figure 4.9.  

Figure 4.8 Comparison of rates of bromate reduction over 4 hours using effluent 

wastewater from Svedala and using methanol and ethanol adapted carriers, with different 

initial concentrations of nitrate present. 
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Figure 4.9 Impact of nitrate concentration on rate of reduction of bromate, using wastewater 

and carriers from Sjölunda (methanol adapted) 

The rate of reduction is significantly affected by the concentration of nitrate present in the 

wastewater. The rate observed for the experiments with no nitrate present ranges from 6.5-10.9 

μg/L.min, with an average of 9.1 μg/L.min, while the average rate observed for the experiments 

with excess nitrate where full denitrification did not occur was 0.33 μg/L.min. Increasing levels 

of nitrate led to decreasing rates of bromate reduction.  

When no nitrate was present, an average removal rate of 9.1 μg/L.min was achieved and 

sustained immediately, while when nitrate was present, a rate of 6.32 μg/L.min was achieved 

only after the nitrate concentration approached 0 mg/l. The average rate of reduction achieved 
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present, indicating that while the bacterial population present on the carriers was able to switch 

from nitrate to bromate as their primary source of electrons, once the bacteria had been exposed 

to nitrate, they were less effective at reducing bromate than those not exposed to nitrate 
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Table 4.1 Comparison of average rates of reduction achieved with different nitrate 

concentrations present 

Nitrate Range (mg/L) 0-0.5 mg/L

NO3
- N

0.5-5 mg/L 

NO3
- N 

20-40 mg/L

NO3
- N

70 mg/L 

NO3
- N 

Bromate Reduction Rate* 

(μg/L.min) 

9.07 7.83 5.83 0.33 

Standard Deviation 1.55 1.50 0.25 0.19 

*Average rate of reduction achieved for all tests using the same experimental method

The graph shows a clear trend, with increasing nitrate concentration leading to decreased rates 

of bromate reduction, with those experiments where 0 mg/L NO3
- were present before the 

bromate was spiked to the solution being a factor of 10 greater than the experiments with high 

nitrate concentrations. The average rates of removal were decreased by the presence of nitrate, 

even when nitrate was present in low levels only (0.5-5 mg/L) and the nitrate was quickly 

depleted.  

Figure 4.10 Impact of nitrate concentration on average rate of bromate reduction. 
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are displayed in Table 4.2 below. These rates are generally an order of magnitude higher than 

those presented in previous literature (shown in Section 2.3).  

Table 4.2 Impact of carrier type on rate of reduction of bromate (no nitrate present). 

Sjölunda + 

MeOH 

Klagshamn + 

EtOH 

Svedala + 

MeOH 

Svedala + 

EtOH 

Rate of BrO3
-Reduction μg/L .min 

10.90 10.60 7.20 6.50 

Rate per μg of biomass μg BrO3
-/ (mg 

biomass). min 0.004 0.002 0.003 0.001 

Rate per surface area of 

carrier 

μg BrO3
-/ 

(m2.min) 54.50 53.00 36.00 29.50 

Percentage Removal of 

BrO3
- 

% 
100.0 100.0 100.0 100.0 

Percentage conversion 

to Bromide 

% 
113.0 98.00 149.0 70.00 

The results shown indicate that the rate of bromate reduction is fairly equal between methanol 

adapted carriers and ethanol adapted carriers, however, the results also indicate that the 

methanol carriers are better able to convert bromate into bromide. This is displayed in Figure 

4.11. The percentage conversion for the methanol-adapted carriers was calculated as greater 

than 100%, which is not possible, and is likely a result of analytical error, given the low 

concentrations being measured, where the percentage error has a greater impact.  

The ethanol-adapted carriers had, on average, 11.6 mg of biomass per carrier, while the 

methanol carriers had approximately 6.14 mg. The rate per unit of biomass for the methanol-

adapted carriers is therefore nearly double that of the ethanol-adapted carriers.  

Figure 4.11 Impact of carrier type on rate on reduction using effluent wastewater from 

Svedala.Wastewater Treatment Plant 

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200

B
r-

&
 B

rO
3

-
(m

g/
L)

Time (min)

MeOH Carriers Br- BrO3-

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200

Time (min)

EtOH Carriers 



28 

The carbon source to which the bacterial community has acclimatised is a controlling factor in 

the population distribution, structure and function (Lu et al., 2014) of the biofilm present. The 

available carbon source would allow different communities of bacteria to develop on the 

carriers, as the bacterial populations acclimatise to the carbon source and optimise the 

population diversity to suit the carbon feed. Therefore, the ethanol-fed community would be 

optimised to achieve different reduction pathways than the methanol-fed community. Lu, et al. 

(2004) found that methanol enriched microbial populations are largely composed of facultative 

methylotrophs e.g. Hyphomicobium, Paracoccus and Methylophaga, while ethanol enriched 

populations tend to be more varied.  

The differing microbial community is likely to therefore result in different rates of reaction, as 

different metabolic processes dominate. It is possible that different bacterial genera are able to 

tackle part of the bromate reduction chain without necessarily being able to perform the entire 

reduction pathway to bromide, in a manner similar to nitrate reducing species. In this scenario, 

the bacteria might be reducing bromate to bromite, which was not included in the analysis of 

the test work. This would account for the “missing” bromide ions in the bromide mass balance. 

The rate of formation of bromide is much slower than that of bromate reduction, particularly 

for the ethanol carriers, and therefore it is possible that the ethanol carriers produced more 

intermediary product. This poses some questions, as it is thought that bromite might be toxic, 

in a manner similar to chlorite and nitrite (van Ginkel, et al, 2005, Demirel, et al, 2014). 

However, over the time series for these experiments, the supposed bromite content did not seem 

to impact on the bacterial action and rate of reaction. On a larger scale, bromite may accumulate 

if the rates of reduction and formation are significantly different, in a manner similar to that 

observed in denitrification with the accumulation of nitrous oxide intermediaries with the use 

of high efficiency carbon sources (Lu, Chandran, & Stensel, 2014). This would be cause for 

further investigation of the possible production of bromite. At the end of the 4 hours test period, 

the bromide concentrations continued to increase, indicating the likelihood that complete 

conversion from bromate to bromide would take place given enough time.  

4.3.6 Stoichiometric conversion of bromate to bromide 

A wastewater with low initial levels of bromide was sourced from Svedala wastewater 

treatment plant, in order to calculate the conversion of bromate to bromide as a result of the 

biological action within the bioreactors. The change in molar concentrations of bromide and 

bromate over time are bromide and bromate over time are shown in shown in Figure 4.12. 
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Figure 4.12 Molar conversion of bromate to bromide, using wastewater from Svedala Treatment 

Plant and ethanol-adapted carriers. 

The results obtained from tests with no additional nitrate, using both methanol and ethanol 

carriers, show that near stoichiometric quantities of bromide are formed from the reduction of 

bromate, in the absence of nitrate. The mass balance cannot be completely resolved, with 

slightly different quantities of bromide present than what theoretically should be produced by 

bromate. This could be due to the low concentrations present, with inherent uncertainties 

involved with the analysis of low concentrations. The mass balances of the two tests with 

Svedala effluent wastewater, using methanol and ethanol carriers, are shown in Table 4.3 

Table 4.3 Stoichiometric conversion of bromate to bromide, comparing different carriers with 

effluent wastewater from Svedala Treatment Plant 

Svedala WW + MeOH 

carriers 

Svedala WW + EtOH 

carriers 

Bromate Bromide Bromate Bromide 

Initial 

Moles 
mmol 0.0052 0.0013 0.0067 0.0000 

Final Moles mmol 0.0000 0.0072 0.000 0.0066 

Change mmol -0.0052 0.0059 -0.0067 0.0066 

Conversion Br:BrO3
- 1.13 0.98 

Both bromate reduction and bromide formation follow linear and therefore first order reaction 

kinetics. However, the rate of bromide formation is significantly slower than that of bromate 

reduction.  
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This may be a result of different bacteria being able to reduce bromate, without necessarily 

being able to complete the reduction chain to bromide, and different bacterial populations being 

responsible for the formation of bromide from intermediaries, such as bromite (Butler et al. 

2005), as discussed above. It also might result from different enzyme-specific pathways being 

responsible for the reduction of bromate versus bromite, much like those known to exist for 

(per)chlorate and nitrate reduction pathways (Lv et al. 2019).  

In studies focussing on denitrification rates associated with different carbon sources, it was 

found that the level of denitrification reductases were not affected by the carbon source, but 

that the level of carbon oxidases does vary with carbon source, with the result that there exists 

a difference in the electron supply and consumption rates, which can lead to an accumulation 

of intermediates such as NO2
- and NO (Lu, Chandran, & Stensel, 2014). The intermediates 

themselves compete for available electron sources, utilising different metabolic processes. It is 

likely that similar differences in bromate-reducing metabolic pathways account for the different 

rates observed for bromate reduction versus bromide reduction.  

4.4 Practical Implications and Feasibility 

The results obtained from the experimental work discussed in Section 4.3 indicate that 

biological reduction of bromate could be feasible and likely occurs spontaneously, with 

denitrifying bacterial communities likely being able to efficiently switch to bromate reduction 

immediately after nitrate is no longer available. A simple analysis of the bromate removal rates 

indicate that should bromate removal be targeted in a plug-flow reactor, with incoming nitrate 

concentrations of 5 mg/L and concentrations of bromate of 0.2 mg/L, based on a 7% conversion 

rate of bromide with 3 mg/L incoming bromide, full denitrification would occur in 

approximately 50 minutes, while bromate removal would require an additional 26 minutes of 

hydraulic residence time, assuming no bromate is removed while denitrification takes place. 

These results are shown below in Table 4.4. This indicates that implementation of biological 

reduction of bromate may be possible and feasible, using existing infrastructure and technology. 

Table 4.4 Approximate hydraulic retention times required to achieve complete reactions 

Concentration 

in Feed to 

Ozone 

Concentration  
After Ozonation 

(7% conversion 

of Br to BrO3
-) 

Concentration 
Targeted in final 

effluent  

Residence 

Time Required 

for complete 

conversion 

(mins) 

Br- (mg/L) 3.00 2.79 3.00 41 

BrO3
- (mg/L) 0.00 0.21 0.00 26 

NO3
- (mg/L) 5.00 5.00 0.00 48 

The residence time required to achieve both bromate reduction and complete denitrification are 

compared to the time required for complete formation of bromide in Table 4.5, with different 

levels of incoming nitrate. The residence time is most significantly impacted by the nitrate 

concentration, rather than the concentration of bromate. The formation of bromide adds 

significant time to the required residence time. It would therefore be recommended that further 

work be done regarding the toxicity and impact of intermediates formed during ozonation, to 
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determine whether it is possible to discharge water once bromate has been reduced, without 

waiting for complete bromide formation.  

Table 4.5 Residence time required for combined denitrification with bromate removal and 

bromide formation 

Incoming NO3
- 

Concentration  

(mg/L) 

Residence Time for 

Denitrification (min) 
Combined 

Residence Time  
with  Denitrification 

and BrO3
- Removal 

(min) 

Combined 

Residence Time 
with Denitrification 

and Br- Formation 

(min) 

5.00 48 74 89.5 

15.00 145 171 186 

20.00 193 219 234 

The calculated residence times are a conservative estimate, with a high estimate of bromate 

formation, and, as discussed in Section 4.3, it is likely that some bromate reduction does take 

place concurrently with denitrification processes. It is recommended that further test work be 

carried out with through-flow pilots, rather than batch reactors, and at lower, and closer-to-

expected incoming concentrations of bromate. At lower concentrations, the reaction kinetics 

are likely to be limited by Michaelis-Menten kinetics, where the rate is controlled by access to 

the substrate rather than by the reaction kinetics itself. 
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5 Recommended Future Work 

The following further investigation is recommended: 

 Further investigation into the direct mechanisms involved in biological bromate

reduction, with focus on whether bromate-specific reduction pathways exist in some

bacterial species, and identification of species that are most capable of bromate

reduction.

 Further test work using lower, and more realistic, concentrations of incoming bromate

should be tested, to determine whether the removal rates are likely to become diffusion-

limited at low concentrations.

 Further test work exploring the possible intermediates of bromate reduction, as well as

determining the properties and ecotoxicity of the these intermediates, to gain an

understanding of the impact that formation of intermediates may have on the rates of

reduction achieved

 Through-flow bioreactors should be piloted to understand the whether the response of

the bacterial population changes over time, and whether the same rates of reduction of

bromate that were observed in batch reactors can be achieved in through-flow pilots.
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6 Conclusion 

The formation of bromate from ozonation of bromide is a problem gaining urgency, as Sweden 

looks to implement pharmaceutical removal through advanced oxidation across many 

wastewater treatment plants. A survey of bromide concentrations in wastewater in southern 

Sweden has shown that a number of plants receive bromide in concentrations that will form 

significant concentrations of bromate, and thus preclude ozonation as a treatment option, unless 

a novel method of bromate reduction is possible. The survey further demonstrates that the 

proximity to the coast is a leading risk factor for higher concentrations of bromide.  

The ozonation of bromide has been reported to achieve bromate yields in the region of 3-7%, 

which was affirmed with the ozonation test work carried out during this assessment. The 

kinetics of bromate are complex and include multiple side reactions and intermediate products, 

which influence both the yield and rate of reaction.  

The test work carried out using denitrifying carriers showed conclusively that biological 

reduction of bromate is possible and likely occurs spontaneously in an anoxic environment. 

Complete removal of bromate was observed with rates in the order of 10 μg/L .min achieved. 

The presence of nitrate impacts on the rate of reaction, with even low nitrate concentrations (<5 

mg/L) decreasing the rate of bromate reduction. However, once denitrification was complete, 

bromate reduction began immediately and continued until complete removal was achieved. 

Sustained concentrations of nitrate greatly affected the rate of bromate removal, and while some 

concurrent bromate reduction was observed, the rate was far lower than that achieved for tests 

where no nitrate was present. The results were reproduced using wastewater from different 

sources, as well as carriers acclimatised to both methanol and ethanol, with the rates of reaction 

being comparable and reproducible across the tests. The rates of reduction achieved were an 

order of magnitude greater than those reported in previous literature, and indicate that biological 

reduction of bromate is a feasible method of removing bromate formed by ozonation, to below 

acceptable discharge limits, with a minimal increase in hydraulic residence time required in 

existing post-denitrifying infrastructure. 
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