Study on removal of bromate ion by activated carbon

1. Introduction

1.1 Formation of bromate 

1.1.1 Overview 

 
There are more and more uses of ozone as an alternative oxidant and/or disinfectant for drinking water production because of its many benefits. For example, application of ozone instead of chlorine prevents the production of halogenated disinfection by-product formation. Ozone is also used to improve flocculation, or help remove natural and synthetic organic compounds such as taste and odor compounds, pesticides. (Ferguson et al., 1991) However, though ozonztion does not yield chlorine-containing by-products, it yields larger amount of aldehydes and other oxidized organic by-products than chlorination. Studies show that the increase in the amount of biodegradable organic substances after ozonation will reduce bacterial stability in drinking water distribution network. In addition, ozonation also produces inorganic by-products. The potential of formation of bromate (BrO3-) as a by-product during ozonation of raw waters containing bromide ion (Br-) is of growing concerning. 

Actually, concern over bromate ion in drinking water dates back to 1990 when bromate was classified as a possible human carcinogen. (Kurokawa, 1986) During the chemical oxidation or disinfection of natural waters containing bromide (Br-) with ozone, bromate is formed at concentrations ranging from 0.4-50(g/L under normal drinking water treatment conditions. (Siddiqui, 1994) 

1.1.2 Mechanisms of bromate formation

Bromide ion can enter water sources from dissolution of geologic sources, from saltwater intrusion into surface water and aquifers, and by human activities. Average concentration of Br- in United States is 100(g/L. Two mechanisms about bromate formation are suggested by various studies, that is, BrO3- forms through either a molecular ozone pathway or a hydroxyl (OH) radical pathway, depending on the dissolved organic carbon (DOC), Br- content, and pH of the source water. By the molecular ozone pathway, Br- is first oxidized to hypobromite ion (OBr-), which is then further oxidized to BrO3-. This reaction is pH-dependent because OBr- is in equilibrium with hypobromous acid (HOBr). The molecular ozone theory suggests that BrO3- formation is directly driven by dissolved ozone. Molecular ozone-bromide ion reactions leading to formation of bromate are:
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 Radical pathway is influenced by both pH and alkalinity. Bromate formation through a radical pathway is shown below.                
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OH radical theory indicates that dissolved ozone plays only an indirect role by decomposing to produce radicals that further react with bromine species to produce bromate ion. 

1.1.3 Factors influence the formation of bromate ion

Water quality and ozonation parameters greatly affect the formation of bromate ion. Studies have shown that natural organic matters (NOM) concentration has great effect on whether bromate ion formation through radical way and molecular ozone pathway. It has reported that molecular ozone contributes 30-80% of the overall bromate ion formation in waters containing NOM. In contrast, Ozekin et al report up to 65% and 100% bromate ion formation through the radical pathway in NOM-free and NOM containing waters, respectively. Differences in NOM-containing waters can be attributed to differences in the characteristics of NOM. It’s also found out that both ozone-bromide and ozone-hypobrimite reactions are relatively slower than ozone-NOM and hypobromite-NOM reactions. So, it’s not surprising to observe that less bromate ion is ozonized in high-DOC waters than low-DOC waters. 

Besides NOM, bromide ion concentration, ozone dosage, alkalinity and temperature all play a role in bromate formation. As indicated by several authors (Vander et al. 1993; Gramith et al, 1994), even relatively small bromide ion concentration can lead to critical amount of bromate ion upon ozonation. Krasner et al pointed out that bromide ion concentration of 0.18mg/L would produce measurable levels of bromate ion when target ozone residual for disinfection was met. Increasing ozone dosage has been shown to increase the formation of bromate ion until all bromide ions are converted to bromate. (Wegman, et al 1989) During ozonation, part of the ozone added reacts directly with bromide ion, and part of it decomposes to radicals that further react with carbonate alkalinity to produce carbonate radicals. Addition of alkalinity was shown to increase the formation of bromate ion. CO3- radicals formed during ozonation can function further as secondary oxidant with bromine species to form bromate ion. As for temperature, it is said that its effect are several folds: (1) dissolved ozone is more stable at low temperature; (2) increasing temperature increase the reaction rate constant and (3) the pKa of the HOBr-OBr- system is temperature-dependent. Siddiqui and Amy (1994) have observed an increase in bromate ion formation with an increase in temperature. 

1.2 Effect of Bromate ion on human health

Bromate is a possible carcinogen though the maximum allowable bromate level is still a subject of discussion. It is a powerful oxidant and has been shown to cause kidney, and possibly other tumor in laboratory animals. (Kurokawa, 1990) This could occur, directly or indirectly, by causing the oxidatation of lipids in cell membranes to produce active oxygen species, which in turn produce damage to macromolecules such as dicarbonucleic acid (DNA). Bromate is also genotoxic in vitro and in vivo although this is primarily confined to causing physical damage to chromosomes. (Melnick, 1992) 
1.3 Regulations on Bromate

Based on a linearized multistage model, the BrO3- concentrations in water associated with an excess lifetime cancer risk of 10-4, 10-5 and 10-6 are respectively 30, 3, 0.3(g/L. (WHO, 1994). Based on this, the World Health Organization (WHO) has proposed a maximum level of 25(g/L at a risk level of 7*10-5 while USA and EU regulated that the concentration of bromate in drinking water must not exceed 10(g/L. 

1.4 Techniques for the quantification of bromate ion

Several techniques have been described to reach the required level of sensitivity for measuring bromate ion. (Hautman et al, 199; Siddiqui, M. et al, 1994) Ion chromatography is the predominant analytical technique for bromate ion measurement at low concentration. Jagt et al and Hautman et al have measured bromate with a detection limit of 2(g/L and 1(g/L, respectively, by both conductivity and ultraviolet (UV) adsorbance detection using a borate eluent. In some cases, silver cartridges were used to remove chloride because bromate ion will be unresolved from Cl- when Cl- is greater than 50mg/L.

On the other hand, Gordon et al (1996) found a non-ion chromatographic way to measure bromate by using chloropromazine. In this method, chloropromazine will be oxidized by bromate to form a relatively stable colored product that can be monitored at 530nm. 

2. Removal of bromate

2.1 Techniques for control of bromate

Based on the preliminary health information and the potential of a low MCL for bromate ion, control options will require careful optimization to achieve low concentrations in ozonated waters containing high enough levels of bromide ion. Therefore, a better understanding of the mechanisms of bromate ion minimization strategies is required to limit its formation during ozonation. Bromate ion can be minimized by chemical factors (chemical addition) or physical-hydrodynamic factors (contactor design). However, studies have shown that it’s nearly impossible to both optimize disinfection and removal of micropollutants and to minimize BrO3- in a single treatment step. Therefore, a combination of minimized formation and subsequent removal may be more realistic in BrO3- control. 

To date, most BrO3- control strategies have involved inhibiting/minimizing bromate ion formation through acid, ammonia or OH radical scavengers addition. At pH<7, oxidized bromide will mainly in the form of HOBr, thus minimizing the bromate ion formation. However, acid addition may not be feasible because of the possible high cost for high-alkalinity waters. And it also causes problem when the pH of water has to be adjusted once more after the treatment. Ammonia addition method is base on the theory that ammonia will react with HOBr and OBr- to form bromamine and it will also exert a free radical demand. Glaze et al and Siddiqui et al observed up to a 30% decrease in bromate ion upon the addition of ammonia at pH levels near 7.0. In addition, bromate ion formation can be effectively reduced by the addition of radical scavengers such as ethanol, formate, acetate, oxalate, and glucose. These compounds do not react with molecular ozone but react strongly with OH radicals. Residual amount of these compounds can easily be removed during subsequent biological sand filtration or biological activated carbon filtration. 

For the removal of BrO3-, several techniques have been investigated. Batch-scale experiments have shown that BrO3- can be reduced to Br- by ferrous iron, ultraviolet irradiation, high-energy electron beam irradiation and heterogeneous redox catalysis. But at least at present, all these techniques appear to be not economic in full-scale application. 

Besides all the techniques mentioned above, there is another one that is attracting more and more attention, that is, activated carbon adsorption. Studies show that bromate ion can be effectively removed by virgin GAC. (Gerz and Schneider, 1993) Table 1 listed the strategies for removal bromate ion after its formation.

Table 1 Strategies for removal of bromate ion

	Technique
	Condition required
	Effectiveness
	Capital cost

	Fe2+ reduction
	DO: 10mg/L

PH<8.0
	30-50% reduction, works as coagulant
	Low

	Powered activated carbon (PAC)

(Flocculator)
	Contact time: 30-60min

Dose=25-50mg/L

PAC specific
	10-30% reduction

Remove DOC, Remove synthetic organic compounds (SOCs)
	Moderate

	GAC
	Low total dissolved solids, Treated water

GAC specific
	50-100% removal

Remove DOC, Remove SOCs
	Moderate

	Ion exchange
	Low total dissolved solids, Low DOC water
	100% removal
	Moderate

	UV irradiation
	DOC<2mg/L, low alkalinity, Contact time<10s

    (medium-pressure lamp)

Contact time<30s

    (low-pressure lamp)
	15-100%removal

No pH effect

Ease of maintenance

Added disinfection
	Low

	Electron beam
	50-100 krads

Contact time:20s
	50-100% removal

TOC removal

Added disinfection
	High


2.2 Activated carbon 

Activated carbons are produced with a wide range of properties and physical forms that have been used in various applications. Materials that are used to produce activated carbon include sawdust, coconut shells, charcoal, and bituminous coal. Activated carbon’s high internal surface area and pore volume lead to its application as adsorbents, catalysts, or catalyst supports in gas and liquid phase processes for purification. Besides the large surface area and pore volume resulting from the high porosity, another important aspect that has great effect on the performance of activated carbon is its surface chemistry (Ishizaki 1983). 

Application of activated carbon to remove bromate includes both granular activated carbon (GAC) and powered activated carbon (PAC). For GAC, it’s usually used by integrating GAC columns into a process train or more realistically, retrofit rapid sand filters with GAC-capped filters. BrO3- is a strong oxidant at acid pHs, with reactivity proportional to the square of proton concentration. Reduction of BrO3- to Br- at the surface of activated carbon has been reported. Gerz and Schneider observed BrO3- reduction in GAC columns to be GAC-specific. Yamada conducted batch experiments and concluded that BrO3- is first adsorbed then reduced to Br-. The reactions are shown as follows:
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3. Factors influence the removal of bromate by activated carbon

3.1 Carbon surface chemistry

Researches have verified that surface chemistry of the activated carbon can have an important influence on the adsorption of certain compounds. As the adsorptive surface of most activated carbon is hydrophobic, they are best suited for the removal of neutral organic molecules 

For the adsorption of BrO3-, Siddiqui et al (1994) found out that BrO3- removal capacities for different activated carbons are related to their pH values of the isoelectric point (pHpzc) and number of acid-base groups on the surface of activated carbon. Activated carbon with a high number of basic groups and higher pHpzc values showed an increased BrO3- removal capacity. Miller et al (1996) observed that outgassing of carbon at 900(C under nitrogen resulted in a 43% decrease in the carbon’s surface oxygen content and an increase in the surface pH from 5.8 to 7.1. This carbon showed a remarkable improvement in bromate reduction. 

Activated carbon type also has great effect on the adsorption of BrO3-. Griffni et al (1999) conducted experiment on adsorption of bromate ion by four types of activated carbon made from torbanite, coconut shell, wood and bituminous respectively. They found that differences in GAC types resulted in significant differences in the BrO3- removal capacity. The results turned out that wood based activated carbon has the lowest capacity while the torbanite-based has the highest capacity. Because these four carbons have similar surface area and pore distribution, they attributed the difference in the adsorption capacity to the different kinds or amount of surface functional groups on the carbons. They also found out that the higher the pHpzc of the activated carbon, the higher the adsorption capacity. In this case, the torbanite-based carbon has a pHpzc of 8.1 while the wood based one’s pHpzc is 4.1. 

3.2 solution pH


As has been mention before, the removal of bromate ion by activated carbon is both adsorption on to the carbon and reduction to Br-. Miller et al and Siddiqui et al all found that bromate reduction by GAC increases as the solution pH decreases. This happens maybe because the surface charge of the carbon is more positive in low pH and the reactivity of Bromate ion in low pH is higher too. As the pH decreases, the number of negatively charged groups on the carbon decreases, and electrostatic interaction between the carbon and bromate becomes more favorable. If the pH decreases to the point of lower than the point of zero charge, the charge on the carbon will be positive that’s more beneficial for the adsorption of the negatively charged bromate ion. In addition, decreasing of pH also will increase the reactivity of bromate. Lowering the pH by two units could increase the reaction rate by four orders of magnitude. Meijers and Kruithof (1993) found that at pH 1, bromate and bromide instantaneously react to form free bromine in the absence of activated carbon. In summary, pH effects are four-fold: increased positive surface charge, increased BrO3- reactivity, decreased anionic organic surface groups (and increased electron donating capacity) and increased ion-exchange capacity. 

3.3 NOM and other anions

Siddiqui et al (1996) and Miller (1996) compared the removal of bromate ion in natural and organic-free water. Their conclusion is that the presence of NOM decreases the bromate reduction capability of a carbon, presumably by blocking active sites. Besides this, one must also take into account the effect of other constituents of natural water, such as anions. Bao et al conducted experiments on the effect of NOM and anions. They compared the performance of activated carbon on adsorption of bromate by adding humic acid, Br-, NO3-, SO42- to the distilled water spiked with 100(g/L of bromate ion. The results showed that the presence of NOM and anions, especially Br-, NO3- significantly accelerated the BrO3- breakthrough. For water containing no additional NOM and anions, BrO3- was not detected in the effluent before 300h of operation, whereas in the presence of an additional 1.7mg/L NOM, 300(g/L Br-, 20mg/L NO3- and 100mg/L SO42-, BrO3- appeared in the effluent within 98, 220, 165 and 190h, respectively. Based on his research by batch experiments Yamada (1993) concluded that BrO3- is first adsorbed and then reduced to Br-, and that adsorption of BrO3- is critical to BrO3- removal. Thus the effect of NOM and anions in reducing GAC’s ability to remove BrO3- may be attributed to NOM or anions competing with BrO3- for active sites on the carbon. Siddiquie et al (1994) also found a strong inhibition of BrO3- reduction by Br- up to 300(g/L. Extended kinetic study was carried out by Vernon et al to compare the compare the mass of bromate removed by carbon. They found out that the presence of nitrate, chloride and sulfate reduces the rate of bromate reduction in the first 300min of operation. However no difference of bromate removal was observed in the presence of inorganic anion spikes after a one-month contact time. This suggests that the presence of the inorganic anions decreases the rate of bromate reduction, but does not necessarily decrease the total mass of bromate that can be reduced given sufficient time. 

3.4 Thermal regeneration

Bao et al conducted thermal regeneration on carbons after their capacity for removal of bromate ion was exhausted. Different methods of regenerations were applied. One part of carbon was thermally regenerated at a final temperature of 650(C for 1 hour. Another was washed with 5M HCl at a flow rate of 10ml/min for approximate 2h followed by washing with distilled water for another 1h; the washed GAC was then thermally regenerated as described above. The BrO3- breakthrough curves for the regenerated GACs are almost the same as that of virgin carbon. This indicates that the reduction capacity of GAC for BrO3- could be recovered by thermal regeneration. 

4. Conclusions

· Bromate ion formation during the use of ozone as alternative for disinfectant or oxidant is attracting more and more concern because of its possible carcinogenicity. Regulations on MCL by different organizations differ due to the incompleteness of study on its effect on human health. 

· Tow mechanisms of bromate ion formation from bromide ion due to ozonation have been suggested. It’s known that bromate ion occurs through both a molecular ozone and a free radical pathway. Contribution of each pathway to the formation of bromate ion depends heavily on factors such as NOM, ozone dosage, alkalinity and pH of water. 

· The higher the pH, bromide ion concentration, temperature and alkalinity of source water, the more favorable for the formation of bromate ion. However, NOM has been shown to decrease bromate ion. Work still needs to be done about what type of NOM is specially related to the decrease of bromate.

· pH depression, addition of ammonia or OH radical scavenger are possible ways to limit the formation of bromate ion during ozonateion. While Fe2+ reduction, activated carbon adsorption, ion exchange, UV irradiation and electron beam have been used in various scales to remove the bromate. 

· Mechanism of removal of bromate ion by activated carbon is found to be fist adsorption of bromate ion onto the activated carbon and then reduced to Br-. 

· Several factors influence the performance of activated carbon. The more basic the surface of activated carbon, the higher the adsorption capacity. pH value of the water affect the adsorption in two aspects, that is, the surface charge of activated carbon and the reactivity of hypobromite. NOM and other anions can reduce the adsorption of bromate ion by blocking the access to the active sites or by competing with bromate ion for active sites. Certain ways of thermal regeneration can completely restore the capacity of spent carbon
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