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ABSTRACT 

Ozonation of drinking waters, particularly as a preoxidant, is becoming a widespread 

practice. Ozone is a powerful oxidant and reacts with many of the natural constituents 

present in water. The presence of bromide ion in water can lead to the formation of 

brominated disinfection by-products upon ozonation. The existence of brominated by

products in a public water supply could be of public health concern since some of them 

have been shown to be mutagenic. Production of both organic and inorganic by-products 

upon ozonation of waters containing bromide ion was investigated. Organic by-products 

identified include bromoform, dibromoacetonitrile (DBAN), and 1,1(DBAA); inorganic 

by-products identified include bromate, hypobromous acid and hypobromite ion. 

Formation of by-products is a function of bromide ion concentration, the source and 

concentration of humic substances, pH, ozone dose, temperature, alkalinity and reaction 

time. Bromoform concentration ranged from 5 to 60 Ilg/L and total organic bromine 

(TOBr) concentration varied from 15 to 150 Ilg/L for a bromide concentration ranging 

from 0.5 to 1.5 mg/L. TaBr concentrations were much higher than bromoform indicating 

that bromoform constitutes only a fraction of the pool of brominated DBP material. 

Bromate threshold levels were shown to vary according to precursor source and pH level. 

At pH 7.5 bromide threshold concentrations for bromate were higher than at pH 8.5; the 

exact opposite case was observed for bromoform. Ionic strength had no significant effect 

on the formation of by-products whereas an increase in alkalinity resulted in decreased 

amounts of by-products. Temperature effects are manifested in two different ways: (i) 

the water temperature at which ozonation was carried out versus (ii) the subsequent 

incubation temperature. While enhanced precursor oxidation was observed at higher 

ozonation temperatures, the partial oxidation by-products varied in their reactivity in 

forming brominated by-products upon incubation. An increase in incubation temperature 
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from 20 to 30 oC produced about a 30% increase in bromoform where as an increase in 

ozonation temperature resulted in a 20% increase in bromoform. Results of this research 

indicate that control of by-products can be effected by using PEROXONE (hydrogen 

peroxide plus ozone) or ammonia. PEROXONE produced 55% less organic by-products 

at the cost of a 25% increase in bromate. Ammonia addition resulted in a 30% decrease 

of both organic and inorganic by-products. 

15 



I. INTRODUCTION 

The use of ozone in the treatment of drinking water has been increasing as public 

utilities search for alternatives to the use of chlorine. Ozone is a powerful oxidant and 

reacts with many of the natural constituents present in water. For example, ozone reacts 

with humic materials produce alkanes, aliphatic aldehydes, ketones, and fatty acids as 

byproducts (Sievers,1977 & Lawrence,1980). Much remains to be learned about the 

chemistry and potential health risks of ozone produced by-products in drinking water. 

It is well known that hypochlorous acid/hypochlorite ion (HOCI/OCn can 

oxidize bromide ion to hypobromous acid/hypobromite ion (HOBr/OBr-), with HOCI 

and HOBr collectively involved in the formation of trihalomethanes (lHMs) ranging 

from chloroform to bromoform. Even trace levels of bromide can strongly influence both 

THM yield and species distribution. Recently, it has been observed that ozonation can 

directly lead to the formation of bromoform by oxidizing Br- to HOBr/OBr- in the 

presence of THM precursors. It is believed that, within the context of this reaction, OBr

specifically serves as an intermediate to the eventual formation of bromate ion. Enhanced 

bromoform formation has been observed at lower pH values, a result likely attributable 

to the predominance of HOBr over OBr- at lower pH levels. It is noteworthy that 

bromoform is only part of the brominated DBP pool of identifiable compounds (e.g., 

bromoacetic acids (BAA), bromo acetones (BA), bromoacetonitriles (BAN), etc) as well 

as ill-defined bromo-NOM material. The relevant reactions are summarized below: 

HOBr <=====> H+ + OBr-; pka = 8.68 at 25 oC 
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HOBr + DOC =====> [TOBr] 

Where [TOBr] = L (CHBr3, DBAA, DBAN, etc.) 

Other researchers have found that ozonation within a water treatment context can 

produce upto 10-20 ~g/L of bromoform (Cooper et al., 1986), a significant amount if the 

total trihalomethane (THM) standard is lowered to 2S ~g/L, as is being contemplated. 

Since the present total THM MeL of 100 ~g/L is for the sum of the individual THMs, it 

is important to note that the higher atomic weight of bromide exerts a stronger influence 

on the mass yield of TIHMs than chlorine atoms. For example, if 60 ~glL chloroform 

were converted to its brominated analog bromoform, it would correspond to 126 ~g/L. 

These factors may affect a utility in meeting the present TTHM MCL if the source water 

contains significant amounts of bromide and DOC. Several halogenated nitriles and 

halogenated aliphatic acids have been found in drinking water supplies (USEPA, 1987). 

In the future EPA may set maximum concentration limits (MCL) for dibromoacetonitrile 

and dibromoacetic acid which have been identified as being present in some chlorinated 

drinking water supplies (Rice, 1989). The existence of DBAN in a public water supply 

could be of public health concern since DHANs have been shown to be mutagenic 

(Simmons, 1977). 

In the absence of dissolved organic matter (DOC), all of the Br- is eventually 

recovered as bromate when ozonated: at any time, the sum of Br-, Br03 -, and 

HOBr/OBr- is approximately constant. For typical ozonation times (5-10 min), typical 

pH conditions, and typical ozone doses (2-5 mg/L) encountered in water treatment, the 

resultant HOBr concentration is roughly proportional to the ozonation time while bromate 

formation is relatively minor. Only after longer reaction/contact times (e.g., > 10 min) 

does bromate become a dominant specie. It is noteworthy that bromate formation kinetics 
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are more rapid at higher pH, possibly due to the role of the hydroxyl radical pathway and 

the higher ratio of OBr-/HOBr. 

In the presence of DOC, bromoform increases with decreasing pH along with a 

concomitant decrease in bromate. This is due to the fact that HOBr is more stable at low 

pH. Some researchers (Haag and Hoigne, 1983) have reported that bromoform 

concentrations increase with increasing ozone doses up to a maximum at moderate ozone 

doses (2-5 mg/L) and thereafter decreases, presumably due to either excess ozone 

oxidation of disinfection by-products (DBP) precursors and/or brominated intermediates. 

Other researchers (Dore, 1988) have simply found an asymptotic increase in bromoform 

with ozone dose. In any event, the range of conditions for bromoform formation during 

ozonation is narrower than for haloform formation during chlorination (Haag, 1984). 

Trehy and Bieber (1979) have shown that amino acids, in particular aspartic acid, are 

good precursors for dihaloacetonitriles. These amino acids may be free, proteinaceous or 

humic bound. Dibromoacetonitrile is found in ozonated waters containing bromide ion. 

Monobromoacetic acid and dibromoacetic acid have also been detected in drinking 

waters. 

It is noteworthy that ammonia addition will result in the conversion of HOBr to 

monobromamine, thereby stopping the fOImation of either total organic bromine (TOBr) 

or bromate via the above reaction pathways. However, the overall complexity of the 

reaction system is not fully understood. Depending on reaction conditions, ozone can 

potentially convert monobromamine to nitrate, exerting an ozone demand. 

Most studies which have investigated ozone as a disinfection alternative to 

chlorine have focused on waters in the absence of bromide ion. Consequently, much less 

is known about the reactions of ozone in waters containing traces of bromide ion. While 

many water utilities are implementing a pre-ozonation step in their process train, 

bromide-ozone interactions have not been adequately addressed. 
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The HOBr/OBr- equilibrium is strongly dependent on pH. In many fresh waters 

the pH is usually between 7 and 8 and would thus cause a dramatic increase in HOBr and 

hence in bromoform and other DBPs. Additional information is needed in this area if the 

reactions of bromine and ozone are to be completely understood. The effect of various 

concentrations of natural aquatic humics on the formation of bromoform and other 

organic compounds like bromo acetic acids, bromoacetones and bromoacetonitriles in 

ozonated waters containing bromide ion needs to be quantified. Experimental vruiables of 

interest include the effect of pH, organic carbon, ozone dose. Also there is a need to 

develop an analytical tool for quantification of TOBr. Such an analytical method will 

enable us to truly close the overall mass balance for bromidelbromine under various 

experimental conditions. 
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II. RESEARCH OBJECTIVES 

Clearly there is a need for a comprehensive investigation of the role of the 

oxidants such as ozone in the formation of bromoform and other brominated organic 

compounds as well as total organic bromine (TOBr). 

Important research objectives are summarized below. 

(1) Define influence of Br-/DOC ratio on the formation of important brominated organic 

compounds and TOBr (with DOC representing a quantification of TOBr/DBP precursor 

concentration). 

(2) Delineate the importance of the OJ/Br- ratio as a key variable influencing the fate of 

bromide (brominated DBPs vs bromate). 

(4) Identify those reaction conditions most conducive to the conversion of bromide to 

bromate as opposed to HOBr/OBr-, and vice versa. 

(5) Contrast variations in source water characteristics (e.g., DOC, pH, Alkalinity), and 

their influence on bromide-oxidant interactions. 

(6) Identify pH and temperature effects on brominated DBPs and TOBr formation. 

(7) Formulate a kinetic model enabling the prediction of brominated haloforms and 

TOBr. Specifically, develop a kinetic model for (i) bromide conversion to bromate and 

HOBr/OBr- and (ii) bromoform and TOBr formation. Such a model would provide 

insight into the effects of contact time within an ozone contactor. 
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(8) Evaluate the effect of adding hydrogen peroxide and ammonia on the fonnation of 

organic and inorganic brominated by-products. 

(9) Develop an analytical tool for quantification of TOBr. Such an analytical method will 

enable researchers to truly close to the overall mass balance for bromide/bromine under 

various experimental conditions. 

Total bromide = TOBr + [Br-]c + [Br]BrOi + [Br]HOBrt 

TOBr = CHBr3 + DBAC + BAAs + BANs + .. + Bromo-humics 

21 



m. LITERATURE REVIEW 

Some studies which have examined the reaction of ozone in bromide ion

containing waters suggest that ozone reacts in a manner similar to chlorine (pichet,1975 

& Blogoslowski, 1975). In natural waters the reaction of ozone with bromide ion is 

dependent on the concentration of bromide ion, pH as well as the concentrations and 

nature of other constituents such as organic material (Hoigne, 1976). In this section, the 

major findings of ozone research conducted in waters containing bromide ion will be 

reviewed. 

3.1 Sources of Bromide in Drinking Waters 

Once bromide is present in source water, there are no known treatment 

techniques available for economically removing it. While the concentration of bromide 

ion in seawater is 65 mg/L, much lower levels normally are found in fresh waters, with 

levels ranging from 0 to 2 mgIL (Sweetman, 1980). 

Bromide can enter waters sources from geologic sources, from saltwater 

intrusion of aquifers (Carns, 1978) and by human activities. Methyl bromide and 

ethylene dibromide are used to fumigate crops and soil and as an additive to leaded 

gasoline. Once in soil they break down into inorganic forms that are subsequently 

leached into waters by agricultural runoff. Other bromide containing compounds can 

enter water through sewage and industrial effluents (Luong, 1981). In a study of 35 

water treatment facilities which were selected to provide a broad range of source water 

qualities and treatment processes, influent bromide levels ranged from 0.01 to 3 mg/L 

(Krasner, 1989). 
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3.2 Dissolved Organic Carbon and its Occurrence in Water 

Humic acids and fulvic acids show a high reactivity toward bromine and 

constitute 50-90% of the total dissolved organic carbon in river and lake waters 

(Thurman, 1986). Other fractions of the DOC comprise the hydrophilic acids (up to 

30%), carbohydrates (10%), carboxylic acids (5%), and amino acids (5%) (Leer, 1989). 

The reactivity of carbohydmtes and carboxylic acids toward bromine is low, and they are 

not expected to contribute to the production of organobromine compounds. However, 

hydrophilic acids such as citric acid (Larson,1979) and amino acids (Trehy, 1986) will 

react with bromine to produce bromoform, bromoacetonitrile and other brominated 

compounds, and therefore may contribute to the production of total organobromine 

production. 

Although various aquatic chemical constituents have been shown to produce 

THMs when they react with chlorine or bromine, the constituents most often identified as 

THM precursors are humic substances. Humic substances have been defined as 

amorphous, acidic, predominantly aromatic, hydrophilic, chemically complex 

polyelectrolytes that range in molecular weight from a few hundreds to tens of 

thousands (Committee report, 1979). 

Oden (1919), a soil chemist classified organic color as fraction of humus 

substances derived from the decomposition of organic substances in soil. Gjessing 

(1976) indicates that aquatic humus is the water extractable fraction of the soil humus 

which provides the natural yellowish- brown color of water and that the difference in the 

physical and chemical properties between humic substances in soil and humic substances 

in water are relatively small. He points out that once the humic material is leached from 

the soil into fresh water, additional transformations can be expected to occur from the 

contact with a different microbial population and ultraviolet light. 
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Factors affecting humic substances fonnation include: type of vegetation, the 

population and density of the microorganisms, the hydrothennal conditions, and the 

physical and chemical properties of the soil. Sugar and amino acids formed by microbial 

degradation of plants condense to form humic substances (Gjessing, 1976). 

Despite the extensive study of humic material in soil since the beginning of the 

twelfth century, there is no universal agreement on any basic unit of structure in the 

humic molecule, and certainly, the chemical composition of even one humic molecule has 

eluded definition. Elemental analysis of XAD-8 extracted humic material from California 

State Project Water (SPSW) conducted indicate the following composition (Amy, 91 

unpublished data): 

Carbon 46% 

Oxygen 43% 

Hydrogen 7% 

Nitrogen 4% 

Rook (1977) proposed resorcinol structures to be the major precursor structure 

in humic material for chloroform production. In accordance with this hypothesis, in the 

chlorination of terrestrial and aquatic humic material, a large series of intermediates that 

contain a tribromomethyl group should be found for the formation of bromoform. 

However, the production of compounds like DBAN cannot be explained on the basis of 

resorcinol structures and possible pathways may require protein-type precursors. 

Humic acids may have amino acids associated with them either in a free or in a 

combined form. Studies regarding the chlorination of amino acids and peptides have 

shown that the primary group on the amino acid or peptide can be converted to either an 

aldehyde or nitrile group (Dakin, 1916). These studies indicate that with an equimolar 
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amount of halogenating agent the major product is the aldehyde. However, if an excess 

of halogenating agent is added, then the corresponding nitrile can also be fonned, with 

the ratio of the aldehyde to nitrile fonned increasing with pH (Bieber, 1983). The 

presence of unhalogenated aldehydes and nitriles in chlorinated natural waters can be 

attributed in part to the presence of amino acids in natural waters. One very significant 

implication of the production of aldehydes during ozonation of drinking water is the 

ability of aldehydes to form nitriles upon subsequent treatment with chlorine and 

ammonia (Hauser, 1930). Nitriles can be expected to impart some toxicological effect to 

the water by virtue of the presence of the nitrile grouping itself. In addition, nitriles can 

hydrolyze in aqueous solution, to produce the corresponding acids. If the nitriles are 

brominated, then brominated aliphatic acids can be produced by this mechanism (Hauser, 

1930). 

Concentration of aldehydes increased by 144% upon ozonation. In the 

chlorination stream, the concentration of octanal and nonanal increased by 56% (Rice, 

1990). This indicates that aldehyde formation, although greater with ozone, is not unique 

to ozonation, but is caused with chlorination as well. Passage of the ozonated water 

samples through a rapid sand filter reduced the concentration of these aldehydes by 62%. 

These reduction in aldehyde concentrations are attributed to biological activity in the sand 

filters (Lykins, 1986). 

3.3 Ozone Chemistry in Water 

Ozone is known to be an unstable gas that decomposes slowly in the gaseous 

phase to ordinary oxygen; the decomposition is slow at ordinary temperatures and low 

ozone concentrations but is greatly accelerated by heat (Benson, 1969). Both the 

mechanism and kinetics of the dissociation of ozone in water are uncertain even though 
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several papers have been published in the literature regarding the ozone decomposition 

in water (Hewes, 1971; Sullivan, 1980; Sotelo, 1987). Table 1 shows the range of 

variables covered and the varying conclusions concerning the reaction order relative to 

ozone. The main sources of discrepancies are: some authors neither consider the reaction 

decomposition nor the ionic strength influence; others carried out their experiments in 

unbuffered systems or studied the process within a narrow range of variables. The work 

of Roth and Sullivan (1981) seems to be the most enlightening, but few experiments 

were carried out and most of them were done at low pH levels and temperatures. 

T bl 31 Ki a e .. nencs 0 fO zone D ecom )osltlon 

REFERENCE pH Temp (OC) Reaction 

01"00' 

Rankas (62) 5.4·8.5 5·25 3/2 

Czapski (68) 10·13 25 1 

ROl!ozhkin (70) 9.6·11.9 25 1 

Hewes (71) 6 10·50 3/2 ·2 

Roth (81) 0.65·10.2 3.5·60 3/2·2 

Oxidation products found in water after application of ozone include 

decomposition products of ozone itself and oxidation products from the organic materials 

present. Decomposition products from ozone itself include oxygen (02), the ozonide 

radical anion (03-), superoxide ions (02-), the perhydroxyl anion (H02-), and the 

hydroxyl free radical (HO). In addition hydrogen peroxide is produced in small 

quantities by decomposition of ozone in water or as a by-product of ozone oxidation of 

DOC (Glaze, 1987). Most of these intermediates are highly reactive, particularly in water 

at ambient temperatures, and their rapid decomposition leads to oxygen or hydroxide 

ions as final, stable decomposition products in aqueous solutions. The hydroxyl free 
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radical is unusually reactive, having an oxidation potential greater than ozone itself (2.80 

vs 2.07 V). Consequently, deliberate formation of hydroxy radicals can assist in 

oxidizing organic materials. 

Decomposition of ozone in water is initiated by hydroxide ion, UV radiation, or 

hydrogen peroxide to produce these intermediate species, particularly the hydroxy free 

radical (Prengle, 1977). On the other hand, the decomposition of ozone is affected by the 

presence of carbonate and bicarbonate ions. For example, bicarbonate ions interrupt the 

cycle decomposition of ozone by reacting with the transient hydroxy free radical (Glaze, 

1987). 

The net effect is to retard the decomposition of ozone. Staehlin and Hoigne 

(1982) have shown that increasing the concentration of carbonate ions at pH 8 doubled 

the half life of ozone. 

Ozone is capable of oxidizing inorganic ions in water rapidly to their highest 

oxidation states (Rice, 1990). Thus, ferrous ions are oxidized to ferric ions, which then 

hydrolyze and precipitate from solution. Manganous ions are oxidized to the manganic 

(4+) state, which hydrolyze to produce insoluble manganic oxides. However, further 

ozonation can continue the oxidation to the soluble permanganate stage (7+). Nitrite ions 

are rapidly converted to nitrate ions by ozone, and sulfide ion is oxidized through 

elemental sulfur to sulfite, then to sulfate ions. Arsenious ions are rapidly oxidized to 

arsenate ions, in which form they can be precipitated readily by polyvalent cations sllch 

as calcium. 
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3.4 Inorganic By-Products of Ozonation 

Inorganic reaction products of the ozone-bromide ion reaction may include 

hypobromous acid (HOBr), hypobromite ion (BIO-) and bromate ion (BI03-)' 

Hoigne (1982) found that ozonation of water containing significant 

concentrations of bromide (e.g., seawater) may result in the formation of hypobromite. 

These species may then react as secondary oxidants or disinfectants. The effect of such 

secondary oxidants may depend on the solutes present and the characteristics of the 

ozonation process. 

Mangnum et al (1975) made a comparison study of ozone and chlorine as applied 

to the prevention of fouling for intake systems. They reported that both chlorine and 

ozone produce long-lived oxidant residuals in seawater. Seawater with a 36 ppt salinity 

contains about 65 mg/L of bromide ion. They suggested that ozone reacts with the 

bromide ion in seawater to form hypobromite, thus bromide ion may be converted to 

bromine or hypobromous acid when seawater is ozonated. They noted that neither ozone 

or peroxide remains for great lengths of time in ozonated seawater, suggesting that 

another oxidant is being measured: they conclude bromine compounds are formed upon 

ozonation of seawater. 

The following observations concerning the effect of bromide concentrations on 

oxidant levels were made by Blogoslawski (1981): 1) spectrophotometric analysis work 

showed an ozone peak at 253 nm in distilled water and no similar peak was observed in 

ozonized seawater, suggesting that residual products other than ozone were present; 2) 

with an increase in the bromide concentration, the oxidant residual increased until it 

reaches a certain value beyond which no further increase was observed, suggesting that, 

at this level, ozone had reacted with the bromide present; 3) the measured residual 

decreased very slowly with time. Hypobromite has a maximum absorbance at 253 nm 
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(Gorchev, 1965). 

Masschelein (1982) reports that an active residual is likely to be fonned upon the 

ozonation of bromide in seawater. Chlorination or ozonation of coastal waters differs 

from similar treatment of fresh water in that the bromide, present in marine water, 

becomes oxidized to HOBr and OBr- (Kosak-Channing, 1979). If bromide is present in 

the raw water, ozone will oxidize it to bromine (HOBr/OBr-) and eventually to bromate. 

In this sequence, the intermediate stage (bromine) may also be reached by the oxidation 

of bromide by free chlorine during a pre- chlorination step. Again, if ammonia is also 

present, the bromine will be rapidly converted to bromamines, which also react with 

ozone (Haag, 1984 ). 

Bromate is produced by two mechanisms. At high pH it is produced by the 

action of hydroxyl radical on bromide ion in water and at low pH it is produced by the 

direct action of ozone on bromide. 

A series of fast reactions discussed by Buxton and Dainton (1968) leads to the 

fonnation of bromate: 

This mechanism is too simple and additional reactions contribute to bromate 

production. Direct reactions between ozone and various oxybromine species could prove 

to be kinetically more important (Haag, 1984), 
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OJ + Br- ===> 02 + OBr-

203 + OBr- ====> 202 + Br03-

Bromate production in non-photolyzed, ozonated seawater is directly related to 

both the bromide concentration and the contact duration and presence of naturally 

occuring organic or nitrogenous compounds which can significantly alter oxidant decay 

and bromate production (Richardson, 1981). Ozone is capable of producing bromate 

non-photolytically during the contacting period, while only photolytic bromate formation 

occurs in chlorinated samples or in ozona ted samples following the contact period. Once 

formed in seawater, bromate appears to be relatively stable (Carpenter, 1977). 

Chlorate is not a product of decomposition of sun-light exposed sea water 

(Haag, 1981). This is because while OH" can abstract electrons from bromide, it cannot 

do so from chloride. Bromate is the major product (up to 70 %). Organic demand and 

oxygen evolving reactions are likely to account for the remaining oxidant loss. Yeatts and 

Taube (1949) measured a rate constant of < 10-4 M-I sol for the consumption of ozone 

by chloride ions and for the formation of HOCI. The low rate constant shows that the 

reaction of ozone with CI- is an extremely slow process even in highly saline waters. In 

addition, because the relative rate constant ofBr- with respect to CI- is >104. the reaction 

of ozone with Br- is expected to be at least 100 times faster than that with Cl- in natural 

fresh waters, where the molar ratio of Cl-/Br is generally about 500. 

Haag (1981) explains that if a mixture of hypobromite and hypochlorite is 

present, bromate is formed by the following reaction: 

2HOCI + HOBr =====> Br03- + 3H+ + 2CI-
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Thus, if the chlorine is present above the equivalent bromide concentration one 

would expect a rate enhancement in the disappearance with a concomitant appearance of 

halates, whereas if the dose is below the initial bromide level then hypobromite is the 

only oxidant initially present and one expects a much slower decomposition. 

Bromate formation was completely inhibited in the presence of NH3-N and 

estuarine sediment (Richardson, 1981). This is because ammonia and organic amines 

inhibit bromate by consuming OBr faster than ozonation of OBr-. Further the rate 

constant for the reaction of HOBr with ammonia is > 107 M-l s·l (Wajon, 1980). 

3.5 Organic By-Products of Ozonation 

Organic products of direct ozollation of waters containing bromide ion and 

dissolved organic matter may include bromoform, bromoacetic acids (BAAs), 

bromoacetones (BACs) and bromoacetonitriles. 

There is conflicting evidence regarding bromoform formation in bromide-ozone 

systems. Umphries et al (1979) found no bromoform in synthetic humic acid/Br

mixtures at a high ozone to bromide ratio and high pH, while Helz et a1. (1978) found as 

much bromoform with ozonation as with chlorination when estuarine water, where the 

ratio was low. Haag (1983) found bromoform (up to 25 IlglL) 21 hours after the 

addition of ozone-water to an aqueous mixture of bromide and humic acid at moderate 

ozone doses and pH = 6.1. Cooper (1976) has shown that bromoform levels of up to 20 

1lg!L may be formed in ozonated waters under some water treatment conditions. Thus, 

the range of conditions suitable for bromoform formation is considerably narrower for 

ozonation than it is for chlorination. 

Dore (1982) has shown that ozone can oxidize bromide ion in water. The 

hypobromous acid thus formed can react with trihalomethane (THM) precursors as 
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. 
measured by dissolved organic carbon, leading to the formation of bromoform and 

competing with chlorine to form mixed compounds. He observed that ozone has no 

notable oxidizing action on chlorides and therefore cannot produce hypochlorous acid by 

acting on chlorides in water. 

In a study to ascertain the toxicity of haloforms to estuarine oyster larvae, 

Stewart (1979) found bromoform following treatment of estuarine water with ozone. 

Formation of bromoform in ozonated waters is influenced by bromide ion concentration, 

the source and concentration of humic substances, pH, ozone dose, reaction time, the 

presence of ozone-demanding substances, and solar irradiation (Cooper et aI., 1986). 

While the effect of temperature on THM formation has been reported, the effect of 

temperature on bromoform production after ozonation is not known. Stevens (1976) 

found that THM production of Ohio River increased between 2 and 28 °C. Vrano et al. 

(1983), and Amy et aI. (1984) found increases in THM production with temperatures. 

Researchers suggest that the bromine atom of hypobromous acid acts as a faster 

substitution agent than the corresponding chlorine atom of Hypochlorous acid. (Stevens, 

1979). When HOCI and HOBr of equal concentration are reacted together with a high 

TOC water, the brominated THM species are dominant and the chloroform formation is 

suppressed (Rook, 1979). Greater bromoform to chloroform ratios in the beginning of 

the experiments suggest that bromoform forms faster than chloroform (Oliver, 1980). 

These observations support the fact that the bromine atom is more effective to 

halogenation of DOC. 

3.6 Kinetics and Modeling of Ozone-Bromide Reactions in Water 

Haruta et. aI., (1981) found that the following rate equation fit the reaction 

between ozone and bromide ion in the neutral pH range, and evaluated k = 164 M-l sol. 
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The second order rate constant of this reaction measured by Haruta et. a1., 

(1981), 164 M-l sol at 20 °C has been confIrmed by Haag and Hoigne (1983), 160 M-l 

sol. Using their experimentally determined energy of activation, they calculated the rate 

constant from Taube (1942) and Garland et al. (1980) as 90 and 230 M-l sol at 20 oC, 

respectively, and concluded that a value of 160 M-l sol was the best estimate. 

Voltammetric and spectrophotometric evidence is presented by Andrew et al 

(1990) for the formation of bromate from hypobromite in solution containing 

monochloramine. The rate is fIrst order in hydroxide and hypobromite concentration and 

may be expressed empirically over a range of temperature (T OK) by 

d[OBr-]/dt = exp (25.1 ± 0.5 - (6.4 ± 0.2) * 1()3 !T][OH-][OBr] mol dm-3 s-l 

The most comprehensive study of the reactions of ozone and bromide ion has 

been reported by Haag (1982). The reaction scheme proposed was: 

kl 

03 + Br- =====> 02 + OBr 

k2 

203 + OBr =====> 202 + Br03-

and the overall reaction rate constants determined at 20 °C for each reaction were: 

kl = 160 ± 20 M-l sol 

k2 = 100 ± 20 M-l sol 
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IV. EXPERIMENTAL 

4.1 Water Sample Sources 

Water samples were collected from several sources. Surface waters included 

California State Project Water (SPSW) and Contra Costa Water District (CA). Both 

SPSW and CCSW were taken from Sacramento-San Joaquin Delta, which are subjected 

to saIt water intrusion. Groundwater sources included a well located in Orange County 

(CA) (OCGW) and water from the Biscayne Aquifer (FL) (BA W) and stored in cooler at 

4 °C until analyses were done. Orange County water was obtained from a well whose 

water had a color of 60 PCU. 

4.2 Experimental Protocol for Ozone By-Products 

The experimental protocol is shown in Figure 4.1. To distinguish the effects of 

various parameters, aliquots of the untreated samples were characterized along with 

aliquots of the treated water. 

4.3 Laboratory Ozonation System 

A bench scale ozonation system was used to study ozone and peroxone. The 

system consists of an OREC 03V5-0 (Ozone Research & Equipment Corporation) 0.25 

lb/day generator and a 0.5 liter capacity glass reactor. Ozone was generated from pure 

oxygen with ozone and carrier gas admitted to the reactor in a semi-batch mode. Contact 

time was controlled by the mass flow rate into the reactor; thus, applied dose (mg/L) was 
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a function of ma~s application rate (mgIL-min) and application time (nrln). Applied and 

utilized ozone were determined by the classical iodometric method. Dissolved ozone 

residuals were measured by the indigo method (Bader, 1981). The percentage ozone 

utilized was determined by the following equation 

% Ozone utilized = [Ozone applied - Ozone utilized]/Ozone applied * loo 

4.4 Bromide and Bromate Measurement 

Bromide (Br-) and bromate (Br03-) measurements were accomplished by ion 

chromatography (IC) using a Dionex 4500i series system coupled with AI-400 software 

and an IonPac AS9 column. For concentration less than 25 Jlg/L of Br03 -, a 

concentration column in place of an injection loop was employed (Morrow & Minear, 

1984). A concentration column is a short separator column used to strip ions from a 

measured volume of matrix, leading to a lowering of detection limit by 2-5 orders of 

magnitude. Conductivity detector response was almost perfectly linear (r2 = 0.99) for 

standards ranging from 0.05 to 1.5 mg/L of bromide and bromate concentrations ranging 

from 50 to 200 Jlg/L. Bromate can also be measured by differential pulse polarography 

(Richardson, 1981) and iodometric method. Potassium bromide and Potassium bromate 

standards were obtained from Aldrich Chemical Company. A typical IC chromatograph 

showing bromide and bromate peaks is shown in Appendix A. 

4.5 Hypobromous Acid (HOBr) Measurement 

Several possibilities exist for the quantification of hypobromite!hypobromous 

acid. The pKa ("" 8.7) inherently defines the relationship between OBr/HOBr. An 
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iodometric method which involves conversion of iodide by hypobromous acid to iodine 

at pH = 4.0 which is subsequently titrated with thiosulfate can be used. This method is 

not very useful for measuring low concentrations of hypobromic acid. To samples just 

titrated at pH = 4.0, 0.5 ml concentrated sulfuric acid per 50 m1 solution was added to 

lower the pH to 1.0. Further titration gives the bromate concentration. The following 

reactions take place. 

Another method involves reaction of HOBr with diethylamine (Aldrich) to form 

N-bromodiethylamine which can be analyzed spectrophotometrically at 300 nm (Haag, 

1981). Sodium hypobromite solution with bromide was prepared by adding 99% pure 

bromine (Aldrich) to ice-cooled IN sodium hydroxide solution, with vigorous agitation. 

This solution was standardized by iodometric method according to Standard Methods 

(APHA, 1989). Another method involved the colorimetric determination of free bromine 

using the DPD method (Hach Chemical Company). 

4.6 Pentane Extractable By-Products Determination 

The extraction of bromoform, bromoacetonitries(BANs) and bromoacetones 

(BACs) was accomplished by liquid-liquid extraction with 1:10 (vol:vol) pentane (Baxter 

Health Care). The analysis for pentane extractable - DBPs uses THM-grade pentane. 

After ozonation water samples were collected in glass bottles with Teflon (TFE) - faced 

septa. The sample bottles were filled and sealed in such a way as to ensure that there 
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were no air bubbles trapped in the bottle (i.e., no head space). The retention times of 

standards and extracts were in good agreement while the reproducibility of the GC 

determinations with a 1 m1 injection volume was within ± 5%. The detector response 

was linear for standards dissolved in pentane with DBAN, MBAN and DBAC 

concentrations ranging from 1 to 15 J.1g/L and bromoform concentrations from 10 to 75 

J.1g/L. Extraction efficiencies for dibromoacetonitrile and dibromoacetone in the 1 to 15 

J.1g/L range from Milli-Q water were found to be 75 ± 5% and 71 ± 3% respectively. For 

bromoform in the range of 10 to 75 J.1g/L, the extraction efficiency was 95 ± 2%. These 

compounds were analyzed on a Hewlett Packard 5794 gas chromatograph equipped with 

63Ni- electron capture detector. These compounds were analyzed by GC via the 

following conditions: 

Gas Chromatograph: Hewlett Packard 3980 

Column: 30 m x 0.25 mm i.d. DB-5 or DB-l fused silica (J & W) 

Injection: I J.11 splitless 

InjectorTemperature: 120 - 200 oC 

Temperature Program: 40 °C for 3.0 minutes; then program at 25 °C/minute to 100 °C; 

hold 4.0 minutes 

Detector: 300 C ECD 

4.7 Bromoacetic Acids Measurement 

The extraction of bromoacetic acids required an acidic, salted medium with ether. 

The method requires that the samples be acidified to pH less than 0.5 prior to extraction 

with boron trifluoride-methanol (BF3-MeOH) (Supelco) system or diazomethane so that 

the BAAs are not in the dissociated form. The pka (:.: 0.7) of tribromoacetic acid is so 

low that the compound is generally never recovered. So the analyses were restricted to 
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monobromoacetlc acid and dibromoacetic acid. Prior to GC analysis, the compounds 

were esterified with BF3-MeOWdiazomethane to produce methyl ester fOnDS as these 

nonionized fOnDS are more amenable to GC. Diazomethane was synthesized in ether 

from 1-Methyl-3-Nitro-1-Nittosoguanidine (MNNG) and sodium hydroxide (NaOH) 

using the special kit supplied by Aldrich. Complete procedure for the detennination of 

haloacetic acids is given in Appendix B. 

The temperature program for employed for bromoacetic acids detennination is 

given below: 

Initial temp: 28°C; then programming to 80 °C at 15°C/min; then programming to 110 

0C at 5°C/min; hold for 1.0 min; then programming to 180 at 10 °C/min 

Column: DB-5 

Detector Temperature: 300 °C and Injector Temperature: 120 0 C 

4.8 Total Organic Bromine Measurement 

The total organic bromine (TOBr) was measured using a Dohnnan's DX-20A 

TOX analyzer according to method described in Standards Methods (APHA, 1989). 

Since ozonation produces only brominated organic compounds, modification of the 

coulometric cell was not required. If the water contains both brominated and other 

halogenated compounds, then modification of the cell is required. Such a method is 

based on a coupling of (i) the total halide methodology and (ii) ion chromatographic 

detennination of bromide. Under the normal mode of operation, the pyrolysis step of the 

TOX procedure converts organic halogen to inorganic halide with the resultant halide 

quantified by microcoulometric titration: however, there is no ability to differentiate 

between different halogens. Substitution of ion chromatography in place of 

microcoulometric step would provide a means of measuring TOBr. Chlorobenzene in 
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methyl pentane was used to measure percentage recovery. The standard deviation was in 

the range of 5% for a concentration of 10-100 J.1g/L. 

4.9 GCIMS Analysis for By-Products Identification 

Three different methods were employed for detennination and identification of 

ozonation by-products. 

4.9.1 Solvent Extraction method 

Water was ozonated at the rate of 2 mgIL-min at pH = 6.5 for 15 minutes and a 

bromide concentration of 4 mg/L. A methylene chloride extract from 3 liters of ozonated 

sample was used for injection into a GCIMS. Compounds like bromoform and 

bromoacetone were identified by this method. Other non-brominated organic compounds 

like pentadecane, limonene, dodecane, 3-heptanone and undecane were also identified. 

4.9.1 XAD-4 Resin Method 

This method is suitable for both volatile and non-volatile compounds. Water 

was ozonated in a phosphate buffered solution at pH = 7.0 at the rate of 2 mgIL-min. 

The selected resin and the procedure for the isolation method chosen is summarized in 

Appendix C. Before use, resin was purified by repeated extraction for 24 hr in Methanol, 

Methylene chloride and Methanol in series. Also, after the columns were packed, the 

resin was eluted with 0.1 N NaOH and 0.1 N HCl, then rinsed with Milli - Q water. 

The opemting conditions were: 

Column diameter = 25 mm 
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Resin volume = 150 ml 

Resin amount = 75 g 

Adsorption flow rate = 150 ml/h 

Extraction time = 24 h 

pH of samples before passing thru resin = 2.0 

Compounds from 10 liters were concentrated to about 2 ml and esterified before 

injecting into the GC/MS because bromoacetic acid esters are more amenable to GC 

analysis. 

4.9.3 Purge and Trap Method 

Carbotrap 300 tri-bed thermal desorption tubes from Supelco were used to trap 

volatile organic compounds from ozona ted water. This method is suitable for volatile 

compounds. Organic compounds like benzaldehyde, I-phenylethanone, xylene, hexanal 

and ethylbenzene were identified by this method. Bromoform was also identified. The 

compounds were expelled using ultra pure nitrogen. Adsorbent bed 1 has a surface area 

of 12 m2/gram. This smaller area allows this adsorbent to effectively adsorb and release 

high molecular weight contaminants and allowing the more volatile compounds to 

migrate through the bed where they are adsorbed on the second and third adsorbent beds. 

Adsorbent bed 3 has a large surface area of 800 m2/gram and 15-40 angstrom pores, 

making it very useful for trapping small molecules such as the C2 hydrocarbons. The 

pure carbon framework allows for thermal desorption of these small molecules without 

losses. Compounds identified by different methods using GC/MS are summarized in 

Table 4.1. 

The temperature program used is shown below: 
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Table 4.1: 1m C 

Method 

Solvent Extraction 
Methylene Chloride) 

XAD-4 Extraction 

Carbon Adsorption 
(Carbotrap-300) 

ds Identified bv GC/M 

Compounds Identified 

Bromofonn, Dibromoacetone, Pentadecane, 

Limonene, Dodecane, 3-heptanone, Undecane 

Bromofonn, Dibromoacetone, Dibromoacetic Acid, 

Glyoxal, Genarylacetone, and other compounds 

Bromofonn, Acetaldehyde, Benzaldehyde, Xylene, 

Phenyl Ethanone, Rexanal, Benzene, Ethylbenzene 
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V. RESULTS AND DISCUSSION 

Results of the effect of various parameters on the formation of inorganic by

products, organic by-products and total organic bromine are discussed under separate 

headings. Bulk water samples were taken from four different water sources. Important 

characteristics of different water sources studied during this research are summarized in 

Table 5.1. Ambient bromide levels ranged from 60 to 340 J.Lg!L. Consequently, the 

amount of bromide ion added externally to the samples (up to 1.5 mg!L) made the 

ambient levels less significant. Much of the work discussed below is based on water 

samples spiked with higher bromide levels, enabling a clear understanding of pH and 

temperature effects. Biscayne aquifer water contained ammonia, which can exert a 

bromine demand. Biscayne aquifer water (BA W) and Orange County ground water 

(OCGW) contained an ozone demand in the form of ferrous ion (0.5 mg/L), as well as 

relatively high alkalinities. Waters subjected to ozonation were characterized according 

to bromide (Br-), bromate (Br03-), BOBr/OBr-, dibromoacetone (DBAC), 

dibromoacetonitrile (DBAN), dibromoacetic acid (DBAA) and total organic bromine 

(TOBr). Unless otherwise specified, incubation time for all the results discussed below 

was 24 hours. 

Table 5 1 Characteristics of Different Water Sources .. 
WATER pH DOC ADS IONIC Dr- ALK NH 3- N ORG-N TKN 

Unit - ml!ll (@254 MI u~ mg/I} mglL mg/L mg/L 

SPSW 8.2 3.0 0.081 0.008 340 90 < 0.1 0.2 0.2 

CCSW 8.0 3.4 0.083 0.012 273 85 < 0.1 0.2 0.2 

OCGW 8.5 4.0 0.185 0.006 60 180 0.5 0.2 0.7 

BAW 7.3 7.0 0.261 om 164 230 1.5 1.0 2.5 

1 Estimate based on TDS 2 mg/L as CaC03 
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5.1 Mass Tmnsfer Studies 

In ozone absorption in water, gas phase resistance to mass transfer can be 

considered negligible because ozone is sparingly soluble in water. In the liquid phase, 

the presence of dissolved free ozone in water allows us to assume that the process is in 

the slow reaction regime. Hence the following equation can be used for the study of 

ozone absorption in water. 

where [03]'" = ozone solubility in water (mg/L) 

The accumulation rate can be evaluated from absorption vs time curves. By 

plotting the left side against the dissolved ozone concentration, straight lines are 

obtained. The values of kLa and [03] '" can be deduced from their corresponding slopes 

and intercepts. If the agitation speed is varied, the slope and intercept should be different 

because of change in volumetric mass transfer coefficient and hence in the dissolved 

ozone concentration. 

To evaluate the effect of rpm on ozone absorption in water, experiments were 

conducted at pH = 7.0 and at different rpms. The results obtained are given in Figure 

5.1. Since increasing rpm to more than 500 does not further change kLa by more than 

20% a rpm of 500 was used in all experiments. 

Another important feature of the ozonation process is a knowledge of the kinetic 

regime of absorption. In this case, it is necessary to know the absorption or reaction 

factor defined as the ratio between the actual and eqUilibrium absorption rates 

(Charpentier, 1981). 
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R.F = AAR/EAR 

Where AAR = Actual absorption factor = mi-Illc 

mi = inlet ozone mass flow rate (mg/L-min) 

Illc = outlet ozone mass flow rate (mg/L-min) 

EAR = Equilibrium Absorption rate (mgIL-min) = kLa [03]* 

[031* was calculated after applying Henry's law or from the intercept of the ozone 

rate equation. A Henry's constant deduced by Sotelo et al (1989) was used. 

Reaction factor ftrst increased with the increase of time due to several competitive 

and ozone-consuming reactions taking place during the first few minutes, then the 

reaction factor decreased slowly and did not change much thereafter. The less reactive 

products that probably appear at elevated times can explain this situation because at these 

conditions the kinetic regime will become diffusional and the process will be controlled 

exclusively by mass transfer. At a partial pressure of 1 kpa, gas flow rate of 0.5 l/min 

and agitation speed of 500 rpm, R.F decreased from 1.8 to 1.0 in about 12 minutes. At 

high absorption rates both mi and me were similar because the process is not dependent 

on chemical reaction rates. It was also observed that RF increased with increase in 

temperature and pH for ranges of 15 - 30 °C and 6 - 8, respectively. For the conditions 

mentioned above R.F increased from 2.0 to 3.2 on increasing pH from 6.0 to 8.0 and 

from 2.2 to 3.5 on increasing temperature from 20 to 30 °C fa a reaction time of 15 

minutes. The increase of RF with pH can be due to either the action of OH radicals 

coming from ozone decomposition or to the dissociated form of HOBr which reacts with 

electrophilic agents such as ozone, faster than its non-dissociated form . 
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5.2 Formation of Pentane Extractable By-Products 

Ozonation of waters containing Br and DOC produced three GC peaks using an 

electron capture detector. All these peaks have been identified by GC/MS and using 

authentic standards. The first peak has been identified as that of bromoform, the second 

peak as that of 1,1 dibromoacetone and the third peak as that of dibromoacetonitrile. 

Mass spectra of bromoform and 1,1 dibromoacetone are shown in Appendix D. 

A stability test for bromoform was conducted in the presence of ammonium 

chloride and ascorbic acid. Bromoform was found to be stable for up to 18 days with no 

preservative or ammonium chloride. Bromoform and DBAN concentrations were found 

to decrease rapidly after one day in ascorbic acid. 1,1 dibromoacetone was synthesized in 

the lab from acetone and HOBr and was purified by distillation until no other peak was 

detected by GC except its analog 1,3 dibromoacetone. The total ion chromatogram (TIC) 

obtained after ozonation has many unknown peaks as shown in Appendix D. The 

reconstructed TIC showing bromoform, DBAN and DBAC peaks is shown in Appendix 

D. Mass spectra of these peaks suggested the existence of cyclic or unsaturated oxygen -

containing compounds and indicate that unstable intermediates are present which are 

responsible for the formation of various halogenated compounds. 

5.2.1 Mechanism of formation of PE By-products (CHBr3, DBAC and DBAN) 

It is important to recognize that bromate formation directly evolves from the 

interaction of ozone with Br-. On the other hand, brominated organic compounds 

evolves through a more complex reaction pathway in which the oxidant first transforms 

the DBP precursor into a reactive intermediate (i.e., reactive with HOBr): at higher 

ozone doses, oxidation may proceed beyond this point with oxidative destruction of the 
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reactive intermediate. 

It is well known that the ozonation of isolated unsaturated bonds produces 

aldehydes or ketones, depending upon the carbon substituents. One very significant 

implication of the production of aldehydes during ozonation of drinking water is the 

ability of aldehydes to form bromoform. Experiments conducted with formaldehyde and 

benzaldehyde indicate that bromoform was produced on bromination. These aldehydes 

chosen were those identified by GC/MS after ozonation of water. Figure 5.2 shows the 

formation of different aldehydes after ozonation of Biscayne aquifer water from a 

different place (DOC of 14.5 mg/L) at 10 and 20 mg/L ozone dose. Benzaldehyde, 

hexanal and benzene acetaldehyde were also detected in OCGW in a separate study 

conducted using GC/MS after purge and trap and thermal desorption. The reactions 

involved in the production of aldehydes on ozonation and bromination are shown by 

reactions (1) and (3) in Figure 5.3. Hypobromous acid is produced on ozonation of 

water containing bromide ion. 

Also to demonstrate that amino acids in water sources are responsible for the 

formation of DBAN and also for bromoform, experiments were conducted with pure 

amino acids; results of these experiments clearly show the production of 

dibromoacetonitrile and bromoform. Amino acids comprise about 5% of the dissolved 

organic matter in river and lake waters (Thurman, 1986). Tyrosine, Tryptophan and 

glutamic acid were used to prove this. Tyrosine and tryptophan yield bromoform and 

DBAN immediately after bromination, indicating that bromination can occur at more than 

one site, since bromoform was not observed in the reaction with glutamic acid. This is 

shown in Figure 5.4. Resorcinol-type moieties cannot account for the formation of 

DBAN because we require protein-type precursors. The formation of DHAN by the 

reaction of aqueous bromine with amino acids or other nitrogenous compounds with 

amino acid moieties is proposed. The reaction pathway for amino acids involves initial 
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(i) RCH = CHR' + D3 ... OZONIDE'" RCH=O + R'CH=O + H202 
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V ANHOOF & JANSSENS REACTION (1986) 
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I II 

NH2 NH 
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Figure 5.3: Proposed Reactions for the Fonnation of By-Products 
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rapid formation of bromamines, which can react further to fonn aldehyde and nitrile, 

respectively. A reaction pathway suggested by Friedman and morgulis (1936) is shown 

by reaction (2) in Figure 5.3. The presence of unhalogenated aldehydes and nitriles in 

ozonated natural waters can be attributed in part to the presence of amino acids or 

peptides in natural waters (Coleman, 1976). Humic acids may have amino acids 

associated with them in a free or in a combined form (Trehy, 1989). Ketones like 

geranylacetone, 1-phenylethanone and 2-heptanone were detected which are probably 

responsible for the formation of 1,1 dibromoacetone. Tribromoacetone (TBAC) was not 

detected. TBAC was not found in solution containing DBAC when DBAC was 

synthesized in lab. TBAC was obtained by heating DBAC in a solution containing 

NaOBr and using Hg2CI2fMeOH as catalyst. Hence conditions for the formation of 

TBAC are more rigorous than DBAC; thus, TBAC was not detected in ozonated water. 

TBAN was not detected probably because of its unstable nature. It is also unlikely this 

compound would be present in a water distribution system because of its unstable nature. 

The postulated pathways for the formation of CHBr3, DBAC, and DBAN are 

summarized in Figure 5.5. 

Experiments were conducted to evaluate the effect of pH, ozonation time, 

bromide ion concentration, incubation time, DOC, alkalinity, ionic strength, temperature, 

and addition of ammonia or hydrogen peroxide on the formation of both organic and 

inorganic by-products. Lower levels of by-products were observed in the BA W source, 

a result attributable to the relatively high ambient level of ammonia-nitrogen present 

which leads to in situ formation of some monobromamine. The· highest levels of by

products were generally found in the CCSW source, a result attributable to the relatively 

low levels of alkalinity, ammonia and hence the low ozone demand. For same ozone 

dose, highest ozone residuals were found in SPSW and CCSW. In the case of SPSW, a 

residual of 1.2 mg/L was found for an applied ozone of 9.0 mg/L immediately after the 
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-
ozonation time frame. No ozone residuals were observed after the incubation time. 

The experimental matrix encompassed the following ranges of t::onditions. pH= 

6.0, 7.5*, 8.5; 03/DOC = I, 2, 3*,4,5 mg/mg; Br = 0.5, 0.8, 1.0*, 1.2, 1.5 mg/L; 

and temperature = 20*, 25, 30 oC (* = values used in all experiments). The results are 

summarized below. 

5.2.2 Effect of pH/Ozone Dose 

The concentrations of organic products (bromoform) increased on decreasing the 

pH from 8.5 to 6.0 as shown in Figure 5.6 for CCSW and BA W, a trend attributable to 

a high HOBr/OBr ratio and longer half life of ozone. Higher concentrations of HOBr at 

low pH were observed in our study. Also ozone concentration at the gas-liquid interface 

decreases with an increase in pH. Bromoform increased steadily with ozonation time 

and then started decreasing at higher doses of ozone. Bromoform stripping from the 

reactor was ruled out since bromoform forms only after about two hours of ozonation. 

A stripping experiment performed using bromoform indicated that stripping does not 

remove much bromoform; stripping for 15 minutes removed only 20% of the 

bromoform. At high pH this can be attributed to the shift in bromate formation and a low 

HOBr/OBr- ratio. However at low pH this cannot be attributed to bromate formation 

since HOBr is more stable at low pH. One probable reason is that HOBr is being 

converted back to bromide and DOC active sites are being destroyed by exhaustive 

ozonation. Ozone can oxidize some chemical bonds which otherwise would be 

brominated. Ozonation for limited time may yield higher quantities of lower molecular 

weight fragments which are reactive towards bromine. One more important reason is 

the formation of aldehydes in relatively higher concentrations at lower doses of ozone. 

Aldehydes have been shown to be the precursors for bromoform. Glaze (1990) has 
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-
shown that aldehyde concentrations increased at lower doses of ozone and then started 

diminishing at higher doses of ozone. [HOBr]t concentration was also found to follow 

the same trend as bromofonn; first increasing then decreasing. Tables 5.2, 5.3, and 5.4 

summarize the fonnation of bromofonn and other brominated compounds for different 

water sources at various experimental conditions. Ozone threshold concentrations for the 

fonnation of bromoform at pH levels of 7.5 and 8.5 (Br- = 1.0 mg/L) were detennined 

to be 2.0 and 3.0 mg/L, respectively, for SPSW as shown in Figures 5.7 and 5.8. 

It is interesting to note that DBAN was always less than DBAC for all source 

waters with the exception of SPSW. DBAC in BA W was the highest and DBAN in 

SPSW was the highest. These varying trends were attributable to different water 

quality/precursor characteristics of these waters. The background nitrogen content of 

different water sources did not correlate with the amounts of DBAN fonned. Typical 

results of DBAC and DB AN are shown in Figure 5.9 tor different water sources. 

To summarize we have: 

[BA W]ORG-N > [OCGW]ORG-N > [CCSW]ORG-N ~ [SPSW]ORG-N 

[DBAN]spsw > [DBAN1ccsw > [DBAN]BAw > [DBAN]ocGW 

[DBAC]BAW > [DBAC1ccsw > [DBAC]ocGW > [DBAClspsw 

5.2.3 Effect of Bromide Concentration 

Increased amounts of bromofonn were observed at higher levels of bromide as 

shown in Figure 5.10 for initial bromide concentration ranging from 0.5 to 1.5 mg/L for 

CCSW and BA W. Bromofonn fonnation was not observed in waters containing low 

bromide levels (0.25 mg/L). The long half life of ozone at low pH indicates that ozone 

consumption by the Br/OBr- couple will be important in fresh water only at high Br 

concentrations. Under such conditions, the interaction with Br/OBr will be detrimental 
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TABLE 5.2. FORMATION OF ORGANIC BY PRODUCTS AT H 60 - pJ = 

WATER IDr) pO 03IDOC TEMP CUBr3 :1:(7 

UNrI' mg/L -- mg/mg OC J.1g/L 

CCSW 1.0 6 1 20 10 ± 2 

CCSW 1.0 6 2 20 25 ± 2 

CCSW 1.0 6 3 20 38 ± 3. 

CCSW 1.0 6 4 20 48 ± 3 

CCSW 1.0 6 5 20 45 ± 1 

SPSW 1.0 6 1 20 8±2 

SPSW 1.0 6 2 20 24 ± 4 

SPSW 1.0 6 3 20 32 ± 3· 

SPSW 1.0 6 4 20 43 ± 1 

SPSW 1.0 6 S 20 40 ± 2 

OCGW 1.0 6 1 20 S±3 

OCGW 1.0 6 2 20 22 ± 1 

OCGW 1.0 6 3 20 30 ± 2 

OCGW 1.0 6 4 20 35 ± 3 

OCGW 1.0 6 5 20 33 ± 2 

BAW 1.0 6 1 20 3±2 

BAW 1.0 6 2 20 16 ± 1 

BAW 1.0 6 3 20 24 ± 2 

BAW 1.0 6 4 20 31 ± 2 

BAW 1.0 6 5 20 30 ± 3 
s value IS based on dupltcate analysIS 
s values marked with • are based on triplicate analysis 
Ozone application rate @ 1.0 mg/L-min 
Incubation time = 24 hrs 

DDAC :1:(7 DDAN :1:" 

J.1g/L J.1g/L 

0.8 ± 0.5 0.6 ± 0.2 

2.1 ± 0.3 1.5 ± 0.6 

3.0 ± 1.1. 2.3 ± 1.1. 

3.8 ± 1.4 3.0 ± 0.6 

3.6 ± 0.1 2.8 ± 1.2 

NO 0.8 ± 0.3 

0.3 ± 0.3 2.4 ± 0.2 

0.5 ± 0.2· 3.4 ± 0.5· 

0.7 + 0.7 4.4 ± 1.7 

0.6 ± 0.5 4.0 ± 0.4 

0.3 ± 0.7 NO 

1.4 ± 0.8 0.6 ± 0.4 

1.8 ± 1.1 0.9 ± 0.5 

2.3 ± 1.6 1.3± 0.9 

2.1 ± 1.1 1.2 ± 1.0 

0.8 ± 0.5 0.2 ± 0.2 

3.3 ± 0.2 0.8 ± 0.4 

4.1 ± 0.6 1.9 ± 0.5 

7.3 ± 0.3 2.2 ± 0.2 

6.5 ± 0.4 1.7 ± 0.4 
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DBAA:I: " TODr :1:(7 

J.1g/L J.1g/L 

2.0 ± 0.8 32 ± 3 

5.1 ± 0.2 58 ± 4 

7.1 ± 0.5· 76 ± S· 

9.5 ± 2.1 100 ± 4 

8.4 ± 1.6 103 ± 6 

1.6 ± 0.2 30 ± 2 

4.7 ± 0.6 54 ± 2 

6.2 ± 0.7· 74 ± 4· 

8.4 ± 0.3 94 ± 3 

7.6 ± 0.2 98 ± 6 

0.6 ± 0.3 25 ± 4 

2.3 ± 0.6 48 ± 2 

3.6 ± 2.1 61 ± 9 

4.2 ± 0.8 76 ± 4 

3.8 ± 1.2 80 ± 3 

0.4 ± 0.2 20 ± 7 

2.2 ± 1.0 42 ± 3 

3.1 ± 0.3 56 ± 6 

4.0 ± 0.6 68 ± 1 

3.4 ± 0.5 70 ± 6 
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TABLE 5 MA ON OF ORGANIC BY PRODUcrS AT H 7 5 .3. FOR TI - PI = 
WATER (Dr] pH °3/DOC TEMP CHDr3 DDAC DDAN DDAA TODr 

UNIT mg/L --- mg/mg oc I1g/L 11g/L 11g/L I1g/L 11g/L 

CCSW 1.0 7.5 1 20 6 0.4 0 0.4 26 

CCSW 1.0 7.5 2 20 19 1.2 0.9 3.6 44 

CCSW 1.0 7.5 3 20 31 2.0 1.4 5.3 67 

CCSW 1.0 7.5 4 20 38 2.8 2.1 7.0 77 

CCSW 1.0 7.5 5 20 36 2.6 2.0 6.7 82 

SPSW 1.0 7.5 1 20 4 NO 0.5 0.5 24 

SPSW 1.0 7.5 2 20 17 NO 1.7 3.2 40 

SPSW 1.0 7.5 3 20 27 0.4 2.6 4.7 64 

SPSW 1.0 7.5 4 20 34 0.5 3.6 6.6 74 

SPSW 1.0 7.5 5 20 32 0.4 4.2 6.3 79 

oct:JW 1.0 7.5 1 20 4 NO NO 0.4 18 

oct:JW 1.0 7.5 2 20 18 0.7 0.3 2.0 36 

OCXJW 1.0 7.5 3 20 23 1.2 0.7 3.1 54 

oct:JW 1.0 7.5 4 20 31 1.6 0.6 3.3 69 

oct:JW 1.0 7.5 5 20 29 1.4 1.0 3.5 70 

RAW 1.0 7.5 1 20 3 0.4 NO 0.4 15 

RAW 1.0 7.5 2 20 13 2.6 0.6 1.7 35 

RAW 1.0 7.5 3 20 18 3.5 1 2.2 51 

RAW 1.0 7.5 4 20 28 4.1 1.6 3.4 60 

RAW 1.0 7.5 5 20 26 3.6 1.4 3.3 68 
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TABLE 5.4. FORMATION OF ORGANIC BY-PRODUCTS AT pH = 8.5 
WATER [Dr) pH °3IDOC TEMP CHDr3 DDAC DDAN DDAA TODr 

UNlT mg/L --- mg/mg oc ~g/L ~g/L ~g/L ~g/L ~g/L 

CCSW 1.0 8.5 1 20 NO NO NO NO 18 

CCSW 1.0 8.5 2 20 6 0.6 0.4 NO 32 

CCSW 1.0 8.5 3 20 18 1.2 1.0 3.0 55 

CCSW 1.0 8.5 4 20 28 2.0 1.4 4.1 75 

CCSW 1.0 8.5 5 20 30 2.0 1.4 5.3 76 

SPSW 1.0 8.5 1 20 NO NO NO NO 16 

SPSW 1.0 8.5 2 20 4 NO 0.8 0.5 20 

SPSW 1.0 8.5 3 20 14 NO 1.5 2.5 31 

SPSW 1.0 8.5 4 20 25 0.4 2.6 4.4 57 

SPSW 1.0 8.5 5 20 22 0.4 2.5 4.2 62 

CYJ1W 1.0 8.5 1 20 NO NO NO NO 12 

CYJ1W 1.0 8.5 2 20 5 NO NO NO 23 

CYJ1W 1.0 8.5 3 20 19 0.6 0.3 2.2 44 

CYJ1W 1.0 8.5 4 20 22 0.8 0.4 2.6 60 

CYJ1W 1.0 8.5 5 20 18 1.1 0.3 2.4 61 

DAW 1.0 8.5 1 20 NO NO NO NO 11 

DAW 1.0 8.5 2 20 4 0.8 NO NO 21 

DAW 1.0 8.5 3 20 13 1.8 0.5 1.3 38 

DAW 1.0 8.5 4 20 20 2.6 1.3 2.6 52 

DAW 1.0 8.5 5 20 22 2.8 1.6 2.7 58 
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to the oxidation of organic matter since it is simply a catalytic destruction of ozone. 

Much of the research discussed in this research is based on water samples spiked with 

bromide levels, enabling a clear wlderstanding of pH and temperature effects. However, 

the question arises: can a "threshold~ level of bromide be identified which constitutes 

the level above which bromide-oxidant interactions in water treatment are manifested in 

DBPs? This issue is addressed by the data shown in Figure 5.11: for the OCGW 

source, it appears that the bromide "threshold" level for this source is approximately 0.25 

mg/L for 03/DOC = 3.0 for the formation of bromoform. Table 5.5 summarizes the 

effect of bromide concentration on the formation of ozonation by-products. 

5.2.4 Effect of Incubation (Reaction) Time 

Formation of bromoform during 24 hrs after ozonation was studied. Almost all 

of the bromoform forms within 5 hours after ozonation. This indicates that reaction of 

DOC with HOCI is slower than reaction with HOBr. These observations support the 

theory that the bromine atom is more conducive to halogenation of THM precursors and 

is a faster substitution agent than the chlorine atom (Cooper, 1983 and Oliver, 1983). 

5.2.5 Effect of DOC 

The formation of bromoform in waters containing varying DOC levels was 

measured (synthetic water prepared from Aldrich humic acid) over a range of 2.0 to 9.0 

mg/L, with a bromide concentration of 1 mg/L, and a pH = 7.5. Bromoform increased 

with increasing DOC from 2 to 4 mglL and then started decreasing from 5.0 to 9.0 as 

shown in Figure 5.12 and Table 5.6. This is d'ue to an increase in ozone demand and 

insufficient ozone for the formation of HOBr and hence bromoform. At high O3lDQC 
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TABLE 5 5 EFFECT OF BROMIDE ON FORMATION OF BY-PRODUCTS .. 
WATER [Dr] pH 03/DOC TEMP CHDr3 DDAC DDAN DDAA Dr03" TODr 

UNIT mg/L --- mg/mg oc 1J.g/L 1J.g/L 1J.g/L 1J.g/L 1J.g/L 1J.g/L 

CCSW 0.5 7.5 3 20 8 0.4 NO NO 9 18 

CCSW 0.8 7.5 3 20 22 1.4 0.9 3.7 22 47 

CCSW 1.0 7.5 3 20 31 2.0 1.4 5.3 43 67 

CCSW 1.2 7.5 3 20 41 2.6 1.9 7.0 61 85 

CCSW 1.5 7.5 3 20 53 3.4 2.4 9.0 88 125 

SPSW 0.5 7.5 3 20 6 NO 0.5 1.0 5 13 

SPSW 0.8 7.5 3 20 18 NO 1.7 3.0 16 37 

SPSW 1.0 7.5 3 20 27 0.4 2.6 4.7 35 64 

SPSW 1.2 7.5 3 20 36 0.5 3.5 6.2 52 78 

SPSW 1.5 7.5 3 20 49 0.6 4.5 8.5 68 121 

octJW 0.5 7.5 3 20 5 NO NO 0.5 5 12 

octJW 0.8 7.5 3 20 15 0.5 NO 2.0 12 35 

octJW 1.0 7.5 3 20 23 1.2 0.7 3.1 26 54 

octJW 1.2 7.5 3 20 30 1.5 0.9 4.0 34 70 

octJW 1.5 7.5 3 20 40 2.1 1.3 5.5 46 98 

RAW 0.5 7.5 3 20 4 0.5 NO NO NO 12 

RAW 0.8 7.5 3 20 10 1.8 0.5 1.2 8 28 

RAW 1.0 7.5 3 20 18 3.5 1.0 2.2 15 50 

RAW 1.2 7.5 3 20 25 4.8 1.4 3.0 21 70 

RAW 1.5 7.5 3 20 38 7.2 2.0 4.5 32 105 
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TABLE 5 6 EFFECT OF DOC IONIC STRENGTH AND ALKALINITY AT H 75 .. .pJ = 
WATER [Drl TEMP 03 

UNIT mg/L oC mg/L 

HA 1.0 20 10 

HA 1.0 20 10 

HA 1.0 20 10 

HA 1.0 20 10 

l-~ 1.0 20 10 

l-~ 1.0 20 10 

HA 1.0 20 10 

HA 1.0 20 10 

HA 1.0 20 10 

HA 1.0 20 10 

HA 1.0 20 10 

HA 1.0 20 10 

HA 1.0 20 10 

l~ 1.0 20 10 

HA 1.0 20 10 

Ionic Strength adjusted with CI04" 
Ozone dose is the applied ozone dose 
HA = Humic Acid solution 

IONIC 

M 

0.012 

0.012 

0.012 

0.012 

0.012 

0.006 

0.012 

0.025 

0.052 

0.075 

0.012 

0.012 

0.012 

0.012 

0.012 

ALKAL DOC CHDr3 Dr03" TODr 

mg/L mg/L 1J.g/L 1J.g/L 1J.g/L 

100 2.0 22 44 68 

100 3.0 30 42 70 

100 4.0 34 38 50 

100 7.0 14 25 36 

100 9.0 8 7 22 

100 3.0 32 43 61.1 

100 3.0 30 39 66 

100 3.0 30 40 67 

100 3.0 28 38 64 

100 3.0 26 36 59 

50 3.0 38 46 76 

75 3.0 35 42 70 

100 3.0 30 39 66 

130 3.0 25 34 59 

160 3.0 20 30 54 
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-
ratios, little bromoform is formed because direct reactions of ozone with humic acid 

compete with HOBr formation. At intermediate OyoOC ratios and after the initial ozone 

demand is met, bromoform concentration increased; finally at low 03/DOC ratios 

bromoform concentration started decreasing because of an increase in ozone demand. 

This is analogous to what we have seen in the production of bromoform where DOC was 

kept constant but here ozone dose is kept constant. CCSW and SPSW have DOC levels 

of 3.4 and 3.0 mg/L and have approximately the same alkalinity and ionic strength; 

because of this reason CCSW produced more bromoform than SPSW. Formation of 

DBAC and DBAN varied. CCSW produced almost same amounts of DBAC and DBAN 

but SPSW produced more DBAN and a very low amount of DBAC. BA W produced 

less bromoform than the rest of the waters but produced the highest amount of DBAC. 

5.2.6 Effect of Alkalinity 

The formation of bromoform in water prepared from Aldrich humic acid with 

alkalinity ranging from 50 to 160 mglL as CaC03 was evaluated at pH=7.5 and a 

temperature of 20 oC. Bromoform decreased on increasing alkalinity (Figure 5.13 and 

Table 5.6). Bromoform decreased from 46 to 30 /lgIL. This is due to the scavenging 

effect of carbonate and bicarbonate ions. Bicarbonate ions react with OH' radicals which 

are formed by the decomposition of ozone and act as scavengers, and also react with 

molecular ozone (Farhataziz. 1977). 

OH· + HC03- =====> OH- + HC03' 
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For the same OJIDOC ratio BA W produced the least amount of by-products and 

CCSW produced the highest amount of by-products. This is because of the high and low 

alkalinities in BA Wand CCSW, as shown below. 

[BA WlALK > [OCGWlALK > [SPSWlALK > [CCSWlALK 

5.2.7 Effect of Ionic Strength 

Ionic strength had no significant effect on the formation of bromoform. 

Bromoform concentration decreased from 43 to 36 Ilg/L on increasing ionic strength 

from 0.006 to 0.075 M (Table 5.6). CI04- was used to adjust ionic strength and no 

change in concentration of Cl- was detected after ozonation indicating that ozone is not 

being used to convert CI04- to Cl-. CI04- was used because of its inertness towards 

ozone (rate constant < 10-5 M -1 s-l). The influence of ionic strength on ozone absorption 

was studied. It was found that the effect is more significant when there are carbonate and 

phosphates ions; and in the presence of sulfate and perchlorate ion the effect was 

insignificant. Carbonate and phosphate ions do not consume ozone but react with 

hydroxyl radicals but sulfate and perchlorate ions do not seem to react with both ozone 

and hydroxyl radicals (Hoigne, 1985). 

5.2.8 Effect of Temperature 

Temperature effects are manifested in two different ways: (i) the water 

temperature at which ozonation is conducted versus (ii) the subsequent incubation 
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temperature. Incubation temperature effects over a range of 20 to 30 °C are shown in 

Figure 5.14 for ozonation experiments conducted at 20 °C for CCSW. Bromoform 

generally increased on increasing incubation temperature. Beyond incubation 

temperature (Le., DBP formation reaction time), the temperature under which ozonation 

was accomplished is also of interest. Ozonation temperature effects, over the range of 

20 to 30 oC, are portrayed in Figure 5.15 (20 °C incubation temperature). While 

enhanced precursor oxidation is observed at higher temperatures as seen by UV 

absorbance in Figure 5.16, the partial oxidation by-products vary in their reactivity in 

forming brominated organic by-products upon incubation. This is because naturally 

occurring organic materials vary widely in different source waters and do not react 

similarly upon oxidation by ozone. In general, an increase in incubation temperature 

from 20 to 30 °C resulted in about a 30% increase in bromoform versus a 20% increase 

for a comparable ozonation temperature. In the case of CCSW, DBAC decreased upon 

an increase in incubation temperature whereas DBAN followed the opposite trend. In 

the case of SPSW only DBAN was observed and decreased on increase in incubation 

temperature and whereas in the case of both OCGW and BA W, both DBAC and DB AN 

decreased with an increase in incubation temperature. On increasing ozonation 

temperature from 20 to 30 °C, increases in bromoform, DBAC, and DBAN were 

observed. These results are contrary to what we expected. An increase in temperature 

on one hand yields an increase of the chemical reaction rate and on the other hand a 

decrease of the Henry coefficient of ozone defined as H=[03*]/PQ3 and hence of the 

ozone concentration at the gas-liquid interface. Tables 5.7, and 5.8 summarizes the effect 

of incubation temperature and ozonation temperature on the formation of bromoform, 

TOBr and other by-products at pH=7.5 and a bromide concentration of 1.0 mg/L. 
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TABLES.7. E FFE CTOF INCUBA 0 TEMP ATUREAT TIN ER 7S pH= . 

WATER [Dr] TEMP OyoOC CHDr3 DDAC DBAN DBAA TODr Dr03' 

UNIT mg/L oc mg/mg 11g/L 11g/L I1g/L 11g/L 11g/L I1g/L 

CCSW 1.0 20 3 31 2.0 1.4 5.3 67 52 

CCSW 1.0 25 3 35 0.8 1.5 5.9 81 57 

CCSW 1.0 30 3 42 0.4 1.7 6.7 92 64 

SPSW 1.0 20 3 27 0.4 2.6 4.7 64 48 

SPSW 1.0 25 3 31 NO 2.0 4.4 74 47 

SPSW 1.0 30 3 39 NO 1.2 5.2 82 54 

CXXJW 1.0 20 3 23 1.2 0.7 3.1 54 23 

oa:;W 1.0 25 3 27 0.7 0.4 3.5 65 25 

oa:;W 1.0 30 3 31 0.4 0.2 4.4 76 29 

BAW 1.0 20 3 18 3.5 1.0 2.2 51 15 

BAW 1.0 25 3 20 3.7 1.2 2.5 62 14 

BAW 1.0 30 3 24 3.2 0.5 3.2 68 18 



.. _.-- ..... __ ... _ ... - ............ _ ... " ... .-..... .LA. 
_ ..... _ ... ... .a. ......... - •• _ _ _.. - ........ ••• ~_ 

WATER TEMpo ABS ± CJ CHBr3±CJ DBAC ± CJ DBAN ± CJ 

UNIT oC @254nm Ilg/L Ilg/L Ilg/L 

a:sw 20 0.049 ± 0.002 31 ± 3 2.0 ± 0.6 1.4 ± 0.7 

a:sw 25 0.044 ± 0.004 36 ±4 2.7 ± 1.0 1.8 ± 0.4 

a:sw 30 0.038 ± 0.005 34 ± 2 2.3 ± 0.6 1.6 ± 0.5 

SPSW 20 0.041 ± 0.002 27 ±3 0.4 ± 0.4 2.6 ± 1.2 

SPSW 25 0.036 ± 0.002 31 ± 2 0.8 ± 0.2 3.4 ± 0.6 

SPSW 30 0.031 ± 0.001 34 ± 1 0.5 ± 0.4 3.6 ± 0.8 

cx:JJW 20 0.105 + 0.003 23 ± 3 1.2 ± 0.2 0.8 ± 0.5 

cx:JJW 25 0.081 ± 0.004 29 ± 1 1.4 ± 0.3 1.4 ± 1.1 

cx:JJW 30 0.069 ± 0.001 32± 3 1.7 ± 0.6 1.8 ± 0.4 

BAW 20 0.132 ± 0.004 18 ± 2 3.5 ± 0.3 1.0 ± 0.1 

RAW 25 0.121 ± 0.002 20± 2 4.1 ± 0.5 1.4 ± 0.4 

RAW 30 0.096 ± 0.012 24±2 4.3 ± 0.4 1.2 ± 0.3 

CJ values are based on duplicate analysis 
* This is the temperature at which actual ozonation was carried oat 
Incubation temperature = 20 C for 24 hrs 
Ozone = 3[DOC] 

DBAA ± CJ TOBr ± CJ 

Ilg/L Ilg/L 

5.3 ± 0.6 67 ± 12 

5.7 ± 0.9 86 ± 5 

5.0 ± 0.2 80 ± 10 

4.7 ± 0.6 64±4 

5.2 ± 1.1 72±3 

6.1 ± 0.8 78 ± 6 

3.1 ± 1.7 54±4 

3.4 ± 2.1 63 ±3 

4.2 ± 0.5 75 ±5 

2.2 ± 0.2 51 ± 3 

3.8 ± 0.5 59 ±5 

3.0 ± 0.2 67 ± 2 

Br03"±CJ 

Ilg/L 

52± 6 

62±8 

76±4 

48 ±3 

59 ± 8 

64 ±4 

26 ±4 

34±6 

43 ± 6 

15 ±4 

28 ± 6 

35 ±4 

~ 
~ 



5.2.8 Effect of Adding Hydrogen Peroxide 

Addition of peroxide decreased the fonnation of bromoform and other 

brominated compounds by about 55% (see Figure 5.17) because hydrogen peroxide 

consumes HOBr and causes its depletion according to the following reaction (Taube, 

1940) which has a rate constant of k = 2 x 1()4 M-l sol. 

Hydrogen peroxide reacts with ozone producing hydroxyl radicals creating 

ozone demand as follows: 

Even though the rate constant for this reaction is only < 10-2 M-ls-I, the 

consumption of ozone by OH· is high. The rate constant of ozone with OH' and other 

species like H02' and 02- is >109 M-ts-t (Hoigne. 1985). Hydrogen peroxide reacts 

only in its deprotonated fonn (H02-): 

Whereby 03- in turn decomposes to OH' and 02 after protonation (Hoigne, 

1985).The high reaction-rate constant for H02- of 106 is the reason that peroxide does 

not accumulate in ozonized waters whenever the pH is above 7 (Staehelin, 1982). At 

such pH values peroxide can become an important initiator for the free-radical chain

reaction which leads to decomposition of aqueous ozone. The reaction of H02- with 
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ozone is faster than that of OH- with ozone whenever peroxide concentration is greater 

than 34 x 10-4 mg/L (Hoigne, 1985). This was the case in our experiments (2.5 to 7.0 

mg/L). 

Peroxone is a good treatment to reduce brominated organic compounds at the 

cost of an increase in bromate. Table 5.9 gives values of various by-products against 

various values of hydrogen peroxide and and ammonia- nitrogen for waters CCSW, 

SPSW, and OCGW. 

5.2.9 Effect of Ammonia Addition 

Less organic by-products were produced when ammonia was added (Figure 

5.17 and Table 5.9). Bromoform concentration decreased by about 30% on adding 

NH3/[03]=O.25 mg/mg (This ratio corresponds to the stoichiometric conversion of Br 

to HOBr and the stoichiometric conversion of HOBr to NH2Br). This is because HOBr 

formed after reaction of ozone with bromide reacts with ammonia much faster than the 

reaction of ozone with bromide and causes a depletion of HOBr which is responsible for 

the formation of various organic by-products. Wajon (1980) found that the rate constant 

for the following reaction at 20 °C is 7.5 x 107 M-l sol: 

Further combination of NH2Br to NHBr2 and NBr3 is possible. Hence addition 

of ammonia can be used to control the formation of brominated organic by-products. 

Combined bromine reacts with ozone to fonll, nitrate and bromide (Hoigne, 1985). 

Again, Br- becomes reoxidized to regenerate HOBr/OBr, which in tum, reacts with 

excess ammonia to regenerate bromamines (Haaq, 1984). The rate of ammonia oxidation 
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TABLE 5.9. EFfECT OF PEROXIDE AND AMMONIA at pH = 7.5 & [Br] = 1.0 mg/L 

WATER 03/DOC H202/03 NH3/03 CHDr3 DDAC DDAN DDAA Dr03' TODr 

UNIT mg/mg mg/mg mg/mg ~g/L ~g/L ~g/L ~g/L ~g/L ~g/L 

CCSW 3 0.0 0.0 31 2.0 1.4 5.3 52 67 

CCSW 3 0.35 0.0 12 0.8 0.5 3.8 68 48 
... 

CCSW 3 0.0 0.25 20 1.4 1.0 4.0 35 55 

CCSW 3 0.0 0.25- 19 1.4 0.9 4.2 30 53 

SPSW 3 0.0 0.0 27 0.4 2.6 4.7 48 64 

SPSW 3 0.35 0.0 11 NO 1.6 2.2 62 50 
... 

SPSW 3 0.0 0.25 18 NO 2.0 3.1 32 56 

SPSW 3 0.0 0.25- 16 NO 2.0 2.8 31 58 

(J(XjW 3 0.0 0.0 23 1.2 0.7 3.1 26 54 

(J(XjW 3 0.35 0.0 8 0.5 NO 1.2 38 35 

(J(XjW 3 0.0 
... 

0.25 15 1.6 0.5 2.0 20 44 

(J(XjW 3 0.0 0.25- 14 1.5 0.5 2.0 18 40 

@ Ammoma added before OlonatlOn 
... Ammonia added immediatly after ozonation 



by ozone will thus be catalytically increased in waters containing high (> 60 mg/L) 

concentrations of bromide. This is not the case in municipal waters but could be of 

importance for saline cooling waters. Addition of ammonia did not increase DBAN as 

expected. This is because, as discussed earlier, NH2Br converts organic acetaldehydes to 

organic acetonitriles and HOBr is needed to convert these acetonitriles to DBAN. DBAC 

concentration increased on addition of ammonia in the case of OCGW. 

5.3 Formation of Inorganic By-Products 

The results that considerable amounts of bromate are formed in solutions 

containing hypobromite contradicts the suggestions of Goldman et a1. (1979) that 

bromate is not a product. Their conclusions were based on results that no bromate could 

be found by either Carpenter & Macaladay (1976) when chlorinated seawater was kept in 

the dark. However, both these groups were using chlorine doses less than the initial 

equivalent Br- concentration, meaning only hypobromite was present rather than 

hypohalites as was the case in Goldman's work. Goldman failed to recognize the 

difference between the two types of chemical systems, which invalidates the application 

of Carpenter. The formation of small amounts of bromate in the pure hypobromite 

system is not in conflict with these workers results since a much longer reaction time and 

higher concentration was used. Haag (1984) has clearly demonstrated the production of 

bromate. The effect of various parameters on the formation of bromate are discussed 

below. Ozone converts bromide ion to hypobromite ion and which upon further 

oxidation is converted to bromate as follows. 

Br - =====> BrO- =====> Br03-
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5.3.1 Effect of pH 

Bromate concentration increased on increasing pH from 6.0 to 8.5. This is 

because of a high BrO-IHOBr ratio and the shift from molecular to hydroxyl radical 

attack. Hydroxyl radicals are more powerful oxidants than ozone (Hoigne, 1982). 

Bromate formation for CCSW and BAW water sources at pH = 6.0, 7.5 and 8.5 is 

shown in Figure 5.18. CCSW produced more bromate than the rest of water sources, 

possibly due to its low ozone demand. BA Wand OCGW contained organic color, 

suggesting that some ozone was utilized to break associated double bonds. In natural 

waters the reaction of ozone with bromide ion is dependent on the concentration of 

bromide ion, pH, as well as the concentrations and nature of other constituents such as 

organic materials and transition metals. Aside from the direct reactions of ozone with 

these organic materials, their primary effect would be to act as scavengers for oxygen or 

free radical species. The probable net result of this would be a change in the 

decomposition rate of ozone and an incorporation of bromine into the organic fraction. 

These results might be compounded in drinking water supplies by the occurrence of 

mg/L levels of transition metals such as iron and manganese, which at even at acid pHs 

catalyze large increases in the decomposition rate of ozone (Pichet, 1975). Figure 5.19 

shows inverse relationship between the formation of bromoform and bromate at different 

pH levels. BA W water contained 0.5 mg/L of ferrous iron and 230 mg/L alkalinity and 

perhaps because of these factors bromate levels are lower than the rest of waters tested. 

Residual bromide concentration decreased on increasing pH from 6.0 to 8.5. 

More [HOBr]t was observed at pH 6.0 because of the greater stability of hypobromous 

acid at low pH. These trends are shown in Tables 5.10, 5.11 and 5.12. 
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TABLE 510 FO MATION 0 INO GANIC Y PRO •• R F R B - DUCTS AT pH = 6.0 

WATER [Dr) pH 03/DOC TEMP [Dr)r± a 

UNIT mg/L --- mg/mg oC J.l.g/L 

CCSW 1.0 6.0 1 20 922 ± 06 

CCSW 1.0 6.0 2 20 846 ± 08 

CCSW 1.0 6.0 3 20 810 ± 11* 

CCSW 1.0 6.0 4 20 736 ± 07 

CCSW 1.0 6.0 5 20 682 ± 15 

SPSW 1.0 6.0 1 20 915 ± 03 

SPSW 1.0 6.0 2 20 867 ± 14 

SPSW 1.0 6.0 3 20 815 ± 18* 

SPSW 1.0 6.0 4 20 696 ± 05 

SPSW 1.0 6.0 5 20 674 ± 13 

0C!1W 1.0 6.0 1 20 937 ± 11 

0C!1W 1.0 6.0 2 20 883 ± 09 

0C!1W 1.0 6.0 3 20 759 ± 8* 

0C!1W 1.0 6.0 4 20 701 ± 07 

0C!1W 1.0 6.0 5 20 650 ± 15 

HAW 1.0 6.0 1 20 889 ± 10 

HAW 1.0 6.0 2 20 857 ± 04 

HAW 1.0 6.0 3 20 816 ± 11 

HAW 1.0 6.0 4 20 767 ± 09 

HAW 1.0 6.0 5 20 748 + 13 

a values are based on duplicate analysis 
a values marked with * are based on triplicate analysis 
HOBrt was measured by DPD method using HACH kit 

Dr03"± a [HODr)t± a 

J.l.g/L J.l.g/L 

NO SO ± 0 

11 ± 3 70 ± 10 

22 ± 2* 90 ± 20* 

34 ± 3 60 ± 0 

41 ± 5 SO ± 10 

NO SO ± 10 

10 ± 2 60 ± 10 

18 ± 3* 80 ± 10* 

26 ± 5 60 ± 20 

31 ± 4 30 ± 0 

NO 30 ± 10 

NO SO ± 0 

14 ± 2* 70 ± 20* 

19 ± 3 60 ± 10 

26 ± 4 SO ± 20 

NO NO 

NO 30 ± 10 

08 ± 1 50 ± 10 

12 ± 2 40 ± 20 

18 ± 4 40 ± 0 
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s TABLE S.I1. FORMATION OF INORGANIC BY-PRODUCT AT nH = 7.S 

WATER [Dr] pH °3/DOC TEMP [Dr]r Dr03' [HODr], 

UNIT mg/L --- mg/mg C ~g/L J.1g/L ~g/L 

CCSW 1.0 7.5 1 20 916 5 30 

CCSW 1.0 7.5 2 20 846 20 50 

CCSW 1.0 7.5 3 20 776 43 70* 

CCSW 1.0 7.5 4 20 726 60 60 

CCSW 1.0 7.5 5 20 695 75 40 

SPSW 1.0 7.5 1 20 909 NO 30 

SPSW 1.0 7.5 2 20 858 18 40 

SPSW 1.0 7.5 3 20 780 37 60* 

SPSW 1.0 7.5 4 20 698 52 70 

SPSW 1.0 7.5 5 20 680 68 40 

OCGW 1.0 7.5 1 20 946 NO NO 

OCGW 1.0 7.5 2 20 877 7 40 

OCGW 1.0 7.5 3 20 836 26 60* 

OCGW 1.0 7.5 4 20 779 32 50 

OCGW 1.0 7.5 5 20 745 42 30 

BAW 1.0 7.5 1 20 947 NO NO 

BAW 1.0 7.5 2 20 876 NO 30 

BAW 1.0 7.5 3 20 801 15 30 

BAW 1.0 7.5 4 20 783 22 50 

BAW 1.0 7.5 5 20 739 32 30 
*[HOBrJto = 170, ISO, 130 J.1g/L 
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TABLE 5 12 FORMATION OF INORGANIC BY PRODUCTS AT H 85 . Pi = . 
WATER [Dr! pH 03/DOC TEMP [Dr!r DrOl· [HODrll 

UNIT mg/L --- mg/mg oc ~g/L IlglL ~g/L 

CCSW 1.0 8.5 1 20 918 16 NO 

CCSW 1.0 8.5 2 20 834 36 30 

CCSW 1.0 8.5 3 20 743 58 50 

CCSW 1.0 8.5 4 20 690 79 30 

CCSW 1.0 8.5 5 20 640 100 NO 

SPSW 1.0 8.5 1 20 916 14 20 

SPSW 1.0 8.5 2 20 889 34 30 

SPSW 1.0 8.5 3 20 784 50 40 

SPSW 1.0 8.5 4 20 712 58 30 

SPSW 1.0 8.5 5 20 665 76 30 

OCIJW 1.0 8.5 1 20 924 NO NO 

OCIJW 1.0 8.5 2 20 856 17 20 

OCIJW 1.0 8.5 3 20 765 30 30 

OCIJW 1.0 8.5 4 20 694 45 40 

OCIJW 1.0 8.5 5 20 664 56 30 

BAW 1.0 8.5 1 20 911 NO NO 

BAW 1.0 8.5 2 20 865 15 NO 

BAW 1.0 8.5 3 20 765 23 30 

BAW 1.0 8.5 4 20 685 38 NO 

BAW 1.0 8.5 5 20 654 47 NO 



To summarize we have: 

[Br]f6.o > [Br]f7.s > [Bqrs.S 

[HOBr]t6.0 > [HOBr]t7.s > [HOBr]t8.S 

[Br03-]ccsw > [Br03-]spsw > [Br03-]oocw > [ Br03-]BAW 

5.3.2 Effect of Ozone Dose 

Bromate concentration increased on increase in ozone dose. Ozone concentration 

increased from DJIDOC = 1.0 to 5.0 at pH levels 6.0, 7.5, and 8.5. Bromate 

concentrations ranging from 5 to 120 J.1g/L were observed. On exhaustive ozonation of 

Milli-Q water and with a high ozone gas concentration, the bromate formation curve 

increased steadily with time until all of the bromide present was converted to bromate as 

demonstrated by Crecelius (1978). Ozone threshold levels for CCSW and SPSW for the 

formation of bromate were 2.0 and 1.8 mg/L, respectively, at pH 7.5. Figures 5.7 and 

5.8 illustrate the effect of pH on ozone threshold levels. At pH 7.5, the ozone threshold 

concentration for bromate is higher than at pH 8.5; this is opposite of the case for 

bromoform. 

5.3.3 Effect of Temperature 

Formation of bromate at temperatures 20, 25, and 30 °C and OJIDOC = 3.0 was 

studied at pH = 7.5. Bromate concentration increased on increase in ozonation 

temperature (Figures 5.14, and 5.15). Ozonation temperature is the temperature at which 

actual ozonation was carried out. This is likely due to faster reaction kinetics at higher 

temperature andlor a decrease in pKa value. The dissociation constant was found to 
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increase on increase in temperature resulting in more hypobromite ion concentration. 

Also the effect of incubation temperature on bromate formation was studied at 20. 25. 

and 30 °C. Bromate concentration change was not as dramatic as in the case of ozonation 

temperature change. The change in pKa on increase in temperature is shown in Figure 

5.20. Also refer to section 5.1 for an explanation as to how the AR changes with 

temperature. 

5.3.4 Effect of Bromide Concentration 

Bromate concentration increased on increased bromide concentration. This is 

because the OBr- concentration increases with increase in bromide concentration. 

Bromate formation at 0.5, 0.8, 1.0. 1.2, 1.5 mg/L bromide, 03/DOC = 3.0 and a 

temperature 20 °C was evaluated for four different water sources at pH = 7.5. The 

results were shown in Figure 5.10. The minimum bromide concentration 

(i.e., "threshold") at which bromate was observed is .,. 0.26 mglL for 03/DOC = 3.0 at 

pH = 7.5 for OCGW, as shown in Figure 5.11. Bromate threshold levels were found to 

vary according to precursor source and pH level. 

5.3.5 Effect of Peroxone and Ammonia Addition 

Higher amounts of bromate were formed when peroxide was used. Bromate 

increased an average of 25% • as shown in Figure 5.17. This may be attributed to 

bromate 

formation by both the free radical mechanism and direct reaction of ozone with various 

oxybromine species. Also hydrogen peroxide may reacts with [OBr] to produce bromate 

as follows. 
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H202 + BrO- ===> Br02- + H20 

Br02- + BrO- ===> Br + BrDJ-

The free radical mechanism is postulated as follows: 

OH" + Br- ====> Br + OH-

Br' + BrO- =====> BrO· + Br-

The effects of ammonia addition before and immediately after ozonation were 

studied. Bromate concentration decreased by about 30% by adding ammonia after 

ozonation and about 36% by adding ammonia before ozonation. It is likely that ammonia 

and organic amines sharply inhibit bromate by consuming BrO- faster than its 

consumption by ozone as shown by the following reaction (Gorchev, 1965). 

BrO- + NH3 =====> NH2Br + OH-

The low rate constant for free ammonia of 20 M-1 s-1 (Hoigne, 1985) at pH 8 
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shows that it does not become oxidized significantly during ozonation. This explains the 

less significant differences between adding ammonia before and after ozonation. 

5.4 Fonnation of Bromoacetic Acids 

The effects of pH. ozone dose. bromide ion concentration. temperature were 

studied. Also the addition of either ammonia or hydrogen peroxide on formation was 

compared. MBAA was observed « 2 J.1g/L) in a few samples where bromide 

concentration was < 1.0 mg/L and 03/DOC = 3.0. TBAA was not detected probably 

because of its very low pKa. DBAA concentrations were always higher than DBAC and 

DBAN. 

5.4.1 Effect of pHi Ozone Dose 

The pH dependence of DBA A formation was detennined by studying each of the 

four different source samples. Samples were ozonated at five ozone concentrations 

corresponding to 03/DOC ratios of I, 2, 3, 4, and 5 at three different pH levels of 6.0, 

7.5, and 8.5. Results derived from three of the water samples generally conform to the 

observations made in the formation of bromoform in which bromoform levels decreased 

as a function of increasing pH as shown in Figure 5.21. At a given pH level, the 

concentration of DBAA increased as ozone concentration increased for all of the samples. 

It is interesting to note that BAW produced the lowest amount of DBA A. Ostensibly, this 

behavior may be partially attributable to the presence of an ozone-demanding substance, 

such as ferrous ion. and a bromine-demanding substance, ammonia-nitrogen. Ferrous 

ion reacts at pH=2.0 with a rate constant larger than 105 and the reaction occurs by 

electron transfer (Hoigne, 1985). BA W had a Fe* concentration of 0.5 mg/L. The 
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formation of DBAA from different water sources used is summarized below. 

[BA W]OBAA < [OCGWlOBAA < [SPSWlOBAA < [CCSWlOBAA 

5.4.2. Effect of Bromide 

Fonnation of DBAA at different bromide levels ranging from 0.5 to 1.5 mg/L 

was examined. DBAA increased from 3.7 to 9.0 /J.g!L for CCSW and from 0 to 4.5 for 

BAW. Hence bromide ion has a strong influence on the fonnation of bromoacetic acids. 

5.4.3. Effect of Temperature 

Effects of both incubation and ozonation temperature ranging from 20 to 30 °C 

was evaluated in tenns of DBAA formation. Incubation temperature had more effect than 

ozonation temperature. DBAA increased from 5.3 to 6.7 /J.g!L on increasing incubation 

temperature from 20 to 30 °C for CCSW whereas it increased from 5.3 to 5.7 on 

increasing ozonation temperature from 20 to 25 °C and then decreased to 5.0 /J.g!L on 

increasing ozonation temperature to 30 °C. It may be noted that DBAA increased on 

increasing both incubation and ozonation temperatures whereas DBAC and DBAN 

fonnation varied from water to water. 

5.4.4. Effect of Peroxone and Ammonia Addition 

Adding hydrogen peroxide had a dramatic effect on the fonnation of DBAA. 

DBAA was reduced by about 50% for H20:zj03 = 0.35 mg/mg. 

Upon addition of [NH3]/[03]=0.25 mg/mg, DBAA was reduced by about 
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30%. Hence adding peroxide results in more DBAA reduction than adding ammonia. 

5.5 Total Organic Bromine (TOBr) 

TOBr was found to be much higher than bromofonn since TOBl' is composed of 

not only bromoform but also other brominated compounds like DBAC and DBAN. The 

effect of pH, ozone dose, temperature, and bromide concentration on TOBr formation 

was evaluated and the results are discussed below. Hydrogen peroxide and ammonia 

addition for the control of TOBr was also studied. Experiments conducted to measure the 

percentage recovery of DBAA and MBAA showed that DBAA was recovered up to 90% 

whereas MBAA was recovered only up to 40%, as TOBr. 

5.5.1 Effect of pH 

The formation of TOBr at three different pH levels of 6.0, 7.5 and 8.5 for four 

different waters was determined at 03/DOC ratios of 1, 2, 3, 4, and 5. TOBr increased 

with decreasing pH which is attributed to an increase in HOBr which is responsible for 

the formation of various brominated organic compounds. The highest amount of TOBr 

was produced in CCSW; BA W produced lower amounts of TOBr than the rest of the 

water sources because of the reasons discussed above. Results are presented in Figure 

5.22, portraying the amount of TOBr formed after a 24 hour reaction time period as a 

function of pH for CCSW and BA W. To summarize, the trend observed at all the pH 

levels was: 

[TOBr]ccsw > [TOBr]spsw > [TOBr]ocGw > [TOBr]BAW 
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5.5.2 Effect of Bromide 

To elucidate the effect of bromide ion on the fonnation of TOBr, bromide ion 

ranging from 0.5 to 1.5 mg/L was added at pH = 7.5 and temperature = 20 °C. The 

result was an exponential increase in TOBr ranging from 12 to 120 /lg/L as shown in 

Figure 5.10. 

5.5.3 Effect of Temperature 

The fonnation of TOBr at three different temperatures of 20, 25, 30 °C was 

studied at pH = 7.5. These temperatures correspond to both ozonation and incubation 

temperatures. TOBr increased on increase in temperatures. This is attributed to an 

increase in reaction rates of the various reactions taking place in the water system. 

5.5.4 Effect of Peroxone and Ammonia Addition 

Adding hydrogen peroxide drastically reduced the fonnation of TOBr. The 

reduction was almost twice that obtained in adding ammonia (40%). Addition of 

peroxide to control TOBr is favored because no combined bromine residual is fonned 

and hence no chlorine demand. 

The effect of adding ammonia at a concentration of [NH3] /[~] = 0.25 mglmg to 

CCSW. SPSW and OCSW on the fonnation of TOBr was evaluated at pH = 7.5. 

Ammonia reduced the fonnation of TOBr by consuming HOBr, as discussed before, by 

20%. Ammonia addition is one of the methods to control the fonnation of brominated 

organic compounds. 
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5.5.5 Effect of DOC & Alkalinity 

The effect on TOBr of DOC ranging from 2.0 to 9.0 mg/L (in synthetic water 

prepared using Aldrich humic acid) was evaluated at pH = 7.5 . TOBr first increased 

upon increasing DOC from 2.0 to 4.0 mg/L and then decreased. TOBr decreased from 

68 to 22 on increasing DOC from 2.0 to 7.0 mg/L. Also, increasing the alkalinity from 

50 to 160 mg/L resulted in a decrease in TOBr from 76 to 54 J.lg/L. 

5.6 Bromide Mass Balance 

Bromide mass balances were conducted, taking into account the amount of 

bromide reacted with ozone to form bromate, [HOBr]b and TOBr; generally, about 10 

to 15% of bromide was unaccounted for. Figure 5.23 shows the distribution of bromide 

for CCSW, it can be shown that only a fraction of bromide reacts with ozone. The 

concentration of unreacted bromide decreased upon an increase in pH and the percentage 

of unaccounted-for bromide increased. This percentage was highest in the case of BA W. 

Since this source water had ammonia concentration of 1.5 mg/L, presumably some 

bromide had reacted with ammonia to form bromamines. Also some bromide attached 

with organic matter may not have been accounted for in TOBr measurement during the 

adsorption step because of a relatively polar character. See Tables 5.13, 5.14, and 5.15 

for complete details. 

5.7 Kinetics and Modeling of Ozone-Bromide Reactions 

To understand the outcome of the complex reactions between ozone and organic 

materials in the presence of bromide ion, an understanding of the inorganic reactions of 
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TABLE 5.13. BROMIDE MASS BAL ANCEAT H 60 DJ = . 
WATER 

UNIT 

CCSW 

CCSW 

CCSW 

CCSW 

ccsw 
SPSW 

SPSW 

SPSW 

SPSW 

SPSW 

CXYJW 

0CfJW 

CXYJW 

CXYJW 

CXYJW 

RAW 

RAW 

RAW 

RAW 

RAW 

Note: 

[Dr] TEMP 03/DOC [OrJr 

rng/L oc rng/rng ~g/L 

1.0 20 1 922 

1.0 20 2 846 

1.0 20 3 810 

1.0 20 4 736 

1.0 20 5 692 

1.0 20 1 915 

1.0 20 2 867 

1.0 20 3 815 

1.0 20 4 706 

1.0 20 5 684 

1.0 20 1 937 

1.0 20 2 880 

1.0 20 3 759 

1.0 20 4 701 

1.0 20 5 659 

1.0 20 1 889 

1.0 20 2 857 

1.0 20 3 816 

1.0 20 4 767 

1.0 20 5 748 

[HOBr] = 100% of [HOBr]1 At pH = 6.0 
[Br]IIoBr = 0.73 [HOBr] 
[Br]BrO = 0.72 [BrO] 
[Br]Br03 = 0.63 [Br03] 

[8r]B.03· 

~g/L 

0 

7 

14 

22 

26 

0 

5 

11 

17 

20 

0 

3 

9 

12 

17 

0 

2 

5 

8 

12 

101 

[Br]HoB.1 TOOr [BrIT 

~g/L ~g/L ~g/L 

42 22 986 

58 58 969 

75 76 975 

42 100 900 

42 105 865 

42 24 981 

50 54 976 

65 74 965 

50 94 867 

25 98 822 

17 20 974 

33 48 964 

62 61 891 

83 71 867 

66 80 822 

17 21 927 

17 42 918 

33 56 910 

41 68 884 

41 70 871 
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S ALANe AT H 75 TABLE 5.14. BROMIDE MAS. B E 'pI = . 

WATER [Drl 03/DOC TEMP [Drlr [Drllro3" [Drlnolrl TODr [DrlT 

UNIT mg/L mg/mg OC ~g/L ~g!L ~g/L ~g/L ~g/L 

CCSW 1.0 1 20 916 3 25 26 970 

CCSW 1.0 2 20 846 13 42 44 945 

CCSW 1.0 3 20 776 33 58 67 937 

CCSW 1.0 4 20 726 41 50 77 894 

CCSW 1.0 5 20 694 48 33 82 857 

SPSW 1.0 1 20 909 4 25 24 962 

SPSW 1.0 2 20 858 12 33 40 943 

SPSW 1.0 3 20 780 31 50 64 925 

SPSW 1.0 4 20 698 33 56 74 861 

SPSW 1.0 5 20 680 43 35 78 836 

OCIJW 1.0 1 20 946 0 0 18 964 

OCIJW 1.0 2 20 877 5 35 36 953 

OCIJW 1.0 3 20 836 17 51 54 958 

OCIJW 1.0 4 20 779 20 42 69 910 

OCIJW 1.0 5 20 745 25 25 78 873 

BAW 1.0 1 20 947 0 0 15 962 

BAW 1.0 2 20 876 4 25 35 940 

BAW 1.0 3 20 801 9 25 51 886 

BAW 1.0 4 20 783 14 43 60 900 

BAW 1.0 5 20 739 20 25 68 852 



TABLE 5.15. BROMIDE MASS BALAN 

WATER 

UNIT 

CCSW 

CCSW 

CCSW 

CCSW 

CCSW 

SPSW 

SPSW 

SPSW 

SPSW 

SPSW 

oc:GW 

oc:GW 

oc:GW 

oc:GW 

oc:GW 

BAW 

BAW 

BAW 

BAW 

BAW 
Note: 

(Dr] TEMP 03/DOC 

mg/L oc mg/mg 

1.0 20 1 

1.0 20 2 

1.0 20 3 

1.0 20 4 

1.0 20 5 

1.0 20 1 

1.0 20 2 

1.0 20 3 

1.0 20 4 

1.0 20 5 

1.0 20 1 

1.0 20 2 

1.0 20 3 

1.0 20 4 

1.0 20 5 

1.0 20 1 

1.0 20 2 

1.0 20 3 

1.0 20 4 

1.0 20 5 

[HOOr) = 3S% of [I100r)t At pH = 8.S 
[BrO] .. 6S% of [HOOr)t 
[Br]1I0Br .. 0.73 [HOBr] 
[Br]BrO .. 0.72 [BrO] 
[Br]Or03 = 0.63 [Br03] 
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CEAT H 85 III = . 
(Dr]r (Dr]BrO'" (Dr]1I0Brl TODr (DrlT 

Jlg/L Jlg/L Jlg/L JlgiL Jlg/L 

918 10 17 18 963 

834 27 33 34 928 

743 39 42 55 879 

690 50 42 75 857 

640 63 33 76 812 

916 9 25 16 966 

889 22 42 20 973 

784 33 33 31 881 

712 37 50 57 856 

665 49 50 62 831 

924 4 17 12 957 

856 11 50 23 940 

765 20 43 44 872 

694 31 58 60 843 

664 36 42 61 803 

911 4 17 11 943 

865 10 25 21 921 

765 14 50 38 867 

685 26 42 52 805 

654 30 33 58 775 



ozone and bromide is important. Ozone does not react with hypobromous acid but 

hypobromous acid seems to react with other intermediate compounds like bromite 

(BrQz-). zone reacts with bromide ion (Br) to produce hypobromite ion (BIO-) which in 

turn reacts with ozone to produce bromate (BI03-); andlor hypobromous acid (HOBr). 

Hypobromous acid reacts with organic precursors, measured as dissolved organic 

carbon (DOC) to produce bromoform and total organic bromine (TOBr), indicative of 

various organo-bromine by-products. Empirical models are defmed for prediction of 

bromoform, bromate, and TOBr formation as a function of seven experimental variables; 

DOC, pH, ozone dose, bromide ion concentration, ozonation temperature, reaction 

(incubation) temperature,and reaction time. Rate equations obtained from the different 

reactions involved in the formation of bromate have been solved both analytically and 

numerically, and the results have been compared with an empirical model obtained by 

multiple regression analysis of experimental data. 

Experiments were conducted to evaluate the effect of ozone dose, pH, bromide 

concentration, reaction (incubation) time, DOC, alkalinity, ionic strength,temperature, 

ammonia addition and hydrogen peroxide addition on the formation of bromoform 

(CHBr3), dibromoacetonitrile (DBAN), dibromoacetic acid (DBAA), bromate (BI03-), 

and total organic bromine (TOBr). An orthogonal experimental design was used to 

develop the database upon which the models discussed herein were developed. Whereas 

a factorial design involves a full matrix in which all parameters are simultaneously varied 

over some designated range, an orthogonal design represents a partial factorial design in 

that only one parameter is varied at a time while other parameters are maintained at a 

specified "baseline condition". The experimental matrix included both water quality 

variables; DOC, pH, and bromide; and treatment variables; ozone dose, ozonation 

temperature, reaction (incubation) temperature, and reaction (incubation) time. The 

experimental matrix encompassed the following ranges of conditions: pH =6.0, 7.5*, 
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and 8.5; 03/DOC = 1,2,3"',4,5 mg/mg; Br = 0.5, 0.8, 1.01le, 1.2, 1.5mg/L; ozonation 

temperature and reaction temperature = 201le, 25, and 30 °C ('" = values used in all 

experiments). 

5.7.1 Empirical Models 

Empirical models (statistically-based multiple regression models) have been 

defined for the prediction of bromoform, bromate and TOBr formation as a function of 

seven study variables: dissolved organic carbon (DOC), pH, ozone dose, bromide ion 

concentration, incubation tempemture, ozonation temperature and reaction time. The 

general model formulation took the form of a power-law associated with each 

independent variable; this format has been used successfully in previous modeling work 

on THMs (Amy et al., 1987). The resultant models may be used to predict TOBr, 

bromoform and bromate concentration for a given set of source water quality conditions; 

one specific model allows prediction of bromoform as a function of reaction time. 

The following empirical models were derived from the experimental data 

obtained in this research. Except for evaluation of bromoform kinetics, the reaction 

(incubation) time was constant at 24 hours; for bromoform formation, eight reaction 

times were studied, varying from 2 to 24 hours. A separate model for bromoform 

allows predictions as a function of reaction time. Four different water sources, including 

two groundwaters, with DOC levels ranging from 3.0 to 7 mg/L and ambient bromide 

values ranging from 60 to 340 IlglL were used in model development. Temperature 

effects were evaluated over a range of 20 to 300 C for both ozonation temperature and 

reaction temperature. Bromide was spiked into samples at levels ranging from 0.5 to 1.5 

mg/L to study bromide effects. Statistical Analysis was done using the MINITAB 

package on a VAX computer at the University of Colomdo at Boulder (Appendix F). The 
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R2 values reported are based on log-log transforms (linearizations) of the power 

functions. 

Bromofonn Model: 24-hr Predictions 

[CHBr3J = 2.4"'00C-l .33pH-1.25030.771 Brl .56To.90990.664 

(n=70; R2=0.94) 

Bromoform Model vs. Reaction Time 

[CHBr3]= 0.684"'0 OC-I .20pH-I .31 030.142Brl .5STo.95690.103tO.353 

(n=70; R2=0.94) 

TOBr Model: 24-hr Predictions 

[TOBr] = 0.g"'00C-t.01pH-t.05030.166Brl.53TI.089·841 

(n=70; R2=0.95) 

Bromate Model: 24-hr Predictions 

[Br03-] = 3.0 H 10-5"'00C-2.20pH2.5203t.26Br2.15TO.92492.03 

(n=54; R2=0.885) 

Where 

TOBr = Total Organic Bromine (Ilg/L) 

CHBr3 = Bromoform (Ilg/L) 

BIOJ- = Bromate (mg/L) 

DOC = Dissolved Organic Carbon (rng/L) 

OJ = Applied Ozone Dose (rng/L) 

Br = Bromide Ion Concentration (rng/L) 
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T = Incubation Temperature (0C) 

9 = Ozonation Temperature (0C) 

t = Reaction Time (hours) 

n = Number of cases 

R2 = multiple-regression coefficient of determination 

While the bromate model is specified for a reaction time of 24 hours, bromate 

formation kinetics are fairly rapid (Haag and Hoigne, 1983) and can be considered near 

completion after ozonation and before incubation; in other words, most bromate forms 

during the actual ozonation time frame. Figure 5.24, 5.25, and 5.26 show the 

relationship between the predicted values and the measured values for bromofonn, 

TOBr, and bromate. In these plots, a slope of 1.0, an intercept of zero, and a r2 of 1.00 

would indicate a perfect correlation. For a slope of less than 1.0, the model 

underpredicts; for a slope of greater than 1.0, the model overpredicts. Figure 5.27 

portrays the formation kinetics of bromoform over a 24-hour period for one set of 

experimental conditions. Generally, the bromoform kinetic model tended to slightly 

underpredict at the beginning and then coincides with the experimental values. Figure 

5.28 and 5.29 shows the effect of bromide ion concentration on the formation of 

bromoform and bromate, and indicates the ability of the model to simulate these effects. 

For the various models, higher values of R2 were obtained for bromoform and TOBr 

than bromate because detection limits for bromoform (by gas chromatography) and TOBr 

(by TOX analyzer) were significantly lower than that for bromate (by ion 

chromatography). Since modeling of ozone dose, DOC, pH, and temperature effects 

was carried out at varying levels of bromide and significant changes in behavior for each 

parameter were observed for differing levels of bromide, it is logical to assume that 

bromide produces an added effect beyond the effects of the other variables. Therefore, 
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the assessment of each variable's contribution to the model actually includes an additive 

contribution by bromide; this is exemplified by the bromide-exponent in the various 

models being greater than 1.0. Predicted values for bromoform ranged from 87-140% 

of measured values; TOBr from 73-147%, and bromate from 89-280%. Using simple 

linear regression, values of bromoform were regressed against values of total organic 

bromine (TOBr), dibromoacetic acid (DBAA), bromate (Br03-) and dibromoacetonitrile 

(DBAN), yielding the following equations: 

TOBr = 7.23 + 2.081 [CHBr31 

r2=0.97; n=50 

DBAA = -0.731 + 0.18 [CHBr31 

r2=0.95; n=50 

DB AN = -0.214 + 0.0673 [CHBr31 

r2=0.75; n=50 

Figures 5.30, 5.31, and 5.32 show the relationship between bromoform and the 

other brominated species. The lower r2 for DBAN was obtained because DBAN was 

found to be water-specific and showed a different trend from that of bromoform and 

TOBr. Haloacetonitriles also tend to be unstable and may have decomposed after 

formation during the 24-hour reaction time frame. The above relationships demonstrate 

the utility of bromoform as a sUlTogate parameter for predicting other brominated DBPs. 

We attempted to define correlations between bromate and bromoform, anticipating an 

inverse relationship. However, no clear statistically-significant trend emerged from this 

analysis. Appendix E gives percentage recoveries of predicted values from experimental 
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values at various experimental conditions. 

5.7.2 Numerical and Analytical Solution 

As an alternative to the empirical approach discussed above, numerical and 

analytical solutions from derived rate expressions were attempted, using experimental 

data to define relevant rate constants. 

To understand the outcome of the complex reactions between ozone and organic 

precursors in the presence of bromide ion, an understanding of the inorganic reactions of 

ozone and bromide is important. 

Relevant reactions involved in the formation of bromate were discussed earlier 

and are summarized below. These reactions are a result of the direct molecular ozone 

reaction with bromide ion. 

Reaction Rate constant Reference 

03 + Br =====> 02 + BrO- Taube(1942) 

03 + BrO- =====> 202 + Br Haaq(1983) 

Lewin(1955) 

k4 Uastl Staehelin( 1982) 

Rate expression for the reactions shown above are given by: 
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d[Br]/dt = -kl [03][Br] + k2 [03][BrO-] "---- (2) 

----- (3) 

----- (4) 

----- (5) 

5.7.2.1 Numerical solutions 

In defining numerical and analytical solutions to the rate equations shown above, 

it is assumed that ozone concentration in the liquid phase is constant, since during the 

actual ozonation period, lost ozone is constantly being replenished; since the half life of 

Br02- is very short,we may assume that it reaches a steady state or equilibrium state 

within a short time and thus its rate of change is zero [i.e., d[Br02-]/dt = 0]; ozone does 

not react with HOBr, bromate forms only as a result of direct ozone reaction with 

bromide ion. Free radical attack is not considered; no side reactions leading to oxygen 

evolution are involved; and at any time, the sum of Br-, BrO-, Br03-, and HOBr is 

constant. Experimental data was utilized to search the rate constants using a numerical 

(Runge Kutta) method. The following values of rate constants were obtained by using 

data from one source water (Contra Costa Surface Water, CCSW) at pH = 8.5; the 

constants shown are specific to these conditions. 

kl = SO M-ts-t 
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k2 = 300 M-1s-l 

k3 = 40 M-1s-l 

Using a similar approach, other sets of rate constants for different source waters 

under different pH conditions can be obtained. 

The rate constant ~ is not shown because it was eliminated using the equation ~ 

= k3 [BrO-]/[Br02-] = infinite, which can be obtained by assuming that the half life of 

Br02- is very short; thus, rate equation (4) reduces to zero. Data simulations based on 

these rate constants and associated rate expressions are discussed subsequently. 

Computer program used to solve the differential equations using Runge-Kutta method is 

given in Appendix G. 

5.7.2.2 Analytical Solutions 

Since the half life of Br02- is very short, we may assume that it reaches a 

steady state or equilibrium state within a short time; thus its rate of change is zero [i.e., 

d[Br02-]/dt = 0] and we get from equation (4): 

.......... (6) 

Since during the actual ozonation period, lost ozone is constantly being 

replenished, one may write 

d[DJ]/dt = 0 and we get from equation (1) 

.......... (7) 
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The negative sign indicates that as the [BIO-] concentration increases, bromide 

concentration decreases. 

Since [03] is constant, equation (2) can be written as, noting that: 

Integrating this equation between the limits 

t = 0; [Br] = [Br-]o 

t = t; [Br-] = [Br] 

we get the following expression: 

[Br] = [Br]o exp(-Qt} 

......... (8) 

......... (9) 

A comparable equation for [BrO-] can be obtained by using the equation for 

bromide in the following rate equation: 
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Using the value of [Br] from equation (8), this equation becomes 

Rearranging this equation we obtain 

d[BrO-]/dt + [03][BrO-] (k2 + k3) = kl [03][Br]o exp {(-kl (03)-k2kl(0J)/[k2+2k3])t) 

The above expression is a linear differential equation of the type dy/dx + Py = 

Q, whose solution is given by: 

y eiPdx = J Q eiPdx dx + constant where P is a constant. 

Hence the solution of the above equation can be obtained using the following 

initial conditions: 

[BrO-] = 0; t = 0 

[BrO-] = [BrO-]; t=t 

[BrO-] = A/(/l2-Q2) {exp(-Qt) - exp (-/It)} 

Where A = k1[03][Br]o(Q + /l), and 

/l = [0J](k2 + k3) and Q is as defined before 

Since [Br]BrO is 83% of [BrO-] 

....... (10) 
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[Br-]BrO = 0.83 [BrO-] 

The time at which maximum concentration of [BrO-] occurs is obtained by 

setting d[BrO]/dt = 0 

tmax = {In(~O)}I(J.l - 0) ......... (11) 

The maximum concentration of [BrO-] is obtained by substituting the value of 

tmax in equation (10) 

where 

B = O/J.l 

001 = OJ(J.l-O) 

CJ)2 = Jl/(J.l-O) 

The total bromine concentration [HOBr]t can be obtained as follows: 

[HOBr]t = [HOBr] + [OBr] 

[HOBr] can be obtained from the degree of dissociation as follows: 

..•..•.... (12) 

[HOBr] = [l-a][BrO-]la = (1-1/[I+1O (pka-pH) ]}/[1+1O (Pka-pH) ][BrO-] ......... (13) 

Where a is the fractional degree of dissociation pKa is the negative-log of dissociation 
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constant at 20 °C. 

HOBr <===> H+ + BrO- pKa = 8.64 

KIl = [H+] [BrO-]/[HOBr] or H+ = KB [HOBr]/[BIO-] 

Taking the logs of both sides and using the definition of pH and pKa we obtain 

pH = pKa - log ([HOBr]/[BIO-]) or [BIO-]/[HOBr] = 10 (pH.pKa) 

Degree of dissociation (X = [BrO-]/( [HOBr]+[BIO-]) = 1/[1 + 10 (pKB·pH) ] 

Solution for [BI03-] is obtained by inserting the expression for [BIO-] into rate equation 

(4) 

Substituting the value of [Br(h-] from equation (6) we get 

d[BI03-]/dt = 14[BIO-][03] 

Inserting the value of [BIO-) from equation (7), this equation becomes 

d[Br03-]/dt = Ak3 [03]/(1l2•Q2) (exp(-Qt) - exp (-Ilt) 

Integrating this equation between the limits: 

[BI03-] = 0; t = 0 

[BI03-] = [BI03-]; t = t we get 
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[Br03-] = Ak3 [03]/(J.L2_02) [{exp(-J.Lt)}/J.L - {exp (-Ot)}/O] - [(1IJ.L)-(1I0)] .......... (14) 

Since [Br] is equivalent to 63% of [Br03-], we have 

[Br]Br03 = 0.63 [Br03-] 

[Br03-] can also be calculated from the mass balance for bromide as follows: 

From the bromide mass balance we get 

[Br]o = [Br-]c + [BrO-] + [HOBr] + [Br03-] 

or substituting the values of [BrO], [Br] from equations (6) and (7) we obtain 

As a result of these analytical solutions, equations for the disappearance of 

bromide and appearance of bromate have been derived. 

5.7.3 Data Simulations Using Theoretical Models 

The rate constants obtained in the search routine associated with numerical 

method and the relevant rate expressions were used to simulate experimental data. These 

same rate constants were adopted and the disappearance of bromide and the formation of 

bromate were determined using the analytical equations. Figures 5.33 and 5.34 compare 

the numerical and analytical results for the disappearance of bromide and the formation of 

bromate as a function of applied ozonation time for one source water (CCSW). 
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Numerical solutions underpredicted [Br03-] values by 17-45% and analytical equations 

overpredicted by 1()"60%. Numerical solutions predicted bromide disappearance at levels 

about 2-10% more than the actual values; the analytical method predicted about 5-12% 

less. 

5.7.4 Experimental Determination of Rate Constants 

At this point, we know that 

[Br] = [Br-]o exp{(-kl(03)-k2kl(03)/[k2+2k3])t} 

Taking logs of both sides 

If the reaction is carried out at pH= 4.0, k2 = 0 and the equation becomes 

Now maintaining [03]» [Br] this equation becomes pseudo first order 

In[Br]/[Br]o = -kl [03]t = -kat 

Where ka is the pseudo first order rate constant 

Standard aqueous ozone solutions were prepared by bubbling ozonated air for 30 

min through high purity water (Milli-Q) contained in a glass reactor fitted with a glass 

sparger. Aqueous ozone solutions of approximately 7 mg/L and pH 4.0 - 6.0 were 

typically obtained. 

128 



Since [Br] cannot be measured very easily with time, the fonnation of bromine 

is measured instead using a UV NIS spectrophotometer at 390 nm with a 5 cm path cell 

which has a volume of 16 mI. This experiment has to be carried out at low pH since 

hypobromite gets converted to bromine at pH = 4.0. 

A plot of In{[Br]/[Br-]o} vs t yielded leo and hence, knowing [03], kl was 

found. The average of two measurements gave kl =122 M-l sol at 20 °C and pH=4.0. 

This result agrees within 85% of the results obtained by Taube (1942), Haruta and 

Takeyama (1981) and Haag et. al (1983). 

Substituting the value of [Br] in rate equation (3) we obtain 

Integrating this equation we get 

A value of k' can be measured by spiking hypobromite solution in 5 cm quartz 

cell containing preozonated water and measuring the disappearance of [OBr] at 330 nm. 

Using the value of [B~-] from equation (6) in rate equation (5) we obtain 

d[Br03-]/dt = k3[BrO-][03] 

From the rate equation (3), we have 

d[BrO-]/dt = k} [03][Br] - k2 [03][BrO-] - k3[BrO-][03] 
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If the rates of re~ctions (1) and (2) are allowed to equilibrate and the system is then 

observed over a period of time during which formation of bromate from hypobromite ion 

is kept small, one may write d[BrO-]/dt = 0, and we get: 

kl [Br] = (k2 + k3)[BrO-]ss 

substituting this equation in rate equation (1) we get: 

substituting the value of [BrO-] from this equation in rate equation (4) and integrating 

further, we get 

This equation was used to evaluate k3 by measuring bromate formation and 

ozone consumption on separate portions of a single solution of HOBr at various reaction 

times. Solving the intercept and slope equations from these three log equations, the 

following rate constants were obtained at 20 oC . 

kl = 122 M-l S-1 

k2 = 260 M-l s-1 

k3 = 120 M-l s-1 

All these rate constants were determined in Milli-Q water with the following 

conditions. 
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I = 0.006 M; Alkalinity = 50 mg/L as Ca<X>J; DOC = 0.3 mg/L 

From the equations derived for bromide, [BrO-] and Bromate, plots for Br, 

BrO- and Br03- at different ozonation times can be obtained. [BrO-] concentration 

reaches a maximum before decreasing to zero. Bromate concentration should increase 

exponentially with an decrease in bromide ion concentration. 

6.10 Thermodynamics of Reactions 

The following free energy changes were obtained for the various reaction 

examined using the standard free energies from Table 5.20: 

03 + Br =====> 02 + BrO- AGo = -22.15 Kcallrnole 

03 + BrO- =====> 202 + Br AGo = -55.85 Kcallmole 

AGo = -60.0 KcaIlmole 

03 + 2BrO- =====> O2 + Br + B~- AGo = -47.4 Kcallmole 

Since free energy changes for all of the reactions is negative « 0), the reactions 

are thermodynamically feasible. Now consider the oxidation of bromate to perbromate 

ion by ozone: 

AGo = - 15.3 Kcallmole 
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Even though this reaction is thennodynamically feasible, no reaction of bromate 

T bl 5 20 S d d F E a e tan ar ree nergIes 

COMPOUND GO Reference 

Units KcaVmole ------

03 39.0 Robert(l9901 

HOBr - 19.7 Robert (1990) 

Br- - 24.8 Robert J1990l 

BrO- - 8.0 Robert (1990) 

Br02- n/a ------
Br03- 4.43 Robert (1990) 

Br04- 28.2 Robert _(199()1 

with ozone was observed. The rate constant for this reaction is < 10-4 M-I min- l 

(Hoigne, 1985) 

The following calculations are intended to show why high pH favors the 

fonnation of bromate. 

HOBr + 203 =====> 2BID3 - + H20 + 202 

BID- + 203 =====> BrDJ- + 202 

.100 = - 12.0 KcaVmole 

.1Go = -65.6 KcaVmole 

Since [.1GO]HOBr > [.1GO]OBr , bromate fonnation is favorable at high pH. 
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VI. CONCLUSIONS 

The following conclusions can be drawn from this research: 

(1) The fonnation of organic and inorganic by-products in ozonated waters is influenced 

by bromide ion concentration, the source and concentration of humic substances, pH, 

ozone dose, temperature, alkalinity and reaction time. The fonnation of both organic and 

inorganic by-products increased on increasing the bromide concentration whereas 

increase in alkalinity resulted in a decrease in by-products. 

(2) Threshold levels for the fonnation of by-products are compound-specific (i.e., 

bromoform versus bromate) as well as source-specific. Bromate and bromofonn 

threshold levels were found to vary according to precursor source and pH levels. At pH 

7.5, the bromide threshold concentration for bromate was found to be higher than at pH 

8.5; the opposite was the case of bromofonn. 

(3) Organic by-products fonnation was found to increase with a decrease in pH whereas 

bromate fonnation was favored at high pH. This is because HOBr is more stable at low 

pH. At high pH equilibrium shifts towards hypobromite ion, which is responsible for the 

fonnation of bromate by reacting with ozone. The concentration of bromofonn produced 

varied from 4 to 55 IlgIL. Dibromoacetic acid concentration ranged from 0.5 to 10 mgIL 

while TOBr varied from 15 to 150 mgIL. 

(3) In general bromofonn concentration first increased then diminished at higher doses 

of ozone. The decrease of aldehydes at high ozone dose is indicative of this, as aldehydes 

are precursors to the fonnation of bromofonn. It is presumed that at low ozone doses 

depolymerization of complex humic molecules take place which would yield higher 
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quantities of lower molecular weight fragments and potentially increase the 

concentrations of precursors which may become halogenated. At higher ozone doses 

ozonation can oxidize some of the precursors completely to carbon dioxide, thus 

effectively reducing the precursor levels available for brominated products formation. 

(4) Both ozonation temperature and incubation temperature had positive effect on the 

formation of bromoform and bromate while the formation of DBAN and DBAC varied 

from water to water. UV absorbance decreased upon an increase in ozonation 

temperature demonstrating precursors destruction. An increase in ozonation temperature 

produced more bromate than a corresponding increase in incubation temperature; this is 

partially attributed to a decrease in pKa with an increase in temperature. 

(5) SPW produced more DBAN than other water sources while BA W produced more 

DBAC than other water sources. These differences reflect variation in naturally occuring 

organic precursors which do not react similarly upon oxidation with ozone. 

(6) Peroxone favours bromate formation over the formation of organic by-products 

whereas the addition of ammonia reduces both bromate and organic by-products. 

However, ammonia can act as an energy source for nitrifying bacteria which produce 

nitrite. Thus, this practice would exert a chlorine!chloramine demand. 

(7) Empirical models can be used to predict the formation of bromate, bromoform, and 

TOBr. Using simple statistical relationships, bromoform can be used as a surrogate 

parameter for predicting the formation of other brominated compounds such as DBAA 

and TOBr. Analytical and numerical solutions closely agree with the experimental data. 

Hence these theoretical models can be used to predict the formation of bromate and the 

disappearance of bromide in drinking waters. 

134 



VII. RECOMMENDATIONS FOR FUTURE RESEARCH 

The following recommendations are offered for continuing research in the subject area 

examined in this dissertation. 

(1) More Ge/MS work is needed to identify other products which have not been 

identified in this study (to account for the remaining 10-15% TOBr). This work should 

be performed at different bromide ion concentrations, pH, ozone dose and temperature. 

(2) The effect of adding chlorine/chloramine after ozonation on the formation of bromate 

and organic by-products needs to be studied. 

(3) The effect of using hydrogen peroxide and ammonia at the same time on the 

formation of by-products would be of interest to evaluate. 

(4) Small amounts of nitrite were observed after ozonation using ion chromatography. 

Because nitrite creates a chlorine demand, factors more conducive for its formation need 

to be evaluated. 

(5) Studies identifying reaction products of model organics ozonated in aqueous 

solutions containing bromide ion are required to determine the extent of free radical 

formation and the potential for organic by-products formation. 
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Appendix A 

I.C Chromatogram Showing Bromide and Bromate Peaks 
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AppendixB 

Experimental Procedure for Bromoacetic Acids 



Ozonate Water , 
Incubate Samples at 20 C for 24 hrs , 

Acidify 50 ml Samples with Sulfuric acid 
so that pH S 0.5 , 

Into a Seperatory Aask Add 50 ml Water Sample 5 g 
Sodium Sulfate, 1 g Copper Sulfate and 12 ml Ether 

+ 
Shake for At least 5 minutes & Drain the Blue Layer and Discard; 
Ether layer is Passed thru' Column Containing Sodium Sulfate , 

Extract along with Washings are Concentrated to 1 ml at 40 C 
in the Presence of Helium on a Heating Mantle , 

Esterify with 400 J.Ll BF3-MeOH/Diazomethane Solution at 4 C 

+ 
Destroy Unreacted Diazomethane with 0.01 g Silica Gel , 

Bring Up to Volume with Ether , 
Shoot 1 J.l.l into GC 
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AppendixC 

XAD Resin Extraction For Product Concentration 



Ozonated & Residual Ozone Destroyed 

pH Adjusted to 2.0 Using Sulfuric Acid 

Passed thru XAD-4 Resin Column, F.R = 1.0 BV /h 

Eluted with 0.1 N N aOH 

~ 
XAD Resin Transferred to a Flask & Ether Extracted 

for 24 hr Extract Dried with Sodium Sulfate 

Extract Concentrated with K-D Apparatus 

~ 
Analysis 

Methylated with BF3-MeOH 
or Diazomethane Solution 
(For Bromoacetic Acids) 

Non-Methylated Extract for 
GCIMS Analysis 
(For all other Compounds) 

XAD, Extraction and Concentration of Ozone DBPs 
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AppendixD 

Mass Spectra of Different Compounds Identified 
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AppendixE 

Tables Actual vs Predicted Values 
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Effect of Ozone on the Fonnation of Bromofonn (Actual vs Empiric al) 

O3fDOC 
% 

WATER pH DOC [Br] ACIUAL PREDICI'ED RECOVERY 
UNIT rng/mg -- mg/L mg/L ~g/L ~g/L --
CCSW 1 6 3 1 10 15 150 
CCSW 2 6 3 1 25 26 104 
CCSW 3 6 3 1 38 35 93 
CCSW 4 6 3 1 48 44 98 
CCSW 5 6 3 1 45 53 117 
CCSW 1 7.5 3 1 6 12 200 
CCSW 2 7.5 3 1 19 19 100 
CCSW 3 7.5 3 1 31 27 88 
CCSW 4 7.5 3 1 38 34 90 
CCSW 5 7.5 3 1 36 40 89 
CCSW 1 8.5 3 1 0 10 --
CCSW 2 8.5 3 1 6 17 283 
CCSW 3 8.5 3 1 18 23 127 
CCSW 4 8.5 3 1 28 29 103 
CCSW 5 8.5 3 1 30 34 113 
OCGW 1 6 4 1 5 13 260 
OCGW 2 6 4 1 22 22 100 
OCGW 3 6 4 1 30 31 103 
OCGW 4 6 4 1 35 38 108 
OCGW 5 6 4 1 33 45 136 
OCGW 1 7.5 4 1 4 10 250 
OCGW 2 7.5 4 1 18 16 89 
OCGW 3 7.5 4 1 23 23 100 
OCGW 4 7.5 4 1 31 29 94 
OCGW 5 7.5 4 1 29 34 117 
OCGW 1 8.5 4 1 0 8 --
OCGW 2 8.5 4 1 5 14 280 
OCGW 3 8.5 4 1 19 19 100 
OCGW 4 8.5 4 1 22 24 109 
OCGW 5 8.5 4 1 18 29 160 
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Effect of Ozone on the Fonnation of TOBr (Actual vs Empirical) 

WA'IER 03/DOC pH DOC [Br] AcruAL PREDICfED 
% 

RECOVERY 
UNIT rng/rng -- rnWL rng/L IlglL J.lg/L --
CCSW 1 6 3 1 32 25 80 
CCSW 2 6 3 1 58 42 73 
CCSW 3 6 3 1 76 58 77 
CCSW 4 6 3 1 100 72 72 
CCSW 5 6 3 1 103 86 85 
CCSW 1 7.5 3 1 26 32 123 
CCSW 2 7.5 3 1 44 54 122 
CCSW 3 7.5 3 1 67 73 108 
CCSW 4 7.5 3 1 77 91 118 
CCSW 5 7.5 3 1 82 107 130 
CCSW 1 8.5 3 1 18 22 122 
CCSW 2 8.5 3 1 32 37 115 
CCSW 3 8.5 3 1 55 51 93 
CCSW 4 8.5 3 1 75 63 86 
CCSW 5 8.5 3 1 76 75 99 
OCGW 1 6 4 1 25 29 116 
OCGW 2 6 4 1 48 49 99 
OCGW 3 6 4 1 61 67 109 
OCGW 4 6 4 1 76 84 110 
OCGW 5 6 4 1 80 99 123 
OCGW 1 7.5 4 1 18 23 90 
OCGW 2 7.5 4 1 36 39 108 
OCGW 3 7.5 4 1 54 53 99 
OCGW 4 7.5 4 1 69 66 96 
OCGW 5 7.5 4 1 70 78 110 
OCGW 1 8.5 4 1 12 20 160 
OCGW 2 8.5 4 1 23 34 147 
OCGW 3 8.5 4 1 44 46 109 
OCGW 4 8.5 4 1 60 58 97 
OCGW 5 8.5 4 1 61 68 110 
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Effect of Ozone on the Fonnation of Bromate (Actual vs Empirical 

WA1ER 03/DOC pH DOC [Br] ACIUAL PREDlcrED 
% 

RECOVERY 
UNIT mg/mg -- mg/L mf!!L 1lf!!L Ilg/L --
CCSW 1 6 3 1 0 6 --
CCSW 2 6 3 1 11 14 127 
CCSW 3 6 3 1 22 25 114 
CCSW 4 6 3 1 34 36 106 
CCSW 5 6 3 1 41 47 114 
CCSW 1 7.5 3 1 5 10 200 
CCSW 2 7.5 3 1 20 26 130 
CCSW 3 7.5 3 1 43 44 102 
CCSW 4 7.5 3 1 60 62 103 
CCSW 5 7.5 3 1 75 82 109 
CCSW 1 8.5 3 1 16 14 87 
CCSW 2 8.5 3 1 36 36 100 
CCSW 3 8.5 3 1 58 59 102 
CCSW 4 8.5 3 1 79 8S 108 
CCSW S 8.5 3 1 100 112 112 
OCGW 1 6 4 1 0 4 --
OCGW 2 6 4 1 0 11 --
OCGW 3 6 4 1 14 18 128 
OCGW 4 6 4 1 29 26 90 
OCGW 5 6 4 1 36 35 98 
OCGW 1 7.5 4 1 0 8 --
OCGW 2 7.5 4 1 17 19 111 
OCGW 3 7.5 4 1 36 32 90 
OCGW 4 7.5 4 1 42 46 109 
OCGW 5 7.5 4 1 52 61 117 
OCGW 1 8.5 4 1 0 11 --
OCGW 2 8.5 4 1 27 27 1--
OCGW 3 8.5 4 1 40 45 112 
OCGW 4 8.5 4 1 55 64 116 
OCGW 5 8.5 4 1 66 86 130 
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Effect of Bromide Ion on the Fonnation of Bromofonn (Actual vs Empirical ) 

WATER <>3/OOC pH DOC £Dr] ACIUAL PREDlcrED %RECOVERY 
UNIT mWITIJt - mg/L ml!1L Ul!/I. uJUL -

CCSW 3 7.5 3 0.5 8 8 112 
CCSW 3 7.5 3 0.8 22 18 86 
CCSW 3 7.5 3 1.0 31 27 87 
CCSW 3 7.5 3 1.2 41 36 87 
CCSW 3 7.5 3 1.5 53 51 97 
OCGW 3 7.5 4 0.5 5 8 160 
OCGW 3 7.5 4 0.8 15 16 106 
OCGW 3 7.5 4 1.0 23 23 100 
OCGW 3 7.5 4 1.2 30 31 103 
OCGW 3 7.5 4 1.5 40 43 107 

Effect of Bromide Ion on the Fonnation of TOBr (Actual vs Empirical) 

WATER 03/OOC pH DOC [Br] ACIUAL PREDIcrED %RECOVERY 
UNIT m~/mJt - mJtll mJt/I. IlJtIL IlJt/L -

CCSW 3 7.5 3 0.5 18 20 110 
CCSW 3 7.5 3 0.8 47 41 87 
CCSW 3 7.5 3 1.0 67 58 86 
CCSW 3 7.5 3 1.2 85 77 90 
CCSW 3 7.5 3 1.5 125 107 86 
OCGW 3 7.5 4 0.5 12 18 150 
OCGW 3 7.5 4 0.8 35 37 106 
OCGW 3 7.5 4 1.0 54 53 98 
OCGW 3 7.5 4 1.2 70 70 100 
OCGW 3 7.5 4 1.5 98 99 101 

Efti fB 'd I ect 0 roml e h F on on t e onnatlon 0 fB romate (A ctua vs E .. al) mpmc 

WATER 03/DOC pH DOC [Br] AcruAL PREDIcrED %RECOVERY 
UNIT ml!lmg - - mg/L mg/L Ilg/L IlgIL -

CCSW 3 7.5 3 0.5 9 10 110 
CCSW 3 7.5 3 0.8 22 27 122 
CCSW 3 7.5 3 1.0 43 43 100 
CCSW 3 7.5 3 1.2 61 64 105 
CCSW 3 7.5 3 1.5 88 104 82 
OCGW 3 7.5 4 0.5 5 7 140 
OCGW 3 7.5 4 0.8 12 20 166 
OCGW 3 7.5 4 1.0 36 33 92 
OCGW 3 7.5 4 1.2 44 48 109 
OCGW 3 7.5 4 1.5 56 78 139 
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Effi fO ecto zone on th F onnationo e fB romate (A ctua vs AI' al) nalyttc 
WATER 03/DOC pH [Br]o ACI'UAL PREDIC'IED %RECOVER 

Y 
UNIT mJUm~ - mgfl u~IL ugfl -

CCSW 0 8.5 1.0 0 0 -
CCSW 1 8.5 1.0 16 24 -
CCSW 2 8.5 1.0 36 49 150 
CCSW 3 8.5 1.0 58 76 140 
CCSW 4 8.5 1.0 79 89 105 
CCSW 5 8.5 1.0 100 110 110 

Effect of Ozone on the Fonnation of Bromate (Actual vs Numerical) 
WA1ER 03/DOC pH [Br]o ACI'UAL PREDIC1ED %RECOVER 

Y 
UNIT mg/mg - mfliL ugIL ugIL -

CCSW 0 8.5 1.0 0 0 -
CCSW 1 8.5 1.0 16 0 0 
CCSW 2 8.5 1.0 36 20 55 
CCSW 3 8.5 1.0 58 38 66 
CCSW 4 8.5 1.0 79 65 83 
CCSW 5 8.5 1.0 100 100 100 

Ef£ fO ect 0 h F zone on t e onnatIon 0 fB romate (A ctua vs E .. al) mpmc 
WA1ER 03/DOC pH [Br]o ACI'UAL PREDIC1ED %RECOVER 

Y 
UNIT mJUm~ - mJdl. u~IL ugfl -

CCSW 0 8.5 1.0 0 0 -
CCSW 1 8.5 1.0 16 14 87 
CCSW 2 8.5 1.0 36 36 100 
CCSW 3 8.5 1.0 58 52 102 
CCSW 4 8.5 1.0 79 85 107 
CCSW 5 8.5 1.0 100 112 112 
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Effect of Ozone on the Fonnation of Bromate (Actual vs Empirical) 

WATER <>3/DOC pH [Br]o ACIUAL PREDICI'ED %RECOVERY 
UNIT mg/mg - mg/L Ug!L ug/L -

CCSW 0 8.5 1.0 1.0 1.0 -
CCSW 1 8.5 1.0 0.91 0.86 95 
CCSW 2 8.5 1.0 0.82 0.74 90 
CCSW 3 8.5 1.0 0.74 0.64 89 
CCSW 4 8.5 1.0 0.69 0.55 86 
CCSW 5 8.5 1.0 0.62 0.50 88 

Effi fO ecto zone on th F orrnatton 0 e fB rom ate (A al E .. al) ctu vs mpmc 

WATER 03/DOC pH [Br]o ACIUAL PREDICI'ED %RECOVERY 
UNIT mg/mg - mg/L Ug!L J.1g/.l. -

CCSW 0 8.5 1.0 1.0 0 -
CCSW 1 8.5 1.0 0.91 14 97 
CCSW 2 8.5 1.0 0.82 36 99 
CCSW 3 8.5 1.0 0.74 52 102 
CCSW 4 8.5 1.0 0.69 85 104 
CCSW 5 8.5 1.0 0.62 112 110 
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AppendixP 

Example of Matlab Statistical Results 
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Session Name: cubldr 

The reqression equation is 
Y __ 0.38 - 1.28 Xl - 1.31 X2 + 0.742 X3 + 1.55 X4 + 0.956'X5 + 0.703 X6 

+ 0.353 x7 

Predictor Coet Stdev t-ratio P 
Constant -0.381 2.040 -0.19 0.854 
Xl -1.2755 0.5160 -2.47 0.023 
X2 -1.3106 0.7048 -1.86 0.078 
X3 0.7416 0.4875 1.52 0.144 
X4 1.5473 0.2935 5.27 0.000 
X5 0.9559 0.4283 2.23 0.037 
X6 0.7033 0.3805 1.85 0.079 
x7 0.35305 0.07934 4.45 0.000 

s - 0.2463 R-sq - 78.8\ R-sq(adj) - 71.4\ 

Continue? 
Analysis of Variance 

SOURCE OF S5 HS F P 
Reqression 7 4.50353 0.64336 10.61 0.000 
Error 20 1.21291 0.06065 
Total 27 5.71644 

SOURCE OF SEQ SS 
Xl 1 0.09730 
X2 1 0.29273 
X3 1 0.23264 
X4 1 1.49777 
X5 1 0.54903 
X6 1 ~ 0.63308 
x7 1 1.20100 

Obs. Xl Y Fit Stdev.Fit Residual St.Resid 
1 1.22 3.6400 3.5287 0.1525 0.1113 0.58 
2 1.10 3.4600 3.5879 0.1513 -0.1279 -0.66 
3 1.39 3.0900 3.1390 0.1916 -0.0490 -0.32 
4 1.22 2.9400 2.9437 0.1863 -0.0037 -0.02 
5 1.22 2.0700 2.1727 0.2043 -0.1027 -0.75 
6 1.22 2.8900 2.7215 0.1063 0.1685 0.76 

Continue? 
7 1.39 3.6800 3.7739 0.1481 -0.0939 -0.48 
8 1. 94 3.2100 3.1375 0.1180 0.0725 0.34 
9 1.94 2.5600 2.6855 0.1378 -0.1255 -0.62 

10 1.22 3.4330 3.2312 0.0846 0.2018 0.87 
11 1.22 3.5550 3.4443 0.0872 0.1107 0.48 
12 1.22 3.7370 3.6183 0.1466 0.1187 0.60 
13 1.09 3.4300 3.5281 0.0954 -0.0981 -0.43 
14 1.39 3.4330 3.5262 0.1463 -0.0932 -0.47 
15 1. 95 2.9950 3.0535 0.1229 -0.0585 -0.27 
16 1.22 3.5260 3.5160 0.1310 0.0100 0.05 
17 1.09 3.4330 3.4626 0.0942 -0.0296 -0.13 
18 1.09 3.5260 3.5998 0.1378 -0.0738 -0.36 
19 1.39 3.3670 3.2823 0.0706 0.0847 0.36 
20 1.95 2.8900 2.8525 0.1102 0.0375 0.17 
21 1.95 2.9950 3.0002 0.1097 -0.0052 -0.02 
22 1.95 3.1780 3.1380 0.1516 0.0400 0.21 
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AppendixG 

Computer Program for the Numerical Solution of Differential Rate Equations 



C SIDQ.FOR 'PROGRAM TO SOLVE SIMULTANEOUS DIFFERENTIAL 

RATE EQUATIONS 

REAL LAMBDA 

DIMENSION Y(4), YIE(1l),Y2E(1l),Y4E(1l),Q(6),D(5) 

COMMON RK(5), 0 

********************************************************************* 

DATA YIE/l.0,.92,.83,. 7 4,.69,.64,.54,.5,.46,.38,.3/ 

DATA Y2E/0.0,.25,.27,.2,.14,.06,.04,.03,.02,.01,.01/ 

DATA Y 4E/0.0,.02,.04,.06,.08,.I,.15,.2,.25,.3,.35/ 

(CCSWDATA) 

********************************************************************* 

N=3 

KSEARCH=4 

1 WRITE(*, *) , ENTER LAMBDA, X, H, XMAX, BR, & 03' 

READ *, LAMBDA, X, H, XMAX, Y(1), 0 

BRO =Y(1) 

WRITE(*, *)' ENTER RATE CONSTANTS' 

READ *, (RK(I), 1=1,5) 

3 WRITE(*, *) , ENTER NO. AND VALUE FOR K' 

READ *, L, VAL 

IF(L .EQ. O)GOTO 4 

RK(L) = VAL 

GOT03 

4 CALL QCALC(N,H,XMAX,Y,QT,RK,YIE,Y2E,Y4E) 

Q(l) =QT 

2 Y(I) =0.0 

BRO = 1.0 

Y(1) =BRO 

X=O.O 

Ql =0.0 

Q2=0.0 

Q4 = 0.0 

QT=O.O 

WRITE(*, 402) (RK(K), K=I,5) 
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402 FORMAT(, K VECI'OR', 5FI0.4) 

INTERVAL = 50 

1=0 

5 CALL RK4S(N, X, H, Y) 

C X=X+H 

C OUTPUT SELECI'ED INTERMEDIATE VALUES 

1=1+1 

IF«(I/INTERV AL)*INTERV AL - I) .NE. 0) GOTO 5 

Y(4) = BRO - Y(1) - Y(2) - Y(3) 

K = I/INTERVAL+ 1 
C WRITE(*, 400) I, X,Y(I),YIE(K),Y(2),Y2E(K),Y(3),Y(4),Y4E(K) 

400 FORMAT(l5, F5.l, 7FlO.2) 

DO 20 J = l,KSEARCH 

RKINC = 0.01 * RK(J) 

RK(J) = RK(J) + RKINC 

CALL QCALC(N ,H,XMAX,Y,QT,RK,YIE,Y2E,Y 4E) 

Q(J+l) = QT 

RK(J) = RK(J) - RKINC 

20 CONTINUE 

WRITE(*,500) (Q(K), K=1,6) 

500 FORMAT(' Q VECI'OR', 6FlO.4) 

DO 25 1= 1, KSEARCH 

D(I) = (Q(I+l) - Q(I» / (0.01 * RK(I» 

25 RK(I) = RK(I) - LAMBDA * D(I) 

WRITE(* ,50 1) (D(K) ,K= 1,5) 

501 FORMATC DERIV',5FI0.4) 

GOT04 

STOP 

END 
********************************************************************* 

SUBROUTINE QCALC(N,H,xMAX,Y,QT,RK,YIE,Y2E,Y 4E) 

DIMENSION Y(5),RK(5), Y IE(5), Y2E(5), Y 4E(5) 

4 DO 2 I = 2,4 
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C PAUSE 

W = 1.3 - 0.9 '" X / 45. 

Ql = Ql + W '" (Y(l) - YlE(K» "'''' 2 

Q2 = Q2 + W '" (Y(2) - Y2E(K» "'''' 2 

Q4 = Q4 + W '" (Y(4) - Y4E(K» "'''' 2 

IF(X. LT. XMAX) GOTO 5 

QT=QT+Ql +Q2 +Q4 

C WRITE("', 401) Ql, Q2, Q4 

401 FORMAT(15X,2F12.4, 25X, F12.4) 

WRITE("',404) QT 

404 FORMAT(, TOTAL ERROR = ',FlO.4) 

RETURN 

END 

SUBROUTINE RK4S(N, X, H, Y) 

REALK(4,4) 

DIMENSION Y(4), DY(4), SA VEY(4) 

COMMON RK(5), 0 

H2=H/2. 

D021=l,N 

2 SA VEY(I) = Y(I) 

CALLFN(X, Y,DY) 

0041= 1,N 

K(I,l) = DY(I) 

4 Y(I) = Y(I) + H2 '" K(I,t) 

X=X+H2 

CALL FN(X, Y, DY) 

DO 61= 1,N 

K(I,2) = DY(I) 

6 Y(I) = Y(I) + H2 '" K(I,2) 

CALL FN(X, Y, DY) 

DO 8 1= 1, N 

K(I,3) = DY(I) 
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8 Y(I) = Y(I) ..: H ... K(I,3) 

X=X+H2 

CALL FN(X, Y, DY) 

DO 101 = 1, N 

10 K(I,4) = DY(I) 

C CALCULATE NEW Y VECTOR 

DO 12 I = 1, N 

12 Y(I) = SAVEY(I) + H '" (K(I,l) + 2. ". K(I,2) + 2.'" K(I,3) 

... + K(I,4» / 6.0 

RETURN 

C CALCULATE NEW Y VECTOR 

DO 121= 1, N 

12 Y(I) = SAVEY(I) + H '" (K(I,l) + 2. lie K(I,2) + 2.'" K(I,3) 

* + K(I,4» / 6.0 

RETURN 

END 

SUBROUTINE FN(X, Y, DY) 

REALKBRO 

DIMENSION Y(4), DY(4) 

COMMON RK(5), 0 

KBRO = RK(5) * Y(2) * Y(3) 

DY(1) = 0 '" (-RK(1) * Y(l) + RK(2) * Y(2» + KBRO 

DY(2) = 0 * (RK(1) I/< Y(l) -(RK(2) + RK(3» * Y(2» - KBRO 

DY(3) = 0'" (RK(2) * Y(2) - RK(4) * Y(3» - KBRO 

DY(4) = 0 * RK(4) * Y(3) + KBRO 

RETURN 

END 
****"'**"'***"''''*''''''**''''''*'''*****************''''''***'''*'''***'''***"'*"'''''''****'''**'''*'''''' 
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