
The effect of Ozone on Waters Containing Chlorine or Bromide 
Werner R. Haag and Jurg Hoign6 

Many drinking water treatment plants, especially in Switzer- 
land and neighboring countries, use ozone either for disin- 
fection or to improve the chemical quality of the water. 
Chlorine is also often used in a preceding or subsequent 
treatment step. However, ozone and chlorine react with one 
another, resulting in a decrease in efficacy of both oxidants. 
How fast does this reaction occur under practical water 
treatment conditions? 
Outside of Switzerland waters sometimes contain traces of 
bromide, which also reacts with ozone during drinking water 
treatment. The advantages and disadvantages of using 
ozone in seawater (which contains large amounts of bro- 
mide) for shellfish depuration or cooling water antifouling 
are under discussion. Are the bromide ions not simply oxi- 
dized to c~activea. bromine? Such questions are of interest 
since  active^^ bromine not oniy interferes in the measure- 
ment of ozone concentrations, but can also produce unde- 
sirable brominated compounds, such as bromoform in the 
presence of natural organic compounds. 
in this article we will briefly describe how basic, experimen- 
tally accessible, kinetic data can be used to predict the be- 
havior of chemical oxidants used in water treatment. 

1. Interaction of Ozone with Chlorine 
When gaseous chlorine is added to water it rapidly hydro- 
lyzes; therefore, -active,, chlorine exists mainly as hypo- 
chlorous acid (HOCI) (see Fig. 1). HOCI is a weak acid which 
is partly dissociated to the hypochlorite ion (OCI-) at the pH 
of drinking water. Our kinetic measurements show that 
ozone reacts only with OCfand notwith HOCI.Thus, the rate 
with which ozone reacts with aqueous chlorine increases 
proportionately to the degree of dissociation, a, of the hy- 
pochlorous acid; that is, it increases by a factor of 10 per pH 
unit up to pH 7: 

where a = 1+10V5-~HI 

As shown in Fig. 1, ozone reacts with hypochlorite ion by two 
different pathways. Only about 23%of the OCI' ends up as 
undesirable chlorate (CIO;); the main pathway (77%) leads 
to relatively non-toxic chloride. 

Fig. 1: 
Reactions of ozone with aqueous chlorine. 

Using the kinetic rate law given above, we calculated the 
half-lives of ozone orchlorine in the presenceof oneanother 
(see Fig. 2). For example, if the ozone concentration is kept 
at 1 mgll, which lies in the range normally used in watertreat- 
ment plants, the half-life of the chlorine at pH 7-8 will be 
about 10 minutes. The same is true forthe half-life of ozone if 
the chlorine concentration remains constant at about 1.5 
mgll CI,,,,,,. The reaction is slow when compared with disin- 
fection processes and, therefore, should not interfere signi- 
ficantly with the latter. On the other hand, the residual chlor-' 
ine concentration in the water distribution networkwill be re- 
duced, increasing the risk of a re-infection. 
For specialists in this field, we should note that combined 
chlorine, formed by chlorination of ammonium-containing 
waters, reacts somewhat more slowly with ozone than does 
hypochlorite ion [I]. 
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2. Interaction of Ozone with Bromide Ion 
Many waters which are ozonated for disinfection, such as 
drinking water, swimming pool water, and power plant cool- 
ing water, contain at least traces of bromide (see Table 1). 
Ozone oxidizes bromide to <<actives) bromine (HOBr/OBr-), 
which acts as asecondaryoxidant and disinfectant.This ac- 
tive bromine is then further oxidized to bromate, the stable 
end product. Using modei reaction mixtures for the kinetic 
measurements, we were able to establish and quantify the 
reaction scheme shown in Figures 3 and 4 [ Z ] .  

Fig. 3: 
Reactions of ozone with aqueous bromine and bromide ion. 

Sea Water fi5 
Lake of Zurich 
River Rhine at Basie 
River Rhine at Karlsruhe 
River Rhine at Netherlands 
Five major rivers in USA 0.004-0.08 
Ground water (Belgium) 0.03-0.3 
Rivers (Belgium) 0.02-0.2 
Various Mineral Waters (Switzerland, 
France, Fed. Rep. Germany, Belgium) C 2.4 

Analogous to the reaction with active chlorine, only the hy- 
pobromite ion reacts with ozone, and only a minor part (23%) 
of this reaction leads directly to bromate ion (EirO;). The 
main pathway again leads to halide ion, via peroxide forma- 
tion and 0, loss. However, in contrast to chloride, bromide 
can be oxidized back to hypobromite by additional ozone. 
The result is a small chain reaction, whereby ozone is cataly- 
tically destroyed and the formation of bromate strongly inhi- 
bited (see Fig. 4). 
Of primary interest is the concentration of active bromine 
which builds up during the ozonation of a bromide-contain- 
ing water. A simple kinetic computer modei and subsequent 
experimental verification gave the concentration-time pro- 
files shown in Fig. 5. Afteronly several minutes of continuous 
ozonation at 1 mgll, a large portion of the initial bromide was 
oxidized to active bromine. However, since this exists in a 
dynamic equilibrium with bromide, only acertain percentage 
of the total bromine can be present as active bromine. This 
percentage is particularly low at high pH values where the 
regeneration of bromide is not inhibited by the protonation 
of ihe OBr- to HOBr. Nevertheless, in the pH range typical of 
drinkina and cooiina waters IDH 7-8). a substantial Dortion 
of the initial bromide exists a'; activebromine over i rather 
long ozonation period. 
The presence of active bromine in ozonated waters causes 
certain problems. Conventional analytical methods for the 
determination of residual ozone, which are usually based on 
oxidation, give a false positive response to active bromine. 
Moreover, aqueous bromine will brominate organic water 
constituents. Fig. 6 gives direct experimental evidence for 
the formation ofbromoform upon addition of aqueous ozone 
to mixtures of humic acid and bromide ion. However, the ex- 
tent of formation of halogenated organics appears to be less 
with ozonation than with chlorination. The formation of bro- 
minated phenols can beexcluded since data from ratecons- 
tant catalogs we have established [3] show that phenols 
react over 1000 times faster than bromide; thus, they would 

Fig. 4: 
Chain reaction of ozone in bromine-and bromide-containina water, 
including further reactions of hypobromous acid and hypobromite 
ion. 
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be oxidized before significant amounts of active bromine 
could be formed. This is the case even in seawater, despite 
the fact that the high bromide concentration (65 mgll) limits 
the lifetime of the added ozone to only 6 seconds. In this re- 
spect, ozonation of seawater has an advantage over chlori- 
nation, even though active bromine is produced as a secon- 
dary oxidant in both cases. 

These considerations demonstrate that kinetic data can be 
used to make predictions on the behavior of chemical oxi- 
dants and disinfectants used in water treatment, even when 
complex interactions must be considered. In a separate 
communication we will show how certain reaction pathways 
of atmospheric ozone can also be better understood and 
quantified by using corresponding kinetic data. 
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Suspended Particles in Lakes 
Michael Sturrn 

Introduction 

lake floor is expressed by the annual sedimentation rate 
(cm . y-l) or the annual rate of accummulation (g. m-2y-1). 
Some of the different techniques which are applied to deter- 
mine these parameters are schematically shown in Figure 2. 

Particles are excellent tracers to study geoblochemical pro- The qual~lattve descrlptlon of part~cles may Include the cha- 
cesses in the natural environment Knowledqe of orocesses racter~zat~on of particles by thelr shape and slze, by the r 
which lead to particle formation and descAptions of their 
composition and distribution in an aquatic system, there- 
fore, increase our insights into those mechanisms which 
control that particular system. 
Suspended material (= particles,suspensoids) in a lake may 
originate from different sources: the atmosphere, river input, 
land slides and formation processes within the lake itself 
(Fig. 1). Accordingly, suspended particles vary greatly in 
composition and represent a wide range of sizes: distinct 
single particles (rock fragments, individual crystals, algal 
cells, etc.) or aggregates (coagulates, fecal pellets, etc.). 
Due to differences in the catchment area, the tributaries, ba- 
sin morphology, and trophic state, variable amounts of par- 
ticles from an individual source will be contributed to a lake. 
In alpine and perialpine (alpine foreland) lakes, the sources 
of suspensoids are either allochthonous including all mate- 
rial carried to a lake by its tributaries, by avalanches and land 
slides, etc. or autochthonous, i. e. particle formation within 
the water column including particles formed by biological 
processes, precipitation, coagulation, etc. Material from 
both sources may be secondarily reworked in the lake by 
slumping and resuspension processes. 
Suspended particles in a lake can be described quantitati- 
vely andlor qualitatively. Within the water column, the occur- 
rence of suspensoids is quantified by their concentration 
(mg. I-') and the flux to the lake bottom by their mass per 
area and time (g . m-2d-1). Final deposition of particles on the 
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chemical composition or by their position within the bjologi- 
cal system. Several techniques may be applied to measure 
particle grain sizes (Coulter Counter, Sedigraph), bulk par- 
ticle chemistry (Atomic Adsorption Spectrometry, Neutron 
Activating Analysis, X-ray diffraction) and single particle 
composition (Scanning Electron microscopy/X-ray spectro- 
metry). 

1. Particle concentration 
Comparisons of particle concentrations in a number of al- 
pine and perialpine lakes show in general a mean annual, pe- 
laoic. eoilimnetic susoended material concentration of 2-3 
mg. I-' (Table 1). ~egardless of their trophic state, all lakes 
develop lower concentrations during the winter months and 
higher concentrations in the spring and summer. Average 
uniform values are exceeded in lakes with high allochtho- 
nous input (Lake Ammer: 21 mg . 1-'[4]) or near the mouth of 
main tributaries (Lake Brienz: 25 mg . 1-'[7]). Moreover, maxi- 
mum concentrations may occur during periods of high pro- 
ductivity during the spring in the epilimnion of a lake (Lake 
Greifen: 7.4 mg. 1-'[9]) and by resuspension processes at 
the sedimentlwater interface. However, water profiling with 
transmissometer or nephelometer and short-period water 
sampling show that such peaks of high concentrations are 
rapidly reduced (within hours orafew days) to the seasonal- 
ly varying mean background concentration of particles in a 
lake 17, 181. 
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Sources and sinks of suspended particulate matter in a lake (modi- 
fied aNer 113 . 
RIV = infiux%y rivers, slumps, avalanches etc. 
AIR = athmospheric influx by wind, rain etc. 
AUT = autochthonous material (bioproduction, 

chemical precipitation etc.) 
DIS = dissolution o i  particles 
RES = resuspended material (bottom-currents, subaquatic 

slumps etc.) 
UPW= influx by upwelling of material (groundwater, subaquatic 

fountains etc.) 
OUT = outflow of particles 

Table 7: 

Particle and  sediment data f rom alpine and  peri-alpine lakes 

Name of lake 

L. Geneva [I] oligo/mesotrophic 
large tributaries 

9 k m  of delta 

Part. concentration Part. flux Sed. rate 
(mg . I-') (g . m-2d-1) (cm. rl) 

1.8 (0.9-2.5) 
(Dec.-Aug.) 

iDec.-Auo.? 

L. Constance 121 475 I 252 1 oiigo/mesotrophic 3 (0.4-5.5) [ l l ]  
large tributaries 

1 0 4 5  

L. Zurich 131 / 65 / 140 / meso/eutrophic / 2.2 (0.4-4) 1 2 (0.7-7) / 0.35 1111 
minor tributaries 

L. Zug [6] eutrophic 
38 197 minor tributaries 

L. Brienz [7] 30 261 oligotrophic 
iarge tributaries 

---~~~-p~ 

L. Ammer/Ger- 
many 141 

L. Biel [5] 

25 (4.3-54.7) 
(2 km off delta) I - 

L. Traun/Austria 26 I 131 I oligotrophic I - I81 large tributaries 

-~ 

47 

39 

L. Greifen [9] I eutrophic 3.2 (1-7.4) / 0.4 131 
minor tributaries Isorina) 1171 1 i.8-24) 

82 

75 

[ I ]  Jacquet, J.M., Favrager, P!f, Uldry, A., Vernet, J.-P.. Production. 
transformation et sedimentation de ia matiere particulaire dans 
ie Leman. Schweiz. Z. Hydrol, submitted. 

[2] Sturm. M.. Zeh, U., Muller, J., Sigg, Laura, Stabei, H., Schweb- 
stoffuntersuchungen im Bodensee mit lntervall-Sedimenta- 
tionsiallen, Eclogae geol. Helv. 7513, 579-588, (1982). 

131 EAWAG-unDubllShed data. 

-- 

Bay of Horw 
(L. Lucerne) [lo] 

L. Rot [lo] 

i4i Zeh. U.. Schwebstoffeim~mmersee- Untersuchunoen zurver- 

mesofeutrophic 
large tributary 

eutrophic 
large tributary 

. . " 
teilung. Zusammcnsetzung und Seo~nientalion sdspenolenen 
Materials in e nem Voralpensee. PhG Thes~s, T J  Munch, Fed 

2 

0.5 

Rep. Germany, (1980). 
151 Santschi, P., Chemische Prozesse im Bielersee, PhD Thesis, 

Universitv of Berne. Switzerland. 1975. 

21 (17-23) 

2.5 (0.7-5.6) 

[6] ~loesch,.~.. Sturm, M., Particle fluXeS and sinking velocities as 
model parameters for the restoration of eutrophic Lake Zug. 
Switzerland. Paper accepted by 3rd Symp. Interact. Sediment/ 
Water, Geneva, 1984. 

72 

16 

[7] Sturm, M.. Matter, A.. Turbidities and varves in Lake Brienz 
(Switzerland): deposition of ciastic detritus by density cur- 
rents. Int. Ass. Sedimentologists. Special Publ. 2, 147-168, 
1197R1 

- 

5 
(1-17) 

\ . - . - , . 
[a] Miiiler, J.. Sossau. C., Zeh. U., Die Schwebstoife derTraun und 

des Traunsees, Report 12, Oberasterreichische Landesregie- 
rung, Austria. (1983). 

(91 Weber, H., Sedimentologische und geochemlsche Untersu- 
chungen im Greifensee. ETHZ. PhDThesis, Switzerland. (1981). 

[lo] Bloesch, J., Sedimentation und Phosphorhaushalt im Vier- 
waidstattersee (Homer Bucht) und im Rotsee, Schweiz. Z. 
HydroL 36, 71-186, (1974). 

1111 Erten, H.N.. von Gunten. H.R., Rassler, E., Sturm. M., Dating of 
Sedimentsfrom LakeZurich (Switzerland) with2'QPband'3'Cs, 
Schweiz. Z. Hydrol., (In press). 

1121 Giovanoii, E ,  lnstitut Forel-Versoix, pers. communication. 
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1.1 

- 

mesotrophic 
minor tributaries 
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1.6 (0.3-4) 131 3 
(0.4-13.8) 

eutrophic I - no tr ibutar~es 
3 

I 0.4 

0.37 
(0.4-13.8) 



Fig. 2: Common techniques used for the quantification of suspended particles in lakes. 

water column 

water sampler in situ pump 

nephelometer/ 
transmissometer 

in situ filtrat. 

>0.45 pm 

mg . I-' g . m-2d-1 

if measured frequently enough, particle concentration data 
can thus be used to describe the fast processes of autoch- 
thonous particle formation in and allochthonous particle 
plumes to a iake as well as their distribution in the water co- 
lumn and throughout the lake basin. On the other hand, the 
concentration of particles does not seem to be an adequate 
parameter to characterize lakes varying in their trophic 
states, geochemical backgrounds, sizes, depths, etc. 

2. Particle flux 
Sediment trap measurements of the downward flux of par- 
ticles in different lakes show annual mean values of 2-3 
g . m-zd-1 (Table 1). Higher fluxes (5-6 g . m-2d-*) have been 
observed in some eutrophic lakes, where higher amounts of 
particles are produced dur~ng perloos of Increased produc- 
tlv~tv in the eol.imn on Lake Biel, Lake Greifen) 15,171 Gene- . .  . 
rally, particie'flux data ieflect seasonal changes of suspand- 
ed material, whereby >70%of the suspensoids settle during 
spring/summerfrom May to September [61. Periodic maxima 
of particle fiuxes during this time indicate successions of 
phytoplankton blooms. These maximum values can be in- 
creased by synchronous plumes of allochthonous particles 
from spring melt water or torrential rains [5.7]. Short-term 
measurements (60 hours intervals) with tirne-sequencing 
sediment traps show that the duration of such increased 
pulses is usually short and seldom exceeds 2.5 days [2,19]. 
Determination of particle fluxes from traps just below the 
epilimnion and near the lake bottom, can show significant 
differences. They are caused by physical and biochemical 
recycling and transformation of particles outside or within a 
sediment trap. 
Physical resuspension of already deposited rnaterial was 
observed in Lake Zug (South Basin) during a storm-event in 
November 1982, when a sediment trap exposed 9 m above 
ground measured a particle flux of 4.2 g .  m-2d-' as com- 
pared to 1.7 g . m-2d-1 (40%) forthe trap set below the epilim- 
nion [6]. Sinking Mn-oxides formed during the biochemical 
recycling of Mn (which comprises the release of Mn(li) from 
the sediment at the anoxic sediment/water interface and its 
subsequent oxidization to y-MnOOH, catalyzed by microor- 
ganisms in the overlying water [15]) clearly increases par- 
ticlefluxes in bottom traps of eutrophic lakes during period? 
of anoxia in the hypoiimnion. An increased total particle flux 
(up to 7%) in the bottom traps and numerous Mn-oxide par- 
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sediment 

sediment core 
(gravity/box corer) 

sediment parameters 
(dens:ty, porosity.age) 

sed. rate accumulation 
cm . y-' g. ",-zy-t I 1  I 

ticles in both the water and trap samples indicate the infiu- 
ence of this short-cut recycling of Mn on sedimentation pro- 
cesses nearthe bottom during autumn and winter months in 
Lake Zurich [3]. 
On the other hand microbial degradation and grazing by fii- 
ter-feeders within the traps, especially when exposed within 
or just below the epiiimnion, may reduce trapped material 
during longer periods of exposure. During a 14-day trap ex- 
periment in Lake Greifen, more than haif of the trapped ma- 
terial summed over 2-day intervals was degraded in the re- 
ference trap, which was continuously exposed during the 
experiment [17]. 

3. Sedimentation rates 
Average annual sedimentation rates, displayed in Table 1, 
show surprisingly uniform values of about 0.4 cm. y-1 in 
most of the iakes listed. It has to be kept in mind, however, 
that lakes with large tributaries show annual rates, which de- 
pend on the position of the studied sediment core within the 
iake basin (e. g. near a delta or in more distal parts of the 
iake). Differences by up to an order of magnitude have been 
observed in some of the Swiss iakes, which are influenced 
by high debris-flow from rivers [5,7]. 
Average sedimentation rates are likewisesignificantly great- 
er in those lakes, in which rates of productivity are superim- 
posed by the input of high amounts of allochthonous mate- 
rial (e. g. Lake Biel [5]) or where frequent pulses of particle- 
loaded river water carry large quantities of ailochthonous 
solids even to distal parts of a lake (e. g. Lake Brienz [7]). 
The rate of sedimentation, as determined by dating of sedi- 
ment cores, describes the net amount of particles finally de- 
posited on the lake floor. However, a sedimentation rate cal- 
cuiated from results from sediment trap rnaterial, which is 
susceptible to both recycling and biochemical alteration will 
usually be larger. 

4. Composition of particles 
As the formation and fate of suspended particies in lakes of 
temperate climates are seasonally variable, particle analysis 
of filtered samples and sediment trap material shows signi- 
ficant differences during the course of a year [6,18]. 
A dramatic increase in the number of diatom shells (Stepha- 
nodiscus hantzschii, Asterionella sp.) (Fig. 3) represents the 
first productivity peak of the year. Lakes with substantial par- 
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