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ABSTRACT 


This study investigated the influence of ozone on water purification processes at 
Midvaal Water Company. The utility is situated on the banks of the Middle Vaal 
River in the North West Province and supplies potable water to the local 
municipality of Matlosana as well as surrounding mining companies. The Middle 
Vaal River is hypertrophic and the only raw water source for the treatment works. 
Midvaal usually experiences taste and odour problems during summer periods 
when the cyanoprokaryote, OscilJatoria, occurs in the raw water and produces 
geosmin and methylisoborneol (MIS). These compounds do not pose a health 
risk to consumers but degrade the aesthetic quality of the water. The earthy, 
muddy tastes and odours are detected at extremely low concentrations and are 
not effectively removed by conventional treatment methods which therefore 
necessitate the application of an advanced method such as ozonation. 

Midvaal has been using ozonation in their treatment process since 1985 and 
upgraded the ozonation plant in 2007. The aim of pre-ozonation at this plant is to 
improve dissolved air flotation (OAF) by inactivating the algal cells while 
intermediate ozonation is applied for oxidation of iron and manganese as well as 
colour improvement. Samples were collected weekly for a one year period from 
the raw water, after intermediate ozonation and after pre-ozonation and were 
measured for pH, electrical conductivity, turbidity, chlorophyll-a, total chlorophyll, 
dissolved and total organic carbon, manganese, iron, aluminium, SAC 254, 
geosmin, MIS as well as algal identification and enumeration. 

SAC 254, chlorophyll-a, total chlorophyll, total algal cells (of which the 
Sacillariophyceae and Chlorophyceae dominated) and turbidity declined 
significantly after intermediate ozonation which was also supported by effect 
sizes. Intermediate ozonation had variable influences on pH, ~OC, TOC, as well 
as manganese, iron and aluminium concentrations. Conductivity was the only 
variable to increase after intermediate ozonation together with MIS 
concentrations. The study showed that increased ozone dosages together with 
and optimum OAF process may alleviate taste and odour problems during 
OscilJatoria blooms and the associated occurrences of MIS in the raw water. 
Even though the water purification process did not rely heavily on ozonation for 
the oxidation of manganese, iron and aluminium concentrations in the raw water 
during the study period, it remained an essential step for improving colour. Other 
than the influence of ozonation on the water purification process, the study also 
demonstrated the crucial role of the OAF process in the overall success of the 
plant by removing a great number of algal cells intact. The study also showed 
that the Ozone Quicktest could successfully be applied to determine the ozone 
concentration in the process gas. 

Even though pre-ozonation did not have a significant effect on the chlorophyll 
concentrations of the raw water as was both desired and expected, the influence 
of pre-ozonation on the water purification and more especially the OAF process 
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could not successfully be investigated during this study as the time was 
insufficient. 

The information obtained from this study is of value to Midvaal Water Company 
as well as other water utilities making use of or planning to apply ozonation as a 
means to increase the quality of potable water supplied to South African 
consumers. 
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OPSOMMING 


Gedurende hierdie studie is ondersoek ingestel na die invloed van osoon op 
watersuiweringsprosesse by Midvaal Water Maatskappy. Die instansie is gelee 
op die oewers van die Middel Vaalrivier in die Noordwes provinsie en voorsien 
drinkwater aan die Matlosana munisipaliteit asook mynbou in die omringende 
omgewing. Die Middel Vaalrivier is hipertrofies en die enigste bronwater bron vir 
die suiweringswerke. Midvaal ondervind gewoonlik smaak en reuk probleme 
gedurende somer periodes wanneer die sianoprokarioot, Oscillatoria, in die 
bronwater voorkom en geosmin en methielisoborneol (MIS) produseer. Hierdie 
stowwe hou nie 'n gesondheidsgevaar vir gebruikers in nie, maar verswak wei 
die estetiese kwaliteit van die water. Die gronderige smaak en reuke word 
waargeneem teen uiters lae konsentrasies en word nie effektief deur 
konvensionele behandelingsmetodes verwyder nie en dus word die aanwending 
van gevorderde metodes, soos osonering, benodig. 

Midvaal gebruik reeds osonering in hulle watersuiweringsprosesse van 1985 af 
en het die osoonaanleg in 2007 laat opgradeer. Die doel van voor-osonering op 
hierdie aanleg is om flotasie te verbeter deur algselle slegs te deaktiveer terwyl 
intermediere osonering aangewend word vir oksidasie van yster en mangaan 
asook kleur verbetering. Eksemplare van die bronwater, na intermediere 
osonering en na voor-osonering is weekliks versamel vir een jaar en geanaliseer 
vir pH, geleiding, troebelheid, chlorofil-a, totale chlorofil, opgeloste en total 
organiese koolstof, mangaan, yster, aluminium en SAC 254, geosmin, MIS asook 
alg identifikasie en telling. 

SAC 254, chlorofil-a, totale chlorofil, totale algselle (waarvan die 
Sacillariophyceae en Chlorophyceae gedomineer het) en troebelheid het 
aansienlik afgeneem na intermediere osonering wat ook ondersteun is deur die 
effekgroottes. Intermediere osonering het wisselende effekte op pH, opgeloste 
organiese koolstof, totale organiese koolstof asook mangaan, yster en aluminium 
konsentrasies gehad. Geleiding was die enigste veranderlike wat toegeneem het 
na intermediere osonering saam met MIS konsentrasies. Die studie het aangedui 
dat verhoogde osoon doserings en 'n optimale flotasie proses die smaak en reuk 
probleme gedurende Oscillatoria opbloeie en die geassosieerde voorkoms van 
MIS in die bronwater kan verlig. AI het die watersuiweringsproses nie sterk 
gesteun op osonering vir die oksidasie van mangaan, yster en aluminium 
konsentrasies in die bronwater gedurende die studie nie, bly dit steeds 'n 
belangrike stap vir die verbetering van kleur. Sehalwe die invloed van osoon op 
watersuiweringsprosesse het die studie ook die kritieke rol en bydrae van die 
flotasie proses op die algehele sukses van die aanleg getoon deurdat 'n groot 
aantal algselle vewyder word sonder dat die selwand vernietig word. Die studie 
het ook aangedui dat die "Ozone Quicktest" suksesvol aangewend kan word om 
die osoon konsentrasie van die prosesgas mee te bepaal. 
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AI het die voor-osonering nie 'n waarneembare effek op die chlorofil 
konsentrasies van die bronwater gehad soos gewens en verwag was nie kon die 
invloed van voor-osonering op die watersuiweringsprosesse sowel as die flotasie 
proses by Midvaal Water Maatskappy nie suksesvol ondersoek word gedurende 
hierdie studie nie omdat die tyd onvoldoende was. 

Die inligting wat uit hierdie studie voortgespruit het is van waarde vir Midvaal 
Water Maatskappy asook ander instansies in die waterbedryf wat reeds gebruik 
maak of beplan om osonering aan te wend as 'n wyse om die drinkwater wat aan 
Suid-Afrikaanse gebruikers verskaf word se kwaliteit te verbeter of te handhaaf. 
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CHAPTER 1: INTRODUCTION 


"But the people were thirsty for water there, and they grumbled against Moses. JJ 

Exodus 17:3 (NIV) 

From The Beginning water has been a basic human need. Since water is one of 
the primary requirements for life, meddling with water supplies was one of 
humankind's earliest technical triumphs (Davies and Day, 1998). In South Africa, 
access to sufficient water is a human right (South Africa, 1996). The National 
Water Act (Act 36 of 1998) recognizes that water is a scarce and unevenly 
distributed national resource, which occurs in many different forms and is all part 
of a unitary, interdependent cycle (South Africa, 1998). South Africa is a semi
arid country with an average rainfall of 464mm per year while the world's average 
rainfall is 860mm per year. The eastern part of South Africa has a higher rainfall 
than the western part. 

Even if there are not challenges caused by nature, some are caused by 
development (Barrow, 2006) and a rapidly increasing human population that 
places more and more stress on the environment (Barrow, 2006). An increasing 
human population causes human activities, together with the demand for water, 
to increase. According to Davies and Day (1998) the more people there are, and 
the more sophisticated their technology, the more they consume and the more 
toxic the wastes they produce. In future, the availability of water promises to set a 
finite limit upon the size of population that can be supported at an acceptable 
standard (Carrim, 2006). Unfortunately, some human activities go along with 
agricultural-, industrial- and mining runoff as well as final sewage effluent, which 
pollute rivers and dams. These pollutants and in particular the nutrients, lead to 
eutrophication problems in impoundments, which in turn cause treatment 
problems at many of the country's waterworks (Pryor and Freeze, 2000). The fact 
that water is a scarce resource in South Africa and that this situation may very 
well intensify over time, forces us to utilise every available water source even a 
river, reservoir or wetland with water that look like pea soup, or one clogged from 
bank to bank with aquatic plants (Davies and Day, 1998). Luckily, because of the 
efficiency of water treatment processes, water for potable supply need not be of 
the highest quality (Mason, 1991) but if a water source of better quality is not 
available, better treatment methods have to be implemented and developed. 

Not only is the general demand for water increasing, but also the demand for 
drinking water of outstanding and excellent quality. The extensive variety of 
bottled water available on the market today supports this desire for untainted, 
pure and healthy water. Consumers tend to reason that water with an unpleasant 
taste and/or odour is unsafe to drink, thus making the water aesthetically 
unacceptable (see Fig ure 1.1). The presence of geosmin and methylisoborneol 
(MIS) in water, which causes unpleasant tastes and odours, does not however 
pose a health risk to consumers. Potable water with tastes and odours can often 
be linked to a polluted or eutrophic natural resource. Conventional water 



treatment methods like coagulation, flocculation, sedimentation, filtration and 
chlorination may not effectively remove tastes and odours in potable water and it 
may become necessary in the future to use more advanced water treatment 
processes in order to produce potable water of an acceptable quality (Pryor and 
Freeze, 2000), 

MIDVAAL 
"W~~~ III

PURIFIED EXCELLENCE 
PO £lax 31, Stllf",""l", 2550, T.I: Olt .4e21241150 Fu: OIS 482 1110, !HIla": Info@mldvnlvmer.co.t.1 

Phew! The water stinks! 

Consumers of Midvaal Water Company have experienced an earthy-musly odour in their 
drinking water for the past two weeks. 6lua-green algae (Cyanobacteria) am tha causa of 
these offensive tastes and odours in the treated water, Algae al9 naturally occurring 
inhabilanls of surfaoo water bodles and the Vaal River is no exception. Growth condilions 
in the Vaal River are currenUy ideal for the proliferation of B!ue-green algae and il is nol 
possible to predlct when these comliUons wiD changa to favour the other "normal" types of 
algae. For the past two to three weeks, the predominant algal genus in Ihe river \'later 
was a Plantothrix sp., aBlue-green elga that secretes the substances 2-Methyilsobomeol 
(2MIB) and Geosmin. These substances have astrollg odour and can be detected by 
sensitive consumers at levels as low as nine (9) nanogrammes per titre. This is equivalent 
to one teaspoonful in 200 Olympic-size swimming pools. These substances are extremely 
difficult and aJSlly to remove from the water as the conventional water treatment 
processes cannot remove 2MIB and Geosmin completely. 

The most efficient methods to alleviate tastes and odours are high doses ofactivated 
carbon and I or ozone. Activated carbon is highly specific. which means that the right type 
01 carbon needs to be appRed to ensure efficient removal 01 these offensive substances. 
Activated carbon has to be tmpol1ed and i9 therefore expensive and difficult to obtain at 
short nollce in unpredicled taste and odour incidents, like the CUIll3nt one. 

Midvaal Water Company had been using ozone since 1986 to improve the overall qualily 
of its drinking water, as the ever·increaslng pollution toad and level in the Middle Vaal, 
render the raw water mom difficult and complex to treat satisfaclorily. The Ozona plant 
was upgraded in 2007 and a second stage of ozone dosing win come into operation by 
the middle of 2008. This will hopefully assist us to deal better with taste and odour 
problems. 

Midvaal Waler Company assures ilS consumers thai this aesthetic problem poses no 
health risks to humans. animals and plants at the low concentrations that the a:gae are 
present in tha Vaal River. Extensive water Quality monitoring is done continuously 10 
ensure the optimal operation 01 our treatmel1t process and to en!ilJre the produCllon of 
safe dnnking water. 

II is our hope that the above information will enab!a our O(lI1sumers to Uml"rslaJ1d the 
current challenge of tasta and odours in 1l1e figi'll context and also allay the fears cf he<;ith 
riSkS,in the usa oHap water rn our supPly area.. .,"'''''' " . '.. , ... " .•. , •• ' .1 

.. ............................... ....
~ 
••••• ~~"f' •••*•••••• t~~." ••• ".,,···?·,··t.".t., ••• ,••• , ••• #~ 

Figure 1.1: This article appeared on page 14 of the local newspaper, Klerksdorp 
Record, on 1 February 2008 indicating that Midvaal Water Company experienced 
taste and odour problems at the time (Midvaal Water Company, 2008). The 
newspaper article was placed in response to various consumer complaints and 
growing concern among the consumers concerning the quality and safety of the 
drinking water. 
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Methylisoborneol and geosmin are cyanobacterial metabolites that occur at 
nanograms per liter levels in surface water supplies and are responsible for many 
taste and odour complaints about the aesthetics of drinking water (Westerhoff et 
a/., 2005). MIB and geosmin are of particular interest because they are 
unpalatable, imparting earthy, musty or mouldy tastes and odours to drinking 
water (Westerhoff et aI., 2005). Some people can smell the odour of these 
compounds in drinking water at concentrations of 10 ng/I or less (Sung et a/., 
2005). The identification and quantification of trace amounts of volatile organic 
compounds (VOCs) that cause taste and odour is essential since these 
compounds dramatically impact the aesthetic quality and consumer acceptability 
of drinking water (Watson et a/., 2000). 

Water treatment plants, supplying potable water to consumers, include carbon 
adsorption or ozonation as advanced treatment steps for taste and odour 
removal. Ozone, a potent germicide, is also used as an oxidizing agent for the 
destruction of organic compounds producing taste and odour in drinking water, 
for the destruction of organic colouring matter and for the oxidation of reduced 
iron or manganese salts to insoluble oxides (Eaton et a/., 1995). In South Africa, 
Midvaal Water Company and Vaalkop Water Treatment Works (both in the North 
West Province) as well as Wiggens Water Works in KwaZulu Natal use ozone in 
their water treatment processes. 

At Vaalkop Water Treatment Works, ozone is dosed at the inlet of the works as 
oxidant and flocculent aid and at two intermediate dosing points as disinfectant 
before the gravity sand filters (Magalies Water, 2009). Wiggens Water Works 
currently has a facility for both pre- and post-ozonation, but a proposed future 
layout for Wiggins includes facilities for both pre- or intermediate ozonation and 
post-ozonation (Rencken, 1994). The treatment plant at Rietvlei Dam 
investigated granular activated carbon (GAC) adsorption and pre-ozonation as 
two possible solutions when their raw water source became more eutrophic and 
made additional treatment necessary (van Staden and Haarhoff, 1999). A study 
done by Van Staden and Haarhoff (1999) indicated that pre-ozonation would be 
the cheapest option to implement, but would not be as effective as GAC for 
improving the water quality. However, there is an option to add ozone to the 
recommended GAC, should the raw water quality decline further (van Staden and 
Haarhoff, 1999). 

Since 1985 Midvaal Water Company used pre-ozone in its treatment processes 
to remove high concentrations of manganese and iron (Anon., 2006b) from the 
raw water. However, the quality of the raw water changed over time and lower 
concentrations of manganese and iron are now present, but the raw water 
became more saline with an increase in organic matter and algae. Therefore, a 
dissolved air flotation plant was commissioned in 1998 to remove content such 
as algae and organic matter that settle more difficult (Anon., 2006b). The initial 
pre-ozonation step became an intermediate step and in 2007 the existing 
ozonation plant was upgraded with the construction of a new pre-ozone reactor. 

3 




A pressure swing adsorption (PSA) system was also installed to produce oxygen 
for the ozone generators. Pressure swing adsorption is a process whereby a 
special molecular sieve is used under pressure to selectively remove nitrogen, 
carbon dioxide, water vapour, and hydrocarbons from air, producing an oxygen 
rich (80-95 percent 02) feed gas (USEPA, 1999). The aim of the pre-ozonation 
step is to inactivate the algae whilst keeping them intact resulting in a more 
effective dissolved air flotation step. 

Although there are some challenges such as out dated and aging equipment as 
well as poor water quality, the utility has made provisions for this by creating 
adequate financial provisions and implementing non-conventional purification 
processes such as dissolved air flotation and ozonation (Anon., 2007). 

This study will benefit Midvaal water treatment plant, which has been the 
sampling site, as knowledge concerning the influence of intermediate and pre
ozonation on their water purification processes and more specifically on taste and 
odour removal will be expanded. This study will also be beneficial to other water 
utilities making use of or in the process of using ozonation as a treatment stage 
since the obtained results can be compared with their own data and thereby 
assist in the making of well informed decisions regarding plant optimisation. 

The aims of this study are as follow: 
A) 	 To determine the ecological state of the sampling site and compare it 

to other studies to determine if there was a shift in environmental 
variables during the past 12 years or not. 

S) 	 To find a method and also use it to determine the ozone concentration 
in the process gas since the previous in-house method could not be 
applied on the new ozone generators. 

C) 	 To determine the influence of intermediate ozonation on the physical 
and chemical characteristics of the water as well as algal species 
composition. 

D) 	 To determine the influence of pre-ozonation on the physical and 
chemical characteristics of the water as well as algal species 
composition. 

E) 	 To determine the influence of ozone on geosmin and MIS removal. 
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CHAPTER 2: LITERATURE REVIEW 


2.1 WATER TREATMENT 

In most cases, especially in South Africa, both surface and ground waters are 
seldom suitable for drinking purposes due to pollution and contamination and 
have to be treated first. The quality of the raw water source, the desired quality of 
the water after treatment as well as treatment costs usually determines the water 
treatment process (Quality of Domestic Water Supplies (1), 1998). Water 
treatment processes can be viewed as either conventional or advanced. 

The term conventional water treatment refers to the treatment of water from a 
surface source by a series of processes aimed at removing suspended and 
colloidal material from the water, disinfecting the water, and stabilising the water 
chemically (Quality of Domestic Water Supplies (4), 2002). Water is extracted 
from a source by means of pump stations or canals. Chemical dosing follows for 
stabilisation and coagulation. It is necessary to stabilise the pH of the water with 
either lime or acid since water with a low pH is corrosive and water with a high 
pH is scale forming. Coagulants such as aluminium sulphate, ferric chloride and 
polyelectrolytes are dosed in order to chemically destabilise the charge of 
colloidal particles which in turn results in colloids to form larger flocs in the 
downstream flocculation process (An Illustrated Guide to Basic Water Purification 
Operations, 2006). Jar tests are a valuable tool for water treatment plant 
operators in order to determine the optimal dosage concentration of the 
coagulant. During sedimentation the flocs are allowed to settle to the bottom of 
round or rectangular sedimentation tanks. Filtration, as the penultimate step may 
take place as slow sand filtration, rapid gravity filtration or high pressure filtration 
(An Illustrated Guide to Basic Water Purification Operations, 2006). Media used 
in the filtration process are Silica sand, pebbles or anthracite (An Illustrated Guide 
to Basic Water Purification Operations, 2006). Disinfection is usually carried out 
with the addition of chlorine to remove pathogenic organisms and ensure a 
residual disinfectant during distribution. 

Processes normally considered as advanced processes are membrane 
processes (reverse osmosis (RE), nanofiltration (NF), ultrafiltration (UF) and 
electrodialysis (ED», activated carbon adsorption, ozonation, oxidation 
processes for iron and manganese removal and processes for removal of specific 
substances such as fluoride (Schutte, 2006). The application of ultraviolet (UV) 
light in water treatment is also an advanced process. Water treatment plants 
have to select and optimise different water treatment processes in order to 
provide consumers with drinking water that is aesthetic acceptable, safe and 
healthy. 

South Africa is a country with many inequalities and pure tap water is not always 
readily available for everybody leading to various waterborne diseases such as 
cholera. However, drinking water can also be treated at home using materials 
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which are common in most households or which are readily available like bleach 
or simply boiling water before drinking (Quality of Domestic Water Supplies (1) , 
1998). This is nevertheless a last resort and the focus should always be on 
supplying everyone in South Africa with treated tap water of outstand ing quality. 

2.2 OZONE 

Ozone occurs naturally in the stratosphere (10 to 50 kilometres above sea level) 
and it prevents damaging ultraviolet light from reaching the earth's surface. It is 
an air pollutant and may be harmful to respiratory systems of animals , but without 
ozone in the upper atmosphere, life on earth would not have evolved and could 
not exist today (IOA-EA3G, 2008). The ozone layer is formed during reactions 
between the ultra-violet rays of the sun and oxygen molecules in the upper 
atmosphere (Carrim, 2006). Ozone is an allotropic form of oxygen having a 
chemical formula of 0 3 (Degremont, 1991) (see Figure 2.1) . It has a molecular 
weight of 48 glmol, a boiling point of 111.9 °C at 1 atm, a gas density of 2.144 gIl 
under normal conditions and exists as a gas at room temperature (USEPA, 
1999). 

Figure 2.1: An ozone (03) molecule (WebElements , 2009) 

The odour of ozone was first reported by Van Mauren in 1785, in the vicinity of an 
electrical discharge. In 1840, Christian Schonbein identified this characteristic 
odour as a previously undetermined compound and named it ozone after the 
Greek word ozein , meaning to smell (Anon., 2006a). Immediately after an 
electrical thunderstorm the characteristic smell of ozone hangs in the air. The 
odour threshold of ozone gas is approximately 0.01 mgll (Anon., 2006a) and will 
develop an unpleasant acrid smell at concentrations above 0.1 mgll and a faint 
blue colour at levels exceeding 5 mgll (Anon ., 2006a) . 

The quantity of ozone dissolved will depend on the temperature of the water (see 
Table 2.1) and the pressure at which the gas is applied (Degremont, 1991). 
Ozone is more soluble in water than oxygen but less soluble than chlorine. It has 
a half-life in the atmosphere of approximately twelve hours and is more stable in 
air than in water. In aqueous solutions, ozone is relatively unstable, having a half 
life of about 20-30 minutes in distilled water (Carrim , 2006) . Ozone is not only 
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unstable at high water temperatures but also high pH levels because the 
decomposition process is initiated by hydroxide ions (Glaze, 1987). 

Table 2.1: Theoretical ozone residuals indicate that solubility of ozone increases 
with an increase in concentration and a decrease in water temperature (Anon ., 
2006a) 

Ozone Ozone solubility (mg/l) 
concentration 

J% w/w) 
at 5°C at 10°C at 15°C at 20°C at 25°C at 30°C 

0.001 0.007 0.007 0.006 0.005 0.004 0.003 
0.1 0.74 0.65 0.55 0.42 0.35 0.27 
1 7.39 6.50 5.60 4.29 3.53 2.70 

1.5 11.09 9.75 8.40 6.43 5.29 4.04 
2 14.79 13.00 11.19 8.57 7.05 5.39 
3 22.18 19.50 16.79 12.86 10.58 8.09 

2.2.1 Ozone generation 

Ozone can be produced naturally, by means of the sun's ultraviolet rays or during 
electrical storms (Figure 2.2). 

Stratospheric Ozone Production 

Step r + Ultraviolet_ 

1 Sunlight +l 


- + 
Step 

2 

• + -

Overall reaction: 302 SUnllg~t 203 

Figure 2.2: The natural production of ozone in the stratosphere (Stratospheric 
ozone monitoring and research in NOAA, 2008) 

Ozone can also be produced artificially but because it is an unstable gas, ozone 
must be generated as required (Glaze, 1987). Ozone generation is an 
endothermic reaction and requires energy input. It can be produced several 
ways. One method, corona discharge, predominates in the ozone generation 
industry (USEPA, 1999) but other ozone generation methods include ultraviolet 
light irradiation and electrolysis. There are four basic components in ozone water 
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treatment systems: a gas feed system, an ozone generator, an ozone contactor 
and an off-gas destruction system (USEPA, 1999). 

Degremont (1991) states that feed gas supplied to ozone generators must be 
thoroughly conditioned and dried because electrically charged dust and water 
vapour can be responsible for arcing in the ozone generator and consequently 
reduce production and waste energy. Nitrates will form when electrical discharge 
in the air produces nitrogen oxides. High nitrate concentrations are harmful to the 
ozone generator and undesirable in drinking water. 

Air feed systems consist of compressors, filters , dryers and pressure regulators. 
With air, the yield of ozone is about 50% of that generated with oxygen (Glaze, 
1987). High purity oxygen can be purchased and stored as a liquid or it can be 
generated on-site through either a cryogenic process, with vacuum swing 
adsorption (VSA) , or with pressure swing adsorption (USEPA, 1999). Simpler 
oxygen feed systems consist of storage tanks, evaporators , filters and pressure 
regulators. 

In Figure 2.3, a dielectric tube (4) separates the outer earth electrode (3) and the 
inner high voltage electrode (2). The dielectric ensures even discharge and 
avoids arcing (Degremont, 1991). Air, oxygen or a mixture of both entering the 
generator has to be dry, with a dew point of between -60°C and -80°C, and oil 
free before entering the generator at the inlet (1). Ozone is produced in the 
discharge gap (5) by means of the power supply (9) and exits the generator at 
the outlet (8). Spacers (6) keep the discharge gap intact. A very substantial 
proportion of this energy is given off as heat, which greatly increases the 
ternperature of the plasma (Degremont, 1991). Since an increase in temperature 
decreases ozone production, a cooling system is necessary to prevent the 
plasma from heating. Circulating cooling water (7) in an ozone generator usually 
provides such a cooling system. When enough high energy electrons bombard 
gas molecules so that they are ionised, a light emitting gaseous plasma is 
formed, which is commonly referred to as a corona (Anon., 2006a). Ozone 
generators operate under pressure and must be completely air-tight (Degremont, 
1991). 
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Figure 2.3: Closed tube ozone generator element (Degremont, 1991) 
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contactors, injectors as well as turbine mixers. Several types of bubble columns 
can be used as the ozonation reactor (Muroyama et al., 1999). The U-tube 
reactor (see Figure 2.4) is a bubble column fitted with a concentric inner tube; in 
the inner tube ozone-laden air is injected into the water, while in the outer column 
the absorption of ozone and the oxidation of organic soluble components 
simultaneously take place (Muroyama et al., 1999). From numerical calculations 
done by Muroyama et al. (1999) it was clearly shown that the inner tube works as 
an efficient absorber to dissolve ozone into the liquid and the outer column works 
as a reactor to decompose the ozone-consuming substances as well as odorous 
compounds. 
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USEPA (1999) refers to three ozone contactor systems; bubble diffuser 
contactors, injectors as well as turbine mixers. Several types of bubble columns 
can be used as the ozonation reactor (Muroyama et al., 1999). The U-tube 
reactor (see Figure 2.4) is a bubble column fitted with a concentric inner tube; in 
the inner tube ozone-laden air is injected into the water, while in the outer column 
the absorption of ozone and the oxidation of organic soluble components 
simultaneously take place (Muroyama et al., 1999). From numerical calculations 
done by Muroyama et al. (1999) it was clearly shown that the inner tube works as 
an efficient absorber to dissolve ozone into the liquid and the outer column works 
as a reactor to decompose the ozone-consuming substances as well as odorous 
compounds. 

-
Influent gas 

(ozone 1adan ai r) 
-----I-...... Effluent 

water 

-
Inner tube 

Outer column 

Figure 2.4: A schematic diagram of a U-tube reactor (Muroyama et al., 1999) 

Midvaal Water Company has two U-tube reactors for intermediate ozonation and 
also a radial diffuser in the pre-ozonation reactor in order to transfer the ozone 
gas into the raw water. The ozone demand of the water, the concentration of 
ozone in the process gas, the method and time of contact, the size of the gas 
bubbles, the pressure, the temperature and the presence of interfering 
substances determine the successful mass transfer of ozone, a gas, into water, a 
liquid (Carrim, 2006). 

2.2.2 Ozone in water treatment 

Wiggins water purification works in Durban was the first full-scale waterworks to 
use ozone in South Africa in 1984 (Rencken, 1994). The main objective of the 
post-ozone plant at Wiggins water purification works was to ensure proper 
disinfection, including the elimination of viruses, whenever raw water for the 
works was pumped from the polluted lower Umgeni River (Rencken, 1994). A 
secondary objective was to combat tastes and odours in the water (Rencken, 
1994). 
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2.2.2.1 Advantages of using ozone in water treatment 

The use of ozone to treat water has many advantages, including the following: 

• 	 it is cost effective; 

• 	 It has strong oxidising power and oxidises iron and manganese. Oxidation 
processes may occur through both ozone and hydroxyl (OH) radicals, which 
are formed from ozone decomposition (Meunier et a/., 2006). Ozone is a 
powerful oxidant, second only to the hydroxyl free radical, among chemicals 
typically used in water treatment (USEPA, 1999). On a comparison of 
oxidation strengths of standard oxidants, ozone is 2.07 volts as compared 
with chlorine at 1.36 V and chlorine dioxide at 1.50 V, versus hydrogen, 
respectively. (Anon., 2006a). Ozone reacts best when it can act as an 
electron transfer acceptor (for the oxidation of metal ions), as an electrophile 
(for the oxidation of phenol and other activated aromatics), and as a dipole 
addition reagent (by addition to carbon-carbon multiple bonds) (Glaze, 1987). 

Ozone is a very selective oxidant. Hydroxyl radicals are highly reactive but 
non-specific oxidants (Meunier et a/., 2006). Utsumi et a/. (1998) suggested 
that it is important when using ozonation in a water purification process to 
determine quantitatively the interaction among ozone, hydroxyl radicals and 
dissolved substances during ozonation. 

Two oxidation pathways (Figure 2.5) compete for substrate (Le., compounds 
to oxidize). The direct oxidation with aqueous ozone is relatively slow 
(compared to hydroxyl free radical oxidation) but the concentration of 
aqueous ozone is relatively high. On the other hand, the hydroxyl radical 
reaction is fast, but the concentration of hydroxyl radicals under normal 
ozonation conditions is relatively small (USEPA, 1999). It is believed that 
hydroxyl radicals forms as one of the intermediate products, and can react 
directly with compounds in water. The decomposition of ozone in pure water 
proceeds with hydroxyl free radicals produced as an intermediate product of 
ozone decomposition, resulting in the net production of 1.5 mol hydroxyl free 
radicals per mole ozone (USEPA, 1999); 
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Figure 2.5: Oxidation reactions of compounds (substrate) during ozonatron of 
water (USEPA, 1999) 
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• 	 It is a natural disinfectant, deodoriser, sanitiser and steriliser (Anon., 2006a). 
Ozone is an excellent bacterial, virucidal and sporicidal agent making it ideal 
for use as a sterilant (Rogers et al., 1992). It destroys and removes algae and 
the excess ozone breaks down into oxygen after disinfection; 

• 	 Ozone treatment can reduce odorous materials such as geosmin and 2
methlisoborneol and compensate for chlorination treatment which are the 
precursors to the trihalomethanes (THM) and thus reducing the occurrence of 
the total chlorinated organic compounds (Muroyama et al., 2005); 

• 	 It improves colour. Hargesheimer and Watson (1996) found that ozone 
mitigated colour best; 

• 	 it has a short reaction time; 
• 	 it produces no harmful residual; 
• 	 it has no taste or odour; 
• 	 it requires no chemicals. 

2.2.2.2 Disadvantages of using ozone in water treatment 

• 	 Disinfection by-products (DBP) such as bromate and bromine-substituted 
disinfection by-products are formed in the presence of bromide, aldehydes, 
ketones, etc. Bromate is carcinogenic and the provisional guideline value for 
bromate is 0.01 mgtl (WHO, 2004). The formation of bromate during the 
ozonation of bromide containing waters is currently a serious drawback to the 
ozonation-biofiltration treatment (Mohamed et al., 1997) but the formation 
thereof can be prevented by lowering the ozone concentration (Sagehashi et 
al., 2005b). Meunier et al. (2006) also found that the combination of ozonation 
at reduced doses and UV treatments leads to an improved water quality with 
regard to disinfection, oxidation of micropollutants and minimization of 
bromate; 

• 	 The ozonation of natural source waters containing natural organic matter 
(NOM) produces biodegradable by-products such as acids, aldehydes, and 
ketoacids (Mohamed et al., 1997). These organic by-products serve as 
carbon source for bacteria, potentially causing regrowth problems in 
distribution systems (Mohamed et al., 1997); 

• 	 Biologically activated filters are needed for removing assimilable organic and 
biodegradable disinfection by-products. Thus, incorporating a biological 
treatment step in the water treatment process following ozone oxidation 
(Mohamed et al., 1997); 

• 	 The initial cost of ozonation equipment is high; 
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• 	 The generation of ozone requires high energy and should be generated on
site; 

• 	 Ozone is highly corrosive and toxic; 

• 	 Ozone decays rapidly at high pH and warm water temperatures; 

• 	 Ozone provides no residual. The presence of a residual disinfectant after 
water has been treated for drinking purposes is necessary because it 
indicates proper disinfection and helps prevent microbiological contamination 
in the distribution system. Residual ozone can only be detected when ozone 
dosage exceeds ozone demand. Eaton et al. (1995) explains an ozone 
demand/requirement, batch method (2350 D.) and an ozone 
demand/requirement, semi-batch method (2350 E.) which can be used to 
determine ozone demand. I n water treatment ozone is not as effective as 
chlorine, chloramines or chlorine dioxide as residual disinfectants seeing that 
it decomposes easily especially at high pH levels and high temperatures. For 
these reasons, ozone should be used in combination with other disinfectants 
that maintain an active residual for longer periods, and it should be combined 
with some method of filtration for removing biodegradable material (Glaze, 
1987). The destruction of residual ozone may be necessary in ultra pure 
water applications and in the production of beverages of which bottled water 
is an exception (Ozonia, 2008). According to Ozonia (2008) residual ozone 
destruction can be accomplished by ultraviolet ozone destruction equipment, 
addition of hydrogen peroxide (HzOz), aeration and filtering through activated 
carbon; 

• 	 Ozone requires higher level of maintenance and operator skill (USEPA, 
1999). 

The key variables that seem to determine ozone's effect are dose, pH, alkalinity, 
and above all, the nature of the organic material (USEPA, 1999). Muroyama et al. 
(1999) found that the ozone absorption efficiency increases with decreasing 
gas/liquid ratio but is almost independent of the gas-phase ozone concentration. 

One major factor in the increased interest in ozone is the need to decrease the 
use of free chlorine in water treatment in keeping with legislated maximum 
contaminant levels (MCLs) for trihalomethanes (Glaze, 1987). It is considered the 
strongest molecule available for disinfection in water treatment, being more than 
50% stronger and 3 200 times faster than the strongest traditional oxidant
chlorine (Anon., 2006a). Ozone is more effective than chlorine, chloramines, and 
chloride dioxide for inactivation of viruses, Cryptosporidium, and Giardia 
(USEPA, 1999). The recent discovery of chlorine-based halo-organic 
carcinogens in water supplies has reinforced the study and use of ozone in water 
disinfection. 
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Mere dosing of a disinfectant such as ozone or chlorine will not always ensure 
complete disinfection. A sufficient contact time (CT) is necessary to allow the 
disinfectant to react with the various pathogens. CT (mgl/I / min) values are of 
great importance for disinfection purposes. Where C is the disinfectant (ozone) 
concentration and T is the contact time. An increase in either the concentration or 
the contact time increases the total CT value. The required contact time varies 
from organism to organism. Ozone inactivates bacteria by rupturing the bacterial 
cell wall and inactivates viruses by destroying the viral capsid. The optimal pH 
range for disinfection with ozone is 7-9. Ozone, conversely inactivates various 
cysts at different pH levels indicating that the effect of pH is organism-specific. It 
is known that Escherichia coli, a bacterium and also a common indicator 
organism, are destroyed by 0.2 mg/I ozone within a contact time of 30 seconds. 

The typical locations for feeding ozone in a water treatment plant are at the head 
of the treatment plant (raw water) pre-ozonation and after sedimentation 
(USEPA, 1999). Pre-ozonation and/or intermediate ozonation in water treatment 
reduces the demand for alternative disinfectants such as chlorine, chloramines, 
chlorine dioxide or monochloraminess. 

2.2.3 Health and safety aspects of ozone 

Ozone gas is highly corrosive and toxic (USEPA, 1999). And therefore ozone 
resistant materials should be used from the ozone generators through the off-gas 
destruct unit (USEPA, 1999). Specific types of stainless steel and concrete as 
well as glass, ceramics and silicon are ozone-resistant materials. Ozone 
generation and treatment should take place in a closed system to prevent the 
release of ozone in the workplace. The ozonation system should be isolated from 
the treatment plant, preferably indoors with adequate ventilation and space. 
Ozone monitoring instruments and respiration apparatus should be indicated, 
available and maintained at all times. Awareness of an odour of ozone should not 
be relied upon (USEPA, 1999). Trained operators are mandatory. Table 2.2 gives 
the proposed exposure levels and periods. 
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Table 2.2: Ambient ozone exposure levels, which have been proposed by 
appropriate U.S. organisations (USEPA, 1999) 

Ozone 

I 
I 

Organisation 

Occupational Safety and Health 
Administration 

concentration 
0.1 mgll 

maximum 

Exposure period 

8 hour work shift 

I 

i 

I 

American National Standards Institute/ 
American Society fortesting Materials 

0.1 mgll 
maximum 8 hour work shift 

American Conference of Governmental 
Industrial H~gienists 

(a) 0.1 mg/l 
maximum 8 hour work shift 

(b) 0.3 mg/I 
maximum 15 minutes 

American Industrial Hygiene Association 0.1 mg/I 
maximum 8 hour work shift 

Most bioassays screening studies have shown that ozonated water induces 
substantially less mutagenic activity than chlorinated water does (Glaze, 1987); 
That ozone does not form halogenated disinfection by-products when 
participating in oxidation/reduction reactions with natural organic matter (USEPA, 
1999) and that bromate is the only ozonation by-product regulated in drinking 
water (Meunier et a/., 2006). 

After being used for oxidising the water under treatment, the air expelled from the 
ozone generator will continue to hold residual ozone (Degn§mont, 1991). This is a 
potential health risk as the concentration of ozone in the off-gas from a contactor 
is usually well above the fatal concentration (USEPA, 1999). It is therefore 
necessary to destroy high concentrations of ozone in the off-gas by converting it 
back to oxygen before releasing it in the atmosphere. This can be done by 
chemical, catalytic or thermal means. Some plants include an off-gas recycle 
system that returns the ozone-rich off-gas to the first contact chamber to reduce 
the ozone demand in the subsequent chambers. Some systems also include a 
quench chamber to remove ozone residual in solution (USEPA, 1999). 

Water treatment is an ever changing process where conventional methods are 
enhanced and advanced methods developed and investigated. The use of ozone 
as an advanced method in water purification processes proved to be of the 
essence for many water treatment works including Midvaal Water Company. 
While it is possible to generate ozone similar to the way it is generated in nature 
there are, as can be expected, various advantages and disadvantages in the 
application of it. It does however seem as if the advantages are overriding and 
lots can be done to mitigate the disadvantages. The optimal and safe, site
specific use of ozone in water treatment initiated both a challenging and exciting 
field of study. 
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CHAPTER 3: ECOLOGICAL SUMMARY OF THE STUDY SITE 


3.1 INTRODUCTION 

The ecology of a raw water source is especially important for a water treatment 
works as it affects the choice of water purification processes. Wetzel (2000) 
points out that the characteristics of rivers are, to a great extent, determined by 
the soil composition of the drainage basin, climate and human influences. High 
variability of physical, chemical, and biological characteristics exists among 
different streams and rivers and, as a result, generalizations are more difficult 
than is the case among many standing waters (Wetzel, 2000). In South Africa the 
low rainfall not only influences river flow but also contributes to water quality 
problems such as salinisation. Dissolved salts from urban effluents, mines and 
industries in the catchment continue to increase the salt concentration of the Vaal 
River (Anon., 2008). The Middle Vaal water management area is mostly rural 
with Klerksdorp, Welkom and Kroonstad as largest urban areas where agriculture 
and mine dewatering, and the subsequent discharge into the river system, impact 
on the water quality (Anon., 2008). Mooi Rivier, Koekemoerspruit, Schoonspruit 
and Vierfontein (Figure 3.1) contribute to the deteriorating water quality of the 
Middle Vaal system (Anon., 2008) by introducing various pollutants into the 
system at times. 
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Figure 3.1: Salinity status of the Vaal River system (DWAF, 2007) 

15 




Walmsley (2000) provides criteria in Table 3.1 with which the trophic status of a 
water body (dams and rivers) can be assessed. This table includes total 
phosphorus and Chlorophyll-a as indicators. 

Table 3.1: Organisation for Economic Cooperation and Development (1982) 
criteria for assessing the trophic status of water bodies (Walmsley, 2000) 

Indicator Ultra
(Annual 	 Ollgo- Meso- Hyperoligo-	 I Eutrophicaverage in trophic trophic 	 trophictrophic

~g/l) 
Total 

Phosphorus <4 4 - 10 10 35 35 - 100 :>100 

Chlorophyll-a 
<1 <2.5 2.5 - 8 8 -25 :>25 

• 

With the use of Table 3.1 and the annual averages for total phosphorus and 
Chlorophyll-a for 2007 and 2008 obtained from Midvaal Water Company 
Scientific SeNices, the trophic status of the Middle Vaal River can be determined 
(see Table 3.2). 

Table 3.2: An assessment of the trophic status of the Middle Vaal River 
according to Table 3.1 

Year 2007 2008 
! Annual AnnualTrophic 	 Trophic

average in 	 average in I 

status 	 status 
1-1 gil ~g/l 

Hyper- Hyper-
Total Phosphorus 440 	 320troohic trophic 

Hyper- Hyper-
Ch lorophyll-a 73 	 96trophic 	 trophic 

Wetzel (2000) characterises a lake with similar trophic status as the Middle Vaal 
River during 2007 and 2008 as follows: 
• 	 Usual alkaline lake with nutrient enrichments; 
• 	 Diatoms occur for much of the year, especially A sterion ella , Fragifaria, 

Synedra, Stephanodiscus and Melosira; 
• 	 Many other algae, especially green algae and cyanoprokaryotes during 

warmer periods of year; desmids also occur if the dissolved organic matter is 
fairly high. 

Midvaal Water Company refers to Table 3.3 in order to assess the water quality 
of the raw water on site. The company monitors points that could be possible 
sources of pollution once a month which includes the Koekemoerspruit. 
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Table 3.3: Table based on proposed Target Water Quality Objectives (TWQO) 
for the Schoonspruit, Koekemoerspruit and Middle Vaal Catchment (DWAF, 
2006) 

Determinants Units 


Conductivity at 

60 - 90 

25°C 

Manganese as 

Mn 


(Nitrate and 

mg/t 1.0-3.0

Nit as N 

Soluble 


orthophosphate mg/t 

as P 


200 - 400 

Faecal coliform CounU 200 
bacteria 100mt 1000 


Magnesium as 

mg/t 

The annual averages for the various determinants as set out in Table 3.3 for 
2007 and 2008 were obtained from Midvaal Water Company Scientific Services. 
These values together with Table 3.3 could subsequently be used to assess the 
water quality of the Middle Vaal River as can be seen in Table 3.4. 
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Table 3.4: An assessment of the Middle Vaal Catchment 

Determinants 


Conductivity at 25 

°C 


pH value at 

25°C 


Manganese as 

Mn 


(Nitrate and 

N as N 


Soluble 

orthophosphate 


as P 


bacteria 

Magnesium as 


2007 Annual 2008 Annual Units 
Avera 

mS/m 76 76 

mglt 

mglt 

mglt 

The Middle Vaal River was a hypertrophic water body during 2007 and 2008. An 
assessment of the Middle Vaal Catchment during 2007 and 2008 according to 
the TWQO for the Schoonspruit, Koekemoerspruit and Middle Vaal Catchment 
indicated that all the determinants referred to in Table 3.3 were ideal or 
acceptable except for conductivity and pH which was tolerable and unacceptable 
respectively. 

The Middle Vaal River is the only raw water source for Midvaal Water Company 
which was established in 1954. The company is situated on the banks of the 
Middle Vaal River, 150 km downstream of the barrage (Figure 3.2). The 
coordinates of the utility are 26° 48' 1.4" East and 26° 56' 4.5" South and it 
covers an area of 900 m2

. Midvaal Water Company supplies potable water to the 
local authority of Matlosana comprising of Klerksdorp, Jouberton, Stilfontein, 
Khuma, Orkney, Kanana, Hartbeesfontein as well as mining companies in the 
area. As many as 500 000 people get a minimum of 39 000 ML per day (Anon., 
2007) . In 2007 Midvaal Water Company extracted between 95 and 180 ML raw 
water per day from the Vaal River and has a capacity to treat 320 ML daily. 
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Figure 3.2: The Vaal River at Midvaal Water Company close to the intake tower 

Over the past 53 years the company has gone from strength to strength and for 
the past three years, has been awarded the title of the cheapest water supplier in 
SA (Anon., 2007). The different water treatment processes at Midvaal Water 
Company are shown in Figure 3.3. 

Figure 3.3: Schematic diagram of the different water treatment processes at 
Midvaal Water Company 

Raw water (referred to as site 1 for this study, but not shown in Figure 3.3) is 
extracted from the Vaal River. Chemicals such as aluminium sulphate, ferric 
chloride and polyelectrolytes are added after pre-ozonation (referred to as site 2 
for this study) and allowed to react with the raw water in flocculation channels in 
order to from flocs (Figure 3.3 no 2). Number 3 shows the Dissolved Air Flotation 
(OAF) where the flocs which have been formed previously at number 2 are 
removed. At number 4 ozonation (referred to as site 7 for this study) takes place 
to oxidise manganese and iron as well as colour, tastes and odours. The 
operation of the plant and the distribution of the final water are controlled from the 
control room (5). Sedimentation occurs at number 6 where flocs which have not 
been removed at the OAF-plant are allowed time to settle and be removed from 
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the bottom. Number 7 and 8 indicates the filters and disinfection with chlorine gas 
respectively. The final water is stored and distributed to the consumers from 
number 10. Midvaal Water Company Scientific Services are indicated at number 
12. The laboratory complies with ISO 17025 and various chemical as well as 
microbiological methods are SANAS accredited for water and milk samples. 

3.2 AIM 

The aim of the study was to determine the ecological status of the study site 
which was important because it relates to the quality of the raw water which 
again influences the water purification processes, especially ozonation, at 
Midvaal Water Company. The water treatment works can use this information for 
future reference should similar ecological conditions prevail or occur again as it 
would be possible to investigate whether the purification processes were effective 
at the time and apply it again or make adjustments to optimise the operation. 
Other institutions can also make use of this information if it is similar to the 
ecology of their raw water source. 

Raw water near the intake tower (see Figure 3.4) at Midvaal Water Company 
was sampled and the following determinants were measured over a period of one 
year (October 2007 - September 2008): 

a) pH, 
b) conductivity, 
c) turbidity (NTU), 
d) chlorophyll-a, 
e) total chlorophyll, 
f) dissolved organic carbon (DOC), 
g) total organic carbon (TOC), 
h) manganese, iron, aluminium, 
i) Spectral Absorbance Coefficient at 254 nm (SAC 254), 
j) geosmin and MIB, 
k) algal identification and enumeration and 
I) Statistical methods for data analysis. 

Maximum, minimum and rainfall figures were recorded in order to determine the 
climatic conditions of the sampling site during the sampling period as these also 
influence ecological conditions. 
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Figure 3.4: A tap, close to the intake, from where a raw water sample was taken 
(the intake tower is visible on the background) 

3.3 MATERIALS AND METHODS 

The raw water samples were collected weekly for a one year period and the 
following determinants were measured on the raw water samples. 

a) pH of 120 ml of the sample was measured (see Table 3.5a). 

b) Conductivity of 120 ml of the sample was measured (see Table 3.5a). 

c) Turbidity (NTU): 

The sample was shaken gently. A sample cell was rinsed out with the sample, 
filled with the sample and measured (see Table 3.5a). 

d) Chlorophyll-a: 

Two hundred milliliters (200 ml) to three hundred milliliters (300 ml) of sample 
was filtered through GF/C filter paper in duplicate. The volume of sample that 
was filtered depended on the turbidity of the sample. The filter paper was rolled 
up and inserted into 10 ml glass vials. Ten milliliters (10 ml) of 96% ethanol was 
added to the vials and the caps screwed on very loosely. The vials were put in a 
water bath at 78°C for 5 minutes. The vials were removed , the caps were 
screwed on tightly and the vials were inverted. The vials were allowed to cool off 
in a dark place. After cooling off, the vials were inverted again and the caps 
removed. Three to five drops of hydrochloric acid (0.3M) were added to one vial 
of the duplicate set. The vials were centrifuged for 5 minutes at 3000 rpm. The 
absorbance of the samples was measured on a Beckman DU® 650 
Spectrophotometer at 666 and 750 nm. The following calculation was used to 
determine chlorophyll-a results: 
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Chlorophyll-a (j.Lg/I) = [(A666 - A750) - (A666a - A750a)] x 28.66 x v 
V 

Where: 
A666 = Absorbance of sample at 666nm without acid 
A750 = Absorbance of sample at 750nm without acid 
A666a = Absorbance of sample at 666nm with acid 
A750a Absorbance of sample at 750nm with acid 
v = Volume of extract used (10 ml 96% ethanol) 
V = Volume of sample filtered (ml) 

e) Total chlorophyll (chlorophyll-a and phaeophytin-a): 

Three hundred milliliters (300 ml) to six hundred milliliters (600 ml) of sample was 
filtered through GF/C filter paper. The volume of sample that was filtered 
depended on the turbidity of the sample. The filter paper was rolled up and 
inserted into 10 ml glass vials. Ten milliliters (10 ml) of methanol was added to 
the vials and the caps screwed tightly. The vials were put in a water bath at 60°C 
for 2 hours or in an ultrasonic bath for 30 minutes. The vials were then removed 
and allowed to cool off in a dark place. After cooling off the vials were centrifuged 
for 5 minutes at 3000 rpm. The absorbance of the samples was measured on a 
Beckman DU® 650 Spectrophotometer at 666 and 750 nm. The following 
calculation was used to determine total chlorophyll results: 

Total chlorophyll (j.Lg/I) 103 
X C x (.6.666) x v 

Vxl 
Where: 
c = Absorption coefficient of chlorophyll (13.3) 
.6.666 = Absorption at 666nm minus absorption at 750nm 
v = Volume of extract used (10 ml methanol) 
V = Volume of sample filtered (ml) 
I = path length of cell (cm) 

A simplified calculation: 

Total chlorophyll (j.Lg/l) = 133 000 x (.6.666) 


V 
Where: 
.6.666 = Absorption at 666nm minus absorption at 750nm 
V = Volume of sample filtered (ml) 

f) Dissolved organic carbon (DOC): 

About 30 to 40 ml of sample was filtered through GF/C filter paper. The filtrate 
was transferred into a small glass bottle and the opening covered with aluminium 
foil. An adequate volume of deionised water was also filtered to be used as the 
blank. A plastic tube protruding from the instrument (see Table 3.5b) was 
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inserted into the sample to begin the analysis. The following calculation was used 

to determine DOC results: 


DOC (mg/I) ::: Sample value Blank value 

(The instrument was calibrated weekly.) 


g) Total organic carbon (TOC): 


The sample was transferred into a small glass bottle and the opening covered 

with aluminium foil. A plastic tube protruding from the instrument (see Table 3.5b) 

was inserted into the sample to begin the analysis and the total organic carbon 

concentration was measured. 

(The instrument was calibrated weekly.) 


h) Manganese (Mn), iron (Fe) and aluminium (AI): 


An adequate volume of sample was filtered through filter paper with a 0.45 IJm 

pore size and acidified with nitric acid (HN03). Two and a half milliliters (2.5 ml) 

of Scandium (Sc) was added to a 25 ml volumetric flask. Scandium is the internal 

standard. The 25 ml volumetric flask was then filled to the mark with the filtered, 

acidified sample (22.5 ml). The contents of the 25 ml volumetric was shaken, 

transferred to plastic tubes and measured on the ICP (see Table 3.5b) for Mn, Fe 

and AI. 

When a result was below the detection limit for that specific determinant, the 

value was divided by two and subsequently included in the data analysis; e.g.: 

<0.01 mg/I Mn -+ 0.005 mg/l Mn. 

i) Spectral Absorbance Coefficient (SAC 254): 

Spectral Absorbance Coefficient determination was done as described by Traut 
(2002). Ten milliliters (10 ml) of sample were filtered through Millipore 
membranes. The Millipore membranes had a pore size of 0.65 ~m. The filtrate 
was transferred into small ~ass vials. The absorbance of the filtrate was 
measured on a Beckman DU 650 Spectrophotometer at 254 nm. SAC 254 of 
the membrane filtered water was taken to represent DOC. The following 
calculation was used to determine SAC 254 results: 

::: 	 Absorbance at 254 nm X 100 (cm) 
path length of cell (cm) 

j) Geosmin and MIS: 

The analytical identification and quantification of geosmin and MIB used to be 
difficult, costly and lengthy until the SPME procedures attracted attention. 
Watson et al. (2000) indicated the odour threshold concentrations (OTCs) for 
geosmin and MIB to range from 4 to 10 and 9 to 42 ng/I respectively. Watson et 
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al. (2000) explained that various tests with the headspace solid phase micro 
extraction (HSPME) method to determine geosmin and MIB concentrations were 
experimented with and produced good results but the samples tested were 
standards and not source or drinking water samples. Watson et aJ. (2000) aimed 
to develop a simple, rapid and cost-efficient procedure to be used on source and 
drinking water. The benefits of the HSPME method are: 
• Small sample volumes are adequate. 
• It is adaptable for automation. 
• It does not involve the use of solvent extraction. 
• It can be used widely. 
• It compares favourably with purge and trap analyses. 

Purified standards of 2-methylisoborneol and geosmin were purchased from 
Supelco as 1 mg/ml stock solutions made up in methanol and stored at 4°C. As 
an internal standard, 2-isopropyl-3-methoxypyrazine (IPMP) was also obtained 
from Supelco. Manual assemblies of SPME were purchased from Supelco 
together with the following extraction fibre coated with: and StableFlex coated 
50/30 IJm DVB/CAR/PDMS. 

Gas chromatography-mass spectrometry (GC-MS) TOFF analyses were carried 
out on a Pegasus TOFF Mass Spectrometer and ChromaTof software version 
3.2X. An HP5 capillary column was used (60mm x 0.25mm x 0.25 IJm) and the 
GC operating conditions were as follows: injector and detector temperatures, 
280°C, column temperature was held at 150°C for 10 min and then increased to 
270°C at 10°C/min, inlet helium gas flow rate at 1 ml/min splitless and opened 
after 1 min at 50 mllmin. The electron impact conditions were as follows: ion 
source temperature 200°C and ionizing voltage 70V. Selection Ion Mode (SIM) 
detection was chosen for MIB (95, 108), geosmin (111, 112) and internal 
standard IPMP (137, 168). Peak height measured to construct calibration curve 
and to determine the concentrations of MIB and geosmin. 

A 25 ml volume of the sample with 3g NaCI and a stirrer bar was placed in a 40 
ml screw cap glass vial with a septum. The vial was placed in a waterbath at 
55°C and continuously stirred. The SPME was used to pierce the sample vial 
septum and the fibre was exposed for 30 min. After the extraction the fibre was 
retracted into the needle and the needle was then directly inserted into the 
injection port of the GC. Immediately after exposition of the fibre the GC-MS 
programme was started and the fibre was held in the GC injection port for at least 
10 min, after which the needle was removed from the injection port and used for 
the next sample (Watson et al., 2000). 

Data processing with the software was however problematic and since the 
method did not recognise the calibration, accurate and reliable concentrations 
could not be determined. In January 2008 Midvaal Water Company received 
various consumer complaints about tastes and odours in the drinking water and 
samples were submitted in triplicate at Rand Water for testing. The analyses 
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performed at Rand Water were done using the Purge and Trap system coupled 
to GC-MS. 

k) 	 Algal identification and enumeration: 

Phytoplankton identification an enumeration were done according to the 
sedimentation technique using gravity as described in Swanepoel et a/. (2008). A 
100 ml sample was preserved with 2 ml formaldehyde. The sample was shaken 
and transferred to a stainless steel cylinder. A rubber stopper was fitted on the 
cylinder and hit with a rubber hammer to break gas vacuoles of the 
cyanoprokaryotes and thus ensure sedimentation. Up to 5 ml of the sample was 
transferred to a Perspex sedimentation flask and covered with a glass cover slip. 

The sample was diluted with distilled water if turbidity interfered with the 
identification and enumeration of algae. The sample was then allowed to stand 
for 48 hours in a humidifier to prevent evaporation of the sample water. The 
algae were identified (on genus level) and counted using a microscope and a 
Whipple grid (Figure 3.5) in one of the eyepieces. A minimum of 200 cells were 
counted. The lane was however always finished even if the required minimum 
was reached before then. If 200 cells couldn't be counted in one lane, the 
sedimentation chamber was rotated to a cross section and a second lane 
counted. The sample name, date of sampling, the number of lanes and the count 
of each genus were recorded. 

163001·LIn 	 ~--+-Whipple grid 

Figure 3.5: A line diagram showing the orientation of lanes and the Whipple 
grid (Swanepoel et a/., 2008) 

The following calculations were used to determine phytoplankton identification 
and enumeration results (Swanepoel et a/., 2008): 

• 	 A calculation to determine the area of the circular sedimentation chamber 
floor: 
Sedimentation chamber floor area = 1t ~ 

• 	 A calculation to determine the area of one rectangular lane: 
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Lane area = 	 diameter of sedimentation chamber x 

width of the Whipple grid 


• 	 A calculation to determine the conversion factor: 
Conversion Factor 	 = Sedimentation chamber floor area 

Total Lane area 

• 	 A calculation to determine the final conversion factor: 
Final conversion factor 	 = Conversion factor 


Volume of sample used 


• 	 A calculation to determine the biomass: 
Biomass (cells/ml) = Count x Final conversion factor 

• 	 A calculation to determine the percentage composition of a taxon: 
% composition = (biomass concentration of the taxon in cells/ml) xi 00 

Total biomass concentration in cells/ml 

I) 	 Statistical methods: 

Due to the financial implications it was not expedient for the company to obtain 
multiple replications of a specific variable at each time interval for this case study. 
In some instances, failures in the infrastructure resulted in missing values at 
certain time intervals. Due to this fact and the time dependant nature of the data, 
statistical inference and other analyses such as Principle Component analyses 
were not an option and we only present descriptive statistics. Effect sizes (Ellis 
and Steyn, 2003) instead of the usual p-values were used to determine the 
importance of a specific measured variable. The effect size is independent of the 
sample size and is a measure of practical significance. Practical significance can 
be understood as a large enough difference to have an effect in practice (Ellis 
and Steyn, 2003). All the charts/graphs and descriptive statistics were done using 
SPSS (version 16) and Microsoft Office Excel 2007. The statistical analysis of the 
data was done together with the assistance of the Statistical Consultation 
Services of the North-West University. 

The calculations for effect sizes were done with the following two formulas (Ellis 
and Steyn, 2003): 

Smax = 	 (1 ) 

Where: 

S1 is the standard deviation of a variable in site 1 and S7 is the standard deviation 

of a variable in site 7. 


(2) 
d = 
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Where: 

Xi is the mean of a variable in site 1 and X7 is the mean of a variable in site 7. 

The sign is not taken into consideration (Ellis and Steyn, 2003). 


Table 3.5 (a): Midvaal Water Company, Scientific SeNices' methods 

Method 

Method number 


SANAS accredited 

Validated 


Title 


Detection limit 


Instrument 


Units 


pH 
WL 1 
Yes 
Yes 

The determination of 
pH using a pH meter. 

1.00 

WTW inoLab pH 720 

meter with automatic 


temperature 

correction. pH 


electrode. Sension 

Platinum Series pH 

electrode (HACH) 


pH units 


Conductivity 

WL2 

Yes 

Yes 


Determination of the 

conductivity in mS/m 


at 25°C. 


0.1 

WTWinoLab 
pH/Conductivity 720 
meter with automatic 

temperature 
correction. CDC 641 
T conductivity cell. 

mS/m 

NTU 

WL3 

Yes 

Yes 


Nephelometric 

determination of 

turbidity using a 


HACH turbidimeter. 

0.1 


HACH Turbidimeter 

2100N. Sample cells. 

Sample cells of clear, 

colorless glass. Keep 


cells clean, both 

inside and out and 


discard if scratched. 

mg/l 

Table 3.5 (b): Midvaal Water Company, Scientific SeNices' methods 

Method Chlorophyl/-a 
Method 
number 

ALi 

SANAS 
accredited No 

Validated Yes 

Determination of 
Title Chlorophyl/-a using 

the Sartory method. 

Detection limit n.a. 

Instrument 
Beckman DU® 650 
Spectrophotometer. 

Units ~g/l 

Total Chlorophyll 

AL2 

Yes 

Yes 

Determination of 
Total Chlorophyll 
using an in-house 

method. 

0.2 

Beckman DU® 650 

Spectrophotometer. 


fJg/I 
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DOC &TOC Mn, Fe &AI 

AAL5 ICP 1 

Yes Yes 

Yes Yes 
Total organic 
carbon (TOC) 
and dissolved 
organic carbon 

(DOC) 
determination 

by the 
Persulphate

ultraviolet 

Determination 
of metals by 
Inductively 
Coupled 

Plasma (ICP) 

oxidation 
method. 

0.5 0.01 
Dohrman 

PHOENIX 8000 
ICP Optical 
Emission 

Analyser. TOC 
Talk Software 
Version 3.6. 

Spectrometer 
Optima 2000 
Dual View. 

mq/l mq/l 



During this study the monthly average for each determinant was calculated from 
October 2007 to September 2008. Table 3.6 indicates the numbering of the 
months which constitutes the sampling period: 

Table 3.6: The designated month numbers assigned to each month in the 
sampling period from October 2007 to September 2008 

Sampling month Designated month number 
2007 October 1 

2007 November 2 
2007 December 3 

2008 January 4 
2008 February 5 

2008 March 6 
2008 Aprll 7 
2008 May 8 
2008 June 9 
2008 July 10 

2008 August 11 
2008 September 12 
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3.4 RESULTS 

3.4.1 pH 
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Figure 3.6: The monthly averages of pH for the sampling period from October 
2007 to September 2008 

Table 3.7: Additional descriptive statistical data of pH for the sampling period 
from October 2007 to September 2008 

Mean 8.64 
Standard error 0.05 

Median 8.68 
Standard deviation 0.38 

Minimum 7.99 
Maximum 9.62 

pH is defined as the negative 10glO of the hydrogen ion activity: pH == - log 10 [H+] 
and is determined by geological and atmospheric influences (Dallas and Day, 
2004). pH is a measure of the acidity or basicity of a water sample and indicates 
either corrosion or scaling chemical effects of the water as well as biological and 
chemical processes taking place in a water body. 

The highest monthly average of pH for the raw water was 9.19 in September 
2008 and the lowest was 8.30 in March 2008 . During the sampling period the raw 
water had a maximum pH of 9.62 and a minimum pH of 7.99 with an average pH 
of 8.64. The monthly average of pH for the raw water was fairly constant between 

29 




--

October and November 2007 and also between July and August 2008 but varied 
considerably between the other months. 

3.4.2 Conductivity 
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Figure 3.7: The monthly averages of conductivity (mS/m) for the sampling period 
from October 2007 to September 2008 

Table 3 .8: Additional descriptive statistical data of conductivity (mS/m) for the 
sampling period from October 2007 to September 2008 

Mean 76 
Standard error 1.36 

Median 75 
Standard deviation 9.82 

Minimum 60 
Maximum 90 

Conductivity indicates the amount of total dissolved solids (TDS) in water and is a 
measure of the ability of water to conduct an electrical current (Dallas and Day, 
2004). 

The highest monthly average of conductivity for the raw water was 89 mS/m in 
August 2008 and the lowest was 64 mS/m in February 2008. During the sampling 
period the raw water had a maximum conductivity of 90 mS/m and a minimum 
conductivity of 60 mS/m with an average conductivity of 76 mS/m. The monthly 
average of conductivity for the raw water was continuously high between July, 
August and September 2008 and was continuously low between February, March 
and April 2008. The monthly average of conductivity for the raw water decreased 
significantly between November 2007 and February 2008 with 21 % and 
increased between April and July 2008. 
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3.4.3 Turbidity (NTU) 
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Figure 3.8: The monthly averages of turbidity (NTU) for the sampling period from 
October 2007 to September 2008 

Table 3.9: Additional descriptive statistical data of turbidity (NTU) for the 
sampling period from October 2007 to September 2008 

Mean 12 
Standard error 0.49 

Median 11 
Standard deviation 3.54 

Minimum 8 
Maximum 27 

Turbidity relates to the clarity of water as well as the amount of suspended solids 
in water. An increase in turbidity or suspended solids impedes light penetration, 
which may have far-reaching consequences for aquatic biotas (Dallas and Day, 
2004). 

The highest monthly average of turbidity for the raw water was 18 NTU in 
October 2007 and the lowest was 9.3 NTU in July 2008. During the sampling 
period the raw water had a maximum turbidity of 27 NTU and a minimum turbidity 
of 8 NTU with an average turbidity of 12 NTU. The monthly average of turbidity 
for the raw water varied a great deal from October 2007 to April 2008 between 10 
and 18 NTU and remained rather constant thereafter from April to September 
2008 between 9 and 12 NTU. 

31 




3.4.4 Chlorophyll-a and total chlorophyll 
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Figure 3.9: The monthly averages of chlorophyll-a (1-I9/I) and total chlorophyll 
(l-Ig/I) for the sampling period from October 2007 to September 2008 

Table 3.10: Additional descriptive statistical data of chlorophyll-a (I-Ig/l) and total 
chlorophyll (1-I9/I) for the sampling period from October 2007 to September 2008 

Chlorophyll-a Total Chlorophyll 
Mean 64.64 105 

Standard error 5.45 7.21 
Median 57.56 89 

Standard deviation 29.83 51.00 
Minimum 27.23 37 
Maximum 128.20 220 

Chlorophyll is a photosynthetic pigment which is contained within the thylakoid 
membranes of chloroplasts (van den Hoek et a/., 1998). Chlorophyll-a is present 
in every algal cell irrespective its class. 

The highest monthly average of total chlorophyll for the raw water was 172 1-19/I in 
February 2008 while chlorophyll-a was highest in January 2008 with 96 I-Ig/l even 
though the highest concentration (128.20 1-19/I) was recorded during week 21 in 
February 2008. The lowest monthly average of total chlorophyll for the raw water 
was 48 1-19/I in August 2008 while chlorophyll-a was lowest in July 2008 with 35 
1-19/l. During the sampling period the maximum total chlorophyll of the raw water 
was 220 1-1 gIl and the minimum was 37 I-Ig/l with an average of 105 1-19/l. The 
maximum chlorophyll-a of the raw water was 128.20 1-19/I and the minimum was 
27.23 1-1 gIl with an average of 64.64 I-Ig/I. During spring and summer months the 
total chlorophyll and chlorophyll-a was higher than the winter and autumn months 
but both determinants peaked during June 2008. 
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3.4.5 Dissolved organic carbon (DOC) and total organic carbon (TOC) 
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Figure 3.10: The monthly averages of dissolved organic carbon (DOC measured 
in mg/I) and total organic carbon (TOe measured in mg/I) for the sampling period 
from October 2007 to September 2008 

Table 3.11: Additional descriptive statistical data of dissolved organic carbon 
(DOC measured in mg/I) and total organic carbon (TOe measured in mg/I) for the 
sampling period from October 2007 to September 2008 

DOC TOe 
Mean 6.2 8.2 

Standard error 0.17 0.41 
Median 6.3 8.0 

Standard deviation 0.82 2.02 
Minimum 4.9 4.8 
Maximum 7.7 13 

Inorganic carbon (C02) is utilised together with other substances for 
photosynthesis that produces organic matter which can be measured either as 
dissolved organic carbon or total organic carbon. 

The highest monthly average of TOe for the raw water was 10.9 mg/I in 
December 2007 while DOC was highest in March and May 2008 with 7.0 mg/I. 
The lowest monthly average of TOe for the raw water was 5.3 mg/I in July 2008 
while DOC was also lowest in July 2008 with 5.2 mg/I. During the sampling 
period the maximum TOe of the raw water was 13 mg/I and the minimum was 
4.8 mg/I with an average of 8.2 mg/I. The maximum DOC of the raw water was 
7.7 mg/I and the minimum was 4.9 mg/l with an average of 6.2 mg/I. TOe values 
for October to December 2007 were much higher than DOC values for the same 
period but were a lot closer from March to September 2008. The instrument that 
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measures TOe and DOC was out of order during the time from January up until 
February 2008 and no values are subsequently available for this period. 

3.4.6 Manganese, iron and aluminium 
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Figure 3.11: The monthly averages of manganese, iron and aluminium (mgJI) for 
the sampling period from October 2007 to September 2008 

Table 3.12: Additional descriptive statistical data of manganese, iron and 
aluminium (mgJI) for the sampling period from October 2007 to Septernber 2008 

Mn Fe AI 
Mean 0.05 0.02 0.03 

Standard error 0.007 0.003 0.005 
Median 0.03 0.01 0.02 

Standard deviation 0.05 0.02 0.03 
Minimum 0.005 0.005 0.005 
Maximum 0.23 0.11 0.16 

The highest monthly average of manganese for the raw water was 0.12 mgJI in 
September 2008 and the lowest was 0.01 mgJI in February 2008. During the 
sampling period the raw water had a maximum manganese content of 0.23 mgJI 
and an average of 0.05 mgJI. The exact minimum for manganese couldn't be 
determined as it was below the detection limit of 0.01 mgJI. The manganese 
content in the raw water varied from month to month from October 2007 to March 
2008 from where it increased significantly towards the end of the sampling 
period. 

The highest monthly average of iron for the raw water was 0.05 mgJI in October 
2007 and the lowest was 0.01 mgJI in August and September 2008. During the 
sampling period the raw water had a maximum iron content of 0.11 mgJI and an 
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average of 0.02 mg/I. The exact minimum for iron couldn't be determined as it 
was below the detection limit of 0.01 mg/I. The iron content of the raw water 
decreased during the sampling period 

The highest monthly average of aluminium for the raw water was 0.07 mg/I in 
October 2007 and the lowest was 0.01 mg/I in April and May 2008. During the 
sampling period the raw water had a maximum iron content of 0.16 mg/l and an 
average of 0.03 mg/I. The exact minimum for iron couldn't be determined as it 
was below the detection limit of 0.01 mg/I. The iron content decreased from the 
beginning of the sampling period and increased again in June 2008. 

AI three elements were at their highest during spring and ranged between 0.01 
and 0.02 mg/I during February, March and April 2008. 

3.4.7 Spectral Absorbance Coefficient at 254 nm (SAC 254) 
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Figure 3.12: The monthly averages of spectral absorbance coefficient SAC 254 
(m-1

) for the sampling period from October 2007 to September 2008 

Table 3.13: Additional descriptive statistical data of spectral absorbance 
coefficient SAC 254 (m-1

) for the sampling period from October 2007 to 
September 2008 

Mean 16.55 
Standard error 0.41 

Median 16.97 
Standard deviation 2.45 

Minimum 9.37 
Maximum 21.21 
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SAC 254 is a measure of the ultraviolet (UV) absorption of organic compounds in 
the raw water. UV-absorbing organic constituents in a sample absorb UV light in 
proportion to their concentration (Eaton et a/., 2005). UV absorption is measured 
at 253.7 nm and often rounded off to 254 nm but the choice of wavelength is 
arbitrary (Eaton et a/., 2005). 

The highest monthly average of SAC 254 for the raw water was 18.88 m-1 in 
October 2007 and the lowest was 12.08 m-1 in August 2008. During the sampling 
period the raw water had a maximum UV absorption of 21.21 m-1 and a minimum 
9.37 m-1 with an average of 16.55 m-1

. The monthly average of SAC 254 for the 
raw water was rather constant between October 2007 and February 2008 from 
where it varied from month to month until June 2008 when it decreased 
significantly and rose again in September 2008. 

3.4.8 Geosmin and Methylisoborneol (MIS) 

Table 3.14: Geosmin and MIS results of raw water samples submitted to Rand 
Water Scientific SeNices 

Sample identification I Geosmin in I-Ig/I MIS in 1-19/I I 
Raw water: 16-01-2008 I <6 160 
Raw water: 23-01-2008 l <6 135 

i 

I 

The geosmin values for the two sampling dates were below the method's 
detection limit but the IVIIS values were extremely high when considered that 
these compounds are detected in drinking water at concentrations of 10 
nanogrammes per litre or less (Sung et a/., 2005). 

During the time indicated in Table 3.16 Midvaal Water Company received various 
consumer complaints about tastes and odours in the drinking water. 

3.4.9 Algal identification and enumeration 

Raw water samples for algal identification and enumeration were collected twice 
every month and the monthly averages were calculated. 
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1 - October 2007 2 - I\lovember 2007 3 - December 2007 

3% 8% 

66% 

4 - January 2008 5 - February 2008 6 - March 2008 

0% 0% 

65% 

7 - April 2008 8 - May 2008 9 - June 2008 

0% 0% 0% 

10 - July 2008 11 - August 2008 12 - September 2008 

0% 0% 0% 

76% 

• Cyanophyceae • Bacilla riophyceae Chlorophyce ae 

Figure 3.13: Monthly percentage compositions of three prominent algal groups 
counted from October 2007 to September 2008 

The Cyanophyceae was the dominant algae in January 2008 while the 
Bacillariophyceae dominated during June and July 2008. The Chlorophyceae 
was the dominant algal class during October and November 2007 as well as 
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February, March, May August and September 2008. The 8acillariophyceae and 
Chlorophyceae had equal percentage compositions in April 2008 and during 
December 2008 all three algal classes had very similar percentage compositions. 
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Figure 3.14: The average cells/ml for each month counted for the Cyanophyceae 
for the sampling period October 2007 to September 2008 

The Cyanophyceae increased significantly from October 2007 to January 2008 
and was then absent for the remainder of the sampling period. 
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Figure 3.15: The average cells/ml for each month counted for the 
Chrysophyceae for the sampling period October 2007 to September 2008 

The Chrysophyceae was only present during October 2007. 
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Figure 3.16: The average cells/ml for each month counted for the 
Bacillariophyceae for the sampling period October 2007 to September 2008 

The Bacillariophyceae counts were at their highest during December 2007 and 
January 2008 as well as June 2008. 
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Figure 3.17: The average cells/ml for each month counted for the Cryptophyceae 
for the sampling period October 2007 to September 2008 

The Cryptophyceae counts varied considerably during the sampling period and 
were present in the raw water in low numbers. 
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Figure 3.18: The average cells/ml for each month counted for the Dinophyceae 
for the sampling period October 2007 to September 2008 

The Dinophyceae were only present during October 2007 and January 2008. 
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Figure 3.19: The average cells/ml for each month counted for the 
Euglenophyceae for the sampling period October 2007 to September 2008 

The Euglenophyceae counts were at their highest during October 2007 as well as 
January and April 2008. This algal class was absent from July to September 
2008. 
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Figure 3.20: The average cells/ml for each month counted for the Chlorophyceae 
for the sampling period October 2007 to September 2008 

The Chlorophyceae ranged between 6000 and 8000 cells/ml from October 2007 
to January 2008 from where it decreased extensively and started increasing 
again after June 2008. 
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Figure 3.21: The average total cells/ml for each month counted for the sampling 
period October 2007 to September 2008 

The total cells/m was constant between October and November 2007 and 
reached a peak in January 2008 from where it decreased and ranged between 
5000 and 10000 cells/ml for the remainder of the sampling period. 
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A list of algal genera found in the raw water samples for the sampling period from 
October 2007 to September 2008: 

Cyanophyceae 
Arthrospira 
Lyngbya 
Microcystis 
Oscillatoria 

Chrysophyceae 
Synura 

Bacillariophyceae 
Aulacoseira 
Cyclotella 
Cymbe/la 
Diadesmus 
Melosira 
Navicula 
Nitzschia 
Pinnularia 
Synedra 

Cryptophyceae 
Cryptomonas 

Dinophyceae 
Ceratium 
Peridinium 

Euglenophyceae 
Euglena 
Phacus 
Strombomonas 
Trachelomonas 

Chlorophyceae 
Actinastrum 
Ankistrodesmus 
Carteda 
Chlamydomonas 
Chloreffa 
Closterium 
Coelastrum 
Cosmarium 
Crucigenia 
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Crucigeniella 
Oesmodesmus 
Oictyosphaerium 
Euastrum 
Eudorina 
Kirch n eriella 
Lagerheimia 
Micractinium 
Monoraphidium 
Oedogonium 
Oocystis 
Pandorina 
Pediastrum 
Scenedesmus 
Tetraedron 
Tetrastrum 

3.4.10 Maximum, minimum and rainfall figures 

Table 3.15: Monthly average maximum and minimum air temperatures as well as 
rainfall figures of the study site during the study period 

I 

Average Average 
maximum 

temperature i 

minimum 
temperature Rainfall (mm) I 

(O~) (O~) 

i 2007 October I 25.6 12.0 ~ 
I 

2007 
2007 

November 
December I 

28.4 
28.9 

14.1 
14.7 ! JJ~82.5 

---1 
I 
~

2008 January'L I 28.4 16.6 i 103.0 
2008 FebruaCLry_-i--__2_9_._9~___I---16-.-2--i__--9-8~.....:.0-_ 
2008 March 26.9 13.6 114.5 

~--~------~---------+-----------+----------~-----~-~
2008 April 25.4 6.0 1.5 

~ 2008---+-- May- 24.2 4.4 33.5 


L--_ 2008=--_-'--_-"'-J-=-un-=-e"---~+__-2:_:0-.5__-+-_---::2,-.2=---_-,--__22 . __0_---1

L -2OOa Jul 20.5 -0.2 

1i--~2_0_0_8__+___=_ 6ugust 25.0 3.0 

_._2_00_8___ September i 27.9 4.6 ___'---______----' 


The highest average maximum temperatures were in December 2007 as well as 

February 2008 while the lowest average minimum temperatures were in July 

2008. October 2007 was the month with the highest rainfall during the sampling 

period. 
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3.5 DISCUSSION 


3.5.1 pH 

The Middle Vaal River had an especially high average pH (Table 3.7). Vaal River 
water, with relatively high pH levels (average of 8.1 between 1985 and 1989) is a 
well buffered system. (Roos and Pieterse, 1995a). Pieterse and Janse van 
Vuuren (1997) investigated the ecology of the very same sampling site from 1991 
to 1993 and found the average pH to be 8.1 (ranging from 7 to 8.8). The pH of 
the Vaal River was high during a similar study from 2000-2002 when it varied 
between 8.2 and 9.0 (Kruskopf, 2002). Kruskopf (2002) found the average pH of 
the Middle Vaal River to be 8.6 (1999 to 2000) and 8.5 (2000 to 2001) while 
Carrim (2006) determined an average pH of 8.6, similar to the average pH of the 
raw water during this study (8.64). Extreme rates of photosynthesis, whether 
natural or as a result of eutrophication, commonly cause very high pH values in 
standing waters (Dallas and Day, 2004). High rates of consumption of CO2 during 
photosynthesis may drive the CO2 I bicarbonate I carbonate equilibrium far 
towards carbonate and hence to extremely high pH values (>10) (Dallas and 
Day, 2004). The average total alkalinity of the raw water during 2007 and 2008 
was 147 mgll CaCOs and 136 mgll CaCOs respectively. Temperature also 
influences the concentration and dynamics of O2 and CO2 in river water (Roos 
and Pieterse, 1995a). The highest monthly average of pH for this study was in 
September (Figure 3.6), the first month of spring season, when environmental 
conditions became favourable for algae to photosynthesize, grow and even form 
blooms while the lowest monthly average of pH was in March (Figure 3.6), the 
first month of autumn with less favourable environmental conditions for plant 
growth such as low temperatures. At the Stilfontein (Midvaal) sampling locality 
the highest pH level (8.8) was recorded during September 2002, a period also 
characterised by a very high algal unit concentration (Pieterse and Janse van 
Vuuren, 1997). The river as such is a comparatively high pH environment and 
may therefore be expected to support cyanobacterial development in favour of 
green algae (Kruskopf, 2002). It can, however, not be concluded that high pH 
was the most important variable responsible for cyanobacterial blooms, because 
certain periods characterised by diatom and green algal dominance also showed 
relatively high pH values and a combination of several environmental variables 
are responsible for a shift from diatom and green algal dominance to 
cyanobacterial dominance (Pieterse and Janse van Vuuren, 1997). Diatoms have 
very clear pH preferences depending on the genus or species and it is possible 
to estimate the pH of a stream from examining the diatom community 
composition found there (Pieterse and Janse van Vuuren, 1997), e.g. Fragillaria 
species tend to be associated with slightly alkaline water while Pinnularia are 
often abundant in acid waters (Janse van Vuuren et a/., 2006). During the study 
period it was clear that eye/otella and Aulaeoseira was the dominant diatom 
genera associated with the high pH levels of the raw water. 
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3.5.2 Conductivity 

The conductivity of the raw water (Figure 3.7) decreased during the warmer, 
summer months when high rainfall (see Table 3.15) diluted the dissolved 
substances and increased during the colder months when there was little or no 
rainfall which caused the dissolved substances to concentrate in the river. Since 
summer rainfall (see Table 3.15) occurs in the catchment of the Vaal River, an 
increase in discharge during this period brought about a dilution of the Vaal River 
water and lower salt concentrations (conductivity) are therefore recorded in the 
river (Pieterse and Janse van Vuuren, 1997). Salinity/conductivity in the river 
tends to be higher during the dry season, i.e. winter months (Roos and Pieterse, 
1995b). The main importance of the high TDS (conductivity) in the Vaal River is 
evidently its influence on turbidity and the possible clarification of the water
column, which will result in a deeper euphotic zone and thus more favourable 
light conditions for photosynthesis and a possible biomass build-up during the 
winter-spring period (Pieterse and Janse van Vuuren, 1997). Both maximum and 
minimum levels for conductivity were in a tolerable range according to the Target 
Water Quality Objectives (Table 3.3). According to Kruskopf (2002) the Vaal 
River has high total dissolved salt concentration and high conductivity where the 
average conductivity for the study site was measured by Kruskopf (2002) to be 
80 mS/m (1999 to 2000) and 57 mS/m (2000 to 2001). Pieterse and Janse van 
Vuuren (1997) determined an average of 74 mS/m for the study site. August 
2008 had the highest monthly average of conductivity (89 mS/m) for the raw 
water and September 2008 had the highest monthly average of pH (9.19) for the 
raw water during which winter turned into spring. A similar situation occurred 
when February 2008 had the lowest monthly average of conductivity (64 mS/m) 
for the raw water and March 2008 had the lowest monthly average of pH (8.30) 
for the raw water during which summer turned into autumn. Geological and 
atmospheric conditions determine the conductivity of a water body as well as 
anthropogenic activities such as industrial effluents; irrigation and water re-use 
which increases conductivity (Dallas and Day, 2004). Effluents from mines, 
industries and waste water treatment works are discharged into the Middle Vaal 
River and may degrade the water quality. The rate of change in conductivity 
rather than the absolute change is important as many aquatic organisms are able 
to adjust to slow change by a process of physiological acclimation that cannot be 
accomplished if an environmental change is rapid (Dallas and Day, 2004). 

3.5.3 Turbidity (NTU) 

October 2007 was the month with the highest monthly average of turbidity (18 
NTU) for the raw water and also the month with the highest average rainfall 
(128.5 mm). As the rainfall decreased (see Table 3.15), the turbidity of the Middle 
Vaal River declined over time as well (Figure 3.8). Summer rainfall in this region 
is accountable for the major difference between maximum and minimum turbidity 
of the water. According to Carrim (2006) the turbidity for the Middle Vaal River 
reached a maximum of 224 in February 2006 which was also the month with the 
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highest rainfall during the study period from October 2005 to September 2006. 
Higher discharge resulted in higher total suspended solids concentrations and 
higher turbidity in the Vaal River (Pieterse and Janse van Vuuren, 1997). 
Minimum oxygen concentrations and low pH values were recorded during flood 
periods, coinciding with high turbidity, high temperatures and low algal biomass 
(Roos and Pieterse, 1995a). Pieterse and Janse van Vuuren (1997) recorded an 
average turbidity of 17.9 for the sampling site during 1991 to 1993. Roos and 
Pieterse (1994) stated that the Vaal River was a moderately turbid system at the 
time. Kruskopf (2002) determined the average turbidity of the Middle Vaal River 
to be 19 NTU (1999 to 2000; there was a flood in 2000) and 45 NTU (2000 to 
2001) and Carrim (2006) also determined an average turbidity of 45 NTU. The 
relatively low turbidities since 1990 can be ascribed to the generally high TDS 
levels and relatively low discharge in the Vaal River and possibly hyacinth 
infestation (Pieterse and Janse van Vuuren, 1997). Water hyacinths evidently 
served as a biofilter, i.e. a sediment and nutrient trap (Pieterse and Janse van 
Vuuren, 1997). The Middle Vaal River is often completely covered with hyacinths. 
High turbidity reduces light penetration and subsequently reduces primary 
productivity which diminishes food availability to organisms higher in the food 
chain (Dallas and Day, 2004). 

3.5.4 Chlorophyll-a and total chlorophyll 

Midvaal Water Company uses daily total chlorophyll values to control the water 
purification process since total chlorophyll not only includes chlorophyll-a but also 
chlorophyll-b and chlorophyll-c and thus provides a more accurate indication of 
the algal biomass in the raw water than chlorophyll-a concentrations only. 
Chlorophyll-b and chlorophyll-c are only present in certain algal classes unlike 
chlorophyll-a which is present in every algal class, e.g. Chlorophyceae contains 
chlorophyll-a, -b and -c while the 8acillariophyceae contains only chlorophyll-a 
and -c (van den Hoek et a/., 1998). In Figure 3.9 the total chlorophyll and 
chlorophyll-a values have more or less similar trends but chlorophyll-a is 
constantly less than total chlorophyll. Total chlorophyll and chlorophyll-a were 
highest during spring and summer and lower during autumn and winter even 
though the warmer months are characterised by high rainfall, low conductivity 
and high turbidity which impedes light penetration and interfere with 
photosynthesis. Algal cells do however have the ability to position themselves in 
a water column by means of flagella, vacuoles and oil droplets in order to receive 
optimal sunlight as photosynthesis is simply not possible without it. Kruskopf 
(2002) also measured the highest chlorophyll-a concentrations in spring and 
early summer. According to Pieterse and Janse van Vuuren (1997) the higher 
discharge (especially from summer rainfalls) was associated with higher nutrient 
concentrations (nitrogen, phosphorus and silicon) which resulted in higher 
chlorophyll-a concentrations and thus the response of phytoplankton appeared to 
be related more to nutrient concentration than to light regimes. The seasonal 
variation during the study period brought about the considerable difference 
between the maximum and minimum concentrations of the raw water (see Table 
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3.10). Pieterse and Janse van Vuuren (1997) determined an average chlorophyll
a concentration of 30 I-lg/I to 40 I-lg/I from 1991 to 1993. Kruskopf (2002) 
determined the average chlorophyll-a of the Middle Vaal River to be 53.50 I-lg/I 
(1999 to 2000) and 30.80 I-lg/I (2000 to 2001) and Carrim (2006) determined an 
average chlorophyll-a concentration of 90.75 I-lg/I. This increase in the average 
chlorophyll-a concentrations in the Middle Vaal River is an indication of pollution 
and eutrophication of the system (Table 3.1). The nutrients that promote algal 
growth and subsequent high chlorophyll-a concentration in the raw water are 
mostly due to sewage spills and sewage effluent discharges into the Vaal River 
and its tributaries (Anon., 2008). 

3.5.5 Dissolved organic carbon (DOC) and total organic carbon (TOC) 

In Figure 3.10, both DOC and TOC values were lowest in middle winter. Carrim 
(2006) determined a seasonal change in the DOC of the Middle Vaal River as the 
concentration increased during summer and more specifically in February and 
March 2006. DOC is closely related to the chlorophyll concentrations because 
photosynthesis produces organic material which is measured as either DOC or 
TOC. Carrim (2006) measured an average DOC of 6 mg/I which is similar to the 
average DOC (6.2 mg/I) of the raw water during this study (see Table 3.11). DOC 
concentrations in the raw water plays an important role in the water purification 
processes at Midvaal Water Company since high DOC concentrations provide 
nutrients for microorganisms in the final water. Relatively high amounts of 
biodegradable organic carbon, together with warm temperatures and low residual 
concentrations of chlorine, can permit growth of Legion ella, Vibrio cholerae, 
Naegleria fowleri, Acanthamoeba and nuisance organisms in some surface 
waters and during water distribution (WHO, 2004). The average DOC 
concentrations of the raw water during the study period was however acceptable 
for Midvaal Water Company since it was less than 10 mg/I. 

3.5.6 Manganese, iron and aluminium 

Manganese at the concentration usually encountered in water causes aesthetic 
effects rather than health effects. Typically a combination of brown or black 
staining of laundry, fixtures, or the water itself is noted. There may also be a 
metallic taste (Quality of Domestic Water Supplies (1), 1998). The concentration 
of iron in unpolluted fresh water ranges from 0.001 - 0.5 mg/I." (Quality of 
Domestic Water Supplies (1), 1998). 

At the concentrations normally encountered in water iron has an aesthetic rather 
than a toxic effect. Iron impacts a metallic taste to water, as well as giving the 
water a brownish discoloration (Quality of Domestic Water Supplies (1), 1998). 
There is little indication that orally ingested aluminium is acutely toxic to humans 
despite the widespread occurrence of the element in foods, drinking-water and 
many antacid preparations (WHO, 2004). 
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It has been hypothesized that aluminium exposure is a risk factor for the 
development or acceleration of onset of Alzheimer disease (AD) in humans 
(WHO, 2004). Aluminium, a more toxic trace metal, is one of the elements whose 
solubility is strongly pH-dependant and whose toxicity depends on the chemical 
species involved (Dallas and Day, 2004). At alkaline pH values, as it is in the 
Middle Vaal River, aluminium is present as soluble but biologically unavailable 
hydroxide complexes but occurs as the soluble, available and toxic hexahydrate 
species (AI6+·H20 or aquo-AI) under acidic conditions (Dallas and Day, 2004). 

The annual average manganese, iron and aluminium concentrations in the 
Middle Vaal River during the study period were at ideal and acceptable levels 
(Table 3.4) according to the TWQO for the Middle Vaal River (Table 3.3) which 
varies greatly from previous conditions that initiated the use of ozone at Midvaal 
Water Company. The reduced manganese, iron and aluminium concentrations in 
the Middle Vaal River (Figure 3.11) could be ascribed to regulations imposed on 
the mining industry in the surrounding environment regarding discharge into the 
river. 

3.5.7 Spectral Absorbance Coefficient at 254 nm (SAC 254) 

I n Figure 3.12, the SAC 254 values show very similar trends to the chlorophyll 
concentrations (Figure 3.9) and more specifically during October 2007, February, 
April, June and September 2008 when both these determinants peaked. The 
SAC 254 were also highest during the warmer, summer periods and declined 
during colder, winter periods when photosynthesis, which produces organic 
substances, decreased. UV absorption is useful for qualitative estimation of 
organic substances, because a strong correlation may exist between UV 
absorption and organic carbon content (WHO, 2004). Carrim (2006) measured 
an average SAC 254 of 36.53 m-1 which does not correspond with the average 
SAC 254 of 16.55 m-1 for the present study (Table 3.13), seeing that the average 
DOC values for the two studies are alike (see section 3.5.5). The average SAC 
254 of the present study indicates that there was less organic matter in the raw 
water which absorbed ultraviolet light compared to the study of Carrim (2006). 
The average chlorophyll-a concentration of 90.75 fJg/1 which Carrim (2006) 
measured supports this considering that the average chlorophyll-a concentration 
for this study was 64.64 I-Ig/l. 

3.5.8 Geosmin and Methylisoborneol (MIS) 

The Cyanophyceae was the dominating algal class in January 2008 when MIB 
was detected in the raw water (Figure 3.13). The algal genus, Oscillatoria was 
identified and completely dominated the cyanoprokaryotes. Metylisoborneol and 
geosmin produced by Actinomycetes, bacteria and some species of 
cyanoprokaryotes are mainly cited as the musty odour compounds (Nakamura 
and Daishima, 2005). Of the cyanoprokaryotes observed, the genera Anabaena 
spp., Oscillatoria spp., Phormidium spp., and Pseudanabaena spp., can produce 
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MIB and Anabaena spp. and Osciflatoria spp. can also produce geosmin 
(Westerhoff et al., 2005). Oscillatoria (Figure 3.22) has cylindrical, unbranched 
trichomes that are straight or slightly wavy, and often very long (Janse van 
Vuuren et al., 2006). They may either be free-floating or bentic, forming dense, 
slimy mats on substrates. Oscillatoria are often found in waters that are rich in 
nutrients. Cyanoprokaryotes are prokaryotic and come about in unicellular, 
colonial or filamentous forms. Their thylakoids contain chlorophyll-a but 
chlorophylls band c are absent. The green of the chlorophyll is masked by the 
blue accessory pigments, phycocyanin and allophycocyanin, and the red 
accessory pigment phycoerythrin (van den Hoek et al., 1998). Cyanoprokaryotes 
can be found in marine, freshwater and terrestrial habitats. 

Figure 3.22: The filaments of Osci/latoria /imosa 

3.5.9 Algal identification and enumeration 

The Cyanophyceae increased significantly from October 2007 to January 2008 
Figures 3.13 and 3.14) because of warm temperatures (Table 3.15) and possible 
nutrient availability at the time. According to Pieterse and Janse van Vuuren 
(1997) the cyanoprokaryotes dominated the phytoplankton community during 
warmer periods from 1991 to 1993. Kruskopf (2002) detected mass occurrences 
of Oscillatoria in January 2000 and during warm summer months. The 
Chrysophyceae (Figure 3.15) which was only present during October 2007 in 
small numbers are indicators of hard water according to (Janse van Vuuren et al., 
2006). Kruskopf (2002) also found the Chrysophyceae to be present in small 
numbers in samples from the Middle Vaal River. The Bacillariophyceae (Figures 
3.13 and 3.16) were constantly present in large numbers but dominated during 
winter time when the colder temperatures favoured their growth (Kruskopf, 2002). 
The Cryptophyceae (Figure 3.17), the Dinophyceae (Figure 3.18) and the 
Euglenophyceae (Figure 3.19) were present in such small numbers when 
compared to the occurrences of the Chlorophyceae and the Bacillariophyceae in 
the raw water. Bacillariophyceae, occurring from January to August of each year, 
and Chlorophyceae, occurring from September to December of each year, were 
also the most dominant groups, with representatives of the Cryptophyceae and 
Euglenophyceae present throughout the study period of Pieterse and Janse van 
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Vuuren (1997) from 1991 to 1993. Kruskopf (2002) also confirms that 
8acillariophyceae and Chlorophyceae dominated the species composition in the 
Vaal River at the time of investigation. The Chlorophyceae (Figure 3.20) included 
the greatest variety of algal genera and was present in large numbers during 
spring and summer until its numbers declined rapidly during autumn and winter 
as it was outcompeted by the 8acillariophyceae. The total algal cells in the raw 
water (Figure 3.21) were closely related to the chlorophyll concentrations and 
showed similar seasonal variance. Pieterse and Janse van Vuuren (1997) also 
found a positive correspondence between total algal units and chlorophyll-a 
concentrations in the Middle Vaal River. 

Table 3.16 (a): A comparison of the algal genera identified during this study with 
algal genera found by Kruskopf (2002) and Carrim (2006) during their stUdies 

Class Kruskopf (2002) Carrim (2006) 2007-2008 
Cyanophyceae I 

Arthrospira X 

Lyngbya X 

Microcystis X 

Merismopedia X 


I Oscillatoria X X 
• SpiruJina X 
i Synechococcus X 

Synechocystis X 

,I Chrysophyceae 
Synura X 

• Bacillariophyceae 
Aulacoseira X X 

Cyclotella X X 

Cymbella X X 

Diadesmus X 

Melosira X X 

Navicula X X 

Nitzschia X X 

Pinnularia X 

Surire/la X 


• Synedra X 

Cryptophyceae 
Cryptomonas X X 

Dinophyceae 
I Ceratium X 
• Peridinium X X X 
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Table 3.16 (b): A comparison of the algal genera identified during this study with 
algal genera found by Kruskopf (2002) and Carrim (2006) during their studies 

[Class Kruskopf (2002) Carrim (2006) 2007-2008 
Euglenophyceae 
Euglena X 

Phacus X 

Strombomonas X X 

Trachelomonas X X X 


Chlorophyceae • 

Actinastrum X X X 

Ankistrodesmus X 

Carteria X X 

Characium X 

Chlamydomonas X X X 

Chlorella X X 

Chlorococcum X 

Closterium X X 

Coelastrum X X X 

Cosmarium X 

Crucigenia X X 

Crucigeniella X 

Desmodesmus X 

Dictyosphaerium X 

Euastrum X 

Eudorina X X 

KirchnerielJa X X 

Lagerheimia X 

Lepocinclis X 

Micractinium X X X 

Monoraphidium X X X 

Oedogonium X 

Oocystis X X 

Pandorina X X X 

Pediastrum X X X 

Pteromonas X 

Scenedesmus X X X 

Straurastrum X 

Tetraedron X X 

Tetra strum X 

Tr§!!.1!2aria X 


Table 3.16 (a) and (b) shows that the varieties of 8acillariophyceae and 
Chlorophyceae genera have increased considerably since Kruskopf (2002) and 
Carrim (2006) investigated the same site. 
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3.6 CONCLUSION 


• 	 Kruskopf (2002) and Carrim (2006) both studied the ecology of the Middle 
Vaal River during February 1999 to March 2001 and October 2005 to 
September 2006 respectively and they characterised the Vaal River as an 
eutrophic ecosystem with very high chlor.ophyll-a concentrations and nutrient 
levels. The Middel Vaal River is a hypertrophic water body (Table 3.2) and 
this trophic status of the raw water source is associated with almost 
continuous water quality problems such as increased occurrence and 
intensity of nuisance algal blooms, increased dominance by cyanoprokaryotes 
and increased occurrence of toxic algae (Walmsley, 2000). The Middle Vaal 
River compared favourably with some of the characteristics that Wetzel 
(2000) depicted for lakes with similar trophic status since the raw water was 
usually alkaline with nutrient enrichments, diatoms did occur for much of the 
year, especially Melosira and there were especially green algae and 
cyanoprokaryotes during warmer periods of the year. 

The average pH of the Middle Vaal River as determined by the studies of 
Kruskopf (2002), Carrim (2006) and the present study (2008) as well 
remained fairly constant throughout this period and did not indicate major 
fluctuations. The high pH is favourable in this instance since it prevents the 
trace metals, especially aluminium, from becoming toxic and also provides 
adequate buffer capacity should the surrounding mining activities cause any 
acidification of the water body. The most important buffering system in fresh 
waters is the carbonate-bicarbonate one (Dallas and Day, 2004). The addition 
of H+ ions (acidification) is neutralised by OH- ions formed during the 
dissociation of bicarbonates (HC03-) and carbonates (COS2

-) (Wetzel, 2000) 
when calcium-enriched rock formations are dissolved. 

• 	 There was a positive correlation between pH and chlorophyll concentrations 
for the raw water during high and low algal counts even though different algal 
classes dominated at times. 

• 	 The high conductivity of the Middle Vaal River was also fairly constant 
throughout the study of Kruskopf (2002), Carrim (2006) and the present study. 
The conductivity was mainly influenced by high, summer rainfall which 
decreased the conductivity and increased the turbidity. 

• 	 The chlorophyll concentrations, DOC and SAC 254 were closely related and 
showed similar seasonal variance. 

• 	 The Chlorophyceae and Sacillariophyceae dominated the algal composition of 
the Middle Vaal River. The Cyanophyceae however dominated the algal 
composition in January 2008 during which the presence of Oscillatoria 
correlated with the occurrence of MIS in the raw water. 
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CHAPTER 4: THE DETERMINATION OF OZONE CONCENTRATION IN THE 

PROCESS GAS 


4.1 INTRODUCTION 

It was necessary for Midvaal Water Company to investigate and establish a 
method for determining the ozone concentration in the process gas without 
making use of the ozone generator's (Figure 4.1) electronic readings and 
calculations. The results obtained could subsequently be used to compare with 
and verify the specifications of the ozone generators as set out by the suppliers. 
At the time the new ozone generators were still under guarantee and Midvaal 
Water Company wanted to confirm the ozone production of the ozone generators 
and subsequently report any deviations in time, if needed. 

4.2 AIM 

The aim of the study was to determine the ozone concentration in the process 
gas of the new ozone generators at Midvaal Water Company treatment plant. 

4.3 MATERIALS 

4.3.1 Equipment 

The following equipment was used: Hypodermic needles, 50-60 ml syringes, 100 
ml or 250 ml glass flasks, two 1 ml glass pipettes and a burette. 

4.3.2 Reagents and standard solutions 

Potassium iodide solution: Twenty grams (20 g) potassium iodide (KI) was 
dissolved in 1000 ml deionised water. The solution was prepared one day before 
usage and stored in an amber glass bottle. 

Sulphuric acid, one normality (1 N): Twenty eight milliliters (28 ml) concentrated 
sulphuric acid (H2S04) was carefully added to 500 ml deionised water in a 1000 
ml volumetric flask. It was then filled to the mark with deionised water. 

Sodium thiosulfate solution 0.1 N (titrant): A sodium thiosulfate (Na2S203) titrisol 
was added to 500 ml deionised water in a 1000 ml volumetric flask. It was filled to 
the mark with deionised water and stored in an amber glass bottle. 

Starch solution: Five grams (5 g) of starch was added to 800 ml boiling, 
deionised water in a 1000 ml volumetric flask. It was filled to the mark after the 
starch had dissolved and the solution cooled off. 
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Figure 4.1: An ozone generator at Midvaal Water Company 

4.4 METHOD 

4.4.1 Analytical procedure 

The method is adapted from Rakness et al., (1996) to make sampling easier. It is 
known as the Ozone Quicktest and was developed and applied by Mr. D.J.J.C. 
Bouwer and Dr. R. Strydom at Purion. The principal of this method is that ozone 
releases iodide from the KI solution. Five milliliters KI solution was drawn up in 
the 50-60 ml syringe. Five milliliters air was also drawn up in the 50-60 ml 
syringe. The hypodermic needle was attached to the 50-60 ml syringe and 20 ml 
of ozone was then drawn up in the 50-60 ml syringe through silicone tubing 
(Figure 4.2). It is important to ensure that the hypodermic needle remains dry at 
all times. The needle was withdrawn and the KI solution, air and ozone gas in the 
50-60 ml syringe were shaken. The needle was removed and the solution in the 
50-60 ml syringe was transferred to a conical glass flask. One milliliter H2S04 

was added to the solution in order to lower the pH. The solution was then titrated 
with the Na2S203 solution until the colour changed from yellow-brown to light 
yellow. One milliliter starch was added to the solution and it changed to a dark
blue colour. The solution was again titrated with the sodium thiosulfate solution 
until the dark-blue colour vanished. The volume of Na2S203 titrated was 
recorded. 

54 




Figure 4.2: The silicone tube from where the sample was taken with a syringe 

4.4.2 Calculation of results 

The volume of sample (process gas) that was taken had to be adjusted to 
standard temperature and pressure first. This was done by means of the 
following calculation: 

293 x P 
VSTP = vx (273 + t) x 1015 (1 ) 

Where: 

VSTP = Volume at standard temperature and pressure 

v = Volume of sample (ml) 

p = Pressure whereby sample was taken (mbar) 

t = Temperature at which sample was taken (OC) 


The concentration of ozone in the process gas could then be determined with the 

following calculation (Rakness et a/., 1996): 


Ozone concentration t x N x 24 000 

(mg/N1 or g/Nm3) = VSTP (2) 


Where: 

t - , Volume of sodium thiosulfate (ml) 

N = Normality of sodium thiosulfate solution 

VSTP = Volume at standard temperature and pressure 


The concentration of ozone in the process gas could also be adjusted to 

percentage mass (%w/w) with the aid of the following calculation obtained from Dr. 

R. Strydom: 
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= 	 [03J mg/N1 X0.0699 (3) 

To ultimately determine ozone production in kilograms per hour, the following 
calculations were used which were obtained from Dr. R. Strydom: 

The oxygen volume flow rate had to be adjusted to standard temperature and 
pressure. 

mRT P 
Q = MP x 106 x 1.013 

Or 

mRT 
Q = Mx106 x1.013 (4) 

Where: 

Q = Oxygen mass flow rate (Nm 3/h) 

m = Oxygen mass flow rate ~kg/h) 


R = A gas constant (atm/cm /K) 

T = Temperature of the oxygen stream (K) 

M = Oxygen mole mass (kg/mol) 

P = Total pressure of the oxygen stream 


(pressure meter reading + atmospheric pressure) 

CxQ 
G = ~ (5) 

Where: 

G = Ozone production (kg/h) 

C = Ozone concentration (g/N m3) 

Q == Oxygen mass flow rate (Nm3/h) 


4.5 RESULTS 

Volume of sample (VSTP) at standard temperature and pressure == 16.523 ml 

Where: 
v 	 = Volume of sample = 20 ml 

= Pressure whereby sample was taken == 850 mbarP 
t = Temperature at which sample was taken= 24°C 

The titrations at different production percentages were recorded and are shown 
in Table 4.1. 
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Table 4.1: Titrations at different production percentages 

I Pf?fcentage Titration (ml) 
80% 0.85 

• 	 70% 0.75 
60% 0.65 
50% 0.55 
40% 0.45 
30% 0.30 I 
20% 0.25 : 

The normality of sodium thiosulfate solution was 0.1. 

The ozone concentrations at different production percentages are shown in Table 
4.2. 

Table 4.2: Ozone concentrations at different production percentages 

Percentage concentration 
i (mg/N1 or g/Nm=) (%w/w) 

80% 123.46 8.63 
I 70% 108.94 7.61 

60% 94.41 6.60 
I 50% 79.89 5.58 

\ 40% 65.36 4.57 

I 30% 43.58 3.05 
I 20% 

. 
36.31 2.54 

Oxygen volume flow rate at standard temperature and pressure = 58.673 Nm3/h 

Where: 
m = Oxygen mass flow rate 	 = 78 kg/h 
R = A gas constant 	 = 82.1 atm/cm3/K 
T = Temperature of the oxygen stream = 297 K 
M = Oxygen mole mass 	 = 0.032 kg/mol 
p = Total pressure of the oxygen stream = 1.5 + 0.85 

The ozone production at different production percentages are shown in Figure 
4.3. 
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Figure 4.3: The ozone concentration (kg/h) in the process gas measured at 
different generator production percentages 

4.6 DISCUSSION AND CONCLUSION 

The ozone production at different production percentages was satisfactory and 
as expected. The procedure will be repeated continuously at Midvaal Water 
Company on request of a process controller in order to detect and 
inconsistencies between the results of this method and the ozone generator's 
electronic readings and calculations in future. This method can also be applied to 
determine ozone concentration in off-gas. 

The silicone tube (Figure 4.2) from where the sample was taken was effective 
when considering the corrosive nature of ozone. The open end of the silicone 
tube should be directed into a container with carulite grains to break down the 
ozone gas and subsequently prevent inhalation of ozone as this causes 
headaches, burning eyes and nausea. 

The method was efficient, rapid and uncomplicated and can be applied 
extensively to determine the ozone concentration of any ozone generator. 
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CHAPTER 5: THE EFFECT OF OZONATION ON THE WATER PURIFICATION 

PROCESS 

5.1 INTRODUCTION 

Engineers at European plants are finding that pre-ozonation enhances the 
flocculation of suspended particles in surface waters and its use for this purpose 
is expanding (Glaze, 1987). Ozone is the most powerful oxidizing agent among 
water disinfectants and has been used for water purification prior to chlorine and 
only its high cost has hampered its wider application (Diamant, 1980). 

The experimental results of Chang et al. (2002) indicated that pre-ozonation 
could reduce the concentration of dissolved organic carbon, resulting in the 
reduction of disinfection by-product (DBP) formation. In raw water, it was 
estimated that the structure of natural organic matter (NOM) includes aromatic 
hydrocarbons, C-H, C=C, C-O and O-H functional groups (Chang et al., 2002). 
After ozonation, it was found that the structure of O-H and C-H is still present in 
water, but the strength of aromatic C=C double bond remarkably decreases 
(Chang et al., 2002). 

Taste and odour substances penetrating into the final drinking water, is regarded 
as one of the biggest problems (if not the biggest) that the water industry 
currently face (Swanepoel et al., 2008). Ozone is used to oxidize/destroy taste 
and odour-causing compounds because many of these compounds are very 
resistant to oxidation (USEPA, 1999). Most early U.S. water plants (Le., 1940
1986) installed ozonation specifically for taste and odour removal (USEPA, 
1999). Ozonation has been effective for taste and odour destruction in some 
studies but the natural organic matter (NOM) in waters can affect the ozonation 
process and subsequently affect the destruction of taste and odours (Ho et al., 
2002) caused by geosmin (Figure 5.1) and MIB (Figure 5.2). 

- OH 
CH3 

Figure 5.1: Biochemical structure of geosmin (Swanepoel et al., 2008) 
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OH 


Figure 5.2: Biochemical structure of 2-MIB (Swanepoel et a/., 2008) 

The molecular structure of MIB consists of a hydrocarbon skeleton containing 
one hydroxyl group and thus, is considered to be relatively hydrophobic; it has a 
low solubility in water with an approximately spherical shape with a diameter 0.6 
nm (Considine et ai., 2001). 

A high ozone dosage is needed for decomposition of taste and odours because 
the NOM, which reacts with ozone much faster than taste and odours, consumes 
ozone quickly, making ozonation very energy-consuming and costly (Sagehashi 
et a/., 2005a). Ho et at. (2002) found that the fraction containing the more highly 
coloured, higher molecular weight compounds exhibited the highest ozone 
demand, whereas the low aromatic fraction exhibited the lowest ozone demand. 
The results of the study done by Ho et at. (2002) where MIB was ozonated in 
situ, showed a competing effect between NOM concentration and NOM 
character. An advanced water purification system combining ozonation and 
biological activated carbon was introduced and started operation on June 25, 
1992 in Japan to remove musty odours to the satisfaction of the customer 
(Muramoto et a/., 1995). Similar to the case of Midvaal Water Company, 
Hargesheimer and Watson (1996) found that dissolved air flotation alone could 
not completely mitigate the strong fishy, musty odours associated with some 
phytoplankton blooms. Ozone altered the fishy odour to an undesirable "plastic
like" odour and only filtration through granular activated carbon (GAC)/sand filters 
removed all odours (Hargesheimer and Watson, 1996). 

During August/September 1986, the raw water to both Wiggins and Durban 
Heights (the other waterworks supplying water to Durban) waterworks contained 
taste and odour compounds (Rencken, 1994). Severe consumer complaints were 
experienced in the area supplied by the Durban Heights waterworks in South 
Africa, which has no ozone plant, while the incidence of consumer complaints 
from the Wiggins works in South Africa was insignificant (Rencken, 1994). This 
was ascribed to the dosing of ozone at the Wiggins works (Rencken, 1994). It 
was found that ozonation at Wiggins water purification works in Durban caused 
an impairment in the flocculation of algae even at low ozone doses; an increase 
in coagulant demand and a reduction in the colour of the final water (Rencken, 
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1994). In Rand Water's case, the occurrence of taste and odour substances is 
one of the largest contributors to the reduction of consumer confidence in tap 
water (Swanepoel et a/., 2008). 

5.2 AIMS 

The aim of the study was to determine the effect of intermediate ozonation and 
pre-ozonation on the water purification process as well as ecological parameters. 
The aim was also to determine whether pre-ozonation enhanced the dissolved air 
flotation process (OAF). The following determinants were measured on raw water 
samples, after intermediate ozonation and after pre-ozonation in order to achieve 
this: 

a) pH, 
b) conductivity, 
c) turbidity (NTU), 
d) chlorophyll-a, 
e) total chlorophyll, 
f) dissolved organic carbon (~OC), 
g) total organic carbon (TOC), 
h) manganese, iron, aluminium, 
i) Spectral Absorbance Coefficient at 254 nm (SAC 254), 
j) geosmin and 1\1118, 
k) algal identification and enumeration and 
I) Statistical methods for data analysis. 

5.3 MATERIALS AND METHODS 

Site 1 is the raw water source at Midvaal Water Company, site 2 is after pre
ozonation and site 7 is after intermediate ozonation (see Figure 3.3). 

Water samples were collected weekly for a one year period from the raw water 
source (Figure 3.2) at the sampling point (Figure 3.4) and after the water had 
been treated with an average of 2.4 mg/I ozone for four minutes from site 7 
(Figure 5.3 as well as number 4 in Figure 3.3) at the sampling point (Figure 5.4). 
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Figure 5.3: The two U-tube reactors, on the sides of the control room, where 
intermediate ozonation takes place 

Figure 5.4: The sampling point after intermediate ozonation has taken place 

Water samples were also collected weekly for the last four months of the study 
after the raw water had been pre-ozonated with 1.3 mg/I ozone for two minutes 
from site 2 (Figure 5.5 as well as number 2 in Figure 3.3) at the sampling point 
(Figure 5.6). The analyses are described in section 3.3 together with Table 3.5 
(a) and Table 3.5 (b) . 
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Figure 5.5: The reactor where pre-ozonation takes place 

Figure 5.6: The sampling point at the pre-ozonation reactor 

This sampling pOint was set up to enable sampling of the raw water just after it 
had been pre-ozonated. 

A value for each determinant was measured weekly from October 2007 to 
September 2008 to determine the influence of intermediate ozonation, from June 
2008 to September 2008 to determine the influence of pre-ozonation. The pre
ozone reactor was constructed in 2007 and after various amendments and 
improvements were only taken into operation in June 2008. Table 5.1 indicates 
the numbering of the weeks which constitutes the sampling period: 

63 




Table 5.1: The numbering of the weeks that constitutes the sampling period from 
October 2007 to September 2008 

Sampling month Designated week number 

2007 September 1 


2007 October 2,3,4,5 & 6 

.2007 November 7,8,9& 10 


2007 December 11,12,13&14 

2008 January 15,16,17,18 & 19 


2008 J?~ptember 50,51,52,53 


2008 February 20,21,22 & 23 

2008 March 24,25,26 & 27 

2008 April 28,29, 30, 31 & 32 

2008 May 33,34,35 & 36 

2008 June 37,38,39 & 40 

2008 July 41,42,43,44 & 45 


2008 August 46,47,48 & 49 


5.4 RESULTS 

A comprehensive discussion of the statistical methods used to obtain results for 
this case study is presented in section 3.3 (I). 

The weekly results rather than the monthly averages were utilized in order to 
present a more detailed and descriptive representation of the process during the 
study period. 
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5.4.1 pH 
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Figure 5.7: The pH of site 1 (raw water) and site 7 (after ozonation) for the 
sampling period from October 2007 to September 2008 

Table 5.2: Additional descriptive statistical data of pH for site 1 (raw water) and 7 
(after ozonation) during the sampling period from October 2007 to September 
2008 

Site 1 Site 7 
Mean 8.63 8.74 

Standard error 0.06 0.06 
Median 8.68 8.75 

Standard deviation 0.37 0.38 
Minimum 7.99 7.88 
Maximum 9.62 9.57 

The raw water had an average pH of 8.63 during the study period and the 
average pH of the raw water after ozonation was 8.74. The average pH of the 
two sampling points differed only slightly and it followed more or less the same 
trend. There was however considerable differences in pH between the sampling 
points during week 3, 9, 19, 21 and 49. The highest pH for the raw water was 
9.62 in week 51 (September 2008) and the highest pH of the raw water after 
ozonation was 9.57 in week 17 (January 2008). The lowest pH for the raw water 
was 7.99 in week 9 and 35 (November 2007 and May 2008) and the lowest pH of 
the raw water after ozonation was 7.88 in week 42 (July 2008). 
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Figure 5.8: The pH of site 1 (raw water), site 2 (after pre-ozonation) and site 7 
(after ozonation) for the sampling period from June 2008 to September 2008 

Table 5.3: Additional descriptive statistical data of pH for site 1 (raw water), 2 
(after pre-ozonation) and 7 (after ozonation) during the sampling period from 
June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 8.69 8.70 8.62 

Standard error 0.14 0.16 0.15 
Median 8.57 8.65 8.62 

Standard deviation 0.45 0.49 0.48 
Minimum 8.21 7.88 7.85 
Maximum 9.62 9.51 9.53 

The average, maximum and minimum pH values for the three sampling points 
were comparable without any significant variations during the study period. The 
pH for site 2 and site 7 showed a similar trend up until week 47 from where site 1 
and site 2 had a similar trend . The pH range for sites 2 and 7 increased 
somewhat after the ozonation process compared to the pH range for the raw 
water. 
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5.4.2 Conductivity 
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Figure 5.9: The conductivity (mS/m) of site 1 (raw water) and site 7 (after 
ozonation) for the sampling period from October 2007 to September 2008 

Table 5.4: Additional descriptive statistical data of conductivity (mS/m) for site 1 
(raw water) and 7 (after ozonation) during the sampling period from October 2007 
to September 2008 

Site 1 Site 7 
Mean 76 78 

Standard error 1.59 1.55 
Median 74 79 

Standard deviation 9.92 9.69 
Minimum 60 61 
Maximum 90 93 

The raw water had an average conductivity of 76 mS/m during the study period 
and the average conductivity of the raw water after ozonation was 78 mS/m. The 
difference between the average conductivity for the two sampling points was 
insignificant and it followed an exact similar trend. The only significant difference 
in conductivity between the sampling points occurred during week 35 (May 
2008). The highest conductivity for the raw water was 90 mS/m in week 44 (July 
2008) and the highest conductivity of the raw water after ozonation was 93 mS/m 
in week 44 (July 2008) as well. The lowest conductivity for the raw water was 60 
mS/m in week 20 and 30 (February and April 2008) and the lowest conductivity of 
the raw water after ozonation was 61 mS/m in week 30 (April 2008). 
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Figure 5.10: The conductivity (mS/m) of site 1 (raw water), site 2 (after pre
ozonation) and site 7 (after ozonation) for the sampling period from June 2008 to 
September 2008 

Table 5.5: Additional descriptive statistical data of conductivity (mS/m) for site 1 
(raw water), 2 (after pre-ozonation) and 7 (after ozonation) during the sampling 
period from June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 87 88 87 

Standard error 1.09 1.11 0.94 
Median 88 88 87 

Standard deviation 3.45 3.51 2.96 
Minimum 79 81 80 
Maximum 90 93 90 

The average, maximum and minimum conductivity for the three sampling points 
were very much alike and show a similar trend throughout the study period. 
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5.4.3 Turbidity (NTU) 
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Figure 5.11: The turbidity (NTU) of site 1 (raw water) and site 7 (after ozonation) 
for the sampling period from October 2007 to September 2008 

Table 5.6: Additional descriptive statistical data of turbidity (NTU) for site 1 (raw 
water) and 7 (after ozonation) during the sampling period from October 2007 to 
September 2008 

Site 1 Site 7 
Mean 12 6.8 

Standard error 0.60 1.12 
Median 11 5.0 

Standard deviation 3.87 7.28 
Minimum 8.0 1.6 
Maximum 27 48 

The raw water had an average turbidity of 12 NTU during the study period and 
the average turbidity of the raw water after ozonation was 6.8 NTU. The turbidity 
after ozonation however exceeded the turbidity of the raw water during week 17, 
18, 22 and 35. During week 40 the turbidity for the raw water and after it has 
been ozonated, was similar. The highest turbidity for the raw water was 27 NTU 
in week 3 (October 2007) and the highest turbidity of the raw water after 
ozonation was 48 NTU in week 22 (February 2008). The lowest turbidity for the 
raw water was 8.0 NTU in week 43 (July 2008) and the lowest turbidity of the raw 
water after ozonation was 1.6 NTU in week 45 (July 2008). 
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Figure 5.12: The turbidity (NTU) of site 1 (raw water), site 2 (after pre-ozonation) 
and site 7 (after ozonation) for the sampling period from June 2008 to September 
2008 

Table 5.7: Additional descriptive statistical data of turbidity (NTU) for site 1 (raw 
water), 2 (after pre-ozonation) and 7 (after ozonation) during the sampling period 
from June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 10 5.0 8.3 

Standard error 0.30 0.68 0.78 
Median 10 4.5 8.3 

Standard deviation 1.15 2.61 3.03 
Minimum 8.0 1.6 1.7 
Maximum 12 10 14 

The average turbidity of the raw water was 10 NTU during the study period and 
decreased to an average of 8.3 NTU after pre-ozonation except for week 43, 49 
and 50. The average turbidity of the raw water after pre-ozonation decreased 
further from 8.3 NTU to 5.0 NTU after intermediate ozonation except again for 
week 40. The turbidity range for sites 2 and 7 increased considerably after the 
ozonation process compared to the turbidity range for the raw water. 
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5.4.4 Chlorophyll-a and total chlorophyll 
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Figure 5.13: The chlorophyll-a (l-1g/l) of site 1 (raw water) and site 7 (after 
ozonation) for the sampling period from October 2007 to September 2008 

Table 5.8: Additional descriptive statistical data of chlorophyll-a (l-1g/l) for site 1 
(raw water) and 7 (after ozonation) during the sampling period from October 2007 
to September 2008 

Site 1 Site 7 
Mean 64.60 18.32 

Standard error 5.45 3.31 
Median 57.56 11.76 

Standard deviation 29.83 18.11 
Minimum 27.23 2.77 
Maximum 128.20 69.07 

The raw water had an average chlorophyll-a concentration of 64.60 I-1g/1 during 
the study period and the average chlorophyll-a concentration of the raw water 
after ozonation was 18.32 I-1g/1. The chlorophyll-a concentration of the raw water 
after it has been treated with ozone was constantly lower than the chlorophyll-a 
concentration of the raw water. The highest chlorophyll-a concentration for the 
raw water was 128.20 I-1g/1 in week 21 (February 2008) and the highest 
chlorophyll-a concentration of the raw water after ozonation was 69.07 I-1g/1 in 
week 21 (February 2008) as well. The lowest chlorophyll-a concentration for the 
raw water was 27.23 I-1g/1 in week 16 (January 2008) and the lowest chlorophyll-a 
concentration of the raw water after ozonation was 2.77 in week 41 (July 2008). 
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Figure 5.14: The chlorophyll-a (~g/I) of site 1 (raw water), site 2 (after pre
ozonation) and site 7 (after ozonation) for the sampling period from June 2008 to 
September 2008 

Table 5.9: Additional descriptive statistical data of chlorophyll-a (~g/I) for site 1 
(raw water), 2 (after pre-ozonation) and 7 (after ozonation) during the sampling 
period from June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 44.76 8.83 43.51 

Standard error 6.62 1.76 6.15 
Median 35.92 7.45 36.80 

Standard deviation 17.53 4.67 16.27 
Minimum 32.96 2.77 32.60 
Maximum 79.29 16.34 77 .30 

The average, maximum and minimum chlorophyll-a concentrations for site 1 and 
site 2 was almost identical during the study period. The average, maximum and 
minimum chlorophyll-a concentration for site 7 was well below the other two 
sampling points. 
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Table 5.10: The monthly average total chlorophyll concentration of raw water 
before and after flotation and the percentage total chlorophyll removal from 
October 2007 to September 2008 

Monthly Monthly Percentage 
average total average total total

Year Month 
chlorophyll for chlorophyll chlorophyll 

raw water after flotation removal 
2007 October 153.20 32.20 79 
2007 November 107.75 47.00 56 
2007 December 126.00 64.00 49 
2008 January 126.20 31.00 75 
2008 February 172.25 57.75 66 
2008 March 71.00 17.33 76 
2008 April 99.50 21 .75 78 
2008 May 82.25 20.00 76 
2008 June 108.75 34.25 69 
2008 July 51.60 9.20 82 
2008 August 48.00 15.75 67 
2008 September 105.33 29.67 72 

Average 104 32 70 
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Figure 5.15: The total chlorophyll (jJg/l) of site 1 (raw water) and site 7 (after 
ozonation) for the sampling period from October 2007 to September 2008 
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Table 5.11: Additional descriptive statistical data of total chlorophyll (lJg/l) for site 
1 (raw water) and 7 (after ozonation) during the sampling period from October 
2007 to September 2008 

Site 1 Site 7 
Mean 104 27 

Standard error 7.07 3.12 
Median 89 21 

Standard deviation 50.50 22.67 
Minimum 37 5 
Maximum 220 98 

The raw water had an average total chlorophyll concentration of 104 1J91I during 
the study period and the average total chlorophyll concentration of the raw water 
after ozonation was 27 1J9/1. Table 5.10 however indicates that the largest total 
chlorophyll removal was achieved with the OAF process prior to ozonation . The 
total chlorophyll concentration of the raw water after it has been treated with 
ozone was constantly lower than the total chlorophyll concentration of the raw 
water. The highest total chlorophyll concentration for the raw water was 220 IJglI 
in week 21 (February 2008) and the highest total chlorophyll concentration of the 
raw water after ozonation was 98 1J9/1 in week 21 (February 2008) as well. The 
lowest total chlorophyll concentration for the raw water was 37 1J9/1 in week 47 
(August 2008) and the lowest total chlorophyll concentration of the raw water 
after ozonation was 5 1J9/1 in week 42 (July 2008). 
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Figure 5.16: The total chlorophyll (lJg/l) of site 1 (raw water), site 2 (after pre
ozonation) and site 7 (after ozonation) for the sampling period from June 2008 to 
September 2008 
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Table 5.12: Additional descriptive statistical data of total chlorophyll (I-Ig/I) for site 
1 (raw water), 2 (after pre-ozonation) and 7 (after ozonation) during the sampling 
period from June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 64 13 61 

Standard error 9.01 2.29 8.87 
Median 51 12 50 

Standard deviation 31.21 7.92 30.74 
Minimum 37 5 31 
Maximum 149 28 145 

The average, maximum and minimum total chlorophyll concentrations for site 1 
and site 2 was also closely related during the study period. The average, 
maximum and minimum total chlorophyll concentration for site 7 was well below 
the other two sampling points as well. 
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5.4.5 Dissolved organic carbon (DOC) and total organic carbon (TOC) 
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Figure 5.17: The dissolved organic carbon (DOC measured in mgtl) of site 1 
(raw water) and site 7 (after ozonation) for the sampling period from October 
2007 to September 2008 

Table 5.13: Additional descriptive statistical data of dissolved organic carbon 
(DOC measured in mgtl) for site 1 (raw water) and 7 (after ozonation) during the 
sampling period from October 2007 to September 2008 

Site 1 Site 7 
Mean 6.3 5.9 

Standard error 0.19 0.21 
Median 6.3 6.0 

Standard deviation 0.92 1.00 
Minimum 4.9 4.5 
Maximum 8.3 8.7 

The raw water had an average DOC of 6.3 mg/l during the study period and the 
average DOC of the raw water after ozonation was 5.9 mgtl. The DOC after 
ozonation however exceeded the DOC of the raw water during week 9 and 51. 
The DOC for the raw water and after it has been ozonated was similar during 
week 40,49 and 50. The highest DOC for the raw water was 8.3 mgtl in week 1 
(September 2007) and the highest DOC of the raw water after ozonation was 8.7 
mg/l in week 51 (September 2008). The lowest DOC for the raw water was 4.9 
mgtl in week 41 (July 2008) and the lowest DOC of the raw water after ozonation 
was 4.5 mgtl in week 5 (October 2007). 
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Figure 5.18: The dissolved organic carbon (measured in mg/l) of site 1 (raw 
water), site 2 (after pre-ozonation) and site 7 (after ozonation) for the sampling 
period from June 2008 to September 2008 

Table 5.14: Additional descriptive statistical data of dissolved organic carbon 
(DOC measured in mg/I) for site 1 (raw water), 2 (after pre-ozonation) and 7 
(after ozonation) during the sampling period from June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 6.4 6.6 6.3 

Standard error 0.36 0.59 0.24 
Median 6.3 6.1 6.3 

Standard deviation 0.80 1.31 0.53 
Minimum 5.5 5.4 5.5 
Maximum 7.4 8.7 6.8 

The average, maximum and minimum DOC concentrations for site 1 and site 2 
were almost identical up to week 51 when the DOC for site 1 increased. The 
DOC concentration for site 7 was just below the DOC concentrations for site 1 
and site 2 when it increased significantly during week 51 . 
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Figure 5.19: The total organic carbon (TOe measured in mg/I) of site 1 (raw 
water) and site 7 (after ozonation) for the sampling period from October 2007 to 
September 2008 

Table 5.15: Additional descriptive statistical data of total organic carbon (TOe 
measured in mg/I) for site 1 (raw water) and 7 (after ozonation) during the 
sampling period from October 2007 to September 2008 

Site 1 Site 7 
Mean 8.4 7.2 

Standard error 0.41 0.28 
Median 8.3 7.7 

Standard deviation 2.05 1.42 
Minimum 4.8 4.5 
Maximum 13 9.9 

The raw water had an average TOe of 8.4 mg/I during the study period and the 
average TOe of the raw water after ozonation was 7.2 mg/I. The TOe after 
ozonation however exceeded the TOe of the raw water during week 41, 50 and 
51. The highest TOe for the raw water was 13 mg/I in week 11 (December 2007) 
and the highest TOe of the raw water after ozonation was 9.9 mg/I in week 1 
(September 2007). The lowest TOe for the raw water was 4.8 mg/I in week 41 
(July 2008) and the lowest TOe of the raw water after ozonation was 4.5 mg/I in 
week 28 (April 2008). 
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Figure 5.20: The total organic carbon (measured in mg/I) of site 1 (raw water), 
site 2 (after pre-ozonation) and site 7 (after ozonation) for the sampling period 
from June 2008 to September 2008 

Table 5.16: Additional descriptive statistical data of total organic carbon (TOe 
measured in mg/I) for site 1 (raw water), 2 (after pre-ozonation) and 7 (after 
ozonation) during the sampling period from June 2008 to September 2008 

Site 1 Site 7 Site 2 

Mean 6.7 7.0 6.4 


Standard error 0.33 0.72 0.28 

Median 7.0 6.6 6.5 


Standard deviation 0.73 1.60 0.63 

Minimum 5.8 5.2 5.4 

Maximum 7.6 9.5 7.0 


The TOe concentrations for site 2 and site 7 were closely related and below the 
TOe concentration for site 1 when the TOe concentration for site 7 increased 
considerably during week 51. 
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5.4.6 Manganese, iron and aluminium 
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Figure 5.21: The manganese (mgtl) of site 1 (raw water) and site 7 (after 
ozonation) for the sampling period from October 2007 to September 2008 

Table 5.17: Additional descriptive statistical data of manganese (mgtl) for site 1 
(raw water) and 7 (after ozonation) during the sampling period from October 2007 
to September 2008 

Site 1 Site 7 
Mean 0.05 0.03 

Standard error 0.007 0.003 
Median 0.04 0.03 

Standard deviation 0.05 0.02 

Minimum 0.005 0.005 

Maximum 0.23 0.08 


The raw water had an average manganese concentration of 0.05 mgtl during the 
study period and the average manganese concentration of the raw water after 
ozonation was 0.03 mgt!. The average manganese concentration of the raw 
water decreased after the ozonation process together with the range of the 
manganese concentration which decreased from <0.01 - 0.23 mgtl to <0.01 
0.08 mgtl. The highest manganese concentration for the raw water was 0.23 mgtl 
in week 52 (September 2008) and the highest manganese concentration of the 
raw water after ozonation was 0.08 mgtl in week 40 (June 2008). 
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Figure 5.22: The manganese (mg/I) of site 1 (raw water), site 2 (after pre
ozonation) and site 7 (after ozonation) for the sampling period from June 2008 to 
September 2008 

Table 5.18: Additional descriptive statistical data of manganese (mg/I) for site 1 
(raw water), 2 (after pre-ozonation) and 7 (after ozonation) during the sampling 
period from June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 0.08 0.04 0.07 

Standard error 0.016 0.004 0.011 
Median 0.07 0.04 0.06 

Standard deviation 0.05 0.01 0.04 
Minimum 0.04 0.02 0.04 
Maximum 0.23 0.06 0.15 

The average manganese concentrations for site 1 and site 2 were similar and 
they showed the same trend. The average manganese concentration for site 7 
however decreased after intermediate ozonation except for week 47 when it 
exceeded the manganese concentration for site 2. 
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Figure 5.23: The iron (mg/I) of site 1 (raw water) and site 7 (after ozonation) for 
the sampling period from October 2007 to September 2008 

Table 5.19: Additional descriptive statistical data of iron (mg/I) for site 1 (raw 
water) and 7 (after ozonation) during the sampling period from October 2007 to 
September 2008 

Site 1 Site 7 
Mean 0.02 0.01 

Standard error 0.003 0.002 
Median 0.01 0.01 

{ Standard deviation 0.02 0.01 

Minimum 0.005 0.005 

Maximum 0.11 0.04 


The raw water had an average iron concentration of 0.02 mg/I during the study 
period and the average iron concentration of the raw water after ozonation was 
0.01 mg/I. The range of the iron concentration decreased from <0.01 - 0.11 mg/I 
to <0.01 - 0.04 mg/I. The highest iron concentration for the raw water was 0.11 
mg/I in week 3 (October 2007) and the highest iron concentration of the raw 
water after ozonation was 0.04 mg/I in week 2, 18, 38 and 48 (October 2007, 
January, June and August 2008 respectively). 
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Figure 5.24: The iron (mg/l) of site 1 (raw water), site 2 (after pre-ozonation) and 
site 7 (after ozonation) for the sampling period from June 2008 to September 
2008 

Table 5.20: Additional descriptive statistical data of iron (mgtl) for site 1 (raw 
water), 2 (after pre-ozonation) and 7 (after ozonation) during the sampling period 
from June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 0.005 0.01 0.01 

Standard error 0.001 0.004 0.002 
Median 0.005 0.005 0.005 

Standard deviation 0.002 0.012 0.007 

Minimum 0.005 0.005 0.005 

Maximum 0.01 0.04 0.02 


The iron concentration for site 2 exceeded the iron concentration for site 1 during 
week 41 to 44 and then again during week 50. The iron concentration for site 7 
exceeded the iron concentrations for both site 1 and 2 during week 41 to 43, 45 
and 48 as well. 
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Figure 5.25: The aluminium (mg/I) of site 1 (raw water) and site 7 (after 
ozonation) for the sampling period from October 2007 to September 2008 

Table 5.21: Additional descriptive statistical data of aluminium (mgll) for site 1 
(raw water) and 7 (after ozonation) during the sampling period from October 2007 
to September 2008 

Site 1 Site 7 
Mean 0.03 0.02 

Standard error 0.005 0.005 
Median 0.02 0.02 

Standard deviation 0.03 0.02 
Minimum 0.005 0.005 
Maximum 0.16 0.09 

The raw water had an average aluminium concentration of 0.03 mg/I during the 
study period and the average aluminium concentration of the raw water after 
ozonation was 0.02 mg/1. The average aluminium concentration of the raw water 
generally decreased after the ozonation process together with the range of the 
aluminium concentration which decreased from <0.01 - 0.16 mg/I to <0.01 - 0.09 
mg/1. The highest aluminium concentration for the raw water was 0.16 mg/I in 
week 3 (October 2007) and the highest aluminium concentration of the raw water 
after ozonation was 0.09 mg/I in week 20 (February 2008) . 
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Figure 5.26: The aluminium (mgtl) of site 1 (raw water), site 2 (after pre
ozonation) and site 7 (after ozonation) for the sampling period from June 2008 to 
September 2008 

Table 5.22: Additional descriptive statistical data of aluminium (mgtl) for site 1 
(raw water), 2 (after pre-ozonation) and 7 (after ozonation) during the sampling 
period from June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 0.03 0.03 0.04 

Standard error 0.002 0.004 0.004 
Median 0.03 0.03 0.03 

Standard deviation 0.01 0.01 0.01 
Minimum 0.02 0.02 0.02 
Maximum 0.05 0.06 0.06 

During week 41 to 52 neither pre- ozonation nor intermediate ozonation had a 
significant effect on the aluminium concentration of the raw water as the average, 
maximum and minimum aluminium concentrations for all three sampling points 
were more or less similar and followed a comparable trend throughout this 
period. 
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5.4.7 Spectral Absorbance Coefficient at 254 nm (SAC) 
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Figure 5.27: The spectral absorbance coefficient (SAC 254) of site 1 (raw water) 
and site 7 (after ozonation) for the sampling period from October 2007 to 
September 2008 

Table 5.23: Additional descriptive statistical data of spectral absorbance 
coefficient (SAC 254) for site 1 (raw water) and 7 (after ozonation) during the 
sampling period from October 2007 to September 2008 

Site 1 Site 7 
Mean 16.63 10.41 

Standard error 0.41 0.47 
Median 17.12 10.40 

Standard deviation 2.46 2.84 

Minimum 9.37 4.09 

Maximum 21.21 16.52 


The raw water had an average SAC 254 of 16.63 m-1 during the study period and 
the average SAC 254 of the raw water after ozonation was 10.41 m-1

. The 
highest SAC 254 for the raw water was 21.21 m-1 in week 3 (October 2007) and 
the highest SAC 254 of the raw water after ozonation was 16.52 m-1 in week 23 
(February 2008) . The lowest SAC 254 for the raw water was 9.37 m-1 in week 45 
~July 2008) and the lowest SAC 254 of the raw water after ozonation was 4.09 m-

in week 45 (July 2008). 
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Figure 5.28: The spectral absorbance coefficient (SAC 254) of site 1 (raw water), 
site 2 (after pre-ozonation) and site 7 (after ozonation) for the sampling period 
from June 2008 to September 2008 

Table 5.24: Additional descriptive statistical data of for spectral absorbance 
coefficient (SAC 254) site 1 (raw water), 2 (after pre-ozonation) and 7 (after 
ozonation) during the sampling period from June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 13.94 9.07 11 .66 

Standard error 0.92 1.07 0.98 
Median 14.66 8.17 11.59 

Standard deviation 2.75 3.22 2.95 
Minimum 9.37 4.09 6.82 
Maximum 17.12 15.53 16.07 

The average SAC 254 of the raw water was 13.94 m-1 during the study period 
and decreased to an average of 11.66 m-1 after pre-ozonation except for week 41 
and 49. The average SAC 254 of the raw water after pre-ozonation decreased 

1 1further from 11.66 m- to 9.07 m- after intermediate ozonation except again for 
week 41. 
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5.4.8 Geosmin and Methylisoborneol (MIS) 

Table 5.25: Geosmin and Methylisoborneol (MIS) results of samples submitted to 
Rand Water Scientific Services 

Sample name Geosmin in iJgll 2-methyl isoborneol in I-Ig/I 
Raw: 16-01-2008 <6 160 

After 0 3: 16-01-2008 <6 333 
Raw: 23-01-2008 <6 135 

After 0 3 : 23-01-2008 <6 220 

The geosmin values for the two sampling dates were below the method's 
detection limit before and after ozonation but the MIS concentrations increased 
extensively after the ozonation process during both sampling dates. 
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5.4.9 Algal identification and enumeration 

Water samples of the raw water and after intermediate ozonation were collected 
twice every month for algal identification and enumeration. 

5.4.9. 1 Cyanophyceae 
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Figure 5.29: The cells/ml counted twice a month for the Cyanophyceae of site 1 
(raw water) and site 7 (after ozonation) for the sampling period October 2007 to 
September 2008 

Table 5.26: Additional descriptive statistical data of the Cyanophyceae for site 1 
(raw water) and site 7 (after ozonation) during the sampling period from October 
2007 to September 2008 

Site 1 Site 7 
Mean 1 751 684 

Standard error 951 264 
Median 0 158 

Standard deviation 4659 1 292 
Minimum 0 0 
Maximum 18022 5689 

The average Cyanophyceae counts decreased from 1 751 cells/ml in site 1 to 
684 cells/ml in site 7 during the study period and decreased during week 7, 11, 
13, 15 and 18 after ozonation. Microcystis was the dominating genus in the raw 
water during week 7 and 11 and Oscillatoria was the dominating genus in both 
site 1 and site 7 during week 13, 15 and 18. The Cyanophyceae reached a 
maximum of 18 022 cells/ml in the raw water during week 18 and they reached 
also reached a maximum of 5 689 cells/ml after ozonation in week 13. The 
Cyanophyceae counts were equal in week 9 and increased after ozonation 
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during week 4 and 5 with Microcystis as dominating genus in both cases. 
Merismopedia (week 24), Anabaena (week 26) and Microcystis (week 26 and 52) 
were identified in the samples of site 7 even though they were not present in the 
samples of site 1. 
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Figure 5.30: The cells/ml counted twice a month for the Cyanophyceae of site 1 
(raw water), site 2 (after pre-ozonation) and site 7 (after ozonation) for the 
sampling period June 2008 to September 2008 

Table 5.27: Additional descriptive statistical data of the Cyanophyceae for site 1 
(raw water), site 2 (after pre-ozonation) and site 7 (after ozonation) during the 
sampling period from June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 0 108 0 

Standard error 0 74.20 0 
Median 0 0 0 

Standard deviation 0 209.87 0 
Minimum 0 0 0 
Maximum 0 606 0 

Microcystis were present at site 7 during week 38, 44 and 52 even though it was 
not identified in either site 1 or 2. 
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5.4.9.2 Chrysophyceae 
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Figure 5.31: The cells/ml counted twice a month for the Chrysophyceae of site 1 
(raw water) and site 7 (after ozonation) for the sampling period October 2007 to 
September 2008 

Table 5.28: Additional descriptive statistical data of the Chrysophyceae for site 1 
(raw water) and site 7 (after ozonation) during the sampling period from October 
2007 to September 2008 

Site 1 Site 7 
Mean 5 0 

Standard error 5 0 
Median 0 0 

Standard deviation 23 0 
Minimum 0 0 
Maximum 115 0 

The Chrysophyceae, genus Synura, were only present during week 4 in the raw 
water at a count of 115 cells/ml. 
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5.4.9.3 Baeillarioph yeeae 
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Figure 5.32: The cells/rnl counted twice a month for the Baci"ariophyceae of site 
1 (raw water) and site 7 (after ozonation) for the sampling period October 2007 to 
September 2008 

Table 5.29: Additional descriptive statistical data of the Baci"ariophyceae for site 
1 (raw water) and site 7 (after ozonation) during the sampling period from 
October 2007 to September 2008 

Site 1 Site 7 
Mean 3663 892 

Standard error 465 220 
Median 3157 537 

Standard deviation 2277 1 077 
Minimum 1 538 207 
Maximum 9964 4311 

The average Bacillariophyceae counts decreased from 3 663 ce/ls/ml in site 1 to 
892 ce"s/ml in site 7 during the study period . The Baci"ariophyceae were at their 
maximum during week 18 with 9 964 ce/ls/ml in site 1 and 4311 cells/ml in site 7. 
The Baci"ariophyceae were present in both site 1 and site 7 throughout the study 
period where eye/ofelia, Au/aeoseira and Me/osira dominated in both sites but 
were always present in lesser numbers after ozonation. 
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Figure 5.33: The cells/ml counted twice a month for the Bacillariophyceae of site 
1 (raw water), site 2 (after pre-ozonation) and site 7 (after ozonation) for the 
sampling period June 2008 to September 2008 

Table 5.30: Additional descriptive statistical data of the Bacillariophyceae for site 
1 (raw water), site 2 (after pre-ozonation) and site 7 (after ozonation) during the 
sampling period from June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 2976 696 3381 

Standard error 632.17 156.23 707.69 
Median 2537 675 3053 

Standard deviation 1788.04 441.89 2001.66 

Minimum 1538 207 1332 

Maximum 7140 1598 6497 


The Bacillariophyceae had more or less similar counts in site 1 and 2 but were 
significantly reduced in site 7 throughout the study period. 
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5.4.9.4 Cryptophyceae 
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Figure 5.34: The cells/ml counted twice a month for the Cryptophyceae of site 1 
(raw water) and site 7 (after ozonation) for the sampling period October 2007 to 
September 2008 

Table 5.31: Additional descriptive statistical data of the Cryptophyceae for site 1 
(raw water) and site 7 (after ozonation) during the sampling period from October 
2007 to September 2008 

Site 1 Site 7 
Mean 16 0.57 

Standard error 6 0.57 
Median 0 0 

Standard deviation 29 3 

Minimum 0 0 

Maximum 92 14 


The Cryptophyceae were present in site 1 during week 4, 15, 18, 23, 29, 38 and 
40 and were only present in site 7 during week 15 when the counts declined from 
92 cells/ml to 14 cells/ml. Cryptomonas was however the only genus belonging to 
this class to be identified during the study period. 
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Figure 5.35: The cells/ml counted twice a month for the Cryptophyceae of site 1 
(raw water), site 2 (after pre-ozonation) and site 7 (after ozonation) for the 
sampling period June 2008 to September 2008 

Table 5.32: Additional descriptive statistical data of the Cryptophyceae for site 1 
(raw water), site 2 (after pre-ozonation) and site 7 (after ozonation) during the 
sampling period from June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 9 0 17 

Standard error 6.04 0 17.22 
Median 0 0 0 

Standard deviation 17.08 0 48.70 
Minimum 0 0 0 
Maximum 46 0 138 

The Cryptophyceae, more specifically Cryptomonas, were present in site 1 during 
week 38 and 40 and also in site 2 during week 38 when it exceeded the cell 
counts of site 1. 
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5.4.9.5 Dinophyceae 
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Figure 5.36: The cells/ml counted twice a month for the Dinophyceae of site 1 
(raw water) and site 7 (after ozonation) for the sampling period October 2007 to 
September 2008 

Table 5.33: Additional descriptive statistical data of the Dinophyceae for site 1 
(raw water) and site 7 (after ozonation) during the sampling period from October 
2007 to September 2008 

Site 1 Site 7 
Mean 3 2 

Standard error 2 1 
Median 0 0 

Standard deviation 10 6 
Minimum 0 0 
Maximum 46 28 

The Dinophyceae were present in site 1 during week 5 and 18 and were present 
in site 7 during week 15 and 18. The cell count declined from 46 cells/ml in site 1 
to 28 cells/ml in site 7 during week 18. The Dinophyceae were present in site 7 
during week 15 without being identified in site 1 and were completely removed 
after ozonation during week 5. Ceratium was the dominating genus of the 
Dinophyceae during this study period. 

96 




--------

5.4.9.6 Euglenophyceae 
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Figure 5.37: The cells/ml counted twice a month for the Euglenophyceae of site 
1 (raw water) and site 7 (after ozonation) for the sampling period October 2007 to 
September 2008 

Table 5.34: Additional descriptive statistical data of the Euglenophyceae for site 
1 (raw water) and site 7 (after ozonation) during the sampling period from 
October 2007 to September 2008 

Site 1 Site 7 
Mean 37 9 

Standard error 10 3 
Median 23 0 

Standard deviation 49 15 
Minimum 0 0 
Maximum 184 55 

The average Euglenophyceae counts decreased from 37 cells/ml in site 1 to 9 
cells/ml in site 7 during the study period. The Euglenophyceae were mostly 
removed or reduced after the ozonation process except for week 9 when the cell 
count increased in site 7. Strombomonas and Trachelomonas were the two most 
common genera of this class. 
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Figure 5.38: The cells/ml counted twice a month for the Euglenophyceae of site 
1 (raw water), site 2 (after pre-ozonation) and site 7 (after ozonation) for the 
sampling period June 2008 to September 2008 

Table 5.35: Additional descriptive statistical data of the Euglenophyceae for site 
1 (raw water), site 2 (after pre-ozonation) and site 7 (after ozonation) during the 
sampling period from June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 6 0 3 

Standard error 3.76 0 2.87 
Median 0 0 0 

Standard deviation 10.62 0 8.12 
Minimum 0 0 0 
Maximum 23 0 23 

Trachelomonas (week 38) and Phacus (week 40 and 51) were present in site 1 
and 2 during the study period in small numbers. 

98 




5.4.9.7 Chlorophyceae 
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Figure 5.39: The cells/ml counted twice a month for the Chlorophyceae of site 1 
(raw water) and site 7 (after ozonation) for the sampling period October 2007 to 
September 2008 

Table 5.36: Additional descriptive statistical data of the Chlorophyceae for site 1 
(raw water) and site 7 (after ozonation) during the sampling period from October 
2007 to September 2008 

Site 1 Site 7 
Mean 4907 2668 

Standard error 525 184 
Median 4454 2548 

Standard deviation 2573 903 

Minimum 1 561 1 267 

Maximum 11 410 4849 


The average Chlorophyceae cell counts decreased from 4 907 cells/ml in site 1 
to 2 668 cells/ml in site 7 during the study period. The Chlorophyceae were 
generally reduced after the ozonation process except for week 4, 33 and 35 
when the cell count increased in site 7 during which Desmodesmus (week 4 and 
35) and Actinastrum (week 33) dominated. The Chlorophyceae had a maximum 
count of 11 410 cells/ml for site 1 in week 18 and 4 849 cells/ml for site 7 in week 
7. 
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Figure 5.40: The cells/ml counted twice a month for the Chlorophyceae of site 1 
(raw water), site 2 (after pre-ozonation) and site 7 (after ozonation) for the 
sampling period June 2008 to September 2008 

Table 5.37: Additional descriptive statistical data of the Chlorophyceae for site 1 
(raw water), site 2 (after pre-ozonation) and site 7 (after ozonation) during the 
sampling period from June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 3214 2264 2758 

Standard error 525.26 181.74 635.70 
Median 2732 2390 2571 

Standard deviation 1485.65 514.03 1798.02 
Minimum 1561 1364 551 
Maximum 5556 2824 6084 

The Chlorophyceae had more or less similar counts in site 1 and 2 during week 
44, 47, 51 and 52 which exceeded counts in site 7. Chlorophyceae counts in site 
7 however exceeded counts in site 2 during week 38, 40, 42 and 49 during which 
Desmodesmus, Monoraphidium and Pediastrum were the dominating genera. 
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5.4.9.8 Total cells 
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Figure 5.41: The total celis/rnl of site 1 (raw water) and site 7 (after ozonation) 
counted twice a month for the sampling period October 2007 to September 2008 

Table 5.38: Additional descriptive statistical data of the total cells/ml for site 1 
(raw water) and site 7 (after ozonation) during the sampling period from October 
2007 to September 2008 

Site 1 Site 7 
Mean 10382 4255 

Standard error 1 570 398 
Median 7989 3361 

Standard deviation 7694 1 949 

Minimum 4775 2700 

Maximum 39510 9491 


The average algal cells decreased from 10 382 cells/ml in site 1 to 4 255 cells/ml 
in site 7 during the study period. The total cell count was constantly reduced after 
the ozonation process. The algal cells had a maximum count of 39 510 cells/ml 
for site 1 and 9491 cells/ml for site 7 during week 18. 
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Figure 5.42: The total cells/ml of site 1 (raw water), site 2 (after pre-ozonation) 
and site 7 (after ozonation) counted twice a month for the sampling period June 
2008 to September 2008 

Table 5.39: Additional descriptive statistical data of the total cells/ml for site 1 
(raw water), site 2 (after pre-ozonation) and site 7 (after ozonation) during the 
sampling period from June 2008 to September 2008 

Site 1 Site 7 Site 2 
Mean 6204 3068 6158 

Standard error 488.02 92.98 383.14 
Median 5636 3079 6256 

Standard deviation 1380.34 262.98 1083.69 
Minimum 4821 2782 4683 
Maximum 8747 3430 7438 

The total algal cell count was relatively similar for site 1 and 2 but was 
significantly reduced in site 7 throughout the study period . 
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5.5 DISCUSSION 

5.5.1 pH 

The average pH of the raw water increased with 0.11 pH units after intermediate 
ozonation with 2.4 mg/I ozone (Table 5.2) and remained constant after pre
ozonation with 1.3 mg/I ozone (Figure 5.3) during the study period. The high pH 
of the raw water (see section 3.5.1) favours hydroxyl free radical production 
according to USEPA (1999) which could possibly account for the slight increase 
in pH. Carrim (2006) on the other hand determined a general decrease in pH 
after ozonation. The results of the study done by Carrim (2006) on the same 
study site from October 2005 to September 2006 cannot however be accurately 
compared to the results of the present study since the effects of a much higher 
ozone dosage is investigated in this study. The considerable differences in pH 
between site 1 and 7 (Figure 5.7) during week 3, 9, 19, 21 and 49 could be 
ascribed to (see section 3.1) the chemical addition stage that occurs prior to 
intermediate ozonation. The influence of both intermediate and pre-ozonation on 
pH seem to vary from time to time but the general effect is not as important to the 
water purification process as other processes such as chemical addition. 

5.5.2 Conductivity 

The average conductivity of the raw water after intermediate ozonation (Table 
5.4) and after pre-ozonation (Table 5.5) remained constant throughout the study 
period and it can therefore be concluded that ozonation does not influence the 
conductivity of water significantly. 

5.5.3 Turbidity (NTU) 

The average turbidity decreased with 17% after pre-ozonation (Table 5.7) and 
with 43% after intermediate ozonation (Table 5.6) during the study period. Carrim 
(2006) found a 14% and 13% decrease in turbidity when the raw water was 
treated with 0.5 mg/I and >0.5 mg/l ozone respectively. Van Staden and Haarhoff 
(1999) concluded that turbidity removal increased at higher dosage during their 
study at the Rietvlei Water Treatment Works but that this effect had been 
insignificant. The increased turbidity after intermediate ozonation during week 17, 
18, 22 and 35 showed no correlation with any other determinant except that all 
these weeks occurred in rainy months. The extremely high turbidity measured in 
site 7 during week 22 could be due to work done on the infrastructure of the 
plant. 

5.5.4 Chlorophyll-a and total chlorophyll 

Chlorophyll-a and total chlorophyll concentrations of the raw water didn't change 
much after pre-ozonation (Figure 5.14 and 5.16) but that was the aim of Midvaal 
Water Company since ozone breaks down the membrane system of algal cells, 
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causing them to die off and subsequently release undesirable substances such 
as toxins or compounds responsible for tastes and odours. The aim of the pre
ozonation stage is simply to inactivate the algae and thereby enhance the DAF 
process which removes the greatest fraction of the chlorophyll-a and total 
chlorophyll concentration of the raw water as can be seen by the average 
removal of 70% during the study period in Table 5.10. Carrim (2006) stated that 
pre-ozonation at low concentrations will also break up algal colonies which can 
add to the effectiveness of the DAF process at Midvaal. The time to investigate 
the influence of pre-ozonation on the DAF process was however insufficient to 
reach a meaningful conclusion and thus requires further study. In their study, 
Hargesheimer and Watson (1996) found that clarification by DAF consistently 
produced water with lower turbidity and particle counts than conventional gravity 
sedimentation. For Hargesheimer and Watson (1996) the absolute abundance of 
phytoplankton in the source water was the single most important factor 
influencing DAF removal efficiency and removal efficiency were poorer at low 
source water biomass than at higher biomass concentration which however did 
not correspond with the DAF removal efficiency during this study as seen in 
Table 5.10. 

The average chlorophy"-a concentration of the raw water decreased with 72% 
after the intermediate ozonation process (Table 5.8) and the average total 
chlorophyll concentration of the raw water decreased with 74% after the 
intermediate ozonation process (Table 5.11). 

5.5.5 Dissolved organic carbon (DOC) and total organic carbon (TOC) 

When natural organic materials are present ozone decomposition is accelerated 
and the chemistry becomes more complex (Glaze, 1987). The average DOC and 
TOC of the raw water were reduced after intermediate ozonation (Table 5.13 and 
5.15). Pre-ozonation didn't have an influence on the DOC concentration of the 
raw water (Figure 5.18) and thus correlated with chlorophyll-a and total 
chlorophyll concentrations after pre-ozonation but it did however influence the 
TOe concentration of the raw water as it was similar to the TOe concentration of 
the water after intermediate ozonation (Figure 5.20). The conditions under which 
ozone is used in drinking water treatment processes generally preclude oxidation 
of organic matter until the last stage (C02 , H20), which achieves an appreciable 
reduction in the total organic carbon (TOG) (Degremont, 1991). Traut (2002) 
concluded that an increase in algal biomass together with the organic substances 
excreted by the algal cells, affect the removal of biomass, suspended matter and 
DOC. According to Carrim (2006) results for Midvaal samples showed very little 
variation of DOC in response to ozone. Van Staden and Haarhoff (1999) found 
DOC to be an unstable parameter and the resulting data erratic. 

Moreover, ozone is not a good oxidant for organic materials in water treatment 
(Glaze, 1987) because ozonation increases the biodegradability of natural 
organic matter and introduces considerable amounts of oxygen into the water, it 
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may accelerate bacterial growth as well as re-growth in the distribution system. 
Mohamed et a/. (1997) concluded that increasing the Os/OOC dose resulted in 
more conversion of DOC to biodegradable dissolved organic carbon (BOOC). 
Transforming organic matter by ozone (increasing the dosage) in this way 
produces compounds with lower molecular weights and higher polarity and with 
higher biodegradability even if their total oxygen demand is reduced (Oegn2!mont, 
1991 ). 

5.5.6 Manganese, iron and aluminium 

The concentration of iron, manganese and aluminium in the raw water were 
relatively low which entailed that the effect of ozonation on the removal of these 
elements could not be determined exactly during the study period. The ranges of 
all three elements did however decrease after intermediate ozonation (Figure 
5.21, 5.23 and 5.25). The increase of iron or aluminium after intermediate 
ozonation can however be explained by the prior addition (second chemical 
dosing) of aluminium sulphate or ferric chloride as coagulants for settling to follow 
(number 6 in Figure 3.3). Aluminium sulphate is usually dosed when the water 
has either high turbidity, an unacceptable colour or high chlorophyll-a 
concentrations as can be seen during week 21 of the study period when high 
chlorophyll-a concentrations (Figure 5.13) in the raw water correlated with 
aluminium concentrations (Figure 5.25) which were higher after intermediate 
ozonation. Ferric chloride is a commonly used coagulant but especially sufficient 
during the second chemical dosing to improve colour during early spring as is 
evident in the increased iron concentration after intermediate ozonation in Figure 
5.23. The secondary chemical dosing step is however not a fixed treatment step 
and the dosing as well as the position thereof are optional depending on the 
quality of the water. An increase in any of these elements after intermediate 
ozonation will be reduced during sedimentation and filtration. 

Ozone will oxidize iron and manganese, converting ferrous (2+) iron into ferric 
(3+) state and 2+ manganese to the 4+ state (USEPA, 1999). Iron oxidizes at a 
pH of 6-9 but manganese is more effective at a pH of around 8 (USEPA, 1999). 
Ozone oxidation of iron and manganese generates insoluble oxides that should 
be removed by sedimentation or filtration (USEPA, 1999). The results of a study 
done by Baozhen et a/. (1984) showed that ozone plus biological activated 
carbon and ozone plus sand filtration plus biological activated carbon processes 
are most effective in removing various pollutants, including turbidity, colour, 
odour, iron and manganese. 

5.5.7 Spectral Absorbance Coefficient at 254 nm (SAC) 

Ozone considerably reduces the overall UV absorption parameter, resulting in 
the transformation of organic matter by opening double bonds (for example, 
ethylene bonds or aromatic rings, etc.) (Oegremont, 1991). The average SAC 
254 of the raw water decreased with 37% after the ozonation process (Table 
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5.23). Pre-ozonation also resulted in a slight decrease of SAC 254 (Figure 5.28 
and Table 5.24) but not as much as the intermediate ozonation stage. Carrim 
(2006) determined an average SAC 254 removal of 22% and 23% after the Vaal 
River water was treated with 0.5 mg/I and >0.5 mg/l ozone respectively. Van 
Staden and Haarhoff (1999) found pre-ozonation to show positive performance 
when measured in SAC 254. 

5.5.8 Geosmin and Methylisoborneol (MIS) 

MIB concentrations during week 17 (16 January 2008) and week 18 (23 January 
2008) increased drastically after intermediate ozonation (Table 5.25) even though 
the Cyanophyceae which dominated in the raw water at the time was greatly 
reduced after intermediate ozonation during week 18 (Figure 5.29). These 
unexpected results can be the result of a waste stream with extremely high algal 
counts that enters the water purification process at the OAF stage for recycling 
purposes and which unknowingly introduces taste and odour compounds into the 
system. Since Cyanophyceae cells, more specifically Oscilla to ria , were identified 
in the sample of site 7 during week 18 it is also possible that the ozonation 
process could have broken the cell walls of Oscillatoria and cause them to 
release taste and odour compounds into the water which can account for the 
increase in MIB concentrations (see section 3.5.8). Masschelein (1982) noticed 
that Oscillatoria appeared to be somewhat more strongly entwined after 
ozonation and this altered structure of Oscillatoria will enhance the removal of it 
by filtration. 

Both MIB and geosmin are resistant to oxidation by ozone due to their tertiary 
structures (Figure 5.1 and 5.2) (Ho et a/., 2002). The NOM character had a 
significant effect on the ozonation of MIB and geosmin (Ho et a/., 2002). 
According to the study of Ho et a/. (2002), the destruction of MIB and geosmin 
with ozone was significantly higher in the fraction with the highest colour and 
UV/visible absorbance at all ozone doses. In addition the ozone reaction time 
was shown to be important for the destruction of both compounds (Ho et a/., 
2002). Ho et a/. (2002) found conflicting results in their literature study which 
indicate the importance of the background matrix since natural waters contain 
NOM capable of initiating the formation of the OH radical. This can be beneficial 
as OH radicals can react non-selectively to oxidise a broad range of organic 
compounds (Ho et a/., 2002). 

Muroyama et at. (1999) found that the removal efficiency of odorous compounds 
like 2-MIB significantly increases with both increasing gas-phase ozone 
concentration and gas/liquid ratio. In order to achieve a high 2-MIB removal 
efficiency an ozone loading value (= gas-phase ozone conc. x gas/liquid ratio) 
greater than 0.003 kg/m-3 is required (Muroyama et a/., 1999). 

Sagehashi et a/. (2005a) successfully developed a novel ozonation process for 
decomposition of MIB using high silica zeolites since high performance ozonation 
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methods with less bromate formation were needed. The porous adsorbents are 
hydrophobic; thus, hydrophobic target organic compounds such as MIB are 
adsorbed onto it and become concentrated in its micropores (Sagehashi et aI., 
2005a). Because of the resulting increase in the decomposition rate, MIB can be 
decomposed with lower dissolved ozone concentration and shorter retention 
times, reducing exposure to ozone and at the same time lowering bromate 
formation in the drinking water treatment process (Sagehashi et a/., 2005a). 

Activated carbon is also used in drinking water purification to remove taste and 
odours. Considine et a/. (2001) cited the importance of the oxygen content of the 
activated carbon on the adsorption of MIB from aqueous solution. Considine et 
a/. (2001) found that the M IB adsorption capacity of the carbons increased as the 
oxygen content decreased. Oxidation of a relatively hydrophobic activated carbon 
lead to a decrease in the amount of MIB adsorbed (Considine et a/., 2001). 
Considine et al. (2001) further stressed the importance of considering not only 
the solute and the carbon, but also the solvent in adsorption experiments 
involving sparingly soluble solutes since MIB adsorption in a non-polar solvent 
(dichloromethane) was independent of the oxygen content. 

Hargesheimer and Watson (1996) concluded in their study that ozone also did 
not eliminate phytoplankton odours, but rather caused the fishy musty odours to 
be transformed into other odours. 

5.5.9 Algal identification and enumeration 

5.5.9. 1 Cyanophyceae 

The increased counts after ozonation during week 4 and 5 and the identification 
of Cyanophyceae cells in the samples of site 7 which were not present in the 
samples of site 1 (Figure 5.29 and 5.30) can be attributed to the waste stream 
once again that enters the water purification process at the OAF stage but these 
cells are however likely to be removed during the filtration process which follows 
after intermediate ozonation and subsequently prevents the presence of these 
algae in the final water. The ideal would be to remove these cells, intact and 
completely, during the OAF stage to prevent these cells from rupturing during the 
course of the water purification process and thereby releasing their taste and 
odour compounds. The pre-ozonation step was not in operation at the time, 
however, and would likely be able to support the effective removal of these cells 
at the OAF plant in future. 

5.5.9.2 Chrysophyceae 

The Chrysophyceae which were only present during week 4 in the raw water at a 
fairly low concentration (Figure 5.31) were successfully removed either with the 
OAF process or the ozonation process seeing that the pre-ozonation stage was 
not in yet in operation at the time. 
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5.5.9.3 Bacillariophyceae 

Pre-ozonation had variable effects on the number of Bacillariophyceae cells in 
the water (Figure 5.33) which is in accordance with the results of Carrim (2006) 
which stated that these cells had the lowest removal after ozonation because of 
their resistant siliceous cell wall or frustule. The Bacillariophyceae cells were 
however present in both site 1 and site 7 throughout the study period but the 
counts were drastically reduced with 76% after intermediate ozonation (Figure 
5.32) and since these cells are not as effectively removed with ozonation as other 
algal cells it can be concluded that the OAF process had the overruling influence 
on the removal of 8acillariophyceae cells. The smooth external surface of the 
dominant diatoms, Cyclotella, Aulacoseira and Melosira, without flagella or 
protrusions would facilitate the flotation process, hence evident by the constant 
brownish colour of the foam layer at the OAF plant throughout the study period. 

5.5.9.4 Cryptophyceae 

The Cryptophyceae cells were only present in site 7 during week 15 of the study 
period (Figure 5.34) and were thus effectively removed either through the OAF 
process or intermediate ozonation. Pre-ozonation had variable effects on the 
number of Cryptophyceae cells in the water (Figure 5.35) 

5.5.9.5 Dinophyceae 

The presence of Oinophyceae in site 7 during week 15 and 18 (Figure 5.36) were 
at such low counts, <30 cells/ml, and due to the excessively uneven external 
surface of the dominating genus, Ceratium, it was likely to be removed during 
filtration. 

5.5.9.6 Euglenophyceae 

The Euglenophyceae cell counts in site 7 exceeded counts of the raw water 
during week 9 only (Figure 5.37) and were effectively removed either through the 
OAF process or intermediate ozonation during the study period. Pre-ozonation 
had variable effects on the number of euglenophyceae cells in the water (Figure 
5.38) 

5.5.9.7 Chlorophyceae 

Pre-ozonation had variable effects on the number of Chlorophyceae cells in the 
raw water (Figure 5.40). The Chlorophyceae counts in site 7 which exceeded 
counts in site 2 during week 38, 40, 42 and 49 can possibly be attributed to the 
waste stream. The Chlorophyceae cells were however present in both site 1 and 
site 7 throughout the study period but the counts decreased after intermediate 
ozonation (Figure 5.39) except during week 4, 33 and 35 when the cell counts 
increased in site 7 with Desmodesmus (week 4 and 35), Actinastrum (week 33), 
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Pediastrum (week 4, 33 and 35) and Monoraphidium (week 35) as the 
dominating Chlorophyceae. This did not agree with the results of Visser (1996) 
which found that unicellular algal groups penetrate a water purification system 
more frequently than colonial and filamentous groups since Desmodesmus, 
Actinastrum and Pediastrum occurred in colonies. The morphology of these 
algae could cause problems at the following filtration step as they have the 
potential to block the filters. 

5.5.9.8 Total cells 

Pre-ozonation had variable and very little effect on the total number of algal cells 
in the raw water (Figure 5.42) as was expected and desired. The total algal cells 
were present in both site 1 and site 7 throughout the study period but the counts 
decreased after intermediate ozonation with 59% (Figure 5.41). Visser (1996) 
concluded that different algal species or morphological groups required different 
treatment conditions to be successfully removed during water purification and it 
thus show that the filtration processes at Midvaal Water Company are as 
important as any other stage in the water purification process to remove the 
remaining algal cells. From a study done at Wiggins water purification works in 
Durban it was found that algal species determine the effect of ozone dose on 
coagulant demand (Rencken, 1994). As ozone doses increased at Wiggins water 
purification works in Durban the number of Microcystis cells/ml declined 
immediately after ozonation, before coagulation and filtration (Rencken, 1994). 

5.5.10 Effect sizes 

Table 5.40 indicate the importance of the measured variables and it shows that 
SAC 254, chlorophyll-a, total chlorophyll, total algal cells and turbidity were the 
five most important factors to consider in the water purification process during the 
study period. 

Table 5.40: The effect sizes of variables for site 1 and site 7 

I Order of importance Variable Effect size 
1 SAC 254 2.188 
2 Chlorophyll-a 1.551 
3 Total chlorophyll 1.538 
4 Total algal cells 0.796 
5 Turbidity (NTU) 0.762 
6 TOC 0.553 
7 Mn 0.489 • 

8 DOC 0.350 
9 pH 0.314 J 

f---......... 10 Fe 0.214 
11 Conductivity 0.188 
12 AI 0.181 
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Table 5.41 also indicates that the Sacillariophyceae and Chlorophyceae, which 
constituted the greater part of the total algal cells (Figure 3.13), were the two 
most important algal classes to consider. 

Table 5.41: The effect sizes of the different algal classes 

ortance 

5.6 CONCLUSION 

• 	 The influence of pre- and intermediate ozonation on pH, conductivity, DOC 
and TOC was variable but ultimately had no significant effect. 

• 	 Pre-ozonation caused a slight decrease in turbidity while intermediate 
ozonation had a more significant effect although in both stages the influence 
was variable. 

• 	 Chlorophyll-a, total chlorophyll, SAC 254 and the total algal cells were not 
influenced by pre-ozonation but were greatly reduced after intermediate 
ozonation (see Table 5.40). The dissolved air flotation (OAF) step which 
occurs after pre-ozonation and prior to intermediate ozonation however 
contributed to an average total chlorophyll removal of 70%. 

• 	 The effect of ozonation on the removal of manganese, iron and aluminium 
could not be determined during this study since these elements were present 
in relatively low concentrations in the raw water. 

• 	 The detection of MIS was associated with the presence of Oscillatoria in the 
raw water and the concentration of this specific taste and odour compound 
was greatly increased after intermediate ozonation. 

• 	 Intermediate ozonation had variable effects on the Cyanophyceae, 
Oinophyceae, Euglenophyceae and Chlorophyceae while the Chrysophyceae, 
Sacillariophyceae and Cryptophyceae were completely reduced after this 
stage. 

• 	 The influence of pre-ozonation on the OAF process could not successfully be 
investigated during this study as the time was insufficient and this aspect of 
the water purification process thus requires further study. 
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The general influence of pre- and intermediate ozonation on the water purification 
process at Midvaal Water Company during the sampling period, October 2007 to 
September 2008, is briefly summarized in Table 5.42. 

Table 5.42: The influence of pre- and intermediate ozonation on parameters 
measured during the study 

• decrease 

t'!J variable influence 

o increase 

IntermediateDeterminant Pre-ozonation I ozonation 

pH t'!J t'!J 
Conductivity t'!J t'!J 

Turbidity (NTU) t'!J t'!J 
Chlorophyll-a and total 

t'!Jchlorophyll • 
DOC and TOC t'!J t'!J 
Mn, Fe and AI t'!J t'!J 

SAC 254 t'!J • 

MIS - 0 

Cyanophyceae t'!J 
Chrysophyceae  • 


Sacillariophyceae t'!J • 

C ryptop h ycea e t'!J • 

Dinophyceae t'!J 

Euglenophyceae t'!J t'!J 
Chlorophyceae t'!J t'!J 
Total algal cells t'!J • 


Ozone demand and first order reaction rate coefficient for samples from site 1 
and site 7, taken on 20th January 2009, was measured by Purion using a 
continuous flow-through method (Strydom, 2009). The relevant raw water sample 
had a total chlorophyll concentration of 175 ~gtl at the time. The ozone demand 
was found to be 4.73 mgtl for site1 and 3.75 mgtl for site 7 (Strydom, 2009). 
Since the aim of the pre-ozonation step is mainly to enhance the OAF process, 
the intermediate ozonation step is heavily relied on for oxidation and the dosage 
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of 2.4 mg/l faits short of the recommended 3.75 mgll ozone. During week 17 (16 
January 2008) of the study period the total chlorophyll concentration was 182 I-Ig/l 
in the raw water and the MIS concentration increased from 160 I-Ig/l in the raw 
water to 333 1-19/I after ozonation. It can thus be concluded that taste and odour 
compounds are likely to cause water treatment problems during this time of the 
year and higher ozone dosages are probably required to effectively remove them. 
The study also proved the importance of other treatment steps such as dissolved 
air flotation and filtration and the ability to combine these various steps with 
ozonation for optimal water treatment. 
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CHAPTER 6: CONCLUSIONS 


Safe and healthy drinking water is both a fundamental human need and right. 
The supply of good quality potable water in South Africa is however a challenge 
considering its semi-arid climate and overall state of water sources. Advanced 
treatment methods, such as ozonation, offers a solution to the problem of water 
sources which simply have to be utilised irrespective of poor water quality. The 
use of ozone is well demonstrated and is used throughout the world in some 
1000 treatment plants with capacities from as little as 10 m3/h to as large as 30 
000 m 3/h (Geldenhuys et al., 2000). The application of ozone in South African 
water treatment processes is however limited and it remains expensive when 
compared to conventional treatment (Evans et al., 2003). 

Midvaal Water Company manages a water treatment plant that supplies Class I 
(according to SANS 241: 2006, Ed 6.1) drinking water to its consumers in the 
Matlosana area (Midvaal Water Company, 2009). The company has incorporated 
ozonation since 1985 in their water purification process due to the nature of the 
only water source available to them, the Middle Vaal River, which was 
determined to be hypertrophic during 2007 and 2008. The target water quality 
objectives for the Schoonspruit, Koekemoerspruit and Middle Vaal Catchment 
(OWAF, 2006) indicated that the concentrations of variables such as iron, 
manganese, nitrate and nitrite, orthophosphate, chloride, sodium, sulphate, 
faecal coliform bacteria, magnesium, aluminium, ammonia and fluoride were 
either ideal or acceptable except for pH and conductivity which were 
unacceptable and tolerable respectively. The high pH was ascribed to the 
excessive algal productivity associated with hypertrophic water systems and the 
high conductivity was a result of the limited rainfall in this region together with 
increased salinisation of the system. The Chlorophyceae and Bacillariophyceae 
were the dominating algal classes of the raw water during the study but during 
the only month when the Cyanophyceae dominated, Midvaal Water Company 
received consumer complaints about unpleasant taste and odours which was 
caused by the algal genus, Oscillatoria. The ecological state of the sampling site 
did however compare favourable with the trends of other studies such as those of 
Pieterse and Janse van Vuuren (1997), Kruskopf (2002) and Carrim (2006). 
These studies were done recently on the same site and a subsequent shift in 
environmental variables could not be detected. 

The water source together with the treatment steps and their sequence make the 
case study of Midvaal Water Company rather unique and fairly difficult to 
compare with other, international studies but there are however other reasons as 
well. Water treatment plants making use of ozonation did not often have the 
same aim with it and therefore did not measure or test similar determinants as 
were done in this case study, e.g. Chang et al. (2002) and Mohamed et al. 
(1997). Ozonation is not only applied to improve the quality of drinking water but 
also on various effluents and wastewaters. Studies mostly compared ozonation 
with other treatment options such as chlorination, GAC and UV or investigated 
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combinations of them, e.g. Meunier et a/. (2006) and Sanchez-Polo et a/. (2006) . 
Ozonation reactors, the optimisation and costs of ozonation were often 
investigated as well, e.g. Muroyama et a/. (1999) and (2005) . 

This study aimed to not only determine the ecological state of the sampling site 
and the influence of ozone on water purification processes at Midvaal Water 
Company, but also to apply the feasibility of a manual method whereby the ozone 
concentration of the process gas could be measured with. The Ozone Quicktest 
proved to be successful in this regard. 

Ozonation had the highest impact on SAC 254, chlorophyll-a, total chlorophyll, 
total algal cells and turbidity. Figures 6.1 to 6.16 illustrate mainly the influence of 
intermediate ozonation on the water purification process at Midvaal Water 
Company but also the influence of the dissolved air flotation (OAF) step. 
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Figure 6.1: The average monthly influence of intermediate ozonation on pH of 
the raw water during the water purification process at Midvaal Water Company 
from October 2007 to September 2008 where a negative value indicates a 
reduction of the variable 

The pH of the water increased for the greater part of the study period as 
confirmed by the slight increase of the average pH from 8.63 to 8.74 in Table 5.2. 
The average monthly pH of the water did however decrease during February, 
June and September 2008 but the percentage difference, more or less 6% to 
either side, was so little that the overall influence of intermediate ozonation on pH 
was negligible. 
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Figure 6.2: The average monthly influence of intermediate ozonation on 
conductivity of the raw water during the water purification process at Midvaal 
Water Company from October 2007 to September 2008 where a negative value 
indicates a reduction of the variable 

The average monthly conductivity of the water increased every month except for 
January 2008 when there was no change. The average increase in conductivity 
was however so little, 2 mS/m according to Table 5.4, that the influence of 
intermediate ozonation on conductivity was insignificant. 
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Figure 6.3: The average monthly influence of intermediate ozonation on turbidity 
of the raw water during the water purification process at Midvaal Water Company 
from October 2007 to September 2008 where a negative value indicates a 
reduction of the variable 
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The average monthly turbidity of the water decreased every month except for 
February 2008 which can be ascribed to the extremely high turbidity of week 22 
(Figure 5.11) . The average turbidity did however decrease from 12 to 6.8 NTU 
(Table 5.6) and together with Table 5.41 it is clear that intermediate ozonation 
had a considerable influence on turbidity. The 100 % average monthly influence 
of intermediate ozonation on turbidity of the raw water during March 2008 is 
however incorrect and a result of no turbidity data for site 7 (after intermediate 
ozonation). 
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Figure 6.4: The average monthly influence of intermediate ozonation on 
chlorophyll-a of the raw water during the water purification process at Midvaal 
Water Company from October 2007 to September 2008 where a negative value 
indicates a reduction of the variable 
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Figure 6.5: The average monthly influence of intermediate ozonation on total 
chlorophyll of the raw water during the water purification process at Midvaal 
Water Company from October 2007 to September 2008 where a negative value 
indicates a reduction of the variable 

The remarkable influence of intermediate ozonation on both chlorophyll-a and 
total chlorophyll is evident in Figures 6.4 and 6.5 and is also supported by the 
results of Table 5.8 and 5.11 where chlorophyll-a and total chlorophyll are 
reduced with 72% and 74% respectively. 
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Figure 6.6: The average monthly influence of dissolved air flotation (OAF) on 
total chlorophyll of the raw water during the water purification process at Midvaal 
Water Company from October 2007 to September 2008 where a negative value 
indicates a reduction of the variable 
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Figure 6.7: The average monthly influence on the total chlorophyll of the water 
after dissolved air flotation (OAF) and after intermediate ozonation during the 
water purification process at Midvaal Water Company from October 2007 to 
September 2008 where a negative value indicates a reduction of the variable 

The influence of the OAF process on the total chlorophyll concentrations of the 
raw water in Figure 6.6 are quite similar to the results of Figure 6.5 and when the 
actual total chlorophyll removal by intermediate ozonation after OAF is analyzed 
in Figure 6.7, it becomes clear that the total chlorophyll removal during the water 
purification process is almost completely dependent upon dissolved air flotation. 
In Figure 6.7 the percentage difference in total chlorophyll by intermediate 
ozonation after OAF is reduced as compared to Figure 6.5 with an increase in 
total chlorophyll concentrations after ozonation during January 2008 and no 
percentage difference during February 2008 . 
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Figure 6.8: The average monthly influence of intermediate ozonation on 
dissolved organic carbon (DOC) of the raw water during the water purification 
process at Midvaal Water Company from October 2007 to September 2008 
where a negative value indicates a reduction of the variable 
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Figure 6.9: The average monthly influence of intermediate ozonation on total 
organic carbon (TOC) of the raw water during the water purification process at 
Midvaal Water Company from October 2007 to September 2008 where a 
negative value indicates a reduction of the variable 

During the months of October, November and December 2007 as well as March, 
April , June and August 2008, there was a decrease in both DOC and TOC after 
intermediate ozonation (Figures 6 _8 and 6_9) and an increase in both variables in 
September 2008. Carrim (2006) found that ozonation did not decrease DOC 
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concentrations and according to Pryor and Freeze (2000) ozonation did not have 
a significant effect on TOC or DOC either. The instrument that measures DOC 
and TOC was out of order during January and February 2008 which resulted in 
no data being available for these two months. Despite the apparent variable 
influence of intermediate ozonation on DOC and TOC Tables 5.13 and 5.15 
indicate a slight decrease in the average values during the study period. 
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Figure 6.10: The average monthly influence of intermediate ozonation on the 
manganese concentration of the raw water during the water purification process 
at Midvaal Water Company from October 2007 to September 2008 where a 
negative value indicates a reduction of the variable 
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Figure 6.11: The average monthly influence of intermediate ozonation on the 
iron concentration of the raw water during the water purification process at 
Midvaal Water Company from October 2007 to September 2008 where a 
negative value indicates a reduction of the variable 
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Figure 6.12: The average monthly influence of intermediate ozonation on the 
aluminium concentration of the raw water during the water purification process at 
Midvaal Water Company from October 2007 to September 2008 where a 
negative value indicates a reduction of the variable 

Iron, manganese and aluminium were present in such little concentrations in the 
raw water during the study period that the influence of intermediate ozonation on 
the removal of these elements could not be determined precisely. There was 
however a reduction in the concentration of these elements after intermediate 
ozonation (Figures 6.10, 6.11 and 6.12) as well as the concentration ranges 
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(Figures 5.21, 5.23 and 5.25). The dosing of coagulants such as aluminium 
sulphate or ferric chloride at a secondary dosing point prior to intermediate 
ozonation may explain the increase in iron and aluminium concentrations at times 
but since a settling process follows after intermediate ozonation and the final 
water quality complied with Class I criteria, this did not cause any concern. 
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Figure 6.13: The average monthly influence of intermediate ozonation on the 
spectral absorbance coefficient (SAC 254) of the raw water during the water 
purification process at Midvaal Water Company from October 2007 to September 
2008 where a negative value indicates a reduction of the variable 

SAC 254 was reduced after intermediate ozonation for each month of the study 
period which compared favourable to the results of Carrim (2006). Ozone proved 
to be effective in reducing UV absorbance (254 nm) (Pryor and Freeze, 2000). It 
can be expected that the OAF process contributed to this as well since it had a 
major impact on the chlorophyll concentrations which are closely related to SAC 
254. 

122 



0 

~ -10
I"CI 

u 
~ 

-20> ..c 
c. 
0 -30 ..: 

.!!! -40 
·u 

I"CI 

al 
 -50 


.5: 

-60 

u 
~ 

c 
~ -70... 

-;!: 
~ 

-80 -- _._
." 

'#. -90 - -~-

-100 

Figure 6.14: The average monthly influence of intermediate ozonation on the 
8acillariophyceae cell counts of the raw water during the water purification 
process at Midvaal Water Company from October 2007 to September 2008 
where a negative value indicates a reduction of the variable 
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Figure 6.15: The average monthly influence of intermediate ozonation on the 
Chlorophyceae cell counts of the raw water during the water purification process 
at Midvaal Water Company from October 2007 to September 2008 where a 
negative value indicates a reduction of the variable 

The 8acillariophyceae and Chlorophyceae cells which comprised the greater part 
of the algal composition of the raw water were reduced after intermediate 
ozonation, more especially the 8aci"ariophyceae. May 2008 was however the 
only month when the Chlorophyceae cells increased after intermediate ozonation 
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(Figure 5.39) . During weeks 33 and 35 (May 2008) there were an excessive 
increase of the genera Desmodesmus and Actinastrum. 

The Cyanophyceae was the only algal class of which cells were identified in 
samples after intermediate ozonation even though they were not detected in the 
raw water samples (Figures 5.29 and 5.30) and as a result of that a descriptive 
figure of the percentage difference could not be compiled as is done for the other 
algal classes. 

The Chrysophyceae was only identified in the raw water samples during week 4 
(October 2007) of the study period and was completely absent in samples taken 
after intermediate ozonation (Figure 5.31). 
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Figure 6.16: The average monthly influence of intermediate ozonation on the 
Cryptophyceae cell counts of the raw water during the water purification process 
at Midvaal Water Company from October 2007 to September 2008 where a 
negative value indicates a reduction of the variable 
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Figure 6.17: The average monthly influence of intermediate ozonation on the 
Dinophyceae cell counts of the raw water during the water purification process at 
Midvaal Water Company from October 2007 to September 2008 where a 
negative value indicates a reduction of the variable 

The Cryptophyceae and Dinophyceae were all reduced after intermediate 
ozonation (Figure 6.16 and 6.17) . 
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Figure 6.18: The average monthly influence of intermediate ozonation on the 
Euglenophyceae cell counts of the raw water during the water purification 
process at Midvaal Water Company from October 2007 to September 2008 
where a negative value indicates a reduction of the variable 

125 

-120 



The Euglenophyceae was also reduced after intermediate ozonation except 
during November 2007 when more occurrences of Strombomonas and 
Trache/omonas resulted in an increase. 
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Figure 6.19: The average monthly influence of intermediate ozonation on the 
total algal cell counts of the raw water during the water purification process at 
Midvaal Water Company from October 2007 to September 2008 where a 
negative value indicates a reduction of the variable 

Although the numbers of some algal cells were increased after intermediate 
ozonation, the overall influence indicate that the total algal cells were reduced to 
a great extend (Figure 6.19). According to Masschelein (1982) ozonation before 
filtration has always been observed to have a positive effect in the removal of 
algae. 

There was a clear decline in SAC 254, chlorophyll-a, total chlorophyll, total algal 
cells and turbidity after intermediate ozonation which is also supported by the 
effect sizes in Table 5.41. Carrim (2006) also established a relationship between 
SAC 254, turbidity, chlorophyll-a and the influence of ozone. Intermediate 
ozonation had variable influences on pH, DOC, TOC, as well as manganese, iron 
and aluminium concentrations. Conductivity was the only variable to increase 
after intermediate ozonation together with MIS concentrations. Conflicting results 
have been reported in the removal of taste and odours by ozonation (Geldenhuys 
et al., 2000). Pryor and Freeze (2000) achieved removal of geosmin and MIS in 
excess of 70% at ozone to DOC ratios of between 0.5 and 1.5 which may explain 
why MIS was not removed at Midvaal during the study period as the ozone to 
DOC ratio was 2.6. The increase in conductivity was however insignificant to the 
water purification process but an increased ozone dosage together with and 
optimum DAF process may alleviate taste and odour problems during Oscillatoria 
blooms and the associated occurrences of MIS in the raw water. Westerhoff et al. 
(2006) stated that MIS oxidation increases with higher ozone dose. Even though 
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the water purification process did not rely heavily on ozonation for the oxidation 
of manganese, iron and aluminium concentrations in the raw water during the 
study period, it remained an essential step for improving colour. Other than the 
influence of ozonation on the water purification process, the study also 
demonstrated the crucial role of the OAF process in the overall success of the 
plant by removing a great number of algal cells intact. 

Usually, pre-oxidation leads to the elimination of mineral compounds, colour, 
turbidity, suspended solids, tastes and odours and in addition this step partly 
degrades natural organic matter and inactivates microorganisms; finally, this 
treatment generally enhances the coagulation-flocculation-decantation step 
(Camel and Bermond, 1998). Even though pre-ozonation did not have an effect 
on the chlorophyll concentrations of the raw water as was both desired and 
expected, the influence of pre-ozonation on the water purification process at 
Midvaal Water Company including the OAF process could not successfully be 
investigated during this study as the time was insufficient. This aspect of the 
water purification process at Midvaal Water Company requires further study and 
investigation over a longer period especially since there are conflicting results 
about the effect of pre-ozonation on coagulation and flocculation (Pryor and 
Freeze, 2000). 

To conclude: 

a) 	 The trophic state of the Middle Vaal River was determined to be 
hypertrophic with Chlorophyceae and Bacillariophyceae as dominating 
algal classes. The ecological state of the sampling site compared 
favourably with other studies and did not indicate a significant shift in 
environmental variables during the past 12 years. 

b) 	 The Ozone Quicktest was obtained and proved to be successful in 
determining the ozone concentration in the process gas. 

c) 	 Intermediate ozonation either reduced or had a variable influence on the 
physical and chemical characteristics of the water as well as algal species 
composition and together with the dissolved air flotation provided evidence 
of being crucial steps in the water purification process at Midvaal Water 
Company. 

d) 	 Pre-ozonation did not have an influence on the chlorophyll concentrations 
of the raw water as was both desired and expected but the limited study 
period justifies further investigation into the effects of this treatment step 
on the water purification process at Midvaal Water Company_ 

e) 	 Geosmin concentrations were not detected while MIB concentrations were 
increased after intermediate ozonation at a time of Oscil/atoria blooms with 
accompanying taste and odour problems but optimum ozone to DOC 
ratios should prevent future occurrences of such difficulties. 
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In the light of the conclusions the following recommendations can be made: 

Sewage and other eflluents must be managed according to laws and regulations 
in order to prevent the introduction of dissolved salts as well as nutrients into the 
Vaal River system which results in eutrophication and subsequent algal blooms. 

Algal compositions of the raw water should be monitored, especially during times 
when problematic algae are suspected to occur in order to respond pro-actively. 

The Ozone Quicktest should be done on a more regular basis to monitor the 
concentration of the process gas produced by the generators and subsequently 
determine any deviations not indicated by the electronic monitors on time. 

The waste stream should be monitored and possibly dealt with in alternative 
ways as it seems to deteriorate the quality of the water in the process of being 
treated. 

The pre-ozonation process should be continuously optimised according to the 
quality of the raw water to ensure an optimised OAF process. 

The ozone demand should be determined and concentration dosages adjusted 
during Oscillatoria blooms in order to reduce or eliminate taste and odours in the 
final drinking water. Combining empirical and mechanistic models can allow 
investigation of effects of variable water quality or treatment conditions on 
microbial inactivation, bromated formation and odorant oxidation as a function of 
contact time and other parameters. Granular activated carbon (GAC) may also 
be used additionally for the elimination of taste and odours. An additional benefit 
of the use of GAC during ozonation of drinking water could also be the removal of 
hydrophobiC micro pollutants such as MIB that cannot be oxidised by ozone 
(Sanchez-Polo et al., 2006). 

Other utilities in South Africa which consider the application of ozone in water 
treatment can compare the quality of their raw water to the raw water and effects 
of other water treatment plants such as Midvaal Water Company, Vaalkop Water 
Treatment Works, Wiggins Water Works as well as the treatment plant at Rietvlei 
dam to determine any similarities which may encourage the implementation of 
ozonation. There are conflicting reports on the influence of ozone on water 
quality and these must be examined before the decision is made to install an 
ozone plant as part of a treatment process (Carrim, 2006). The cost-effective 
operation of the ozonation process depends on four factors, viz, ozone 
production, ozone dose, ozone contacting and ozone destruction (Rajagopaul et 
a/., 2008). The effect of ozonation on coagulation and flocculation as well as the 
organic material need to be investigated thoroughly. The point of ozone 
application in the current water purification process should be determined as well 
as the optimum dosage together with an accurate cost-benefit analysis of the 
ozonation process in order to ensure well informed decision making. Utilities use 
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ozone to achieve multiple water quality benefits however by-product formation 
(e.g., bromate) frequently controls process decisions such as location of 
ozonation system, pH depression, ammonia addition, ozone dose and hydrogen 
peroxide addition (Westerhoff et a/. 2006). Process controllers should also then 
be trained in the health and safety aspects of ozonation and also be provided 
with a complete operation manual. It is recommended that operations and 
maintenance personnel are adequately trained in the optimization of the ozone 
plant and troubleshooting ozone process problems (Rajagopaul et a/., 2008). A 
survey on ozone use in the South African water industry showed that ozone use 
locally is growing rapidly especially as a pre-oxidant in the pre-treatment and 
intermediate stages of the water treatment process chain (Rajagopaul et a/., 
2008). 

Hunter (2003) concluded in his study that, because of climate change, there may 
be an increase in the number of cyanobacterial blooms because of a combination 
of increased nutrient concentrations and water temperature. Increased 
cyanobacterial blooms will make water treatment plants such as Midvaal Water 
Company even more reliant on their ozonation processes but since Rapala et a/., 
(2002) found that ozonation and chlorination had little effect on the endotoxin 
concentrations associated with cyanobacteria it opens up a new possibilities for 
innovative thinking and investigation in the never ending pursuit of providing the 
people of South Africa with safe and healthy drinking water. 
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APPENDIX A: OZONATION COSTS 


Ozonation costs are comprised of both capital and operational costs (van der 
Walt et a/., 2009). 

The capital costs include the following according to van der Walt et a/., 2009: 
• Civil works 

A contact tank and storage buildings for the ozone equipment. 
• Mechanical/electrical work 

Ozonators, 
- Air preparation equipment, 

Piping and ozone destruction units, 
Dosing equipment and 
All the associated instrumentation and control systems. 

The use of liquid oxygen as a source feed to ozonators is a less expensive option 
than air preparation equipment however higher operational costs are incurred 
due to the purchasing of liquid oxygen as a chemical. 

It has been shown at various times that the eventual effective cost of ozone 
works out to approximately R 30/kg when all aspects are taken in account (van 
der Walt et a/., 2009). 

Table A: Operational costs for a 40 MI per day plant, dosing 10 mg/I ozone (van 
der Walt et a/., 2009). 

I Ozone required .__________-+-____1__8_._33_k""'-/_h___~ 
Cost as previously determined by van der Walt I R 26 000.00 
~l., 2009 . ..._______+-__________--1 

$one cost (R 30/kg). I R 4 818.00 
Total annual cost . R 4 818.00 
Total annual kl produced·· l 14600.00 .1 

1Operational cost (c/kl) . I 33.00 elkl 

130 


http:14600.00


REFERENCES 


An Illustrated Guide to Basic Water Purification Operations. 2006. WRC Report 
No. 247/05. Water Research Commission, Pretoria. 135 p. 

ANON. 2006a. An Introduction to ozone. Water and sanitation, 1 (2): 35-37, 
September/October. 48 p. 

ANON. 2006b. Ozonation at Midvaal Water Company. Water and sanitation, 
1 (2): 34, September/October. 48 p. 

ANON. 2007. Water-wise utilities work the country. Water and sanitation, 2(1): 
23, July/August. 56 p. 

ANON. 2008. Vaal River System under scrutiny. The Water Wheel, 7(3): 18, 
May/June. 40p. 

BAOZHEN, W., ~IINZHI, and JUN, Y. 1984. Purification of polluted source 
water with ozonation and biological activated carbon. Ozone: Science and 
Engineering, 6(4): 245-260. 

BARROW, C.J. 2006. Environmental Management for sustainable development. 
2nd ed. London: Routledge. 454p. 

CAM V. and BERMOND, A 1998. The use of ozone and associated 
oxidation processes in drinking water treatment. Water Research, 32(11): 3208
3222. 

CARRIM, AH. 2006. The effect of pre-ozonation on the physical characteristics 
of raw water and natural organic matter (NOM) in raw water from different South 
African water resources. Potchefstroom: North-West University. (Unpublished 
Dissertation - M.Sc.) 129 p. 

CHANG, C.-N., MA, Y.-S. and ZING, F.-F. 2002. Reducing the formation of 
disinfection by-products by pre-ozonation. Chemosphere, 46: 21-30. 

CONSIDINE, R., DENOYEL, R., PENDLETON, P., SCHUMANN, R. and WONG, 
S.-H. 2001. The influence of surface chemistry on activated carbon adsorption 
of 2-methylisoborneol from aqueous solution. Colloids and Surfaces. A: 
Physicochemical and Engineering Aspects, 179: 271-280. 

DALLAS, H.F. and DAY, J.A 2004. The effect of water quality variables on 
aquatic ecosystems: A review. WRC Report No. TT 224/04. Water Research 
Commission, Pretoria. 222 p. 

131 



DAVIES, B.D. and DAY, J. 1998. Vanishing waters. Cape Town: University of 
Cape Town Press. p487. 

DEGReMONT. 1991. Water treatment handbook. 6th ed. Volume 2. France: 
Lavoisier Publishing Inc. 1459 p. 

DEPARTMENT OF WATER AFFAIRS AND FORESTRY (DWAF). 2006. 
Development of a Catchment Management Strategy for the Schoonspruit and 
Koekemoerspruit Catchments in the Middle Vaal Management Area. Phase II. 
Prepared: Dr. Ralp Heath (a working document - not yet published at the time) 

DEPARTMENT OF WATER AFFAIRS AND FORESTRY (DWAF). 2007. 
Integrated water quality management plan for the Vaal River system: Project 
steering committee meeting 3 12 November 2007. 
http://www.dwaf.gov.za/ProjectsNaaIWRMS/documents/PSC3/IWQMPNaalRive 
rStudyPSC312Nov07lWQMP1.pdf Date of access: 4 June 2009. 

DIAMANT, B. Z. 1980. Recent developments in the role of ozone in water 
purification and its implications in developing countries. Ozone: Science and 
Engineering, 2(3): 241-250. 

EATON, AD., CLESCERI, L.S. and GREEt\IBERG, AE. 1995. Standard 
methods for the examination of water and wastewater. 19th ed. Washington DC: 
American Public Health Association. 10-157 p. 

EATON, AD., CLESCERI, L.S., RICE, E.W. and GREENBERG, AE. 2005. 
Standard methods for the examination of water and wastewater. 21 st ed. 
Washington DC: American Public Health Association. 5-72 p. 

ELLIS, S.M. and STEYN, H.S. 2003. Practical significance (effect sizes) versus 
or in combination with statistical significance (p-values). Management Dynamics, 
12(4): 51-53. 6 p. 

EVANS, H., BAUER, M., GOODMAN, N., HAGLI J. and TA, T. 2003. The role 
of ozone in improving drinking water quality in London and Oxford. Ozone: 
Science and Engineering, 25: 409-416. 

GElDENHUYS, J.C., GIARD, HARMSE, M., NEVELlNG, K. and 
POTGI M. 2000. The use of ozonation with lime and activated sodium 
silicate in water treatment. WRC Report No 446/1/00. Water Research 
Commission, Pretoria. 63 p. 

GLAZE, W. H. 1987. Drinking-water treatment with ozone. Environmental 
Science and Technology, 21 (3): 224-230. 

132 

http://www.dwaf.gov.za/ProjectsNaaIWRMS/documents/PSC3/IWQMPNaalRive


HARGESHEIMER, E.E. and WATSON, S. 1996. Drinking water treatment 
options for taste and odour control. Water Research, 30(6): 1423-1430. 

HO, L., NEWCOMBE, G. and CROUe, J-P. 2002. Influence of the character of 
NOM on the ozonation of MIB and geosmin. Water Research, 36(3): 511-518. 

HUNTER, P.R. 2003. Climate change and waterborne and vector-borne 
disease. Journal of Applied Microbiology. 94: 37S-46S. 

INTERNATIONAL OZONE ASSOCIATION European African Asian Australasian 
Group (IOA-EA3G). 2008. Ozone. http://www.ioa-ea3g.org/ozone/ozone.asp 
Date of access: 13 May 2008. 

JANSE VAN VUUREN. S., TAYLOR. J., GERBER, A. and VAN GINKEL, C. 
2006. Easy identification of the most common freshwater algae: A guide for the 
identification of microscopic algae in South African freshwaters. Potchefstroom: 
North-West University. 200 p. 

KRUSKOPF, M.M. 2002. Phosphatase activities of riverine phytoplankton in the 
Vaal River (South Africa) : physiological responses of nuisance species to 
different nutrient regimes. Potchefstroom: North-West University. (Thesis
Ph.D.) 255 p. 

MAGALIES WATER. 2009. Process. 
http://www.magalieswater.co.za/process.htm Date of access: 8 May 2009. 

MASON, C. 1991. Biology of freshwater pollution. 2nd ed. Harlow: Longman 
Scientific and Technical. 351 p. 

MASSCHELEIN, W.J. 1982. Ozonization manual for water and wastewater 
treatment. Chichester:John Wiley and Sons. 324p. 

MEUNIER, L., CANONICA, S, and VON GUNTEN, U. 2006. Implications of 
sequential use of UV and ozone for drinking water quality. Water Research, 
40(9): 1864-1876. 

MIDVAAL WATER COMPANY. 2008. Phew! The water stinks! Klerksdorp 
Record: 14, 1 February. 40 p. 

MIDVAAL WATER COMPANY. 2009. 
http://www.midvaalwater.co.za/home.html#Home Date of access: 14 July 2009. 

MOHAMED, S., SIDDIQUI, G.L., AMY and BRIAN D. MURPHY. 1997. Ozone 
enhanced removal of natural organic matter from drinking water sources. Water 
Research, 31(12): 3098-3106. 

133 

http://www.midvaalwater.co.za/home.html#Home
http://www.magalieswater.co.za/process.htm
http://www.ioa-ea3g.org/ozone/ozone.asp


MURAMOTO, S., UDAGAWA, T and OKAMURA, T 1995. Effective removal of 
musty odour in the Kanamachi purification plant. Water Science and 
Technology, 31 (11): 219-222. 

MUROYAMA, K., NORIEDA, T, MORIOKA, A. and TSUJI, 1999. 
Hydrodynamics and computer simulation of an ozone oxidation reactor for 
treating drinking water. Chemical Engineering Science, 54: 5285-5292. 

MUROYAMA, K., YAMASAKI, M., SHIMIZU, M., SHIBUTANI, E. and TSUJI, 
2005. Modelling and scale-up simulation of U-tube ozone oxidation reactor for 
treating drinking water. Chemical Engineering Science, 60(22): 6360-6370. 

NAKAMURA, S. and DAISHIMA, S. 2005. Simultaneous determination of22 
volatile organic compounds, methyl-tert-butyl ether, 1 A-dioxane, 2
methylisoborneol and geosmin in water by headspace solid phase 
microextraction-gas chromatography-mass spectrometry. Analytica Chimica 
Acta, 548: 79-85. Available: Sciencedirect. 

OZONIA. 2008. Understanding residual ozone destruction. 
http://wwvy.ozonia.com/tjps/residualqestruction.htmIDate of access: 15 
February 2008. 

PIETERSE, A.J.H. and JANSE VAN VUUREN, S. 1997. An investigation into 
phytoplankton blooms in the Vaal River and the environmental variables 
responsible for their development and decline. WRC Report No 359/1/97. Water 
Research Commission, Pretoria. 245p. 

PRYOR, M.J. and FREEZE, S.D. 2000. The treatment of eutrophic water using 
pre- and intermediate ozonation, peroxone and pica carbon. WRC Report No 
694/1/00. Water Research Commission, Pretoria. 136 p. 

Quality of Domestic Water Supplies 1. 1998. Volume 1: Assessment Guide. 
WRC Report No. TT 101/98. Water Research Commission, Pretoria. 104 p. 

Quality of Domestic Water Supplies 4. 2002. Volume 4: Treatment Guide. WRC 
Report No. TT 181/02. Water Research Commission, Pretoria. 85 p. 

RAJAGOPAUL, R., MBONGWA, N.W. and NADAN, C. 2008. Guidelines for the 
selection and effective use of ozone in water treatment. WRC Report No. 
1596/01/08. Water Research Commission, Pretoria. 81 p. 

RAKNESS, K., GORDON, G., LANGLAIS, B., MASSCHELEIN, W., 
MATSUMOTO, N., RICHARD, Y., ROBSON, C.M. and SOMIYA, I. 1996. 
Guidelines for measurement of ozone concentration in the process gas from an 
ozone generator. Ozone science and engineering, 18: 209-229. 

134 

http://wwvy.ozonia.com/tjps/residualqestruction.htmIDate


RAPALA, J., LAHTI, K., RASANEN, L.A., ESALA, A.L., NIEMELA, S.I. and 
SIVONEN, K. 2002. Endotoxins associated with cyanobacteria and their 
removal during drinking water treatment. Water Research, 36(10): 2627-2635. 

RENCKEN, G. 1994. Ozonation at Wiggins Water Purification Works, Durban, 
South Africa. Ozone Science and Engineering, 16(3): 247-260. 

ROGERS, T.D., HITCHENS, G.D., SALINAS, C.E., MURPHY, O.G. and 
WHITFORD, H.W. 1992. Water purification, microbiological control, sterilization 
and organic waste decomposition using electrochemical advanced ozonation 
process. SAE Technical Paper Series, 1-9p. 

ROOS, J.C. and PIETERSE, A.J.H. 1994. Light, temperature and flow regimes 
of the Vaal River at Balkfontein, South Africa. Hydrobiologia, 277(1): 1-15. 

ROOS, J.C. and PIETERSE, A.J.H. 1995a. Nutrients, dissolved gases and pH 
in the Vaal River at Balkfontein, South Africa. Archiv fOr Hydrobi%gie, 133(2): 
173-196. 

ROOS, J.C. and PIETERSE, A.J.H. 1995b. Salinity and dissolved substances in 
the Vaal River at Balkfontein, South Africa. Hydrobiologia, 306(1): 41-51. 

SAGEHASHI, M., SHIRAISHI, K., FUJITA, H., FUJII, T. and SAKODA, A. 2005a. 
Ozone decomposition of 2-methylisoborneol (MIB) in adsorption phase on high 
silica zeolites with preventing bromate formation. Water Research, 39(13): 2926
2934. 

SAGEHASHI, M" SHIRAISHI, K., FUJITA, H., FUJII, T. and SAKODA, A. 2005b. 
Adsorptive ozonation of 2-methylisoborneol in natural water with preventing 
bromated formation. Water Research, 39(16): 3900-3908. 

SaNCHEZ-POLO, M., SALHI, E., RIVERA-UTRILLA, J. and VON GUNTEN, U. 
2006. Combination of ozone with activated carbon as an alternative to 
conventional advanced oxidation processes. Ozone: Science and Engineering, 
28: 237-245. 

SCHUTTE, 2006. Handbook for the Operation of Water Treatment Works. 
WRC Report No. TT 265/06. Water Research Commission, Pretoria. 233 p. 

SOUTH AFRICA. 1996. Constitution of the Republic of South Africa Act 108 of 
1996. Pretoria: Government printer. 1241 p. 

SOUTH AFRICA. 1998. National Water Act 36 of 1998. Pretoria: Government 
printer. 92 p. 

135 



STRATOSPHERIC OZONE MONITORING AND RESEARCH IN NATIONAL 
OCEANIC AND ATMOSPHERIC ADMINISTRATION (NOAA). 2008. How is 
ozone formed in the atmosphere? 
http://www.esrl.noaa.gov/csd/assessments/2006/chapters/Q2.pdf Date of 
access: 14 May 2008. 

STRYDOM, R. 2009. Letter to Midvaal Water Company, 11 February. (Original 
copy in records of Midvaal Water Company.) 5p. 

SUNG, Y.-H., LI, T.-Y. and HUANG, S.-D. 2005. Analysis of earthy and musty 
odours in water samples by solid-phase microextraction coupled with gas 
chromatography/ion trap mass spectrometry. Talanta, 65: 518-524. Available: 
Sciencedirect. 

SWANEPOEL, A, DU PREEZ, H., SCOEMAN, C., JANSE VAN VUUREN, S. 
and SUNDRAM, A 2008. Condensed laboratory methods for monitoring 
phytoplankton, including cyanobacteria, in South African Freshwaters. WRC 
Report No. TT 323/08. Water Research Commission, Pretoria. 108 p. 

TRAUT, D. 2002. Coagulation and sedimentation of algal cells and associated 
material in Vaal River water. Potchefstroom: North-West University. 
(Dissertation - M.Sc.) 124 p. 

USEPA GUIDANCE MANUAL. 1999. Environmental Protection Agency 
Guidance Manual: Alternative Disinfectants and Oxidants. Chapter 3: Ozone. 
www.epa.gov/safewater/mdbp/alternative disinfectants guidance.pdf Date of 
access: 27 July 2007. 

UTSUMI, H., HAN, S.-K. and ICHIKAWA, K. 1998. Enhancement of hydroxyl 
radical generation by phenols and their reaction intermediates during ozonation. 
Water: Water Treatment, 38(6): 147-154. 

VAN DEN HOEK, C., MANN, D.G. and JAHNS, H.M. 1998. Algae: An 
introduction to phycology. Cambridge: Cambridge University Press. 627 p. 

VAN DER WALT, M., KRUGER, M. and VAN DER WALT, C. 2009. The South 
African oxidation and disinfection manual. WRC Report No. K8/771. Water 
Research Commission, Pretoria. 8.29 p. 

VAN STADEN, AL. and HAARHOF, J. 1999. Activated carbon and ozone as 
supplementary water treatment options at Rietvlei Dam. 
http://www.ewisa.co.za/literature/files/1998%20-%2080.pdf Date of access: 11 
May 2009. 

136 

http://www.ewisa.co.za/literature/files/1998%20-%2080.pdf
www.epa.gov/safewater/mdbp/alternative
http://www.esrl.noaa.gov/csd/assessments/2006/chapters/Q2.pdf


VISSER, R. 1996. Algal species penetrating water purification processes in the 
Balkfontein purification plant. Potchefstroom: North-West University. 
(Dissertation - M.Sc.) 147 p. 

WALMSLEY, R.D. 2000. A review and discussion document. Perspectives on 
eutrophication of surface waters: Policy/Research needs in South Africa. WRC 
Report No. KV129/00. Water Research Commission, Pretoria. 60 p. 

WATSON, S.B., BROWNLEE, B., SATCHWILL, and HARGESHEIMER, EE 
2000. Quantitative analysis of trace levels of geosmin and MIB in source and 
drinking water using headspace SPME Water Research, 34: 2818-2828. 

WEBELEMENTS. 2009. WebElements:the periodic table on the web. 
http://www.webelements.com/oxygen/allotropes.htmIDate of access: 8 
December 2009. 

WESTERHOFF, P., NALINAKUMARI, B. and PEl, P. 2006. Kinetics of MIB and 
geosmin oxidation during ozonation. Ozone: Science and Engineering, 28: 277
286. 

WESTERHOFF, P., RODRIGU ERNANDEZ, M., BAKER, L. and 
SOMMERFELD, M. 2005. Seasonal occurrence and degradation of 2
methylisoborneol in water supply reservoirs. Water Research, 39: 4899-4912. 

WETZEL, R.G. 2000. Limnology. 3rd ed. San Diego: Academic Press 
(Elsevier). 1006 p. 

WORLD HEALTH ORGANIZATION (WHO). 2004. Guidelines for Drinking-water 
Quality. 3rd ed. Volume 1: Recommendations. World Health Organization: 
Geneva. ISBN 92 4 154638 7. 

137 


http://www.webelements.com/oxygen/allotropes.htmIDate

