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Abstract
Particle removal is an essential part of water treatment, used to minimise 
the passage of disinfection-resistant pathogens into the public water 
supply. Ozone is known to give rise to an enhancement in particle 
removal, with coagulation and filtration, under certain conditions. 
However, the conditions required for this are not fully understood.

A novel experimental batch water treatment system, innovative means of 
quantifying floe morphology and new experimental methodology were 
developed in order to analyse the ozone-enhanced particle removal 
phenomenon in depth. These systems were used with both natural and 
model waters. By operating in batch mode, it was possible to 
continuously monitor each water quality parameter throughout every 
stage of water treatment. Preliminary results from the morphological 
analysis of floes suggest that ozone-enhanced particle removal occurs 
when ozone leads to the creation of larger, hence more settlable and 
filterable, floes.

Ozone gave rise to an increase in particle removal in natural waters with 
high natural or spiked bicarbonate concentration and synthetic model 
waters containing either bicarbonate or tertiary-butanol. Ozone gave rise 
to a decrease in particle removal in waters with low bicarbonate 
concentration and synthetic model waters containing no bicarbonate or 
tertiary-butanol. From this it is observed, for the first time, that a hydroxyl 
radical scavenger (bicarbonate or tertiary-butanol) is required in order for 
ozone to have a positive effect on particle removal.

It is hypothesised that ozone operates in a beneficial manner, with 
respect to particle removal, by direct molecular action and in a 
detrimental manner by radical pathways. The practical outcome of this is 
that, in order to optimise particle removal, ozone should be used at 
concentrations in which the local bicarbonate concentration is able to 
maximise the direct molecular action of ozone.
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1. Introduction

1.1. Particle Removal
Drinking water is considered wholesome if it does not contain any micro
organism or other substance at a concentration that constitutes a danger 
to human health (DWI, 2000). As such, disinfection -  the destruction or 
removal of disease causing organisms -  is a vital stage in the treatment 
of water for human consumption. Particle removal is essential in water 
treatment in order to remove pathogens and potential vehicles of their 
transport that cannot be satisfactorily destroyed by chemical disinfection 
alone.

One such pathogen is Cryptosporidium, a protozoan that forms an 
oocyst, which is resistant to chlorine and ozone disinfection at the 
concentration-time values required to minimise by-product formation. As 
such, optimisation of physical removal processes (coagulation; 
sedimentation; flotation; filtration) is the best approach for minimising the 
risk of waterborne cryptosporidiosis outbreaks with conventional water 
treatment works.

1.2. Water T reatment
The specific means of water treatment employed vary greatly between 
different water treatment facilities. However, large scale conventional 
water treatment works in the UK and elsewhere normally consist of a 
number of unit processes in sequence. Typically these processes would 
include raw water storage, screening, coagulation, clarification by 
settlement or floatation, filtration and disinfection. A simplified schematic 
of one possible configuration of water treatment unit processes, for 
treating typical surface water is shown in Figure 1.
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PH
control

Figure 1 : Example schematic of conventional treatment system for surface water -
adapted from Hamann et al. (1990)

Figure 1 shows the path of water through a typical treatment works: first 
raw water, typically abstracted from a river or reservoir and often held in 
storage, is passed through a screen to remove debris prior to chemical 
addition. pH adjustment is normally conducted next in order to optimise 
the conditions for coagulation. This is often followed by the first or ‘pre’ 
stage of oxidation which is used primarily in order to minimise the growth 
of algae and pathogenic bacteria in the treatment works, to aid the 
coagulation of algae and to oxidise taste and odour causing compounds. 
The coagulation/flocculation process occurs prior to filtration, this starts 
with the addition of a coagulant which, at the correct pH causes the 
coagulation of particles and organics within the water. Dispersion of the 
coagulant is ensured by a period of rapid mixing which is followed by a 
gentler slow mix to allow gradual floe formation. Clarification is then 
employed to remove as much of the flocculated material as practical. 
Clarification can be achieved via gravity settling, enhanced methods of 
gravity settling such as floe blanket clarification, or flotation methods such 
as dissolved air flotation. Some form of filtration is then used to complete 
the removal of flocculated material and particulates. In some cases this
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is preceded by a second intermediate or ‘mid’ oxidation stage. Following 
filtration a final ‘post’ oxidant is normally added to give disinfectant 
protection in the distribution system.

Filtration normally occurs in semi-batch mode with water filtering through 
a bed of sand, or some other media, until either the material that is being 
filtered out starts to penetrate through the filter, or the pores of the media 
become clogged with the material. The former event (known as 
‘breakthrough’) can be dangerous if the filter is the only barrier to 
pathogens such as Cryptosporidium. The latter event causes the 
pressure drop across the filter (referred to as ‘head loss’) to gradually 
increase until it becomes unfeasible to pass any further water through the 
filter (termed as ‘terminal head loss’). When either breakthrough or 
terminal head loss starts to occur the filter media must be cleaned. In 
conventional rapid gravity filtration, the filter is taken out of line and is 
backwashed with clean water. This is normally made possible by having 
a bank of filters running with staggered backwash times allowing water to 
be treated continuously.

In addition to the depreciation of filters due to breakthrough towards the 
end of their filtration cycles, most filters do not perform well at the start of 
their filtration cycles. This is mainly due to the pores between the filter 
media letting more material through when they are clean and empty than 
they do when material starts getting caught in the filter. The filters’ 
gradual improvement in performance as they become established is 
referred to as ‘ripening’, the optimal particle removal period therefore lies 
between the ripening and breakthrough periods.

1.3. Pre-Ozonation
Ozone is currently used in water treatment as an oxidant to: (i) destroy 
pesticides, pathogenic and nuisance organisms; (ii) destroy colour, taste 
and odour compounds; (iii) maximise the removal of iron, manganese, 
algae and turbidity and (iv) minimise the formation of halogenated 
organics and pathogenic micro-organisms in the treatment process.
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For some time it has also been known that the application of ‘pre’ or ‘mid’ 
ozone prior to filtration can lead to an enhancement in coagulation 
resulting in a reduction in the particle count in the filtered water (Maier, 
1984; Reckhow et al., 1986; Paode et al., 1995; Hall et al., 2001). The 
reduction in particle count has benefit with respect to the removal of 
pathogenic micro-organisms that are resistant to disinfection. Enhanced 
particle removal is also beneficial in that particles can harbour other 
pathogens which would otherwise be susceptible to disinfection.

The application of ozone prior to filtration, however, does not always lead 
to an enhancement in particle removal. In some instances it has been 
found that ozone can have a negative effect on coagulation (Edwards and 
Benjamin, 1992a; Owen et al., 1995; Paode et al., 1995), necessitating 
an increased coagulant dose to give the same level of treatment. 
Although a number of theories have been proposed, no researchers have 
identified a single mechanism with sufficient certainty to enable 
manipulation of the ozonation process in order to maximise particle 
removal.

1.4. Research Objectives
The objectives of this research are twofold:

I. To gain a fundamental understanding of the particle pre-ozonation 
phenomenon.

II. To translate this understanding into a practical method of optimising 
the pre-ozonation particle removal process.

1.5. Definition of Terms

1.5.1. Particle Count
The term ‘particle count’ is often used in lieu of particle count 
concentration. This refers to the total number concentration of particles, 
normally within a certain size range, detected in a given volume of water.
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1.5.2. Particle Removal
The term ‘particle removal’ is commonly used when referring to the 
reduction in particle count seen across a treatment process. It is 
important to note that this reduction in particle count may not be solely 
due to the removal of particles during the process, as particles may have 
been broken up and rendered invisible to the particle counting system, or 
combined to form a smaller number of larger particles. In this text the 
term ‘particle removal’ is used to represent any combination of these, and 
other, events that lead to an apparent removal of particles.

1.5.3. Water Types
The term ‘raw water’ refers to a water prior to treatment. As such, ‘the 
effect of ozone on raw water’ refers to the effects of ozone on a water 
prior to its treatment by coagulation or any other means.

The term ‘natural water’ refers to real waters abstracted from a river, 
reservoir or other source in nature. This is in opposition to ‘model’ or 
‘synthetic’ waters which are made up from the addition of chemicals to 
ultra-pure water, normally to mimic natural waters.

1.5.4. Ozone
Ozone is tri-atomic oxygen. In this work ozone gas, ozone enriched 
oxygen and ozone enriched air, produced in ozone generators are 
referred to as ozone.

1.5.5. Oxidation
In this work oxidation refers to the action of an oxidant, such as ozone 
(ozonation), chlorine (chlorination) or air (aeration). In this work, 
oxidation is used to describe without discrimination the addition of ozone 
or air during trials in which ozonation and aeration are being compared.

1.5.6. Mode of Action of Ozone
Ozone acts on compounds in aqueous solution either directly, in its
molecular form, or indirectly via radicals, such as hydroxyl radicals, which 
form during ozone’s aqueous decomposition. Tertiary-butanol and
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bicarbonate ions are known to be hydroxyl radical scavengers. The 
presence of such compounds is likely to help stabilise ozone and promote 
its action via direct molecular reactions, inhibiting its action by the 
hydroxyl radical pathway.

1.5.7. Mode of Operation of Processes
The majority of unit processes used in large scale water treatment can be 
operated in continuous mode: that is, water is fed and treated constantly 
at steady state, theoretically without interruption. The alternative to this 
would be batch mode, in which a certain volume of water would be taken 
and treated to a certain level prior to the next batch being treated.

1.5.8. Experimental Runs and Trials
In this work experiments conducted using the same general methodology 
and apparatus are termed runs and are numbered sequentially. ‘Pilot run 
45’ refers to the 45th run conducted at pilot scale. ‘Run 45’ refers to the 
45th run conducted at bench scale in the batch water treatment system. 
Two or more runs conducted as a comparison are collectively referred to 
as a trial.

1.6. Publications

1.6.1. Journal Paper
Currie, M. J., N. J. D. Graham, T. Hall and S. D. Lambert (2003). "The 
Effect of Bicarbonate on Ozone-Enhanced Particle Removal in Water 
Treatment." Ozone-Science & Engineering 25(4): 285-294.

Included as Appendix D

1.6.2. Conference Papers
Currie, M. J., N. J. D. Graham, T. Hall and S. D. Lambert (2002). The 
Effect of Bicarbonate on Ozone-Enhanced Particle Removal in Water 
Treatment. Advances in Ozone Science and Engineering: Environmental 
Processes and Technological Applications, Hong Kong, International 
Ozone Association.
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Currie, M. J., N. J. D. Graham, T. Hall and S. D. Lambert (2001). 
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Pre-Ozonation. 15th Ozone World Congress, London, International 
Ozone Association.

Included as Appendix F

Hall, T., R. C. Camm, M. J. Currie, N. J. D. Graham and S. D. Lambert 
(2001). Pre-oxidation for Enhancement of Particle Removal in Water 
Treatment Filtration. Advances in Rapid Granular Filtration in Water 
Treatment, London, Chartered Institution of W ater and Environmental 
Management Water Supply & Quality Panel.

Camm, R. C., M. J. Currie and T. Hall (2000). Enhancing Particle 
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1.6.3. Poster Presentations
2nd IWA Young Researchers Conference, Cranfield University (2001) 
(prize winning)
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University (1999 and 2000)
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2 . Previously Proposed Mechanisms of 
Ozone-Enhanced Particle Removal

2.1. Introduction
The literature contains a number of, sometimes conflicting, theories 
relating to the ozone-enhanced particle removal phenomenon. To date, 
however, many of these theories remain insufficiently tested and the 
precise mechanisms remain unknown. Not only is there disagreement as 
to the phenomenon’s mechanisms, but there is disagreement as to 
whether ozone can enhance particle removal or not. A number of studies 
have found the application of ozone to be detrimental to the particle 
removal process. Clearly the mechanisms of particle removal are 
complex. It also appears likely that multiple mechanisms are active and 
in conflict.

The vast majority of research studies describing the improved removal of 
particles during water treatment following the application of ozone refers 
to six mechanisms originally proposed by Reckhow, Singer and Trussed 
(1986):

1. Ozone increases the concentration of oxygenated functional 
groups, such as carboxylic acids, which could lead to an 
enhancement in complexation with aluminium, resulting in the 
formation of insoluble aluminium humates.

2. The same increase in oxygenated functional group concentration 
leads to an enhancement in calcium complexation.

3. Ozone also cleaves organic molecules and may be responsible for 
reducing the number or size of particle-sorbed organics hence 
reducing steric hindrances and surface charges. This reduces the 
barriers between particles, allowing flocculation.

4. Conversely ozonation could lead to the production of meta-stable 
organics which may polymerize to form inter-particle bridges. This 
may lead to the enmeshment of other particles and additional 
adsorption of floes and particles onto solid surfaces.
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5. Ozone could also disrupt organo-metal complexes leading to an in- 
situ production of coagulant ions.

6. Ozone causes aggravation and possible lysis of algal cells, which 
could lead to the release of algal biopolymers.

Most of the literature combines points one and two into the formation of 
carboxylic acids which form insoluble organo-metal complexes. Many 
sources also mention Edwards and Benjamin’s (1991) theory:

7. Ozone-induced particle destabilisation is a purely inorganic 
phenomenon explained by subtle changes in pH and carbonate 
concentration.

Finally Chheda and Grasso (1994) took a thermodynamic approach to the 
problem and concluded:

8. Ozone gives rise to a decrease in the change in total free energy 
of interaction caused by a decrease in surface charge and Lewis 
base parameter and increase in the Lewis acid parameter and 
Lifshitz-van der Waals component of the particles’ surface energy.

2.2. Oxygenation of Organic Matter Functional 
Groups

The first two mechanisms described above (Reckhow et al., 1986) relate 
to the oxygenation of functional groups by ozone. This is a primary effect 
of ozone in which ozone reacts with the functional groups in natural 
organic matter, increasing the concentration of carboxylic acids and other 
such oxygenated functional groups. It is proposed that these oxygenated 
functional groups form metal complexes, which enhance particle removal 
by means of precipitation, particle bridging, flocculation and enmeshment 
into existing floes.

In evaluating this theory, three questions must be asked. Firstly: does the 
ozonation of organic containing water give rise to an increase in the 
number of oxygenated functional groups? Secondly: does this lead to an 
increase in the number of metal organic complexes and do these lead to
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an enhancement of particle removal? Finally: do these beneficial 
processes happen in all cases or are there certain circumstances that 
give deleterious effects?

Work conducted by Jekel (1983), Bose, Bezbarua and Reckhow (1994), 
Westerhoff, Debroux, Aiken and Amy (1999) and others has established 
that the concentration of carboxylic acids in organic matter does increase 
upon ozonation. Bose et al. (1994) found that with almost all but the 
largest organic fractions carboxylic acidity increased with increasing 
ozone dose.

The issue of metal complexation is, however, less clear. Jekel (1983) was 
unable to link this increase in carboxylic acidity to an increase in 
aluminium complexation. Complexes, when they do form, can either be 
more or less soluble than their original components, the former making 
removal more difficult. Early work by Hall and Packham (Grasso and 
Weber, 1988) found that insoluble humate and fulvate complexes could 
be formed with partially hydrolysed aluminium ions, but at pH values 
greater than 5, the aluminium ions preferentially formed soluble phenolic 
complexes.

While Van Breemen et al. (Grasso and Weber, 1988) found no effect of 
pre-ozonation on alum coagulation at all, they did find a complete 
deterioration of Fe(lll) coagulation, which they concluded was due to 
newly formed carboxyl groups forming soluble metal complexes. Finally, 
Reckhow and Singer reported an increase in the critical coagulant 
concentration of alum with pre-ozonation. This may again be due to 
coagulant capture by new oxygenated groups (Grasso and Weber, 1988).

While the majority of the work discusses humic complexation with 
aluminium and other added coagulant cations, there is also considerable 
interest in the area of calcium complexes. Work conducted by 
Chandrakanth, Krishnan and Amy (1996) using algogenic organics found 
that ozonation could only be of benefit to flocculation if calcium binding 
with organic matter increased. They concluded that this could only 
happen if the number of calcium complexing functional groups, such as
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carboxylic acids, increased. The calcium binding characteristics were 
assessed by complexometric titrations. Chandrakanth and Amy again 
attributed beneficial effects of ozone on flocculation to increases in 
calcium association when conducting work with Suwannee River humic 
and fulvic acids (Chandrakanth and Amy, 1996; 1998) and NOM 
extracted from Tayes aquifer, Illinois (Chandrakanth and Amy, 1998).

In their work on organics removal by lime softening, Liao and Randtke 
(1986) found that calcium complexation should aid the removal of 
polymers containing oxygen-containing groups. They gave carboxyl, 
phenol, enol, phosphoryl, phosphonyl, sulphuryl and sulphonyl groups as 
examples of these. It follows that if ozone increases the concentration of 
such groups on organic matter then a greater precipitation of calcium- 
organic complexes should take place. Other authors (Maier, 1984; 
Edwards and Benjamin, 1991; Becker and O'Melia, 1996b; Jekel, 1998) 
also noted the formation of additional calcium precipitates during 
ozonation. These precipitates were, however, not always considered 
beneficial.

The wide spread of results cataloguing both beneficial and detrimental 
effects of ozone on particle removal, in the presence of aluminium, 
calcium and other cations, suggests that there is more to consider than 
functional group oxygenation alone. It would appear that oxygenation of 
certain functional groups make some organics more easily removed, 
whereas others become more difficult to remove with oxygenation.

Oxalic acid is a prime example of the latter group. Work conducted by 
Becker and O ’Melia (1996b; 2001a) indicated that when 10% of the total 
organic carbon was present in the form of oxalic acid, the percentage of 
total organic carbon removed by a given coagulant dose was reduced by 
up to a third. This is likely to be due to oxalates high charge and 
complex-forming ability increasing coagulant demand. Edwards and 
Benjamin (1992a; 1992b) found oxalate to be the major by-product of 
ozonation identified in their work using a peat lake NOM extract.
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Carboxylic acids can be considered to be strong or weak depending on 
the polarity of the acid and therefore its dissociation. Bose and co
workers (1994) found that in a large number of cases strong carboxylic 
acids were produced during ozonation. This has a detrimental effect on 
particle removal, as strong carboxylic acids are more soluble.

Bose et al. (1994) found that the functional groups in different types of 
organic matter are oxidised to form different types of carboxylic acid 
group. They classified organic matter into eight comprehensive fractions: 
fulvic acid; humic acid; weak hydrophobic acid; hydrophilic acid; 
hydrophobic and hydrophilic base and hydrophobic and hydrophilic 
neutrals. Of these, the humic substances (humic and fulvic acids) were 
found to increase in concentration of strong carboxylic acid groups upon 
ozonation. The hydrophilic acids were found to be relatively non- 
responsive to ozonation.

It is therefore clear that different waters are susceptible to ozone in 
different ways and to different extents. Chandrakanth et al. (1996) found 
that the specific ultraviolet absorbance of a water could be used to 
determine its aromatic nature and susceptibility to ozonation. The 
specific ultraviolet absorbance is defined as the ratio of the light 
absorbance at 254 nm to the concentration of dissolved organic carbon in 
mg r 1.

In conclusion, the oxygenation of organic functional groups can be seen, 
at least in theory, to be an active mechanism in some systems whereby 
organic coated particulate matter becomes less soluble. However, In 
other systems, this mechanism can have a negative effect on particle 
removal. If this mechanism is considered significant, then future work 
must focus on methods of determining which waters will benefit from 
ozonation via functional group oxygenation, or suppressing the negative 
effects.

2.3. Loss of Organic Coatings
The third mechanism postulated by Reckhow and co-workers (1986) is 
that ozone strips particle-coating organics from particles allowing the
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particles to come closer to each other. This happens in one of two ways. 
Firstly the organics can be removed from the particles by means of an 
increase in their functional group content and thus molecular charge. This 
results in increases in both their hydrophilicity and inter-organic molecule 
repulsion. Secondly, they can be cleaved into smaller sized molecules -  
much like the particles receiving a chemical hair cut.

Decreases in particulate surface organics by either mechanism could 
lead to particle destabilisation and subsequent agglomeration by physical 
and electrochemical means. Physically, the reduction in the surface 
matter reduces steric hindrances between the particles, decreasing their 
distance of closest approach and increasing the likelihood that collisions 
will lead to adhesion. Chemically, the increase in surface charge 
associated with molecular cleavage and removal may increase particle 
affinities as the system attempts to minimise the overall surface charge 
(Reckhow et al., 1986).

Reckhow et al. added that two further mechanistic possibilities exist if 
ozone cleaves surface-sorbed organic matter. Either the ozone attacks 
organics bound to the particles themselves or it attacks organics in 
equilibrium between adsorbed organics and organics in solution. Those 
in solution would be more accessible to ozone attack. However, work 
conducted by Gibbs (1983) showed that non-adsorbed organics are 
unable to re-stabilise marine clay particles after their original coatings 
were destroyed. This suggests that the equilibrium model is unlikely, 
although it may take place under different circumstances.

When assessing the viability of these proposed mechanisms one has to 
look for evidence that the loss of organic coatings by these means would 
actually enhance particle removal as well as evidence that the 
mechanisms in question do take place. Physically there is no doubt that 
the removal of organic layers would allow particles to come closer 
together, however this does conflict with the inter-particle bridging 
theories discussed in section 2.4 (page 33). The chemical argument is 
less convincing as an increase in surface charge is more likely to stabilise
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suspensions by causing particles to repel than to cause them to bond 
together to minimise overall surface charge.

The argument that ozone may make adsorbed organics more hydrophilic 
resulting in desorption is reinforced by section 2.2 (page 27). The 
increase in carboxylic and other oxygenated functional groups is likely to 
increase an organic molecule’s hydrophilicity (Paode et al., 1995; 
Paralkar and Edzwald, 1996).

There is a considerable amount of evidence to indicate that organic 
coatings help to stabilise particle suspensions (Tipping and Higgins, 
1982; Gibbs, 1983; Becker et al., 2001). Davis & Gloor (1981) found that 
organics of molecular weight in excess of 1000 [AMU] adsorbed more 
strongly than lower molecular weight organics. Jekel (Reckhow et al., 
1986) also found that higher molecular weight organics have the 
strongest stabilisation effect on silica suspensions while Felix-Filho 
(Grasso and Weber, 1988) found the same effect with aluminium oxide 
particles. It is therefore apparent that a reduction in the molecular weight 
of organics should yield a decrease in particle stability.

There is also a substantial amount of evidence suggesting that organic 
matter becomes more hydrophilic with ozonation (Bose et al., 1994), see 
also section 2.2 (page 27). Additionally, there are plenty of studies 
proving that ozonation causes a decrease in the average molecular 
weight of organics (Bose et al., 1994; Becker and O'Melia, 1996b; 1996a; 
Carlson and Silverstein, 1997; Becker and O'Melia, 2001b). Owen and 
co-workers (1995) found that at an ozone to dissolved organic carbon 
ratio of 1.0 mg O3 mg C '1 ozone did not destroy organics but transformed 
them to lower molecular weight non-humic fractions.

Reckhow and co-workers (1986) pointed out that the decrease in particle 
removal seen with excessive ozone doses cannot be explained by this 
theory. In comparative work involving chlorine, in which natural organic 
matter adsorption density and adsorbed hydrodynamic layer thickness 
were measured, Becker and co-workers (2001) found that the adsorbed 
layer density and thickness decreased with increasing chlorine dosage up
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to a certain point, beyond which it started to increase. It could, therefore 
be the case that oxidants affect the thickness of organic layers without 
altering the individual molecules’ total chain length, by causing them to 
crumple, coil or straighten. Final conclusions regarding the mechanisms 
of organic molecule cleavage can only be drawn when the link between 
organic hydrophilicity and molecular size and their removal from particles 
has been made conclusively.

2.4. Polymerisation of Meta-Stable Organics
Reckhow and co-workers (1986) also proposed that meta-stable 
organics, known to be formed during ozonation (Gilbert, 1983), may 
polymerise. This could lead to enhanced particle removal by a number of 
mechanisms. Reckhow mentioned spontaneous precipitation; 
enhancement of coagulant enmeshment; increased association with solid 
surfaces and inter-particle bridging as mechanisms of particle 
destabilisation along with the concept that a small number of large 
molecules will require less coagulant than a large number of small ones.

The formation of meta-stable organics is a well-documented 
phenomenon. Gilbert (1983) and others mention the formation of 
ozonides, organic peroxides, organic free radicals, and others.

There is limited direct evidence available to confirm that the 
polymerisation of meta-stable organics actually happens. The most 
compelling being that specific polymerisation products have been found 
following the ozonation of dilute phenolic and nitrogenous organics (Kuo, 
1984; Reckhow et al., 1986). Additionally, Grasso & Weber (1988) 
reported an increase in molecular weight during ozone-induced particle 
destabilisation trials, which they attributed to polymerisation, concluding 
that polymerisation of meta-stable organics was the dominant mechanism 
in their system.

There is a larger body of circumstantial evidence suggesting that 
polymerisation does take place. Intuitively one would expect there to be 
an increase in the average molecular weight of organics with ozonation if 
polymerisation occurs. In addition to the work of Grasso & Weber (1988),
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Bruchet and co-workers found an increase in molecular size using size 
exclusion chromatography (Reckhow et al., 1986) although this technique 
is susceptible to errors caused by charge effects. Bose and co-workers 
(1994) also found an increase in the molecular weight of fulvic acid 
fractions with low doses. Contrary to these reports a larger number of 
authors report a reduction in molecular weight with ozonation, as listed in 
section 2.3 (page 30).

Systems with high molecular weight organics are considered to be more 
stable than those with low molecular weight organics (Tiller and O'Melia, 
1993; Becker and O'Melia, 1996b). However, assuming that meta-stable 
organics do polymerise during ozonation, there are a number of 
theoretical mechanisms that can translate this change into an 
enhancement of particle removal.

Reckhow and co-workers (1986) listed five: Firstly, the possibility of 
spontaneous precipitation. Larger polymers are, generally speaking, 
more hydrophobic than smaller molecules. Particles could therefore drop 
out of solution with associated new polymers.

Polymers are also more likely to be enmeshed by coagulant than smaller 
molecules. Becker and O ’Melia (1996b) found that higher molecular 
weight organics are more easily removed by coagulation than lower 
molecular weight organics.

Reckhow and co-workers (1986) also mentioned that polymers are likely 
to associate more strongly with solid surfaces. This has further 
implications regarding their adsorption onto coagulant particles.

Polymers can also act as ‘bridging’ polyelectrolytes. However, Jekel 
(1998), commenting on work conducted by Duguet et al. mentioned that 
polymers formed during ozonation tend to be in the range 1000-10000 
AMU which is too small for them to be considered polymers with 
coagulation capabilities. Chandrakanth and co-workers (1996) generally 
concluded that flocculation benefits from ozone were due to an increase 
in calcium binding. However, with larger algogenic organic matter, where
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this was not happening, they concluded that ozone was enhancing 
particle removal by inter-particle bridging.

The final point made by Reckhow and co-workers (1986) was the fact that 
a small number of large molecules is likely to consume less coagulant 
than a large number of small molecules. As such one would expect a 
decrease in the optimal coagulant dose with polymerisation, assuming 
that the number of functional groups remained constant. Becker and 
O’Melia (1996b) also suggested that higher molecular weight systems 
have a reduced coagulant demand due to the ability of the organics to 
form thicker layers on the surface of the floe. Thus requiring a lower floe 
surface area per unit adsorbed organic.

If the polymerisation of meta-stable organics is considered to be a 
dominant mechanism in ozone’s enhancement of particle removal, then 
this process should be optimised. Bringing the meta-stable organics 
closer together could do this. Reckhow and co-workers (1986) 
mentioned that adding the coagulant near the point of ozonation could 
enable this, as meta-stable organics are likely to be found in higher 
concentrations around phase boundaries such as the coagulant particle’s 
surfaces.

2.5. In-Situ Coagulant Production
Multivalent metal cations, complexed by organics dissolved in natural 
water, can be released by ozonation under the correct conditions 
(Reckhow et al., 1986). Ozone can accomplish this either by oxidising 
the metal cation and inducing its precipitation or by oxidising the organics 
such that the metal is released (Jekel, 1998).

The benefits of this mechanism with regard to particle removal are 
threefold (Langlais et al., 1991). Firstly the released metal ions are free to 
act as coagulants. Secondly the organics are likely to become more 
polar, hence hydrophilic and less likely to stabilise particles by 
contributing to surface coatings. Finally the organics are more likely to 
adsorb onto the surface of other coagulants.
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Jekel (1998) suggested that this phenomenon could be measured by 
atomic-absorption spectrometry with and without species separation or 
sample digestion. He postulated that the effects should be prominent in 
waters rich in dissolved organic matter with total metal concentration 
exceeding 0.1 ppm.

This mechanism is specific to certain water types. Naturally, they must 
contain the metal cations in some form from which ozone can release 
them. Groundwaters and lake waters rich in iron and manganese are 
most likely to prove susceptible (Reckhow et al., 1986; Langlais et al., 
1991).

A completely different mechanism involving the provision of aluminium is 
proposed by Chheda and Grasso (1994) who found an enrichment of 
aluminium on the surface of montmorillonite clay upon ozonation. They 
suggested that this could be due to a ‘dealuminization' phenomenon in 
which aluminium migrates out of the particles' crystal framework.

These mechanisms are highly specific on the type of organic species or 
particle present, as such it seems unlikely that they can explain all cases 
of particle removal enhancement. It also seems unlikely that removing 
cations from one organic species to use them on another, or the same, 
organic species is likely to have a significant effect on particle stability.

2.6. Algal Biopolymers
It is well established that ozone is an effective disinfectant (Langlais et al., 
1991), capable of killing and lysing many micro-organisms, including 
many types of algae. Reckhow and co-workers (1986) and others 
(Paralkar and Edzwald, 1996; Montiel and Welte, 1998; Plummer and 
Edzwald, 1998) argued that the biopolymers liberated during this algal 
lysis - nucleic acids, polysaccharides, proteins, etc. - might act as natural 
organic coagulants.

While most authors subscribe to the theory that ozone kills and lyses 
algae, releasing internal biopolymers which go on to act as organic 
coagulants or polyelectrolytes, Jekel (1998) suggested that this effect is
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due to extra-cellular organic matter -  organics produced on the external 
surfaces of the algae. He went on to mention that overdosing of ozone 
could lead to breakdown of this material with deleterious effects on 
coagulation. Work conducted by Sukenik and co-workers (1987) also 
showed damage to algal wall structures with ozonation leading to a 
leaching of cellular components which may be further broken down by the 
ozone.

Biomolecules, which could act as coagulants or coagulant aids, include 
polysaccharides. Alginates, specifically, could perform this function in 
cases of extra-cellular coagulant production (Langlais et al., 1991). 
Deoxyribonucleic acid, released during lysis, has been proven to be 
active in this context during activated sludge treatment. It is to be 
assumed that other nucleic acids will have a similar effect.

Other evidence that ozone enhances particle removal by algal means 
includes the observation that particle removal is enhanced during 
ozonation at times when algae are known to be present in the water. 
Many authors have reported a seasonal change in the effect of pre
ozonation which correlates to the seasonal variation in algal 
concentrations (Maier, 1984). In his discussion of microflocculation by 
ozone, Maier (1984) described an increase in turbidity with pre-ozonation 
that only occurs in waters with higher algal counts. Maier also found a 
dependence on phytoplankton.

The presence of an organic foam has been reported in the pre-ozone 
contacting chambers of a number of water treatment works (Maier, 1984). 
Maier and Afanasyev and co-workers (Reckhow et al., 1986) observed a 
correlation between the presence of algae and the production of this 
foam. Subsequently, Maier (1984) and Langlais and co-workers (1991) 
linked the foam’s production to ozonation.

In addition to the positive flocculating effects of algal biopolymers it must 
be noted that a number of such molecules can have a detrimental effect 
on coagulation. It is thought that they may add to the organic coatings on 
particles, increasing their steric layers and hence their stability. In these
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cases ozone is also reputed to be of benefit, oxidising or destroying the 
deleterious polymers and reducing filtrate turbidity (Langlais et al., 1991).

One final point to note is that ozone is known to have a positive effect on 
the growth of aerobic micro-organisms due to an increase in the 
bioavailability of ozonated organics (Yordanov et al., 1999). It is likely 
that this could lead to further production of algae and other micro
organisms in water treatment works. These would again have the 
potential to release coagulating biomolecules.

2.7. pH Phenomenon
There is no doubt that pH plays a major role in particle removal 
processes and that a change in pH can lead to particle destabilisation; 
rendering particles insoluble and causing their precipitation from water. 
pH control is critical in coagulation (Schulhof and Bablon, 1998) with pH- 
coagulant dose relationships being the subject of repeated investigations 
at most water treatment works.

It is also true that the carbonate concentration and pH of water has a 
major effect on the mode of action of ozone. Carbonates, bicarbonates 
and certain other molecules act as hydroxyl radical scavengers (Langlais 
et al., 1991) and as such they retard the ozone decomposition allowing a 
higher proportion of molecular ozone reactions to occur.

Section 2.2 (page 27) indicated that ozonation of organics leads to an 
increase in carboxylic acidity. This will, of course, lead to pH reductions. 
Conversely, the passage of gas through water can increase pH by means 
of carbon dioxide stripping. Here carbon dioxide is carried from solution 
with the other gas causing a  shift in the carbonic acid equilibrium, 
decreasing the carbonic acidity. This effect was noted in previous work at 
WRc (unpublished). The combination of these effects means that 
ozonation of water may lead to a decrease or increase in pH due to the 
relative increase or decrease of carboxylic and carbonic acidities 
respectively. This change will be dependent on the relative starting 
concentrations of organics and carbonic acid.
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Edwards and Benjamin (1991) used the arguments that ozonation can 
affect pH and that pH affects particle stability. They concluded that the 
main cause of ozone-induced particle destabilisation appeared to be 
ozone’s effect on pH and carbonate concentration as opposed to any 
direct effects of ozone on organic matter or the particles themselves. 
Taking this hypothesis to its logical conclusion, they proposed that the 
enhancement of particle removal associated with ozonation could, in 
many cases, be achieved more economically by pH control.

They came to this conclusion as a result of a number of experiments that 
they conducted. They observed that all current theories on ozone- 
induced particle destabilisation relied on the concept that ozone alters 
natural organic matter in the water. In one series of experiments they 
found that ozone did not increase the desorption of organics hence 
particle destabilisation could not have been the result of a loss of surface 
organics.

They also postulated that the reduced effect of ozonation on particle 
destabilisation in bentonite model waters is due to bentonite’s zeta 
potential being a weak function of pH.

Furthermore, they carried out trials where they held the pH constant 
during ozonation. Here they found little change in zeta potential, residual 
turbidity or critical coagulant concentration with ozonation. Finally, they 
managed to emulate the effect of ozonation using acid addition alone.

It seems somewhat unlikely that shifts in pH in the region of 0.2 pH units 
should be responsible for the large particle removal benefits reported 
elsewhere. The pilot scale work conducted at W Rc (Camm et al., 2000) 
involved jar tests which were used to optimise the pH for particle removal 
prior to ozonation. It would be fortuitous if the addition of ozone managed 
to further optimise pH in each case.

Additionally Paode and co-workers (1995) conducted electrophoretic 
mobility measurements (see section 2.8, page 40) after readjusting the 
water’s pH back to their original values and saw a dramatic reduction in 
electrophoretic mobility following ozone addition. When assessing
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ozonation at a range of pH values Bourgine and co-workers (1998) also 
found pH to have little influence on particle count reduction.

It is, however, important to take into account Edwards and Benjamin’s 
(1991) caution to consider the effects of calcium carbonate precipitation, 
pH changes, mixing and gasification during further work.

2.8. Thermodynamics
Perhaps the most obvious reason why ozone may cause an increase in 
particle removal during water treatment is the possibility of it reducing the 
repulsive forces between particles or increasing the attractive forces. 
Charge neutralisation was, however, not always noted (Wilczak et al., 
1992; Hall et al., 2001), hence it cannot be a solely electrostatic 
phenomenon.

Many studies involved measurement of electrophoretic mobility, defined 
as the velocity of a charged particle in solution per unit electric field 
(Harcourt, 2000). This gives a measure of the particles’ stability: more 
electrophoretically mobile particles being more stable due to their higher 
charge:mass ratio. A number of these studies found a decrease in the 
magnitude of the electrophoretic mobility with ozone (Paode et al., 1995), 
indicating that ozonation led to particle destabilisation.

Chheda and Grasso (1994) took a  thermodynamic approach when 
investigating ozone-induced particle destabilisation. As with others they 
found a reduction in surface charge with ozonation. They also found that 
it increased and decreased the Lewis acid and base parameters 
respectively. It also increased the Liftshitz-van der Waals component of 
the surface energy. Together these changes brought about a decrease in 
the change in the total free energy of interaction, which equates to a 
decrease in particle stability with ozonation.

None of these observations led to theories to explain the mechanisms of 
ozone-induced particle destabilisation different to those listed in sections 
2.2 to 2.7.
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3.1. Introduction
Experimental work was conducted in order to fulfil the first research 
objective: to gain a fundamental understanding of the particle pre
ozonation phenomenon.

The experimental work was split into a series of five main stages:

1. Initially work was conducted at pilot scale as part of a collaborative 
research project conducted by WRc on behalf of a number of 
water treatment companies.

2. From this it became clear that more focused and fundamental 
studies should be conducted. A novel experimental system was 
therefore developed for this purpose.

3. Once this system was established, trials were conducted using 
natural waters taken mainly from the inlets of water treatment 
works.

4. Disparities between hard and soft water samples in these trials led 
to further trials being conducted involving the addition of various 
substances to a soft water.

5. These trials suggested that bicarbonate was required in order for 
ozone-enhanced particle removal to occur. It was therefore 
necessary to conduct trials in the absence of bicarbonate. This 
was carried out by the use of synthetic model waters, prepared by 
the addition of inorganic salts, acids, bases and natural organic 
matter to ultra-pure water.

This chapter briefly describes the pilot plant used in stage 1 above 
(section 3.2, page 42). It then details the development of the novel 
experimental apparatus described in stage 2 above (section 3.3, page 
43). Finally it describes the standard experimental method developed in 
order to conduct stages 3-5 above (section 3.4, page 67) and additional 
ancillary procedures (section 3.5, page 74).

3. Experimental System
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3.2. Pilot Scale Work

3.2.1. Personnellnvolved
The initial pilot scale experimental work was conducted by Rob Camm of 
WRc. From the 52nd run this work was taken over by the author with the 
assistance of Jo Lambert and Paul Young of WRc.

3.2.2. Experimental System
The pilot plant consisted of two streams in parallel. A schematic of one 
stream (A) is detailed in Figure 2, stream B was a control stream without 
ozone dosing or degasification capabilities. The majority of trials were 
conducted with chemical coagulation and direct rapid-gravity filtration, 
although a series of later trials included floe blanket clarification prior to 
filtration. In general, stream A was dosed with ozone or chlorine either 
prior to coagulation or directly prior to the filter or at both points, while 
stream B was held constant as a control. The main measures of particle 
removal were particle count (Versacount, HIAC Royco), turbidity (1720C, 
Hach) and in some instances Cryptosporidium oocyst, latex microsphere 
or bacterial spore counts. Further details of the experimental system and 
methods can be found elsewhere (Camm et al., 2000; Hall ét al., 2001).

Nolloacafc

Figure 2: Schematic of one stream of pilot scale water treatment train
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3.3. Development of Batch Water Treatment System

3.3.1. System Concept
The effect of ozone on particle removal is dependent on the nature of the 
water. As such, the benefit of continuing with empirical pilot scale trials 
was called into question, as trials conducted on one water type need not 
necessarily relate to other waters. It was decided that more fundamental 
studies should be conducted, assessing individual parameters in relative 
isolation under well-controlled conditions. It was anticipated that the 
findings from early trials would lead to more focused trials looking at 
specific parameters. Since it would be impossible to anticipate future 
needs, a flexible system would be required. It was not known whether 
the effect of ozone would be observable during oxidation, coagulation or 
filtration. Hence this system would also have to cover all these processes 
and be able to mimic all the conditions that could be found within water 
treatment works.

Selecting bench scale, batch-wise operation minimised the volume of raw 
water required for each run, enabling the use of synthetic model waters in 
addition to natural waters taken from water treatment works. Batch-wise 
operation is also inherently adaptable. It enables modification of 
simulated processes without modification of the experimental apparatus. 
If a continuous system had been adopted - a miniature water treatment 
train - then physical modifications would be required to increase ozone 
contact times, the order of processes, residence times, etc. By using a 
batch system the passage of a specific volume of water through any 
water treatment works could be simulated, contact times and process 
order being dictated by event times rather than vessel volumes. For the 
same reason it would be possible to measure all parameters of interest 
throughout the process, rather than being limited to installing 
instrumentation at discrete physical locations within the apparatus.
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3.3.2. R eactor

Filtration
Apparatus

PC

Vi PA

PC

l.  j - J

Data
Aquisition

PC

PCS
2000 1

PDA
2000 2100N

PC

F ig u re  3: P ro c e s s  an d  in s tru m e n ta tio n  d ia g ra m  -  reactor in red

The reactor (F igure 3) w ou ld  form  the heart o f the experim enta l system , 

w here  the w ate r be ing investiga ted  w ould be ozonated and sub jected to 

o ther chem ica l and physica l changes. All o ther system s in F igure 3 serve 

as inputs to  and ou tpu ts from  th is system , e ithe r in respect of flu id 

stream s, energy in terfaces or data stream s.

3.3.2.1. Vessel
In order to  fac ilita te  com ple te  m ixing w ith in  the vessel, it w as decided that 

the  reactor shou ld  be m echan ica lly  s tirred and cy lindrica l in shape w ith 

equal he ight and d iam eter. C om ple te  m ixing w as requ ired to ensure tha t 

sam ples taken from  any part o f the reactor w ou ld  be su ffic iently  

representa tive  of the w hole.

A com prom ise  w as then requ ired regard ing the vesse l size: a la rger 

vo lum e w ould be m ore flexib le , a llow ing for the add ition  of va rious 

probes, w h ils t a sm a lle r reactor inventory w ou ld  m in im ise reagen t costs 

and hazards associa ted  w ith dangerous substances. A  six inch (152 mm)
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internal diameter cylindrical vessel of six inch (152 mm) depth was 
specified, as this would give sufficient room for ports with a modest two 
litre liquid inventory and 50% headspace (Figure 4 and Figure 5).

100mm100i

Figure 4: Centre cross sectional diagram of vesaei and direct anclllariea -  key
component labels referred to in sections 3 .3 .2 .1 ,3 .3 .2 .2  and 3 .3.4 .3
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F ig u re  5: P h o to g ra p h  of v e s s e l an d  a n c illa r ie s

The reactor had to be m anufactured from  ox idan t and corros ion resistant 

m ateria ls. It a lso needed to  be ab le to  opera te  at e leva ted pressures in 

order to m im ic cond itions w ith in  tall ozone contactors . A  Q V F borosilica te  

g lass pipe section (PS 6/150) w as the re fo re  chosen as the vessel body (a 
in F igure 4), w ith  ha lf inch (13 mm) th ick  316 sta in less steel c losures (b in 

F igure 4). The c losures w ere  over-eng ineered w ith  regard to  pressure 

constra in ts ; how ever th is th ickness w as requ ired in order to provide 

su ffic ien t th read for th readed port p lugs (c in F igure 4). The bottom  

closure w as fitted w ith th ree  e ight inch (203 m m) by one inch (25 mm) 

d iam eter s ta in less steel legs (d in F igure 4).

The g lass-stee l in terfaces w ere sealed w ith  PTFE ‘O ’ rings (TR 6, Q VF) 

(e in F igure 4), com pressed w ith  sta in less steel nuts, bolts, fla t w ashers
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and compression springs (f in Figure 4) mounted on plastic backing 
flanges (PTE 6 KET, QVF) (g in Figure 4). The ports were also sealed 
with Teflon ‘O ’ rings, their 316 stainless steel plugs being knurled for 
hand tightening followed by spanner tightening.

From run 32 the liquid volume used was increased from 2 to 2.5 l  as a 
smaller headspace volume was desired in order to minimise gas hold-up 
which led to dilution effects and longer exit gas analysis lag times. Runs 
24-27 established that 2.5 t was the maximum volume that could be 
stirred satisfactorily without liquid overflowing into the gas exhaust lines.

3.3.2.2. Agitation
A six bladed Rushton impeller (Figure 6 and h in Figure 4) was selected 
to stir the reactor. This design was chosen as it is a commonly used 
impeller type with well-documented mixing characteristics. The flat plate 
and peripheral blades of Rushton impellers make them particularly suited 
to two-phase systems in which a gas is sparged into the liquid below the 
impeller, bubbles collecting on the base of the plate are thrown outwards 
and broken up by the blades.

Figure 6: Isometric drawing of Rushton impeller and oil aeal
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A m agnetic  stirrer shaft assem bly w as cons idered to  ensure an ozone 
resistant seal. Th is w as how ever un feasib ly  expensive so an oil seal 

(Babsil) w as used instead. In genera l, ozone resis tance of w etted 

com ponents w as confirm ed w ith  m anufacturers.

In itia lly a H eidolph RG L 100 stirrer m otor w as used to  d rive  the  stirrer. It 

w as observed, w ith  certa in  w aters, tha t larger floes w ere  produced during 
ja r tests than those form ed during experim enta l runs. The ja r tes ts  w ere 

conducted in 1 l  beakers w ith a fla t padd le floccu la to r (F loccu la to r SW 1, 

S tuart Scientific) operating at a s low  m ix speed of 30 RPM ; the m inim um  

speed o f the Heidolph RGL 100 stirrer m otor w as 84 RPM. The m otor 

w as there fo re  exchanged prio r to run 57 for a Heidolph RZR 50 (F igure 7) 

w ith  a m inim um  speed of 26 RPM.

F ig u re  7 : P h o to g ra p h  o f s tirre r  s ys tem

3.3.2.3. Tem perature Control
Tem pera tu re  contro l w ith in  the reactor w as ach ieved prim arily  by heat 

trans fe r through the  bottom  sta in less steel c losure, subm erged in a  tank 

fed w ith  the rm osta tica lly  contro lled  w ate r (F igure 5). The heat trans fe r 
w ate r w as heated in a G ran t Instrum ents w a te r bath (F igure 68, page 

174) w ith  a G rant Instrum ents Type KM im m ersion the rm osta t and 

continuously ch illed w ith a G ran t Instrum ents Type CZ1 R efrigera ted
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Cooler. From run 146 a second Techne RU 200 Dip Cooler was added in 
order to compensate for higher ambient temperatures. Kleeneze CH06 
Quaternary Disinfectant was added to the distilled heat transfer water in 
order to combat algal growth and its surface was covered with Allplass 
insulation balls to minimise evaporation and the effects of ambient 
temperature differences. The water was fed from the thermostat bath to 
the reactor’s tank by a centrifugal pump in the heater unit. The heater’s 
quarter inch (6 mm) return pipe provided insufficient flow, so an additional 
one inch (25 mm) return pipe was added.

Temperature was measured by means of a pt100 platinum resistance 
thermometer (HI7669/2W , Hanna Instruments), mounted in a thermistor 
well, and logged on a pH301 data logging pH meter (Hanna Instruments). 
A second pt100 probe and well was provided for high resolution 
temperature measurement, but the 0.1 °C resolution of the pH301 was 
deemed sufficient in practice.

3.3.2.4. Pressure Control
If the pressures encountered at the bottom of full scale ozone contacting 
columns were found to be of importance it would be neqessary for the 
reactor to operate at pressures of up to 175 kPa, equivalent to those 
found in 7.5 m columns (Twort et al., 2000). A Cole-Palmer P-68026-06 
Gauge Pressure Control System was therefore modified in order to 
enable back-pressure control when fitted in a  gas exhaust line (Figure 69, 
page 175). Coarse control was also provided by means of a needle valve 
in a parallel exhaust gas stream. The two streams were united following 
the pressure control system.

While the system was never operated under high-pressure control, the 
pressure controller also provided digital pressure readouts for gas flow 
control and an output to enable data logging.

3.3.2.5. pH Control
pH was controlled manually, but measured and logged with a pH301 data 
logging pH meter (Hanna Instruments) (Figure 70, page 175). Initially a

49



high-pressure gel filled pH electrode (HI2911B/5, Hanna Instruments) 
was used. The pH301 meter and its probes were sent for repair between 
runs 40 and 42. During this time a Mettler Toledo MP225 pH meter with 
Inlab 413 combination pH/temperature probe (Mettler Toledo) was used 
with manual data logging. The repaired pH301 meter was used with a 
glass body, single junction combination pH electrode (HI1131B, Hanna 
Instruments) between runs 43 and 49 and a plastic body, double junction 
flat tip gel filled electrode (Gelplas 309/1070/12, BDH) between runs 50 
and 55. A replacement high-pressure gel filled pH electrode (H I2911B/5, 
Hanna Instruments) was then used until run 126.

The high pressure electrode was exchanged, following run 126, with a 
custom made CA895/3 PG electrode (pHOENIX Instrumentation), 
capable of accurate pH measurement in low ionic strength waters (18 
MOhm). This was required as the high pressure electrode struggled to 
measure pH in non-buffered, bicarbonate free, model waters. A Pt100 
temperature compensation probe (HI7669/2W , Hanna Instruments) was 
used with all electrodes.

3.3.2.6. Chemical Addition
Initially chemicals were added through one of the top-closure ports, from 
a burette. However this was found to be unacceptable due to residual 
ozone concentrations in the headspace. An air-lock valve system was 
therefore constructed from a ball valve (BV2 M /F 10001b class ball valve, 
Waverly Brownall) and a silicone plug, bored to accept luer tipped 
syringes (Figure 8). Chemicals were then added from disposable 5 and 
10 ml syringes (Plastipak). This modification was implemented prior to 
run 12.
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F ig u re  8: P h o to g ra p h  of c h e m ic a l in je c tio n  p o in t w ith  s y r in g e

3.3.2.7. Sampling
G as sam pling w as conducted  v ia  the va lve system  described above using 

a 20 m i g lass syringe (SAM C O ).

Liquid sam ples w ere  taken from  one o f th ree  bo ttom -c losu re  ports fitted  

w ith  hose barbs (MH2, W averly  Brow nall), a 325 mm length of Tygon LFL 

tub ing and a CPC va lved hose barb qu ick-d isconnect coup ling. T h is  tap 
system  had a  7.6 m i flu id hold up, w hich w as w ashed through w ith  at 

least 20 m i of sam ple  prior to m easurem ent sam ples being taken.

3.3.2.8. Residual Ozone
Residual ozone concen tra tion  w as m easured in 10 m i liquid sam ples by 
the DPD pa lin test m ethod (Pa lin test) using a P a lin test P hotom eter 5000 

(Figure 71, page 176).
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3.3 .3 . In stru m en tatio n  Loop
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F ig u re  9: P ro c e s s  an d  in s tru m e n ta tio n  d ia g ra m  -  instrumentation loop in red

It w as in itia lly hoped tha t all ins trum entation m ight be located w ith in  the 

reactor itse lf; how ever a su ffic ien tly  accura te  probe-type tu rb id ity  m eter 

could not be em ployed. Partic le coun t and partic le  d ispers ion ana lysis 

a lso requ ired a flow ing sam ple. The use o f a batch system , however, 

m eant tha t a constan t flow  from  the  reactor cou ld  not be rem oved w ithou t 

losing s ign ifican t liquid inventory. It w as the re fo re  decided tha t a loop 

w ou ld  be requ ired, w ith  the flow ing  sam ple being returned to the reactor 

a fte r ana lys is (F igure 9). A  constan t flow  of 60 m i m in '1 w as taken from  

one of the three bo ttom -c losure  ports fitted w ith  hose barbs (MH2, 
W averly  Brow nall) and return ing it to a second v ia  the fo llow ing item s:

3.3.3.1. Bubble Trap
G as bubb les in the instrum enta tion  loop led to  fa lse read ings -  m ost 

no tab ly in the  partic le  counters. A  bubb le  trap  (F igure 10) w as the re fo re  
added at the reactor outle t, p rio r to any instrum entation , to  a llow  gas 

d isengagem ent into a sta tic  leg.
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Static leg

100m m
j— i___ i___ i___ I___ i___ i___ i___i----- 1

F ig u re  10: C ro s s  s e c tio n a l d ia g ra m  o f b u b b le  tra p  -  each leg terminated with a quick 

disconnect coupling

3.3.3.2. Visual Particle Analysis
From run 56 a high speed v ideo m icroscope partic le  recogn ition and 

ana lys is instrum ent (V iPA, Jorin) (F igure 72, page 176) w as added to  the 

front end of the instrum enta tion  loop, fo llow ing  the bubble trap. The V iPA 
in itia lly  identified  partic les by m eans of a d iffe ren tia l light transm ittance  

betw een the partic les and the ir background using im age ana lys is 

so ftw are on a 700 M Hz Pentium  III Industria l Personal C om pute r
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(Wordsworth Technology) with 512 Mb RAM (Figure 73, page 177). 
From a binary pixel image of the particle’s shape the software was able to 
calculate and log the area; perimeter; minimum, maximum and average 
ferets diameter (diameters measured at 45° intervals); aspect ratio; shape 
factor; specific length and width; estimated volume; area fraction; 
minimum, maximum and average martin’s radii (radii measured at 45° 
intervals); fractal number (gradient of slope of perimeter versus inspection 
step length) and estimated:frame volume ratio for each particle.

It became clear that when looking at floes, the ViPA detected discrete 
particles within the floe as opposed to the floe itself (chapter 5, page 109). 
In order to develop a means of analysing floes based on these individual 
particle measurements, the ViPA’s software was modified in order to log 
the Cartesian coordinates of the visual centre of gravity of each particle 
and an effective optical density. These modifications were implemented 
prior to run 127.

3.3.3.3. Particle Count
Particle count was determined using a Diverse PCS2000 particle 
counting system (Diverse Technologies and Systems). This system used 
the laser obscuration method, with a 780nm 3mW laser, to determine the 
particle count in each of eight size bandwidths: 2-3 pm, 3-5 pm, 5-7 pm, 
7-10 pm, 10-15 pm, 15-20 pm, 20-25 pm and >25 pm.

The system initially comprised of a head unit with one high-density and 
one low-density node connected in series (Figure 74, page 177). The 
high and low density nodes were physically identical, but operated in 
different modes, based on the duration of time over which particle counts 
were taken. This theoretically enabled optimum particle counting at 
different particle densities. From run 7 however, the counting software 
was upgraded and both counters operated under the same basis.

During an annual recalibration it was found that one of the counters had a 
small leak, which enabled small air bubbles to enter the device. This 
explained the sporadic high errors given by this counter. As such the
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results from this counter were disregarded prior to run 127, at which 
stage the leak was fixed.

3.3.3.4. Photometric Dispersion Analysis
Photometric Dispersion was measured using a PDA2000 (Rank Brothers) 
(Figure 75, page 178). Here an indication of the changes in state of 
particle and floe aggregation was given by shining light from a high 
intensity Light Emitting Diode through a section of transparent plastic 
tubing (3.0 mm internal diameter, 4.2 mm external diameter • 
800/000/225/800, Portex) and measuring the transmitted light with a 
photodiode. The output of this photodiode was converted to a voltage 
which was subsequently split into its direct and alternating current 
components. The root mean square of the amplified alternating current 
voltage was then derived and this value data logged in addition to the 
direct current value and the further amplified ratio of these voltages. This 
ratio varied with the size and frequency of particles or floes in the water.

3.3.3.5. Turbidity
While turbidity measurement does not require a  flowing sample, it was 
not possible to purchase a dip probe turbidimeter of sufficient resolution 
that was small enough to be installed within the reactor. An industry 
standard Hach 2100N Laboratory Turbidimeter (Figure 14, page 62) was 
therefore used with a high pressure flow-through cell (47451-00, Hach).

3.3.3.6. Flow
Flow through the instrumentation loop was set at 60 m l min'1, the highest 
rate within the PCS2000 particle counters’ recommended range 10-60 mt 
min'1 and above the minimum flow rate of 20 mt min'1 required by the 
PDA2000. This highest permissible flow rate was used to minimise lag 
time and in-tube sedimentation without causing excessive floe shear.

In order to pump the sample through the instrumentation loop a 
Masterflex LS peristaltic pump was chosen (Figure 76, page 178). The 
positive displacement design using tubing with a relatively large cross 
sectional area of flow (Masterflex US 25 Tygon LFL, Norton/Saint-
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G obain) w as chosen in o rder to reduce the  am ount of floe shear caused 

by the pum p. By position ing the pum p at the  end of the loop the 
d isruption of floes prio r to  ana lys is w as further m inim ised.

An o ffse t-pu lse  dual tub ing orien ta tion  w as used in order to m in im ise 

repeat counts w ith in  the partic le  coun ter due to pu lsation. Th is was 
e lim inated com plete ly by the  addition of a po lye thylene pneum atic  pulse 
dam pener (M asterflex L/S Pulse Dam pener, B arnant C om pany) in w hich 

com press ib le  a ir absorbs pressure  pu lses in the liquid.

3 .3 .4 . G as System

F ig u re  11 : P ro c e s s  a n d  in s tru m e n ta tio n  d ia g ra m  -  gas system in red

3.3.4.1. Source
G as w as added e ithe r as a ir or ozonated oxygen (F igure 11). 

C om pressed a ir w as fed from  a gas cy linde r (Type N, BOC) v ia  a 

regu la tor (Saffire  230 S eries 3, BOC) (F igure 77, page 179).

O zonated oxygen (henceforth  referred to  as ozone) w as p roduced by 

passing m edical oxygen from  a  gas cy linde r (Type G, BOC G A S E S ) v ia  a
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regulator (Multi-stage BS7650 230 Bar Service, BIG) and flashback 
arrestor (RF53DN, Witt Gas Technologies) through an OZAT ozone 
generator (Type CF-OA, Ozonia) (Figure 78, page 180).

Initially a Labo 76 ozone generator (Trailigaz) was installed for use with 
compressed air. However initial trials indicated that the volume of 
compressed air required would be uneconomical. The air-fed system 
was therefore replaced by the oxygen-fed system prior to commissioning. 
This had the additional advantage that the Ozonia unit can produce 
ozone at concentrations up to 12 wt%. During the initial trials with the 
Labo it had been noticed that the bottom of the Rushton impeller plate 
was flooding with gas. This resulted in bubbles formed by the sparger 
coalescing to form large slugs. The smaller gas volume required with 
higher ozone concentrations minimised this effect, allowing continued use 
of the standard Rushton impeller rather than a non-standard type with 
unknown mixing characteristics. The lower flow rate enabled by a higher 
ozone concentration also resulted in a smaller mean bubble diameter -  
hence greater gas-liquid transfer interfacial area -  and allowed shorter 
duration of gas sparging.

The gas source (ozone or air) was selected by means of a three way 
valve, constructed from two globe valves (1/4” 316 1000 W 06, ETG) 
attached to a t-piece (1/4” 316) the system was connected using 4 mm 
internal diameter, 6 mm external diameter PTFE tubing for the ozone 
stream and all gas lines following the three way valve, and 4 mm internal 
diameter, 6 mm external diameter nylon tubing for the air stream. Tubing 
was connected to the vessel and other apparatus by means of Duolock 
single ferrule compression fittings (6M/1P MSC, Waverly Brownall).

3.3.4.2. Inlet Analysis
From this point, the gas flowed through a 60 to 600 cm3 min*1 air 
rotameter (CT Platon) with a needle valve (Figure 79, page 181), used to 
set the gas flow rate prior to experimental runs and for instantaneous gas 
flow measurement during ozonation and aeration. The gas was then 
passed through a 33 mm by 26 mm diameter cylindrical 316 stainless
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steel chamber (custom milled, Figure 12) fitted with the 2301 
(Orbisphere) sensor probe (Figure 80, page 182) of an Orbisphere model 
27503 medium sensitivity ozone in air analyser (Figure 81 ,182).

sensor

— >gas flow— >

Figure 12: Centre cross sectional diagram of cylindrical gaseous ozone analysis 

chamber

3.3.4.3. Gas Addition
From the ozone in air analyser, the gas passed through a quarter inch (6 
mm) check valve (CV2T, Waverly Brownall) in order to stop backflow of 
water from the reactor into the gas line. It was then sparged into the 
reactor’s liquid through a replaceable sintered glass diffuser disk 
(Porosity 3 30 mm sintered disk, Fisher) bedded into in a 316 stainless 
steel holder (i in Figure 4, page 45) with PTFE tape to prevent 
circumvention of the diffuser.

3.3.4.4. Outlet Analysis
Off-gas flowed out of the reactor headspace via two outlet pipes. One of 
these was restricted by a needle valve for coarse manual flow control 
(fine flow control, Platon). The second was restricted by a pressure 
control system (see section 3.3.2.4, page 49).

The outlets of each of these were rejoined with a  t-piece (316 W 03). The 
gas then flowed through a second 33 mm by 26 mm diameter cylindrical 
316 stainless steel chamber (Figure 12) fitted with the model 31330.15 
(Orbisphere) sensor probe of an Orbisphere model 3600 MOCA 
(Microprocessor One Channel Analyser) for Ozone Measurement. From 
here it was passed through a 0.1 to1.2 1 min'1 air rotameter (CT Platon).

Initially the off-gas was fed through a  caruiite 200 filled 32 inch (813 mm) 
catalytic ozone destructor column (Ozotech). The catalyst off-gas then

100mm
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passed through a 500 mt suck-back trap (M F29/3/500 jar with MF27/3/13 
adjustable dreschel bottle head, Quickfit) and finally bubbled via an 
adjustable dreschel bottle head (M F27/3/13, Quickfit) through a jar 
(M F29/3/250, Quickfit) of indigo solution - to give a visual indication when 
the catalyst became exhausted - before being vented through a rotary 
gas flow meter (Alexander Wright & Co.) (Figure 82, page 183) to 
atmosphere.

This system was modified prior to run 43 such that the gas leaving the 
outlet rotameter was passed directly through the suck-back trap and 
through two 200 mt volumes of Kl solution in standard gas washing 
vessels (M F29/3/250 jar with MF27/3/13 adjustable dreschel bottle head, 
Quickfit) (Figure 83, page 183) for subsequent off-gas ozone 
determination by the iodometric method (Standardisation Committee, 
1987). From these vessels the gas was again passed through the gas 
flow meter to atmosphere.

3.3.4.5. Atmospheric Analysis
Atmospheric ozone concentration was measured by an IN-2000 trace 
ozone in air analyser (IN USA) (Figure 84, page 104). Ambient 
temperature was measured by means of a mercury-in-glass thermometer 
mounted on the reactor’s top closure. Atmospheric pressure was 
measured using a Fischer barometer.

3.3.4.6. Nitrogen Purge
In order to minimise ozone transfer from the gas headspace to the liquid 
subsequent to gas sparging, nitrogen (oxygen free) was fed from a gas 
cylinder (Type W, BOC Gases) via a regulator (NitrogenM.30-NG, BOC) 
to the headspace via a 60 to 600 cm3 min'1 rotameter (CT Platon) and a 
316 stainless steel globe valve (1000 W 06 ASG1, Air-Pro) mounted on 
the reactor's top closure.
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3.3.5. Data C apture

F ig u re  13: P ro c e s s  an d  in s tru m e n ta tio n  d ia g ra m  -  data capture system in red

Due to the large num ber of da ta  genera ting ins trum ents in the system , 

w hich requ ire  s im u ltaneous read ings to be m ade, a da ta  logging system  

w as essentia l (F igure 13).

3.3.5.1. PC Based Data Acquisition
A 50 M Hz DX2 80486 Personal C om pute r (E lonex) w ith 32 M b RAM 

(F igure 85, page 185) w as fitted  w ith  a D A S 802/16 Data A cqu is ition  
Board (C om puterB oards). Data w as fed from  the O rb isphere  ozone in a ir 

m onitors, the pressure con tro lle r and the PD A 2000 photom etric  

d ispers ion ana lyse r’s RMS, DC and ratio x10 ou tle ts to  the  da ta  

acqu is ition  board v ia  an in te rface  board (CK 66 9952 Rev 3, 

C om pute rB oards).

In itia lly D A S -W izard v2 .03  so ftw are  (C om puterB oards) w as used to log 
read ings every 15 seconds d irectly  into a M icrosoft Excel sp readsheet. 

H ow ever th is  system  proved unre liab le  so custom  da ta  acqu is ition  

so ftw are w as program m ed by S teven King and the  au tho r in Borland
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ANSI C using Universal Library commands library (ComputerBoards). 
This software logged the readings from the data acquisition board every 
15 seconds to a user defined, comma separated variables, data file. The 
change to custom data acquisition software was implemented prior to run 
66.

3.3.5.2. Visual Particle Analysis
The Jorin ViPA’s software logged the parameters listed in section 3.3.3.2  
(page 53) -  and following run 127, the x and y coordinates and a 
measure of the light transmittance of each particle observed -  to a 
comma delimited data file. The maximum number of particles allowed in 
each of these files was 50,000. During early runs with the ViPA where 
this number was exceeded new files were opened manually. Following 
run 121 the software was set up to start a new data file automatically 
whenever the 50,000 particle limit was exceeded.

3.3.5.3. Particle Count
The PCS2000 had onboard data logging capabilities for up to 600 data 
points. Since two readings were being taken every 10 seconds this 
equated to 50 minutes of logging. This was insufficient for a full 
experimental run, hence data was downloaded to a second 50 MHz DX2 
80486 Personal Computer (Elonex) with 32 Mb RAM (Figure 85, page 
185) running Diverse’s PCS2000 Serial Interface PCS Software v2.32 via 
an RS232 link. This system proved unreliable during early runs using a 
download interval of 3 minutes due to a bug in the early system software; 
however this was fixed by Diverse prior to run 7. Subsequently a 
download interval of 15 minutes was used.

3.3.5.4. Turbidity
The turbidity was logged by a  third 50 MHz DX2 80486 PC (Elonex) with 
32 Mb RAM (Figure 85, page 185) via an RS232 link. The HatchLink 
v1.5 (Hach) data logging software was unable to interrogate the 
turbidimeter itself, hence an electronic finger (Figure 14) was developed
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com pris ing of a cyclic tim er c ircu it (1-10, Cebek), operating a so lenoid 
(250-1303, RS), to  prom pt read ings (F igure 15).

F ig u re  14: P h o to g ra p h  o f tu rb id im e te r  w ith  e le c tro n ic  f in g e r  (s e c u re d  by  c la m p  

s ta n d )

F ig u re  15: E le c tro n ic  f in g e r  / t im in g  c irc u it  s c h e m a tic
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3.3.5.5. pH
The pH301 had onboard data logging capab ilities  for 8000 da ta  points. 

R eadings w ere taken at 15 second in terva ls and as such up to 331A hours 

of continuous logging w as possib le . The da ta  w as dow nloaded at the 

end of each run to the da ta  acqu is ition  board equ ipped E lonex personal 
com pute r (section 3.3.5.1, page 60) using HI 9200 v2 .4  so ftw are (H anna 

Instrum ents) v ia  an RS232 link.

3 .3 .6 . F iltra tio n  A pparatu s

F ig u re  16: P ro ce s s  a n d  in s tru m e n ta tio n  d ia g ra m  -  filtration apparatus in red

The Ives (1978) filte rab ility  m ethod w as adap ted fo r the system  (F igure 

16). A  1.5 inch (38 mm) nom inal d iam ete r U -PVC  pipe section (F igure 17 

& F igure 18) w as filled w ith  8 cm  of 16/30 grade sand (16/30 F ilter Sand, 

Universal M inera l S upplies) on a po lyp ropylene m esh support (500 

m icron aperture, P lastok). The reactor conten ts w ere  then pum ped 

through th is  filte r at the end of each run at a rate of 3.2 m 3 h '1 m '2. The 

head loss w as m easured by m anom eter tubes connected  above and 

be low  the sand (F igure 18 & Figure 19). The ou tle t of the  filte r w as
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directed through the instrument loop and a 10 to 80 cm3 min'1 water 
rotameter (CT Platon) to drain. The original computer aided design 
drawing for this system was made by Mike Hing (WRc) according to the 
author’s specifications.

SUPPORT PLATE
SCALE 2:1

Figure 17: Computer aided design drawing of filter system -  produced by Mike Hing 
(W Rc)
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F ig u re  18: P h o to g ra p h  o f m a n o m e te r  an d  filte r  a p p a ra tu s
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1" PV C  PIPE

SELF AD H ESIVE SC A LE , 
RS 373 788

3mmID x 6mmOC 
CLEA R  PVC TU B E'

Figure 19: Computer aided design drawing of manometer -  produced by Mike Hing 
(WRc)
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3.3.7. Piping
The gas stream piping is described in section 3.3.4 .1 (page 56).

Masterflex 06429-25 Tygon LFL (a PVC based peristaltic pump tubing 
manufactured by Norton at the start of the project, currently manufactured 
by Saint-Gobain) with internal diameter of 4.9 mm and external diameter 
of 8.3 mm was used for the fluid lines in the instrumentation loop, the 
sampling ports and the filtration apparatus. This was chosen due to its 
long life in peristaltic pumps, its clarity, non-aging characteristics and 
broad chemical resistance.

Valved quarter inch (6 mm) internal diameter polypropylene quick 
disconnect couplings (Colder Products Company) were used to connect 
the lines, making reconfiguration of the system from batch recirculation to 
filtration mode, etc. possible, with no disruption to the system and without 
the need for clamps.

3.4. Standard Batch Water Treatment System
Experimental Method

3.4.1. Run Pairs
In order to eliminate differences between experimental runs conducted at 
different times and with different water qualities, trials were generally 
conducted in pairs of identically conducted runs; one using ozone and the 
other using air. This meant that the difference between the ozonated and 
aerated run could be used in comparisons of the effect of different water 
parameters on ozone-enhanced particle removal. Air was used as a 
control to give the same degree of mixing as ozonated runs. It was felt 
that using pure oxygen as a control may disturb the dissolved gas 
equilibrium within the water more than air, since the water was already in 
equilibrium with air.

In general the ozonated run was conducted first such that the less 
complex and hazardous aerated run could subsequently be modified to 
mimic any accidental variations in the ozonated run.
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3 .4 .2 . Ozonated Run

3.4.2.1. Preparation
Initially the system was powered up to let the instruments warm up. The 
temperature control system was topped up with distilled water and 
started, along with the stirrer, to bring the reactor and raw water up to 
temperature. Each other system was turned on in sequence. The 
turbidimeter required a 1 hour warm up and the photometric dispersion 
analyser 10 minutes.

The run water was measured out or made up (as described in section
3.5.1, page 74) and placed in the thermostat baths to come to 
temperature along with 6 litres of reverse osmosis deionised water (DC9 
and R 02000, Purite), used for washing.

All data logger clocks were synchronised to ease analysis, although the 
analysis software was designed to compensate for out-of-sync data 
loggers.

The gas cylinders were opened and the gas flows pre-set to 
200 cm3 min'1 ozone or air with a 500 cm3 min'1 nitrogen purge. The 
reactor pressures with and without process gas were noted and the 
system was purged of ozone.

The pH meter’s memory was cleared and the time of the last calibration 
was noted. The calibration of the pH meter was checked - it was 
recalibrated in pH 7, 4 and 10 buffers at the start of each week by the 
method described in the pH301 manual (Hanna Instruments, 1996).

The photometric dispersion analyser’s tubing was checked and replaced 
if it was visibly cloudy. Clean water from the previous run’s end wash 
was fed through the analyser and the DC gain was set to 10V.

The turbidimeter flow cell was cleaned and wiped with silicone oil (63148 
62 9, Hach).

The instrumentation loop pump was calibrated and set to give a  flow of 60 
mf min'1.
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The particle counter’s onboard database was cleared and all data loggers 
were set up in preparation to start logging.

The ambient ozone alarm was set and the ozone generator was prepared 
to be turned on.

The vessel was drained of its tap wash water and refilled with 2.5 litres of 
reverse osmosis deionised water which was then used to backwash the 
filter at the pumps maximum flow rate. At three set times during the 
backwash process the flow was stopped and compressed air was 
scoured through the filter, following each of these scours the filter was 
shaken manually.

During this process the two Kl gas washing vessels were washed and 
filled with 200 mt of Kl solution (Standardisation Committee, 1987).

The filter, pulse dampener and all dead ends and loops in the piping were 
drained, the sand in the filter was reconsolidated and the instrumentation 
loop was set up.

3.4.2.2. Start-Up
The reactor was rinsed with 250 mt run water, drained and filled with 2 .5 1 
run water. The stirrer was started and the instrumentation loop primed.

The instrumentation loop flow rate was reset at 60 mt min'1, the 
photometric dispersion analysers RMS gain was set to give a ratio value 
of 1 and the gain settings were noted.

The gas lines were set-up, the ozone generator’s cooling water flow 
started and the nitrogen purge was turned on.

Each of the data loggers were started in turn, the start time of each being 
noted.

3.4.2.3. Main Run
Throughout the main run, at predetermined times, manual readings were 
taken of: the photometric dispersion analyser’s ratio value, the reactor’s 
pressure, the inlet and outlet ozone concentrations, the outlet gas 
temperature and the ambient temperature and ozone concentration.

69



The water was left stirring in the reactor for ten minutes to come to steady 
state. During this time the nitrogen flow rate was measured and the 
water was observed visually.

Ozone was sparged for 60 seconds, during which time the ozone 
generator current was noted and the total volume of ozone and nitrogen 
were measured along with their individual instantaneous flow rates. 
Following the period of ozonation the ozone generator would continue to 
supply oxygen for 90 seconds to purge the system of ozone. The 
duration and volume of this purge were measured.

Water samples were taken one, three, five and twenty minutes following 
the end of the ozone sparge and analysed for residual ozone 
concentration using the DPD palintest method (Palintest).

The ozonated water was left for fifteen minutes to equilibrate. During this 
time the nitrogen flow rate was measured again and any visual changes 
in the water were noted.

A pre-set volume of aluminium sulphate coagulant (1 g Al f 1) was injected 
into the reactor and the stirrer was set to rapid mix at 175 RPM. After 
one minute hydrochloric acid or sodium hydroxide was titrated into the 
reactor by syringe until the pre-determined optimal coagulation pH was 
reached. One minute after the set period of pH addition, the stirrer was 
returned to its slow mix speed (26 RPM). The water was left to coagulate 
for a further ten minutes. It was necessary to make pH adjustment after 
the coagulant addition in order to compensate for the effect of the 
coagulant on pH.

The nitrogen purge was switched off and the system was reconfigured 
from its ‘normal’ loop configuration (Figure 20) in order to pump the 
reactor’s contents to the top of the filter (Figure 21 ). The manometer legs 
were established and the filtrate was passed through the instrumentation 
loop to drain once the filter was reconsolidated.
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Not to scale

Figure 20: Schematic of Inetrumentetlon loop In ‘normal’ configuration

Not to scale

Figure 21: Schematic of Instrumentation loop in ‘filtration* configuration

From this point the manometers were read every five minutes. Visual 
observations of the floes were also made.
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During the filtration stage the Kl solution was titrated with sodium 
thiosulphate to determine the total amount of ozone in the exhaust gas by 
the iodometric method (Standardisation Committee, 1987).

3.4.2.4. Shut-Down
The pH logger was downloaded, all data from the data loggers was saved 
and the computers were restarted.

The system was drained of water and filled with 2.5 litres of tap water for 
washing.

3.4.3. Aerated Run
The aerated run was designed such that the water was subject to exactly 
the same conditions as the ozonated run with the exception that it was 
sparged with air instead of ozone and oxygen.

Due to the trials being conducted in run pairs, the majority of the 
preparation work conducted prior to the ozonated run did not need to be 
replicated prior to the aerated run. Similarly, the aerated run required 
more shut-down procedures since the majority of the system did not 
require to be fully shut-down following the ozonated run.

In this section only the procedures differing from the ozonated run 
(section 3.4.2, page 68) are described.

3.4.3.1. Preparation
Since all instruments were already warm and the run and wash waters 
were made and up to temperature, only the stirrer had to be started.

The feed gas preparations were replicated except that air was used in 
place of ozone.

Recalibration of the pH meter or pump flow rate was not conducted 
between paired runs and the data logger clocks were not resynchronised.

The ozone generation and detection equipment was turned off with the 
exception of the outlet ozone monitor which was left on to measure the
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exhaust gas temperature. MilliQ water was used in place of potassium 
iodide solution in the gas washing vessels.

With the exception of the above the preparatory work was identical to the 
ozonated run.

3.4.3.2. Start-Up
With the exception of cooling water not being required for the ozone 
generator, the start-up procedures were identical to those of the ozonated 
run.

3.4.3.3. Main Run
The main run was conducted in an identical manner to the ozonated run 
with the exceptions that ozone measurements were not made and air was 
sparged in place of ozone. The air sparge was conducted for the same 
amount of time as the ozone sparge plus its following oxygen purge 
(nominally two and a half minutes).

The same volume of water samples were taken from the reactor at the 
same time, except they were discarded rather than being analysed for 
residual ozone.

3.4.3.4. Shut-Down
The same shut-down procedures as the ozonated run were conducted 
with the following additions:

The gas cylinder valves were closed.

The filter was covered in aluminium foil to protect it from sunlight which 
could lead to algal growth.

All data files were copied onto 3.5” floppy disks with the exception of the 
Jorin Vi PA data files which were sporadically copied onto 100Mb Iomega 
Zip optical disks or transferred directly to a laptop (ThinkPad T21, IBM) 
via an Ethernet crossover connection.

All systems were powered down.
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3.4.4. Data Analysis
Following each run pair, the data files were transferred onto more 
powerful computers based outside the laboratory for data compilation and 
analysis. It was necessary to conduct at least basic data analysis 
between each run pair to check that all the data logging systems were 
operating correctly. Microsoft Visual Basic for Applications Macros 
running within Microsoft Excel 95 collated the raw data from each data 
file. The time of the initial data point in each file was entered manually 
along with the timings of each process event (such as the time ozonation 
commenced and ended, etc.). These times were used to synchronise the 
data series. From here the Microsoft Visual Basic for Applications 
Macros plotted graphs of each logged parameter with time.

The complexity of the Microsoft Visual Basic for Applications Macros 
grew during the project as further logged parameters were added to the 
system and as additional means of data analysis (such as that described 
in section 6.2, page 135) were applied to the data describing each 
experimental run.

3.4.5. Deviations from the Standard Procedure
While every effort was made to keep the standard procedure identical 
between trials it was necessary to make certain improvements to the 
method as shortfalls were uncovered and as additional instrumentation 
became available.

Additionally certain runs were conducted for other purposes and required 
alternative methods, where applicable, these differences are detailed in 
the text.

3.5. Ancillary Experimental Procedures

3.5.1. Water Collection/Manufacture

3.5.1.1. Water Collection from Egham Water Treatment Works
W ater was collected from Egham W ater Treatment Works (North Surrey 
Water) on four dates: 05/03/2001 (runs 7 -11 ,13-18  & 29-31), 19/06/2001
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(runs 32-39), 03/10/2001 (runs 56-65 & 67-80) and 07 /01 /2002 (runs 109- 
118). The w ate r w as taken from  the w o rks ’ in let from  the R iver T ham es 

(F igure 22 and Figure 23) prior to  any trea tm en t and before the addition 

of the recycle stream .

F ig u re  22: A e ria l p h o to g ra p h  o f E g h am  w a te r  tre a tm e n t w o rk s  (M u ltim a p , 2 0 0 4 a ) -

circle indicating collection point

F ig u re  23: M a p  o f E g h am  w a te r  tre a tm e n t w o rk s  (M u ltim a p , 2004b ) -  circle 

indicating collection point
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Water was collected by standing on a platform above the water inlet 
channel and lowering a plastic bucket (Rocar) on a nylon rope then filling 
eight HDPE 25 t jerry cans via a plastic funnel (Hutzler). While labour 
intensive, this method was selected as it minimised shear forces and the 
possibility of contamination that could be introduced by pumping.

3.5.1.2. Water Collection from Frankley Water Treatment Works
W ater was taken from Frankley Water Treatment Works (Severn Trent 
Water) on 03/09/2001 and used in runs 40-55 and 81-108. The water 
was collected in the same manner as the Egham water from the viaduct 
inlet to Frankley Reservoir (Figure 24 and Figure 25).
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F ig u re  24: A e ria l p h o to g ra p h  o f F ra n k le y  w a te r  tre a tm e n t w o rk s  (M u ltim a p , 2 0 0 4 c )

-  circle indicating collection point

F ig u re  25 : M a p  o f F ra n k le y  w a te r  tre a tm e n t w o rk s  (M u ltim a p , 2 0 0 4 d ) -  circle 
indicating collection point

3.5.1.3. W ater from Other Sources
W ater w as co llected in a  s im ila r m anner to the Egham  w a te r from  a 
dra inage ditch passing through the g rounds of W R c S w indon on 24 /11 /00 

fo r use in com m ission ing  runs 1-3 and 5-6.
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Water collected by Rob Camm (WRc) on 28/11/2000 from Daer Reservoir 
(West of Scotland Water, now Scottish Water) was used for 
commissioning run 4.

Indigo reagent II was made up to the instructions given in Standard 
Method 4500-03 (Eaton et al., 1995) 100% indigo reagent II was used in 
run 12, however this was found to be too intense for the 
spectrophotometer hence a 70% solution of indigo reagent II in distilled 
water was used in runs 19-21.

Various ‘pure’ waters were used in a number of runs, either for 
calibrations or, in the case of run 66 as a solvent to hold Cryptosporidium 
oocysts. Distilled water (W FF/9/8 Fistreem water purification, Fisons) 
was used in run 22, Elgastat ultra-pure water (Elgastat Prima Reverse 
Osmosis followed by Elgastat UHQ PS, Elga) was used in runs 23-28, 
and 66 and MilliQ water (ZFMQ 230 04 reagent grade water system, 
MilliQ water) was used in runs 159-161.

3.5.1.4. Natural Water Spiking
In runs 43-51, 83-100 and 103-108 natural water was spiked with various 
additives: calcium chloride, sodium chloride, sodium bicarbonate and 
Suwannee River Natural Organic Matter. This was done by weighing the 
correct mass of additive into two 10 mt glass beakers on a 5 place scale 
(AE101, Mettler), filling a 5 and a 1 l  standard flask to 50%  with the raw 
water then washing the additive into the flasks with more raw water, 
stirring and finally making the flasks up to 5 and 1 t respectively with raw 
water.

3 g Suwannee River Natural Organic Matter was purchased from the 
International Humic Substances Committee for use as a source of 
organics in the model waters. This form of natural organic matter was 
chosen for two main reasons. Firstly, it is an aquatic natural organic 
matter, whereas most commercially available material is not, and as such 
it behaves in a manner more similar to that found in the rivers in question 
than non-aquatic natural organic matters. Secondly, it is a standard 
which has been and will be used by other researchers in the field, making

78



the work detailed here more repeatable by others and comparable with 
the work of others.

3.5.1.5. Model Water Production
Model waters were produced to mimic the natural water taken from 
Egham water treatment works. This involved various additional 
calibrations and measurements. Conductivity curves were produced by 
taking a known volume of model water with no sodium chloride added 
and measuring its conductivity with the drop-wise addition of a known, 
high sodium chloride concentration sample of the same model water. 
Similarly pH curves were generated by various methods including 
titration, and the batch-wise addition of various volumes of acid or base to 
model waters.

Once the concentration of each substance required in the water had been 
determined the waters were made up by taking a standard flask, adding 
the required amount of bentonite clay powder (a commonly used source 
of particles and solids in general) and dispersing this in MilliQ water by 
ultrasonication. Any of the remaining chemicals required were washed 
into the standard flask with MilliQ water individually in the following order: 
sodium chloride, calcium chloride, sodium hydroxide, tertiary-butanol, 
sodium bicarbonate, hydrochloric acid. In order to stop local 
concentration maxima causing calcium carbonate precipitation the 
solution was made up to ~90% of its total volume before the calcium 
chloride was added. The sodium bicarbonate was then dissolved in 
-2 .5%  of the total solution volume of MilliQ water before being added to 
the bulk of the solution. Finally Suwannee River natural organic matter 
was added and the standard flask made up to its total volume with MilliQ 
water, shaken and placed in a thermostatically controlled water bath until 
use. Each model water was made up on the morning of its use.

3.5.2. Jar Tests
Jar tests were conducted in full matrices and stepwise according to the 
methods described by Hall (1997).
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3.5.3. W ater A nalysis

3.5.3.1. Total and Dissolved Organic Carbon
Total and dissolved organic carbon was measured on a Dohrmann DC80 
Carbon Analyser according to the method described by Lambert (1991).

3.5.3.2. Chlorophyll
Chlorophyll-a and phaeophytin concentrations were determined by the 
‘Method for the Determination of Chlorophyll and Phaeophytin in Algae 
using Acetone’ (WRc)

3.5.3.3. Alkalinity
Alkalinity was determined by standard method 2320 (Eaton et al., 1995)

3.5.3.4. Hardness
Total and calcium hardness were determined using a digital titrator 
(16900-01, Hach) by the method described in the titrator manual (Hach, 
1988).

3.5.3.5. Solids
Total, suspended and dissolved solids were determined by standard 
methods 2540 B and 2540 D (Eaton et al., 1995).

3.5.3.6. pH
pH of Raw waters was measured by the methods described in section 
3.3.2.5 (page 49). The Mettler Toledo pH meter (MP225) was used for 
Jar tests and certain other experiments, otherwise the Hanna pH meter 
(pH301) was used with manual temperature compensation.

3.5.3.7. Conductivity
Conductivity was measured using a W TW  microprocessor conductivity 
meter (LF 196, WTW) (Figure 86, page 185) following the methods 
described in the WTW instruction manual (W TW , 1994).

80



3.5.4 . C alibrations

3.5.4.1. Ozone
Initial work to calibrate the ozonation system (runs 12 and 19-21) was 
conducted using indigo solution (standard method 4500-03 (Eaton et al., 
1995)). In these runs the reactor was filled with 2 l  indigo solution and 
the instrumentation loop routed through the flow-through cell of a portable 
spectrophotometer (DR/2000 Direct Reading Spectrophotometer, Hach). 
In all trials except for one conducted at the minimum ozone generator 
current, the indigo solution was completely decolourised, hence this 
technique was deemed inappropriate.

Further work was conducted in a similar manner analysing ozone’s 
absorbency peak at 254 nm in distilled water (run 22) using an 
ultraviolet/visible/n-infrared spectrophotometer (PU 8620, Philips). After 
this run ultra-pure water was used (Elgastat for runs 23-28 and MilliQ 
water for runs 159-161) owing to the cyclic ionic ozone demand of 
distilled water.

Calibration runs were carried out in this way at various flow rates, sparge 
durations, liquid volumes and ozone generator currents. Additional inlet 
ozone stream calibrations were conducted by the iodometric method 
(Standardisation Committee, 1987) to determine the applied ozone dose.

3.5.4.2. Particle Counter
The particle counters were sent to Diverse for annual recalibration as 
specified by Diverse (Diverse Technologies, 2000). This was conducted 
on 07/02/2001 prior to run 7 and on 01/03/2002 prior to run 127.

3.5.4.3. Turbidimeter
The turbidimeter was recalibrated on 01/02/00 prior to run 1 and on 
19/03/2002 prior to run 127 using the method specified by Hach in (Hach, 
1997) between these calibrations its calibration was checked using Gelex 
secondary turbidity standards (25890-00, Hach).
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3.5.4.4. ViPA Grab Frames
Run 162 was conducted in order to get image files to calibrate the inter
particle separation algorithm. This is described in section 5.5.2 (page 
125).
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4. Effect of Ozone on Coagulation and 
Filtration

4.1. Introduction
It has been established that the application of ozone prior to filtration can, 
in some instances, lead to a reduction in the particle count of the filtered 
water (section 1.3, page 21). However, in other instances, the same 
application of ozone can lead to an increase in the filtered water particle 
count or have no apparent effect. The initial hypothesis was that some 
parameter or parameters are required in order for ozone to have a 
beneficial effect on particle removal.

The methodology was therefore to first develop a system in which a 
positive effect of ozone on particle removal could be demonstrated using 
a natural water. A second water (natural or synthetic) which 
demonstrated a negative or lesser effect in this system would then be 
found. In order to identify the critical parameter or parameters required 
for ozone-enhanced particle removal, this water would then be modified 
until an effect similar to that of the first water could be demonstrated with 
it.

Portions of this chapter were published in Currie et al. (2001) and Currie 
et al. (2003).

4.2. Pilot Scale Natural Water Trials

4.2.1. Purpose of Trials
Prior to the bench scale trials, a collaborative club research project 
entitled ‘Enhancing Particle Removal in W ater Treatment’ was conducted 
at WRc. This was previously described by Hall et al. (2001) and 
summarised in Currie et al. (2001). The main driver behind the project 
was the risk of Cryptosporidium breakthrough faced by the UK water 
industry. As such its primary purpose was to evaluate the benefits that 
could be gained through the use of ozone and chlorine to enhance 
particle removal. Secondary objectives included the assessment of 
particle removal measurement tools and an assessment of other
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techniques that could lead to an enhancement of particle removal in 
water treatment.

4.2.2. Experimental Work
The project included a series of sixty four pilot scale trials using 8/16 
sand, 16/30 sand, F400 granular activated carbon (GAC) and sand- 
anthracite dual-media rapid gravity filters with a number of raw waters 
and coagulant types, using both direct filtration and floe blanket 
clarification followed by filtration. The bulk of the practical work was 
conducted by Rob Camm of WRc. From the fifty second pilot run this 
work was taken over by the author, with the assistance of Jo Lambert and 
Paul Young of WRc in later runs.

Please refer to section 3.2.2 (page 42) for a description of the 
experimental apparatus and method. This is detailed more fully in Camm 
et al. (2000) and summarised in Hall et al. (2001) and Currie et al. (2001).

4.2.3. Results
The project demonstrated a clear benefit of pre-ozonation on particle 
removal using a range of filter media and water types with ozone doses 
typical of full scale water treatment works. Figure 26 is a typical example 
of an effluent particle count profile from this study. Pilot run 45 used 
ozonation, controlled to a residual concentration of 0.1 mg f 1 after 5 
minutes contact time, coagulation with 0.3 mg Fe f 1 Ferripol and direct 
filtration with a i m  depth of 16/30 grade sand to treat a lowland river 
water (Egham). Coagulant dosing to stream A was stopped 
approximately one hour prior to the end of the run in order to assess the 
effect of ozone on non-coagulated water electrophoretic mobility. In 
addition to the distinct improvement in particle removal throughout the 
run, it indicates the short time lag between turning the ozone on or off, 
and observing a change in the filtered water particle counts.
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F ig u re  26 : T o ta l f iltra te  p a rtic le  c o u n t > 2p m  w ith  t im e  (pilot run 45)

O ne m eans of assess ing the effect of pre-ozonation  is a com parison of 
filtra tion perfo rm ance w ith  ozone or air, under identical cond itions. 

M athem atica lly , th is can be expressed in te rm s of the d iffe rence in 
apparent log partic le  rem oval w ith  respect to  ozone, AL, as fo llow s:

AL =  L 0I„ - L W o r AL(% ) =  L ” Y ~ L,> >=100% Equation 1
L air

W here Lozone = apparent log partic le  rem oval in ozonated run

Lair = apparent log partic le  rem oval in aera ted or non- 

ozonated run

W ith the apparent log partic le  (or tu rb id ity) rem oval de fined as:

N
L =  log10 N0 -  log10 N, =  log10 Equation 2

W here N0 = in fluent w a te r qua lity  (partic le  coun t o r turb id ity)

N, = e ffluent w a te r qua lity  (partic le  coun t o r tu rb id ity)

The study found 45-83%  increases in apparent log partic le  rem oval 

(Equation 1) w ere ob ta ined depend ing  on the  ozone dose applied. F igure 

27 dep ic ts the im provem ent in apparent log partic le  rem oval (E quation 2)
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with soft upland (Frankiey) and hard lowland (Egham) waters and four 
different media types: two grades of sand, F400 granular activated 
carbon (GAC) and sand-anthracite dual media. Ozone was beneficial in 
all but one case.

Figure 27: Benefit of ozone on particle removal (modified from Hall at el. (2001)) 
(pilot runs 1-3,5-6,10,12,16-18,24-27,36-39,45-49)

Pre-ozonation also gave rise to an increase in particle removal across the 
whole treatment stream when a floe blanket clarifier was added prior to 
the filter, although no direct benefits to the clarification process itself were 
noted. In such systems an additional mid-ozone dose, directly prior to 
filtration, gave essentially the same effect as with direct filtration.

Similar effects were noted with chlorination, both with and without 
clarification, although the magnitude of the improvement was less than 
with ozone and an inexplicable short-term spike in particle counts was
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noted every time the chlorination was started. This could have 
detrimental effects with regard to treatment integrity on start-up. No such 
effect was observed with ozone.

While the pilot scale investigation was empirical in nature, being 
conducted in order to determine which conditions would give rise to 
enhanced particle removal, rather than the mechanisms of such 
phenomena, a number of mechanistic issues were touched upon:

Firstly, the short amount of time taken between a change in pre-ozonation 
dose and a change in filtrate particle counts and turbidity demonstrated 
that the process was not due to a biological filtration effect.

Secondly, trials conducted with soft upland waters gave, on average, a 
slightly lesser enhancement in particle removal than those conducted with 
hard lowland waters (Figure 27). This could be attributed to differences in 
calcium or bicarbonate concentration, organic chain length, total organic 
carbon or alkalinity and calcium ion buffering.

Finally, inconsistent filter head-loss results and changes in particle size 
distribution meant that it was difficult to draw any conclusions regarding 
the fate of particles which were apparently removed in greater numbers 
with pre-ozonation. However, a decrease in particle count (>2pm) prior to 
filtration was consistently noted. Hence, it can be concluded that 
ozonation has an effect on particles prior to filtration rather than only 
increasing the affinity of particles to the filter media.

4.2.4. Conclusions
In general, it can be concluded that a clear benefit of pre-ozonation on 
particle removal was demonstrated in this trial, although no satisfactory 
conclusions could be drawn regarding the mechanisms of this 
phenomenon. It was therefore decided that further work was required to 
elucidate these mechanisms.
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4 .3 . B ench  S c a le  N a tu ra l W a te r T ria ls

4.3.1. Purpose of Trials
Trials conducted using waters taken from the raw water inlets of two 
water treatment works were conducted for two main purposes: firstly to 
develop a system whereby a positive effect of ozone on particle removal 
could be observed and secondly to find a water that would demonstrate a 
negative effect of ozone on particle removal under the same conditions.

4.3.2. Initial Work
Initial experiments were conducted in order to set up the batch water 
treatment system described in section 3.3 (page 43). These served to 
highlight defective aspects of the physical system for repair: leaks, 
particle counter problems, etc.

A number of calibrations were conducted on the system, particularly to 
calibrate the application of ozone and to determine the time taken for the 
system to reach steady state following unit operations. An applied dose 
of 18 mg f 1 was selected as a standard, giving an average transferred 
dose of 4 mg T1.

Trials were also conducted to assess the repeatability of the methods, 
first assessing the filtration system without chemical addition, then with 
coagulation and pH control and finally with the addition of ozone. These 
all showed good qualitative repeatability between experiments conducted 
in the same manner (Figure 30).

Result interpretation was a key area of investigation with these early 
trials, one particular area of focus was the interpretation of turbidity and 
particle count traces during filtration. Certain runs gave rise to an almost 
parabolic rise and fall of turbidity and particle count during filtration 
(Figure 28) rather than the expected flat line. The repeatability trials with 
and without coagulation suggested that this only occurred with the 
addition of a coagulant.
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F ig u re  28: T u rb id ity  w ith  t im e  -  red line highlights period of filtration (run 17)

In order to know  w hich w ate r qua lity  va lues to  use in quan tita tive  ana lys is 

of the experim ents it w as necessary to  understand th is  ‘pa rabo lic  cu rve ’ 
and de term ine w hether, g iven m ore tim e, the  trace  would, fo r exam ple, 
continue dow nw ards or rise again tak ing on a saw  too th  profile . A  se t of 

extended filte r runs w ere there fo re  conducted  (F igure 29) by exchanging 
the 3 t vessel fo r a 20 l  s tirred reservo ir conta in ing  12 l  of la w  w ate r 

(Egham ).
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F ig u re  29: T u rb id ity  w ith  t im e  d u rin g  e x te n d e d  filtra tio n  ru n s  (runs 29-31)

R ather than a continuation  of the ‘pa rabo lic  cu rve ’ seen in F igure 28 the 

sam e type of curve spanned the dura tion of the filte r run. Th is ind icates 
tha t the e ffect is sca led w ith  tim e. W ith the sam e w ate r qua lity and flow  
rate and the  sam e filter, one w ou ld  expect to see the sam e filte r ripening 

curve  at the start of any filte r run, irrespective  of the am ount of w ate r 

filte red . T h is  ind icates tha t the firs t peak and subsequent rapid decrease 
in tu rb id ity  is the ripen ing curve, and rules ou t the poss ib ility  o f the 

‘pa rabo lic  cu rve ’ be ing a filte r ripening fea tu re  s ince no changes w ere 
m ade to  the filte r fo r these runs. Instead, the sha llow  depth of sand used 
in the filte r suggests tha t it is a b reakthrough curve.

No de fin ite  exp lanation  fo r the  large sp ike in the coagu la ted  filtra te  

curves, a t around 1 hour and 50 m inutes in F igure 28, could be 

estab lished. The fact tha t the sp ike occurs at the  sam e tim e in each tria l 

suggests  tha t it m ay be due to a fea tu re  of the reservo ir. It is possib le  

tha t m ateria l se ttled  on a ledge w as w ashed into so lu tion as the w ate r 

level receded past the ledge.

The un-coagu la ted  curve in F igure 29 goes s tra igh t to  a fla t line fo llow ing  

the ripen ing curve. T h is  w ould suggest tha t early filte r breakthrough 

takes p lace in coagu la ted  runs due to  increased filte r loading.
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In Figure 29 it is also seen that a lack of mixing appears to improve filtrate 
quality towards the end of the filter run. This suggests that floe settlement 
is taking place in the vessel, leaving clarified water at the end of the filter 
run.

The findings of this experiment explain what is happening in Figure 28 
with the 3 l  vessel: following the initial rapid rise and fall of particle count 
and turbidity, caused by filter ripening, the particle count and turbidity fall 
to their steady state filtration values. In runs with coagulation (or 
presumably other sources of high filter loading) the filtrate particle count 
and turbidity start to rise due to filter breakthrough. As the water level 
starts to drop below the reactors’ impeller, increasing amounts of floe 
settling occur, leaving an increasingly clarified supernatant in the vessel. 
This leads to a lower filter influent particle count and turbidity giving a 
corresponding reduction in the filtrate particle count and turbidity.

The implications of these findings with regard to the analysis of results 
are that filtered water quality should be evaluated during the period of 
optimal filtration following the filter ripening curve, but prior to the 
breakthrough curve. In order to maintain objectivity in analysis, this value 
was determined using a Microsoft Excel Visual Basic for Applications 
macro that determined inflection points in the ripening and breakthrough 
curves, through CuSum analysis (section 6.2.2, page 136), and took the 
minimum value between these two points.

4.3.3. Hard Water Assessment
200 ( of a hard, high alkalinity water from the River Thames (Egham) was 
taken from the same source as the pilot scale hard water trials: total 
hardness 276 mg f 1 as CaCOa; alkalinity 264 mg f 1 as CaCOa 
(determined by North Surrey Water); 5.3 mg DOC f 1; pH 8.2; 8.1 Hazen; 
UV254 10.3 A ll m'1. This water was ozonated or aerated in a series of 
three comparative trials detailed in Figure 30 and Figure 31.

The profiles represent the particle behaviour (Figure 30) and turbidity 
(Figure 31) within the reactor through the period of gas sparging,
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coagula tion and pH contro l up to the  tim e m arked ‘change ove r’ and 
thereafter, the results show  the partic le  conten t in the filter ou tle t flow.

F ig u re  30: T o ta l p a rtic le  c o u n t (> 2 p m ) w ith  t im e  (runs 33-38)

Figure 31: Turbidity with tim e (runs 33-38)

In these  runs the  tota l partic le  coun t above 2 pm  (F igure 30) decreased 

w ith filtra tion from  an average of 9700 coun ts per m f in the  raw  w a te r to 

optim al filtra tion averages of 490 in ozonated runs and 3100 in aera ted 

runs. Th is co rresponds to a 164%  increase in average apparent log
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removal with ozone, which is statistically significant at the 0.1%  level of 
confidence. An improvement in turbidity was also seen (Figure 31) with 
an average of 7.6 NTU in the raw water decreasing to 0.09 with ozone, 
and 0.19 with air, following filtration. The improvement in apparent log 
removal in this case was 19%, which is statistically significant at the 1% 
level of confidence. Contrary to some other reports (Langlais et al., 1991; 
Tobiason et al., 1992) these runs found a corresponding increase in filter 
head loss with ozonation.

The experiments detailed in Figure 30 and Figure 31 were ozonated for 
60 seconds at a total ozone in oxygen gas flow rate of 200 cm3 min'1 
using the maximum current of the OZAT ozone generator (Type CF-0A, 
Ozonia). These values were used in every subsequent run unless 
otherwise stated.

A series of trials was conducted looking at the effect of applied ozone 
dose on the enhancement of particle and turbidity removal. The duration 
of ozone sparging was used as the independent variable since early 
ozone calibration trials indicated that varying the ozone generator’s 
current did not lead to a predictable variation in applied ozone dose, and 
that varying the gas flow rate could lead to significant changes in the 
gas/liquid mixing regime.

The first set of trials (Figure 32) showed an increasing beneficial effect of 
ozone with decreasing ozone dose. A minimal ozone dose -  produced 
by conducting a 30 second ozone sparge at the minimum ozone 
generator current -  however, gave effectively no enhancement of particle 
removal.

The values graphed in Figure 32 are from one-off comparative trials 
comprising of one ozonated and one aerated experimental run. This 
convenention is followed throughout the text, unless otherwise stated.
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0.80

-0.10
120 s ozone 60s ozone 30 s ozone trace ozone

■  Partida Count 0.51 0.71 0.74 -0.01
□Turbidity -0.01 0.13 0.26 0.09

Figure 32: Effect of ozone dose on apparent log removal (runs 59-61,63-65)

A second set of trials was conducted to determine the optimum ozone 
dose (Figure 33).

0.35

-u.uo -
60s ozone 30 s ozone ISsozone 7 .5 1  ozone

■  Particle Count 0.10 0.20 0.32 0.19

□Turbidity 0.03 0.01 0.13 0.10

Figure 33: Effect of ozone dose on apparent log removal (runs 67-72)

These results indicate that the optimal effect with regard to particle and 
turbidity removal is found between 7.5 and 30 seconds, and possibly at
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around 15 seconds. This relates to a theoretical applied ozone dose of 
4.5 mg 0 3 f 1 and an approximate transferred dose of 1 mg 0 3 f 1.

Despite Knowing that a 60 second dose was above the optimum, this 
value was maintained in subsequent experimental runs. Operating above 
the optimal ozone dose would increase the likelihood of discovering a 
water in which a negative effect of ozone was seen.

Other experiments were conducted using this hard water source including 
a more detailed analysis of the water’s constituents (in order to construct 
a synthetic model water), work on floe shear and the effect of stirrer 
speed and floe settling trials.

4.3.4. Soft Water Assessment
Similar experimental runs to those detailed in Figure 30 and Figure 31 
were conducted using samples of a soft, low alkalinity water taken from 
the same upland source (Frankley) as the pilot scale soft water trials: total 
hardness 13.4 mg f 1 as C aC 03; alkalinity 10-15 mg r 1 as C aC 03 
(determined by Severn Trent Water); 3.4 mg DOC f 1; pH 6.7; 54 Hazen; 
UV254 15AU  m \

An initial experiment indicated that this water underwent a similar, though 
slightly lesser, beneficial effect of pre-ozonation on particle removal. All 
subsequent experiments, however, showed that ozone had a detrimental 
effect on particle removal with this water. Initially it was proposed that 
this discrepancy was due to a change in the water with time. Later 
experiments using model waters suggested that the filter condition was 
the reason for this solitary positive result, as, immediately prior to the 
initial trial, the filter had been acid washed. The acid wash was 
conducted to remove an algal growth that had built up during a 19 day 
period in which the filter had been left unused in direct sunlight. As such 
this result was disregarded.

Figure 34 compares the benefit in particle removal with ozone found in 
the hard water trials with a stronger deleterious effect found in the soft 
water trials. This suggests that some parameter differing between these 
two waters is required in order for ozone to have a beneficial effect.
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Hard Water Hard Water Hard Water Soft Water Soft Water
26/06/01 27/06/01 28/06/01 28/09/01 27/11/01

■  Particle Count 0.80 0.82 0.79 -1.19 •1.06
□Turbidity 0.32 0.33 0.25 -0.12 -0.47

Figure 34: Effect of water type on apparent log removal (runs 33 -38 ,52 -53 ,81  -82)

4.4. Spiked Water Trials

4.4.1. Purpose of Trials
The most obvious difference between the hard (Egham) and soft 
(Frankley) water samples was their hardness and alkalinity -  that is their 
calcium bicarbonate concentration. In order to verify if this concentration 
was the critical parameter required in order for ozone to have a beneficial 
effect on particle removal, trials were conducted with the addition of Ca2+ 
ions and HCO3 ions to the soft water. Adding these ions in the form of 
calcium chloride and sodium bicarbonate enabled segregation of the 
effects of hardness and alkalinity.

4.4.2. Initial Trials
Calcium chloride (573 mg CaCl2.6H20 f 1) was initially added to the raw 
soft water (Frankley) in order to bring the calcium hardness of the soft 
water up from 13.4 mg r 1 as CaC03 to 275 mg f 1 as CaC03, comparable 
with the hard water previously used (Egham). In order to provide a 
control with equal chloride concentrations soft water runs were also 
conducted with the addition of sodium chloride (306 mg NaCI f 1). Two
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trials were then conducted with the addition of sodium bicarbonate (440 
mg NaHC03 f 1) using the same sodium ion concentrations as the sodium 
chloride control runs. The first trial was conducted with the addition of 
sodium bicarbonate only, in the second trial hydrochloric acid was also 
added to bring the solution pH back to that of the raw water (from pH 8.1 
to pH 7.3). Finally a second control trial was conducted using the same 
soft water with no chemical additions. The results of these trials are 
summarised in Figure 35. These trials were conducted immediately after 
the discredited run (see section 4.3.4, page 95), which followed the filter 
being washed with acid to remove an algal growth. The final ‘soft water’ 
result in Figure 35 was the first result which saw a negative effect of 
ozone on this water, this result was confirmed with repeat runs. 
However, the results prior to this in Figure 35 are unreliable, as it is 
possible that they have also been affected by the acid wash.

1.00

+CaCI
20/09/01

+NaCI
21/09/01

+NaHC03
24/09/01

+NaHC03 +HCI 
27/09/01

Soft Water 
28/09/01

■  Particle Count 0.37 0.01 0.79 0.83 -1.19
nTurbidity -0.10 -0.08 0.18 -0.11 -0.12

Figure 35: Effect of calcium and bicarbonate addition on apparent log removal

(runs 43-53)

4.4.3. Concentration Range Trials
The initial trials were repeated using 0.5, 1 and 1.5 times the mass of 
chemicals added in the initial trials above (Figure 36), and again the pH of
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the water was adjusted to that of the raw water, by the addition of less 
than 5 mt of 1 N hydrochloric acid per litre raw water.

0.6

0.4I

i
0.21
0.0

1 -0.221 -0.4

! -0.6
c

-0.8

-1.0

-1.2

■  Particle Count 
□Turbidity

Soft
Water

27/11/01

+0.5
CaCI2

29/11/01

+1.0
CaCI2

28/11/01

+1.5
CaCI2

30/11/01

+0.5
NaCI

06/12/01

+1.0
NaCI

05/12/01

+1.5
NaCI

07/12/01

+0.5
NaHC03
12/12/01

+1.0
NaHCOS
11/12/01

+1.5
NaHC03
13/12/01

Soft
Water

14/12/01
•1.06 -0.09 -0.07 -0.58 -0.29 -0.28 -0.17 0.02 0.25 0.38 -0.14
-0.47 -0.28 -0.23 -0.20 -0.65 -0.46 -0.44 -0.32 -0.04 -0.19 -0.43

Figure 36: Effect of calcium and bicarbonate addition on apparent log removal

(runs 81-102)

Calcium chloride gave a benefit over the sodium chloride controls in two 
out of three trials in terms of particle count and in all three in terms of 
turbidity, although an enhancement in particle removal was not achieved 
with ozonation. However, it was seen that the addition of sodium 
bicarbonate resulted in the revival of ozone’s beneficial effect on apparent 
log particle removal. This gave a strong indication that bicarbonate is 
required in order for ozone-enhanced particle removal to take place.

4.5. Bicarbonate Model Water Trials

4.5.1. Purpose of Trials
In order to investigate further the effect of bicarbonate, under more 
controlled conditions, a series of trials were conducted using synthetic 
model waters based on the hard water quality. This enabled trials to be
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conducted on waters free of bicarbonate and on waters with precisely 
specified bicarbonate concentrations.

4.5.2. Foundational Work
Initially a final batch of hard, high alkalinity water from the River Thames 
(Egham) was taken for more detailed characterisation in order to 
determine the required constituents of a model water (Batch 7, Winter in 
Table 1).

Table 1: River Thames water characterisation

Batch 4 Batch 7

Summer Winter

pH 8.2 8.1

Hardness

Total 276 mg f 1 as C aC 03 302 mg f 1 as C aC 03

Calcium 267 mg f 1 as C aC 03 281 mg f 1 as C aC 03

Alkalinity

Total 264 mg f 1 as CaCO ^ 235 mg f 1 as C aC 03

Phenolphthalein - 0 mg f 1 as C aC 03

Conductivity 596 mS cm'1 676 mS cm'1

Particle count

total £2 pm 9846 m r1 5579 m f1

2-3 pm 2136 m f1 1837 m f1

3-5 pm 148 mr1 769 m f1

5-7 pm 169 m f1 604 mr1

7-10 pm 384 m f1 846 m f1

10-15 pm 643 mr1 583 mr1

15-20 pm 1230 mr1 361 mr1
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20-25 pm 3134 m r1 485 m r1

£25 pm 2001 m f1 93 m r1

Turbidity 9.95 NTU 2.25 NTU

Solids

Total - 545.0 mg f 1

Suspended - 6.1 m g f1

Dissolved - 538.9 mg f 1

TOC 5.6 mg f 1 3.9 mg f 1

Dissolved Aluminium 0.07 mg f 1 0.03 mg f 1

True Colour 8.12 Hazen 21 Hazen

UV254 10.32 AU rn 1 7.2 AU m'1

Chlorophyll-a - 0.63 pg f 1

Phaeophytin-a - 1.42 pg f 1

TBatch 4 alkalinity was determined by North Surrey Water

In order to determine the optimum coagulation conditions for the model 
waters, jar tests were conducted. A calcium-free water (MiliQ water 
containing 0.036 g bentonite r 1, 0.25 g sodium bicarbonate C1, 0.18 g 
sodium chloride r 1 and 0.01 g Suwannee River natural organic matter f 1) 
was initially produced in order to determine whether ozone-enhanced 
particle removal could occur in the absence of calcium, however it was 
found that acceptable coagulation could not be attained in jar tests with 
no calcium hence all subsequent model waters included calcium.

It had been possible to make up calcium-free waters by washing each 
component into a standard flask with MilliQ water and making the flask up 
to its total volume once all components had been added. When calcium 
was added in the form of calcium chloride dihydrate, however, this led to 
the formation of a white precipitate (presumed to be calcium carbonate). 
Making up the standard flasks to 90%  of their total volume prior to
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calcium addition and fully dissolving and diluting the bicarbonate source 
prior to its addition rectified this difficulty (see section 3.5.1.5, page 79).

Once a suitable method of model water manufacture had been 
determined, further jar tests were conducted and trials commenced in the 
experimental reactor. Early trials, using waters based predominantly on 
the characteristics of the ‘Batch 4, Summer’ water in Table 1, led to 
unsatisfactory coagulation and filtration in both the ozonated and aerated 
runs, thought to be due to filter overload. The trials were repeated with 
half the Suwannee River Natural Organic Matter concentration and later 
half the Bentonite concentration. Finally a model water based on the 
hardness, alkalinity dissolved organic carbon concentration, conductivity, 
turbidity, and pH characteristics of the ‘Batch 7, Winter’ water in Table 1 
was selected as an acceptable basis for subsequent experiments.

Further difficulties were found regarding the timing of experimental runs. 
Runs 131 and 132, for example, found an increase in apparent log 
removal with ozone of 0.75 whereas runs 133 and 134, conducted in an 
identical manner but except for the aerated run being conducted first, 
found an increase in apparent log removal with ozone of -0.76. Initially it 
was postulated that the experiment outcomes were dependent on the run 
order, with the first run of the day giving the best particle removal. 
Further inspection of the results (Figure 37) however indicates that the 
aerated runs 132 and 133 are in good agreement. The only other notable 
difference was that the apparatus was unused for two days prior to run 
131 whereas it was used the day before run 133.
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F ig u re  37: T o ta l p a rtic le  c o u n t (> 2 p m ) w ith  t im e  -  e ffe c t o f run  tim e  on filtra tio n

(runs 131-134)

A series of tria ls  w ere  conducted  (F igure 38) w hich proved tha t the de lay 

prior to the run w as the s ign ifican t fac to r as opposed to  the o rder in w hich 

each tr ia l’s runs w ere conducted. In F igure 38, the firs t run conducted  on 

30 /03 /2002, run 135, behaves in the  sam e w ay as run 134 ana 137 w hich 

w ere the second runs conducted  on 29 /03 /2002 and 03 /03 /2002 

respective ly. How ever, runs 131 and 136, conducted  on 28 /03 /2002 and 

03 /04 /2002 a fte r 2 and 3 days o f rig inactiv ity  respective ly, do not show  
the sam e breakthrough curve as the o ther runs.
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F ig u re  38: T o ta l p a rtic le  c o u n t (> 2 p m ) w ith  tim e  -  e ffe c t o f run  tim e  on filtra tio n

(runs 131, 134-137)

It w as postu la ted  tha t the lack o f filte r b reakthrough seen in runs fo llow ing 

a period o f rig inactiv ity  w as due to the filte r dry ing out. Th is w as tested 

by leaving the filte r subm erged in M illiQ  w ate r for a tw o w eek period and 

then repeating the experim ent used in runs 134-137, etc. R ather than 

im proving the filte rs recovery, how ever, th is appeared to  m ake it w orse  as 
it took fou r filte r runs be fore  it re turned to  the norm al s itua tion (F igure 39).
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F ig u re  39: T o ta l p a rtic le  c o u n t (> 2 g m ) w ith  tim e  -  f i l te r  re c o v e ry  fo llo w in g  w a s h in g

(runs 142-143, 145)

The result o f these find ings w as tha t all fu ture  tria ls w ere  conducted  e ither 

on a continuous day to day basis, or fo llow ing  a dum m y run to  prim e the 

system . All p rev ious model w ate r resu lts taken a fte r a b reak of m ore than 

one day w ere a lso d isregarded. A na lys is  o f natural w a te r repeatab ility  
tria ls  show ed tha t th is  w as not necessary in these cases.

4 .5 .3 . pH R ange T ria ls
Follow ing early tria ls  w ith  an a lum in ium  su lphate  coagu lan t dose of 1.0 
mg Al f 1 and a ta rge t coagu la tion  pH of 6.6, found by s tep-w ise ja r tests, 

an optim um  coagu la tion  pH of 6.1 w ith a coagu lan t dose o f 0.8 mg A l f 1 

w as de term ined by m eans of a full m atrix ja r  test. These  va lues w ere  

subsequently  used throughout, a long w ith  the 60 second, m axim um  

curren t, app lied ozone dose used in the natural w a te r tria ls.

Due to the  lack of pH buffe ring in b ica rbona te -free  w ate rs, accura te  pH 

ad justm ent of the raw  m odel w a te rs w as im possib le . T ria ls  w ere  

the re fo re  conducted  at a range of raw  w a te r pH ’s and the pH series w ith 

and w ithou t b icarbonate  w ere  com pared (Tab le 2 and F igure 40).
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Table 2 : Composition of synthetic model waters

Measured raw water pH (1st trial) 

Measured raw water pH (2nd trial)

6.0* 6.1*

6.6*

7.3* ~ 7 W

7.9*

10.4*

10.6*

Bentonite mg r 1 13 13 13 13 13

NaCI mg r 1 6.2 134.3 128 38 97

CaCI.2H20 mg r 1 345 345 345 345 345

0.1 M NaOH m if 1 0 0.317 0.634 0 5.7

N aH C 03 mg r 1 197 0 0 197 0

1 M HCI m tr1 1.6 0 0 0 0

Suwannee River NOM mg r 1 2.3 2.3 2.3 2.3 2.3

*early trials were coagulated with 1.0 mg Al r 1 at a coagulation pH of 6.6 
^subsequent trials were coagulated with 0.8 mg Al r 1 at a coagulation pH 
of 6.1

1.0 T

0.5

f i - 1.0

B 197 mglt Sodium Bicarbonate - Particle Count 
□  197 mg/t Sodium Bicarbonate - Turbidity 
• 0  mgft Sodium Bicarbonate • Particle Count 
0 0  mg/t Sodium Bicarbonate • Turbidity______

□

H---- .---- -----“  ---- h
7 .  8

O
H -------- ■---------1--------.-------- .--------1-------- .-------- r-

9 10 o 11

o
e

-1.5

- 2.0 1 Raw Water pH

Figure 40: Effect of sodium bicarbonate concentration on apparent log removal 

with pH (runs 123-126 ,133-134 ,138-141 ,146-149 ,157-158)
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Figure 40 indicates that at all pH values ozone has a beneficial effect on 
particle removal in the presence of bicarbonate and a negative effect in 
its absence. This provides further evidence that the presence of 
bicarbonate is required in order for ozone-enhanced particle removal to 
occur and that the absence of bicarbonate gives rise to a negative effect 
of ozone on particle removal. Additionally they indicate that the pH value 
of the water at the time of ozonation is also significant, with the lowest pH 
value giving the most positive particle removal with ozone.

4.6. Tertiary-Butanol Model Water Trials

4.6.1. Purpose of Trials
From these results it was necessary to determine why bicarbonate should 
be required in order for ozone to have a beneficial effect on particle 
removal. Since bicarbonate is known to act as a hydroxyl radical 
scavenger, trials were conducted with an alternative hydroxyl radical 
scavenger (tertiary-butanol) in place of bicarbonate.

4.6.2. Hydroxyl Radical Scavenger Experimentation
Experiments were carried out using the same model water composition 
as the pH 6.1 synthetic model water trial above (Table 2), but with the 
addition of 5 and 50 mg r 1 t-butanol. Figure 41 shows the comparison 
between 0 and 5 mg f 1 t-butanol. Although this concentration was lower 
than the bicarbonate concentration in molar terms (67.6 pM t-butanol, 
compared to 2.35 mM bicarbonate), the much greater reactivity of t- 
butanol should provide a comparable, scavenging effect; the reaction rate 
constants of bicarbonate and t-butanol with hydroxyl radicals are, 8.5x106 
M'V1 (Acero and von Gunten, 2000) and 5x108 M 'V1 (Langlais et al., 
1991), respectively.
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Figure 41: Effect of t-butanol concentration on apparent log removal (runs 138-139, 
155-156)

Figure 41 demonstrates that the addition of t-butanol led to a positive 
effect of ozone on particle removal. Moreover, 5 mg f 1 t-butanol gave a 
similar improvement in the apparent log removal to that observed with 
197 mg f 1 N aH C 03 (Figure 40). These results support the hypothesis of 
hydroxyl radical scavenging by bicarbonate.

Trials, using 50 mg f 1 t-butanol, led to an increase in apparent log particle 
removal with ozone of 0.03 and a decrease in apparent log turbidity 
removal with ozone of 0.27. This reduction in benefit could be due to an 
excessive consumption of ozone by the large overdose of radical 
scavengers.

4.7. Conclusions
Ozone was seen to have a positive effect on coagulation and filtration, 
with respect to particle removal, under certain circumstances. In trials 
where ozone dose was varied it was seen that the maximal positive effect 
was obtained with relatively low amounts of ozone.

107



Ozone gave a positive effect with samples of a hard, high alkalinity, water 
(Egham) but negative effects with samples of a soft, low alkalinity, water 
(Frankley). The addition of sodium bicarbonate to the soft, low alkalinity, 
water led to a reversal of the negative effect of ozone, whereas negative 
effects were still seen with the addition of calcium chloride and sodium 
chloride. As such it was hypothesised that bicarbonate plays a critical 
role in ozone-enhanced particle removal.

This theory was strengthened by the results of trials conducted using 
synthetic model waters, here a positive effect of ozone was seen with 
waters containing bicarbonate, whereas a negative effect was seen with 
bicarbonate-free waters. Additionally these trials indicated that the pH 
value of the ozonated water also plays a role in ozone-enhanced particle 
removal. Lower pH values gave rise to more positive effects of ozone.

The possibility that bicarbonate facilitates ozone-enhanced particle 
removal by acting as a hydroxyl radical scavenger was investigated by 
conducting model water trials with tertiary-butanol (another hydroxyl 
radical scavenger). It was concluded that this is the case, as positive 
effects were seen with ozone in the presence of tertiary-butanol, but 
negative effects were seen in its absence.

108



5.

5.1. Introduction
While a large body of work exists on the mechanisms of ozone-enhanced 
particle removal at the molecular scale and a great amount of evidence is 
available showing the cause and effect at laboratory, pilot and full scale, 
little work has been conducted to date looking at ozone’s effect on floe 
morphology. Further to an investigation of the molecular requirements of 
ozone-enhanced particle removal based on the effects of ozone on 
coagulated and filtered water quality detailed in the previous chapter, this 
chapter will focus on the effects of ozone on coagulation at the floe and 
particle scale.

5.2. Floe Analysis

5.2.1. Photometric Dispersion
It was hoped that analysis of photometric dispersion using the PDA2000 
would give insight into the coagulation process. However, the data 
recorded by the data logging system appeared to be masked by 
excessive levels of noise; hence no useful results could be determined 
within the available time.

5.2.2. Floe Settling
It was determined in section 4.3.2 (page 88) that the ‘parabolic curve’, an 
experimental artefact seen in coagulated runs, is due to an increase in 
the concentration of particles in the lower levels of the reactor inventory 
due to floe settling. As the reactor inventory is drained from its lowest 
point through the filter, the settling floes were thought to lead to a  filter 
breakthrough with lower effluent water quality. Following this, the clarified 
supernatant is filtered, leading to an improvement in effluent water quality 
at the end of the filter run. This was demonstrated by the flat line filtrate 
water quality in runs with no coagulation as compared with the 'parabolic 
curve* seen in well-coagulated runs.

Effect of Ozone on Coagulation
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The logical conc lusion of th is a rgum ent is tha t runs w ith a m ore 

pronounced ‘parabo lic  cu rve ’ m ust have a h igher degree of se ttling than 
those  w ith  m ore subtle  curves. F igure 42 the re fo re  suggests tha t g rea ter 
settling m ay be occurring  in ozonated runs than in aera ted ones.

F ig u re  4 2 : T o ta l p a rtic le  c o u n t (> 2 p m ) w ith  tim e  (runs 33-38)

The se ttling  rate of unh indered floes is g iven by the ir te rm ina l ve loc ity ; the 

po in t a t w h ich upw ard and dow nw ard  fo rces ba lance (G regory and Zabel, 

1990):

fd =  fg - f b E q u a tio n 3

W here  fd, fg and fb represen t the fo rces of drag, grav ity and buoyancy 

respective ly. The drag fo rce  is de fined as:

C DU fpA Equation 4

W here Co

Ut

P

A

drag coeffic ien t 

se ttling ve loc ity  

m ass density  of liquid

pro jected  a rea  of partic le  in d irec tion  of flow
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The opposing forces of gravity and buoyancy are the products of mass 
and acceleration:

fg -fb = Vg(ps - p )

Where v  = effective volume of particle

Equation 5

9 = acceleration due to gravity

Ps = density of the particle 

Combining these gives:

12g(ps -p )v
V °DpA Equation 6

Hence, assuming gravity and liquid density stay constant, it is seen that 
greater floe settling rates can result from increasing particle density or 
decreasing drag coefficient. Floe dimensions are also of critical 
importance, since larger floes are more voluminous, but conversely may 
have a larger projected area causing drag.

The drag coefficient of a particle is dependent on flow regime and particle 
shape. For spherical particles it is dependent only on Reynolds number 
and as such adds no new parameters to Equation 6 other than flow 
regime. Particle shape is very difficult to define for floes; however it is a  
significant contributory factor to their terminal velocities.
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5.2.3. Settlement Test
To avoid the complexities of determining these parameters, a direct 
comparison of the settling rates of ozonated and aerated floes was 
attempted.

The standard ozonated method (section 3.4.2, page 68) was followed, 
using a hard, high alkalinity, lowland water (Egham). However, at the 
point where the reactor inventory would normally be sent to the filter, it 
was instead drained under gravity into a 1 t  borosilicate glass measuring 
cylinder and a 1 1 glass Imhoff cone.

Unfortunately, during transfer to the settlement vessels, all floes were 
disrupted leaving the water completely clear of visible floes. After leaving 
the water to stand for 2.5 hours, floes started to redevelop. After 24 
hours a final settled volume of 1.5 mt was noted, but during this time no 
reproducible settling rate measurements could be taken.

This form of experimentation was abandoned due to there being no 
available means of obtaining any measure of settling rates without floe 
disruption.

5.2.4. Visual Floe Analysis
The difficulties of floe disruption, upon removal of a test sample for 
analysis, made it unlikely that other forms of physical floe examination 
would be able to generate useful data using the chosen methodology. 
While further work using other approaches, such as conducting, for 
example, the ozonation and coagulation of water within a settlement 
apparatus, is recommended, the ViPA Visual Particle Analysis apparatus 
appeared to give a visual representation of internal floe structure (Figure 
43) and was investigated in this study.
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F ig u re  43: S im u la te d  fre e z e  fra m e  fro m  V iP A  (c o m p o s ite  o f in p u t fra m e  fo r  

a n a ly s is , o u tp u t s c re e n  s h o t a n d  a m a n u fa c tu re d  s c a le d  s u rro u n d )

Here the w hite  areas are those tha t the V iPA  has identified as ‘pa rtic les ’ , 

the b lack areas are those  w h ich  have been re jected by the V iP A ’s 

a lgorithm , the greysca le  im age is the rem ain ing p ic tu re  actua lly  seen by 

the V iP A ’s cam era  and the surround ing scale w as draw n up by the au thor 
at the p ixel scale, num bered every 100 pixels. C a lib ra tion of the V iPA by 

Jorin  de term ined the length convers ion  facto r to be 0 .8462 m icrons per 

pixel.

In F igure 43 the represen ta tion  of a floe is c lear; in addition to the 
togethe rness of the w hite  areas, the dark c loud in the greysca le  im age 

surround ing th is  area ind icates tha t w ha t Is be ing v iew ed is a s ing le floe. 

V iew ing a num ber of these floes m ade it c lea r tha t the  V iP A  w as 

identify ing the constituent partic les w ith in  a floe in tersecting its focal 

plane. Th is w as confirm ed by stopp ing the  flow  such tha t a s ing le floe 

cou ld  s low ly traverse pe rpend icu la r to  the V iP A ’s focal plane.

W ork w as sta rted to  de term ine w ha t w ou ld  be requ ired in o rder to exp lo it 

th is fea ture  of the V iP A ’s ana lys is such that m orpholog ica l in fo rm ation  on
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floes could be gained. While morphological information gleaned from a 
random slice through a random cluster would be of no great significance 
in itself, information on an average slice taken across an increasing 
number of clusters under the same conditions would be of increasing 
significance. This average would approach the mean planar morphology 
within a three-dimensional cluster (model floe).

5.3. Floe Characterisation Algorithm

5.3.1. Cluster Definition
It was initially clear that any application of the Jorin ViPA would need to 
work within the limits of the ViPA’s focal plane and approximate any 
particles within this as objects on a two dimensional slice. From here it 
was assumed that the ViPA’s software could be modified such that it 
could give the x and y coordinates of the centre of gravity of each particle.

In this discussion a particle is defined as any of the individual objects 
identified as such by the ViPA (as indicated in white in Figure 43). Ten 
frames -  frozen images -  are analysed by the ViPA each second. Each 
of these frames will contain 0 ,1  or more particles which, for the purposes 
of this analysis, shall be approximated as points of zero area,around their 
visually calculated centre of gravity.

These particles may be individual entities, or, in relationship with others 
within a floe. One approximation that could be made is that all the 
particles in any given frame are within a single floe. However certain 
infrequent screen shots showing more than two apparently unrelated 
floes in the same frame indicated that this is not always the case. It was 
therefore necessary to develop a methodology to determine which 
particles in each frame belong to which, if any, floe.

It is important to note that Figure 43 is a  simulated freeze frame, 
composed by the author from an actual input bitmap frame that would be 
analysed by the ViPA’s software; an output screen shot given 
momentarily by the ViPA to show which particles it is analysing; and a 
computer drawn scale. Due to the size and number of bitmaps analysed
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by the Vi PA it was unable to store these files, instead it analysed them 
mathematically and stored numerical information only on the particles it 
saw, as such all of the background information is lost and analysis must 
be conducted on the basis of particle location only.

In order to differentiate between actual and theoretical particle groupings 
theoretical collections of particles shall henceforth be referred to as 
clusters, a cluster being a collection of one or more particles as recorded 
by the John Vi PA.

The main question arising from this was how to define clusters so that 
they correspond most closely to the actual particle collections in real 
floes. Since physical location is the only data that can be used, particle 
proximity is the obvious parameter for comparison. The distance 
between two particles was determined by means of Pythagoras theorem:

Once the particles’ proximity to each other has been calculated it is 
necessary to determine which particles are related within the floe. This 
could be done by clustering the closest particles in each frame for a  set 
number of particles. A more theoretically defensible method would be to 
cluster all the particles that come within a  certain proximity of each other. 
This maximum separation could be calculated as a percentage of the 
average or maximum distance between any of the particles in a  given 
frame or run. Alternatively, the distances between each pair of particles 
could be ranked and the distance following the largest Increase in 
distances could be taken as the maximum separation. More repeatably, 
a fixed maximum separation could be theoretically or empirically defined.

Figure 44: Calculation of distance between two particles

Equation 7
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5.3.2. Cluster Analysis
Once a means of defining clusters was determined the next question was 
how to analyse these clusters morphologically. Since one of the main 
parameters of interest is floe density, a pseudo-density value could be 
determined by taking the number of particles per unit area. The number 
of particles in each cluster can be easily determined. The cluster area is 
more difficult to define. While it would be theoretically possible to define 
the area by taking a perimeter around the outermost particles (ABDFE of 
cluster ABCDEF in Figure 45) this technique would lead to zero area -  
hence infinite density -  for lone particles (G in Figure 45) and two particle 
clusters (HI in Figure 45). There is also the additional question of which 
particles to select in defining the floe perimeter (should cluster ABCDEF 
in Figure 45 have a smaller area by including particle C in its perimeter 
definition?). Finally, computing the area of these clusters is likely to be 
computationally expensive and difficult to code.

Figure 45: Cluster area defined by perimeter particle locations

A less complex means of determining area would be to take a circle, or 
other regular shape, encompassing all the particles -  or a certain 
proportion, percentile or standard deviation thereof. The clearest 
definition would be to take a circle with its centre at the centre of gravity 
of the cluster and its circumference passing through the outermost 
particle (Figure 46).

©
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Figure 46: Cluster area defined by circle with centre at centre of gravity and 

circumference passing through outmost particle

One major drawback with this method is that a tightly clustered, yet drawn 
out, filamentous floe would be identified as having the same pseudo
density as a spherical, highly dispersed floe with the same number of 
particles and the same centre-extremity radius.

Setting aside the pseudo-density method, another means of looking at 
how tightly bound a floe is would be to look at the distances between 
particles within the floe. This method also has a physical basis as it could 
theoretically give an idea of the strength of bonds between particles 
bound by electrostatic attraction. In Figure 47 a nearest neighbour 
approach is taken whereby the distance of each particle and its nearest 
neighbour is taken.
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Figure 47: Cluster Inter-particle distance by nearest neighbour

Here there are N-1 relationships between particles in a floe containing N 
particles. As such the nearest neighbour average inter-particle distance 
within a floe will be defined as:

n=*l-1

____  Z d n,n+1

diPnn= n̂ j _ 1 Equations

A more easily programmed means of obtaining an average inter-particle 
distance would be to use the distances between every particle in the floe 
rather than just the nearest neighbour particles (Figure 48):

©KD

Figure 48: Cluster inter-particle distance Involving all particles
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N iN -1 )Here there are —L- — - distinct relationships between N particles; hence

the average inter-particle distance is defined as:

i=N j=N_2SsdM
Equations

The nearest neighbour average inter-particle distance should increase 
with decreasing floe density. However, the average inter-particle distance 
(based on all particles) is also a function of floe volume, since a larger 
floe, of the same density will increase the average inter-particle distance 
by adding the large distances between particles on extreme sides of the 
floe. This means of floe characterisation was, however, chosen for 
development. Developing a computational decision process to select 
nearest neighbour particles in more than one dimension was determined 
to be beyond the scope of this study.

5.3.3. Distributed Server Network Design
Clustering algorithms have been used in network design for some time. 
Work conducted by Stacey (Stacey, 2000) was therefore taken as the 
starting point of the development of a particle clustering software 
application.

The problem of where to locate facilities is one that has, for commercial 
reasons, been considered in depth by researchers in a number of 
different fields. The logistics of where to position distribution centres and 
warehouses in networks of shops; where best to build railway stations 
and other public amenities; where to locate telephone exchanges and 
how to interconnect computers are all examples.

In computer network design, distributed server networks are ones in 
which a number of clients (Figure 49) are served in an access network by 
a series of interconnected servers in a backbone network (Figure 50).
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Figure 49: Set of non-networked client nodes

Figure 50: Client nodes (circles) networked vis strstegicslly located servers 

(squares) using inter-server (double lines) and client-server (single lines) 

networks -  adapted from (Stacey, 2000)

In systems where a  new network is to be designed, the Jocations of 
existing clients are known along with the volume of traffic they will 
generate. Various algorithms can be used to determine the optimal 
location of servers to serve these clients. One such algorithm is the node 
clustering approach (Stacey, 2000).

In general Stacey categorised existing node clustering algorithms into two 
main groups: those in which the algorithm determines the number of 
clusters and those in which the final number of clusters is preset.

In the first group the algorithm generally works by starting with each node 
as individual clusters of one. The ‘gravity’ or ‘puli' between the clusters is 
then determined and the closest two clusters are joined into a single 
cluster, located at the centre of mass of the two, with a new gravity equal 
to the sum of its constituent dusters’ gravities. This process is then 
repeated until no more clusters can be joined together. In order to stop
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all the clusters from collapsing into a  single cluster a maximum cluster 
size is usually set.

In the second group a set number of clusters are developed by selecting 
that number of ‘seed’ or ‘root’ nodes and building the clusters from these 
points. While this, at first, appears to force an arbitrary number of 
clusters on a system, a meta-heuristic can iterate through all possible 
numbers of clusters and determine the optimal solution by the 
minimisation of a cost (or similar) function.

In his work Stacey selected the second method as the most appropriate 
to solve the distributed network server problem as it allowed the algorithm 
to determine the optimal cluster size without arbitrary restraints. His final 
solution was a procedure which allocated nodes to a given number of 
clusters nested within a loop that identified the optimum number of 
clusters.

In developing a floe characterisation algorithm, much further conceptual 
work was conducted by the author, moving marbles around on surfaces, 
to determine how different clustering algorithms would handle different 
scenarios. These deliberations concluded that the floe characterisation 
problem is similar to the distributed server network problem only in as 
much as each solution starts with a number of individual nodes (particles) 
that require grouping into clusters. Beyond this there are many 
differences: no server or hub location is required and it is not necessary 
to deal with network traffic or cost. This final point makes the floe 
characterisation problem, in some respects, more difficult as there is no 
function that can be minimised in order to determine an optimal solution. 
The problem is purely spatial and attempts to obtain an accurate 
representation of actual floes rather than a mathematically optimised 
solution of a theoretical design. This means that the second method 
described above - in which a  meta-heuristic determines the optimum 
number of clusters while iterating through all possibilities -  is inapplicable 
as, without some form of cost function, no optimal solution can be 
defined.
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A further problem was ascertained during conceptual work with marbles: 
if two clusters are collapsed onto a single point at their centre of mass 
then particle locations for the next calculation will be altered. An example 
of this is given in Figure 51.

©  ®

®
Figure 51: Cluster definition error due to collapsing particles onto midpoint 
location

Particle A in Figure 51 is closest to particle B, and next closest to particle 
C. Particles A and B are initially collapsed onto the location AB at their 
midpoint. This, however, means that particle C is no longer the next 
closest and AB will therefore be united with D instead. This example 
initially appears trivial; however, one could envisage a scenario in which 
there were a number of further particles above particle C in Figure 51, the 
whole system representing a floe. The initial removal of particle A from its 
original location could lead to two clusters being formed which dragged 
outlying particles towards their centres, hence dividing a single floe into 
two separate clusters. A clustering method which left each particle at its 
original location was therefore determined.

The use of different gravities for different particles was also 
contemplated, making the model more complex by integrating some 
parameter like particle mass -  equivalent to network traffic in the 
distributed server network design problem. Only certain forms of particle- 
particle bonds within floes would be strengthened with increasing particle
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mass, however, so with no data on the actual bonds it would be difficult to 
justify the addition of such an assumption. The particles were therefore 
treated as point masses.

5.3.4. Algorithm
For each frame, the final algorithm would create an exhaustive ranked list 
of inter-particle distances. It would then work through this list 
systematically, merging all particles and clusters of particles, falling within 
a predefined maximum inter-particle separation, into larger clusters. 
Finally it would calculate the average inter-particle distance for each 
cluster and output this along with the number of particles in the cluster 
and the time and number of the frame.

Figure 52 demonstrates how the clusters in Figure 48 were built:

Figure 52: Cluster build-up In order of inter-particle distance

In Figure 52 all particles would initially be considered separate and the 
distances between each possible pair of particles would be calculated 
and these pairs ranked in a list. As the closest pair (1), particles C and D 
would first be merged into cluster CD, as next closest pairs (2 & 3) H and 
I then A and B would be merged into clusters HI and AB respectively. 
The next closest pair is B and C (4), as both of these particles are already 
in clusters the clusters AB and CD would then be united to form cluster 
CDAB. The next closest pair is B and D (5), but since B and D are in the 
same cluster CDAB no action is required. E and F (6) merge next into a
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new cluster EF which is finally joined to CDAB to form CDABEF, since C 
and E (7) is the next closest pair. If the maximum inter-particle 
separation has, in this case, been set as the distance between C and E, 
then no further merges are possible and, upon analysing the next 
greatest distance, between D and E, the algorithm moves on to determine 
and report the average inter-particle distances of clusters CDABEF, HI 
and G, as defined in Figure 48.

5.4. Program Development

5.4.1. ViPA Modification
In order for any floe characterisation algorithm to work it was initially 
necessary to modify the software of the Jorin ViPA such that the 
Cartesian co-ordinates were logged for further analysis. Such 
modifications were specified by the author, executed by Jorin Ltd and 
financed by Atkins Fulford Ltd. In addition to the Cartesian co-ordinates 
an ‘optical density’ parameter was also added at this time which gave a 
measure of the opacity of each particle. The modified software was 
available for implementation prior to run 127.

5.4.2. Code
With regard to the coding of the algorithm, it was initially assumed that 
the author would code all the script in C from scratch. However the code 
from Stacey (2000) still existed and included a number of subroutines 
which would be required for the final program. It was therefore decided 
that, since the novel aspect of the work was the algorithm and its 
application to floe characterisation, the code from Stacey (2000) could be 
reused and adapted to suit.

Further to this, Chris Stacey offered to modify the code himself to execute 
an algorithm provided by the author. This algorithm is expressed in 
Pseudo-Code form in Appendix B, section 12.

124



5.5. Results

5.5.1. Trials involved
The modified Jorin ViPA software was available for use in runs 127-158 
and 161-162, covering the majority of the model water trials, but no trials 
using raw water. This range includes a total of twelve run-pair trials, 
however only six of these were suitable for comparison as three had 
excessive delays prior to the initial run making the pair incomparable 
(detailed in section 4.5.2, page 99), two were disqualified due to 
mismatched pH adjustment and one due to ViPA data loss.

5.5.2. Maximum Inter-Particle Separation
A series of 20 images were selected from hundreds of viewed freeze 
frames. These were processed (as per Figure 43) using Corel Photo- 
Paint (version 8.232) to superimpose ViPA output screen shots over the 
input bitmap frame -  as analysed by the ViPA’s software -  and a 
computer drawn scale surround.

The locations of critical particles within floes (identified by the grey blur 
surrounding the white ViPA-identified particles) were read off the 
surrounding scale and the inter-particle distances were calculated using 
Pythagoras theorem. From this it was calculated that the maximum 
distance between two adjacent particles in the same floe was 100 pm. 
This value was considered to be the smallest value of the maximum inter
particle distance as, with a relatively small sample of images, it is likely 
that floes may occur with larger maximum inter-particle distances in other 
circumstances.

By the same method the distance of closest approach of two particles 
from separate floes was calculated to be 200 pm and that of two discrete 
particles to be 150 pm. 150 pm was selected as the maximum inter
particle distance used to generate examples in this chapter, although 
analysis was conducted at 100, 125, 150, 200, 250, 300, 500 and 1000 
pm for comparison and at the programs default of 0.25 times the mean
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in te r-partic le  d is tance for each fram e. T h is  com parison is de ta iled in 
section 5.5.6, page 131.

5.5 .3 . R aw  O utpu t
Since the V iPA  ana lyses ten fram es per second and each of these 

fram es m ay conta in  m ore than one floe or ind iv idua l partic le , the da ta  files 
for com parison ranged from  27,000 to 38 ,000 clusters inc lud ing s ing le 
partic le  clusters. F igure 53 illustra tes the com parison of a tria l w ith  29203 

such clusters in the ozonated run and 34280 in the aerated.

F ig u re  5 3 : A v e ra g e  in te r -p a rtic le  d is ta n c e  w ith  t im e  (runs 1 53 -15 4 )

A num ber of p rob lem s ex ist w ith th is  ana lysis. M ost obviously it is d ifficu lt 

to assess any m ajor trends w ith  th is large num ber of partic les. M icrosoft 

Excel 2002 is a lso on ly capab le  of p lo tting 32000 da ta  po in ts in any one 

series; hence the ae ra ted  series had to be sp lit in tw o fo r graphing . 

F ina lly F igure 53 is apparen tly  p redom inantly  blue, it w ou ld  appear from  

th is tha t the aera ted  run had m uch m ore than the actua l 17%  extra  

c lusters than the ozonated run. P lotting the chart in a  d iffe ren t o rder 

(F igure 54) revea ls tha t th is  is not the case:
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F ig u re  54: A v e ra g e  in te r-p a rtic le  d is ta n c e  w ith  t im e  (runs 153 -154 )

W hile  a com parison of F igure 53 and Figure 54 on ly ru les out visual 

com parison of the raw  data, all but the m ost basic ana lys is w as ru led out 
using M icrosoft Excel as the da ta  size w as unm anageable .

A fu rthe r lim ita tion of the system  is suggested  by the apparent shou lder in 

the average in te r-partic le  d is tance prio r to  coagu la tion  in F igure 53 and 

F igure 54. The m ajority  o f da ta  po in ts appear to c luster around and 

be low  an average in ter-partic le  d is tance of 300 pm, w ith m uch few er data 
po ints in excess o f 300 pm. 300 pm co rresponds w ith  254 p ixe ls in 

F igure 43. It is poss ib le  tha t the darken ing of the fram e seen in F igure 43 

around and above 250 pixels, due to uneven illum ination, has led to a 
narrow ing of the  effective  area  fo r analysis.

5 .5 .4 . T im e-S lice  A verag e
Prior to the c luster ana lys is w ork a s im ila r da ta  overload prob lem  had 

been encoun te red in a ttem pting to ana lyse  the  ou tpu t da ta  from  the Jorin 

V iPA. The prob lem  w as exacerba ted  here in tha t a m uch less pow erfu l 

PC w as being used to  ana lyse  the da ta  (a C eleron 266 M Hz B righ tw ate r 

System s IBM com patib le  w ith  128 M B RAM in com parison  w ith  a P ill 700 

M Hz IBM Th inkP ad T21 w ith 512 M B RAM and an AM D  1.8 G H z custom
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bu ilt IBM com patib le  w ith 768 M B RAM ). Using the B rightw ate r System s 

PC for raw Jorin  V iP A  data ana lysis in M icrosoft Excel 95 brought the 
system  to a near stand still.

A  C program  w as there fo re  deve loped by S teven King and the  author. 
Th is program  split the da ta  file by tim e into ten second b locs and 

ca lcu la ted  the geom etric  m ean and variance and the m edian, m in im um  
and m axim um  va lue for each bloc.

Th is program  w as adapted by the au thor to  be run on the Jorin V iPA  
outpu t files. O nce th is  w as done the file size becam e m uch m ore 

m anageable , enab ling ana lysis in M icrosoft Excel and subsequent v isual 
ana lys is (F igure 55):

00:00 00:30 01:00 01:30
Time (hh:mm)

F ig u re  5 5 : M ean  c lu s te r  a v e ra g e  in te r -p a rtic le  d is ta n c e  w ith  tim e  (runs 1 53 -15 4 )

The critica l section of F igure 55, w hen study ing  the e ffects of ozonation 

and coagu la tion  on floes is the ten m inute period of s low  m ixing bounded 

by the ‘S low  m ix’ and ‘C hange over’ even t lines. Here it is seen that 

ozonation leads to an increase in the m ean in te r-partic le  d is tance. The 

average over the  s low  m ixing period is 48 pm w ith  the ozonated run and 

41 pm w ith  the  aera ted run com pared w ith 44 and 43 pm respective ly  for 

the  raw  w ate r averages.
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5.5.5. Sector Averages
As with the analysis conducted in the previous chapter it would be 
beneficial if the analysis of each trial could be distilled into a single 
number for the purpose of comparison.

In the last chapter (section 4.2.3, page 84) the increase in apparent log 
removal of particles or turbidity was defined as:

Where N0 = influent water quality (particle count or turbidity)

N1 = effluent water quality (particle count or turbidity)

The same basis of comparison can be used here by taking the difference 
in ratios of the mean raw water average inter-particle distance to the 
mean coagulated water average inter-particle distance:

Where nil!® = number of average inter-particle distances between

times A and B 

t0 = start time

t^  = time of start of ozone or air sparge 

t ^  = time of start of slow mix 

tF = time of start of filtration

This gives us a measure of the effect of ozone on the ability of the 
oxidation-coagulation process to decrease the average spacing between 
particles. These results are compared with the increases in apparent log 
particle removal, seen in the previous chapter, in Figure 56:

Equation 10

Equation 11
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t-Butanol t-Butanoi Sodum Bicarbonate Sodum Bicarbonata Sodum Bicarbonate Sodum Bicarbonate
pH 6.6 pH 6.7 pH 6.0 pH 7.7 pH 6.1 pH 7.3

■ AIPD -0.054 -0.004 -0.027 -0.024 0.037 -0.001
□ PC/10 0.003 0.044 0.034 0.004 -0.005 -0.016

Figure 56: Effect of water type on log average inter-particle distance (AIPD) ratio 

and apparent log particle count (PC) removal -  increase in apparent log particle 
removal at one tenth scale (runs 138-141,146-149,153-156)

Figure 56 indicates that the trials in which a benefit in particle removal is 
seen -  those conducted on waters with a hydroxyl radical scavenger -  
see an increase in the average inter-particle distance (indicated by a 
decrease in the log parameter ratio) with ozone relative to air.

This runs contrary to the most obvious hypothesis that ozone might 
increase the settling rate of floes by increasing their density. It does not, 
however, rule out the possibility that floe density may be increasing with 
ozone as the average inter-particle distance can be affected by 
parameters other than density. A larger floe will, for example, have a 
larger average inter-particle distance than a smaller floe of the same 
particle density.
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Equation 6 in section 5.2.2 (page 109) indicates that, in addition to 
increasing floe density, increases in settling rates can also be brought 
about by an increase in floe volume or a decrease in drag coefficient -  
incorporating flow regime and floe shape -  or projected area. Of these, 
an increase in floe volume would definitely lead to an increase in average 
inter-particle distance.

As well as the possibility that ozone may increase the settling rate of floes 
by increasing their volume and mass, a volume increase should also lead 
to enhanced filtration, irrespective of settling.

5.5.6. Maximum Inter-Particle Separation Sensitivity
Section 5.5.2 (page 125) described the empirical method used to select a 
maximum inter-particle separation for analysis. Here it was seen that the 
minimum justifiable value was 100 pm, as smaller values than this would 
split actual floes seen in the calibration experiments in two. The distance 
of closest approach of two distinct floes was seen to be 200 pm and that 
of two distinct particles 150 pm.

Analysis using the particle clustering algorithm was actually conducted 
using maximum inter-particle separations of 100, 125, 15Q, 200, 250, 
300, 500 and 1000 pm and at the program’s default of 0.25 times the 
mean inter-particle distance for each frame.

For each of these, analysis was also conducted with the reporting of 
single particle clusters repressed. This analysis however led to 
inconsistent results and was not investigated further.

The range of maximum inter-particle distances covered 100 pm, the 
minimum value stated above, through to 1000 pm, at which stage all 
particles on any given frame would be clustered together due to the fact 
that the diagonal dimension of the 760 x 580 pixel frame was 809 pm. 
This analysis is summarised in Figure 57:
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Maximum Inter-Particle Separation /pm

F ig u re  57: E ffe c t o f m a x im u m  in te r-p a rtic le  s e p a ra tio n  on  log a v e ra g e  in te r

p a rtic le  d is ta n c e  ra tio  w ith  w a te r  ty p e  as  a p a ra m e te r  (runs 138-141, 146-149, 153- 
156)

Figure 57 ind icates that the genera l trend of hydroxyl radical scavenger 

free w a te r having g rea te r increases in log average in te r-partic le  d is tance 

ratio, hence g rea te r reductions in average in ter-partic le  d is tance over 

ox ida tion and coagu la tion  w ith ozone. Th is ind icates tha t the link 

be tw een a benefit in partic le  rem oval and an increase in the average 

in te r-partic le  d is tance w ith  ozone ind icated in F igure 56 is not on ly seen 

at a m axim um  in ter-partic le  separa tion of 150 pm.

There is how ever an a lm ost logarithm ic increase in the increase in log 

average in te r-partic le  d is tance ratio w ith  m axim um  in ter-partic le  
separa tion. Th is can be exp la ined by looking at the  raw  and coagu la ted  

com ponents of these ratios show n in Figure 58:
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F ig u re  58: E ffec t o f m a x im u m  in te r-p a rtic le  s e p a ra tio n  on  m ea n  a v e ra g e  in te r

p a rtic le  d is ta n c e  w ith  w a te r  ty p e  as  a p a ra m e te r  (runs 1 3 8 -1 4 1 ,1 4 6 -1 4 9 ,1 5 3 -1 5 6 )

In F igure 58, w here  all runs -  ozonated and aera ted  -  are averaged to 

rem ove the e ffect of ox idation, it is seen tha t the raw  w ate r average in te r

partic le  d is tance is m uch m ore sensitive than the coagu la ted  w ate r 

average in ter-partic le  d is tance to  the  m axim um  in ter-partic le  separa tion  

se lected.

The reason fo r th is is tha t the raw  w a te r’s partic les are m ore even ly 

d ispersed th roughout each fram e. It is poss ib le  tha t the re  w ill be m ore 

than one sm all c luster and a num ber of ind iv idua l partic les in any g iven 

fram e. A s such increasing the m axim um  in te r-partic le  separa tion  used in 

the ana lys is w ill d raw  m ore partic les into each cluster. T he  coagu la ted  

w ater, however, is m ore like ly to have all o f its partic les in one or tw o 

tigh tly  bound floes. As such increasing the m axim um  in te r-partic le  

separa tion  used in ana lys is is like ly to  have less of an e ffect as there  are 

few er am b iguous ind iv idua l partic les or sm all c lusters  to draw  into the 

actua l floc-represen ting  c lusters.

O ne practica l ou tcom e of th is sensitiv ity  ana lys is  is tha t it is poss ib le  to 

conce ive  o f a system  in w hich the reciprocal g rad ien t o f the  m ean
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average inter-particle distance with respect to maximum inter-particle 
separation is used as a measure of the coagulated state of any water. 
Here no calibration experiments would be required to determine the 
optimal maximum inter-particle separation. Instead an increase in the 
reciprocal gradient would be taken to indicate an increase in the 
coagulated state of the water. As such this system could be used in 
automated coagulation control systems.

5.6. Conclusions
A novel means of analysing floes in a continuously flowing stream of 
water by video microscopy was created. A clustering algorithm, which 
allocates particles that fall within a predefined maximum inter-particle 
separation into clusters and determines the average inter-particle 
distance of the clusters was developed.

Analysis using this system determined that the average inter-particle 
distance of clusters in waters in which ozone-enhanced particle removal 
is seen is greater than that in cases where ozone has a negative effect on 
particle removal. The most likely explanation of this finding is that more 
voluminous floes are produced during flocculation with ozone-enhanced 
particle removal.

Sensitivity analysis demonstrated that more coagulated waters are less 
sensitive to changes in the maximum inter-particle separation than more 
particle-disperse waters. This suggests that a system could be 
developed in which video microscopy is used in order to optimise 
coagulation.
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6. Effect of Ozone on Raw Water

6.1. Introduction
One of the main benefits of the batch ozone contacting system is its 
ability to evaluate the oxidation-coagulation-filtration process from start to 
finish. It is therefore of great interest to see at which stage pre-ozonation 
starts to produce measurable effects and how these effects are altered by 
the presence or absence of bicarbonate.

Portions of this chapter were published in Currie et al. (2001).

6.2. Analysis

6.2.1. Visual Discontinuities
From the second experimental run conducted, discontinuities in the 
turbidity and, to a lesser extent, particle count profiles around the time of 
ozone or air addition suggested that the particles were being affected 
immediately. The variation in these early runs, however, made it difficult 
to conclude whether this was due to ozonation or merely agitation caused 
by gas sparging.

With the assessment of hard, high alkalinity, natural water (Egham), it 
became apparent that there was a clear effect of ozonation in comparison 
with aerated control runs (Figure 59, from t=0 to ‘coagulant’ event line):
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F ig u re  59: T o ta l p a rtic le  c o u n t (> 2 p m ) w ith  tim e  (runs 33-38)

6 .2 .2 . C uSum  A n alysis
In add ition  to the im provem ent in filtra te  w a te r quality found w ith  ozone 

de ta iled  in section 4.3 .3 (page 91), F igure 59 ind icates an increased 

dow nw ard  trend in partic le  count fo llow ing the period of gas sparg ing. 

The d iscon tinu ity  in th is trend w as dem onstra ted  by plo tting the 

cum ula tive  sum m ation of the devia tion of the partic le  count from  its m ean 

(C uSum ) during the period prio r to coagu la tion  (F igure 60):

y =  ^  (x -  x) Equation 12

W here  y = cum ula tive  sum m ation  of devia tion of w a te r quality
param eter from  mean

x = w a te r qua lity  param eter (partic le  coun t or tu rb id ity)

CuSum  analys is g ives a s ing le stra igh t line a round zero  fo r linear trends, 

but w here  trends d iverge from  linearity C uSum  w ill d iverge from  zero, 

g iv ing a local m axim um  or m inim um  at each po in t o f in flection in the 

trend.
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F ig u re  60: C u m u la tiv e  s u m m a tio n  o f th e  d e v ia tio n  o f th e  to ta l p a rtic le  c o u n t  

(> 2 p m ) fro m  th e  m ea n  d u rin g  th e  p e rio d  p rio r to  c o a g u la n t a d d itio n  (runs 33-38)

Figure 60 show s tha t the aerated runs had a lm ost linear partic le  coun t 

pro files in com parison w ith  the  ozonated runs, w h ich dem onstra ted  a 

c lear and rapid change fo llow ing  ozonation.

6 .2 .3 . L inear R eg ression  and S ta tis tica l A n a lysis
T h is  trend  w as fu rther ana lysed using linear regression in M icroso ft Excel 

using the  “least squa res” m ethod (F igure 61):
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F ig u re  61: T o ta l p a rtic le  c o u n t (> 2 p m ) w ith  t im e  -  straight lines obtained by linear 

regression (runs 33-38)

The grad ien ts  o f the  lines in F igure 61 represent the rate of change of 
partic le  coun t w ith  tim e. Prior to the period of sparg ing, these  w ere  

show n to be not s ign ifican tly  d iffe ren t from  zero at the 10%  level of 
con fidence  (m ean t-va lues of - 0 .7  fo r ozonated runs and 0.14 fo r aera ted 

runs). Fo llow ing gas add ition  the aerated runs continued w ith  g rad ien ts  

ins ign ifican tly  d iffe ren t from  zero at the 10%  level. The ozonated runs, 

how ever, had g rad ien ts  of -1  coun t m f 1 s '1 fo llow ing  ozonation  w ith  a 

m ean t-va lue  of - 8 ,  w hich is s ta tis tica lly  s ign ifican t a t the 0 .1%  level of 

confidence.

6 .2 .4 . A u tom ation  of A n a lys is
In o rder to  de term ine s im ila r trends, a se ries of M icroso ft Excel V isual 

B asic fo r A pp lica tions m acros w ere  w ritten in o rder to  conduct linear 

regression ana lys is  across the  sam e pre and post ox ida tion  periods 

de fined in section 6 .2 .2  (page 136) using da ta  from  the partic le  counter, 

tu rb id im ete r, pH m eter, photom etric  d ispers ion ana lyser and Jorin  V iPA  

da ta  files. As w ith  p rev ious chapters, in o rder to  ease com parisons, it 

w as necessary to  condense th is  da ta  into a s ing le  num ber represen ting  

the  e ffect of ozone in each pair o f tria ls.
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Em ploying a log rem oval sty le  num ber (section 4.2.3, page 84) w as not 

poss ib le  as negative g rad ien ts  cou ld  not be ana lysed by th is m eans. 
F igure 62 com pares the d iffe rence and ratio of the rate of change of raw  
and ox id ised w a te r partic le  counts:

F ig u re  62: D iffe re n c e  (b la c k  c o lu m n s ) a n d  ra tio  (w h ite  c o lu m n s ) o f  ra te  o f c h a n g e  

o f ra w  a n d  o x id is e d  w a te r  p a rtic le  c o u n ts  fo r  o z o n a te d  (re d  b o rd e rs ) an d  a e ra te d  

(b lu e  b o rd e rs ) ru n s  (runs 33-38)

Section 6 .2 .3  (page 137) dem onstra ted  graph ica l and sta tistica l 
s im ila rities  be tw een the g rad ien ts  behind F igure 62. As such, a num ber 

m ust be derived tha t is re la tive ly cons is ten t be tw een these th ree  run 

pairs. By inspection of F igure 62, one such num ber w ou ld  be the 

d iffe rence in aera ted and ozonated raw  to ox id ised g rad ien t d iffe rence  as 
a percen tage of the ozonated run raw  to ox id ised g rad ien t d iffe rence:

d iffe ren tia l com parison (%) =

f  d c raw<JCo3 oxidised>
°3 Q_ O -j-oxidised ̂  

UUAir
l dt dt J l  dt dt J

dCnidised
U 3

• 100%

dt dt
Equation 13
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6.3. Results

6.3.1. Hard and Soft Water Comparison
In section 4.7 (page 107) it was concluded that a hydroxyl radical 
scavenger, such as bicarbonate, is required in order for ozone to have a 
positive effect on particle removal. Hard, high bicarbonate alkalinity, 
water (Egham) gave an increase in apparent log particle removal 
whereas soft, low alkalinity, water (Frankley) gave a decrease. It is 
therefore to be expected that the trends seen with this hard water in 
Figure 61 should be reversed, or at least negated with soft water. Figure 
63, however, does not appear to support this theory:

i
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Figure 63: Effect of ozone on hard and soft water particle count gradient (runs 33- 
38, 52-53, 81-82)

It is possible that the results seen in Figure 63 are exaggerated by the 
soft water’s lower raw water particle count. Figure 64 looks at trials in 
which this soft water was spiked with sodium bicarbonate, hence 
ensuring the same initial particle count:
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Figure 64: Effect of ozone on spiked soft wster particle count gradient (runs 48-53, 

95-100)

In Figure 64 it is seen that increasing the bicarbonate concentration of the 
soft water, to levels that are similar to the hard water (220 mg NaHCOs f 1 
is equivalent to a alkalinity of 262 mg r 1 as C aC 03), brings the differential 
particle count comparison to levels similar to the hard water in Figure 63. 
This implies that the differences between the direct effect of ozone on the 
particle counts of hard and soft waters is due to the bicarbonate 
concentration.

The final column in Figure 64 also appears to indicate that excessive 
bicarbonate concentrations give the opposite effect. The difference 
between this pair of runs and the others is that other aerated runs have 
very little change in particle count gradient following aeration, whereas 
the high bicarbonate concentration run has a significant increase. This is 
most likely due to the significant increase in pH during aeration in this run 
leading to calcium carbonate precipitation hence particle creation. The 
acidifying action of the ozone in the ozonated run kept its pH more 
constant leading to a more typical decrease in particle count.
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6.3.2. Effect of Ozone Dose
Figure 65 indicates that there is reciprocal relationship between 
differential particle count comparison and ozone dose, down to a certain 
minimum ozone dose, at which point the ozone appears to have no 
effect:
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60 > ozor* SO to zo n * 1 5 lo z o n * 7 .5 so z o n *

■  PCS2000 138% 184% 329% •12%

□  ViPA 47% 71% 261% 12%

Figure 65: Effect of ozone dose on hard water particle count gradient (runs 67-72)

Figure 65 is very similar in form to Figure 33 in section 4.3.3 (page 91) 
where greater enhancements in particle removal are observed with 
decreasing ozone dose, to an optimum between 7.5 and 30 seconds, 
possibly at around 15 seconds. A 15 second dose relates to a  theoretical 
applied ozone dose of 4.5 mg O3 f 1 and an approximate transferred dose 
of 1 mg 0 3 f 1. Below this point, at a 7.5 second dose, a lesser particle 
removal enhancement and differential particle count comparison is seen.
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6.3.3. Effect of Bicarbonate Concentration and pH
The same analysis was conducted on trials using model waters with and 
without sodium bicarbonate and at a range of raw water pH values 
(Figure 66):
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Figure 66: Effect of ozone on model water particle count gradient with bicarbonate 

concentration and pH as parameters (runs 123-126,133-143,138-141,146-149,157- 

158)

Contrary to the findings in section 6.3.1 (page 140), Figure 66 appears to 
indicate that, with the model water system, ozone generally leads to 
greater differential particle count comparisons in the presence of sodium 
bicarbonate than in its absence.

This conflicting result could be attributed to other differences between the 
natural and synthetic waters used. However the lack of convincing trends 
in Figure 66 suggests that this could be due to this form of analysis 
amplifying ‘noise’ in the results where there is no great difference 
between ozonated and aerated runs and pre and post oxidation particle 
count gradients.

Figure 67 is a  plot of the particle count profiles and regression lines used 
to determine the most extreme data points in Figure 66:
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F ig u re  67: T o ta l p a rtic le  c o u n t (> 2 p m ) w ith  t im e  -  straight lines obtained by linear 

regression (runs 133-134,148-149)

C om paring Figure 67 w ith  F igure 61, w hich is draw n to the sam e scale, it 

is seen tha t the raw w a te r resu lts have grea ter va riance , but a lso tha t 

there  is a m uch g rea ter d iffe rence in the pre and post ox ida tion grad ien ts 

and a m uch g rea te r d iffe rence be tw een ozonated and aera ted runs.

6 .4 .  C o n c lu s io n s
A lthough no de fin ite  conc lus ions can be draw n from  linear regression 

ana lys is of the m odel w aters, a num ber of trends w ere  seen w ith  natural 

w aters. A era tion led to no s ign ifican t changes in partic le  coun t w ith  tim e 

in natural w a te rs  w he reas ozonation  led to a s ign ifican t decrease in the 

rate o f change of partic le  coun t w ith  tim e. D ecreasing ozone dose from  a 

60 second dose led to increasing rates of change of partic le  coun t up to  a 

m axim um  effect at around 15 seconds. T h is  change in raw  w a te r partic le  

coun t behaviour w ith ozone dose corresponded to va ria tions in partic le  

rem oval, fo llow ing coagu la tion  and filtra tion, w ith  ozone dose.

O zonation of natural w a te rs w ith  low  b icarbonate  concen tra tion  a lso led 

to a h igher rate of partic le  coun t reduction w ith  tim e fo llow ing  ozonation 

than natural w ate rs w ith  a high b icarbonate  concen tra tion . S p ik ing the

144



low bicarbonate waters with sufficient sodium bicarbonate to bring their 
bicarbonate concentration to that of the high bicarbonate natural waters 
lead to a decrease in the rate of particle count reduction to rates that 
were similar to the naturally high bicarbonate waters.
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7. Discussion

7.1. Introduction
The two objectives of the study were:

I. To gain a fundamental understanding of the particle pre-ozonation 
phenomenon.

II. To translate this understanding into a practical method of optimising 
the pre-ozonation particle removal process.

Following a literature survey (section 2), confirming that further research 
was required to elucidate the mechanisms of ozone-enhanced particle 
removal, it was necessary to conduct further experimental work in order 
to gain a new understanding of the particle pre-ozonation phenomenon. 
A fresh approach was taken to this work; as such a number of new 
experimental tools were developed (sections 3.3 and 5.3, pages 43 and 
114 respectively). Section 7.2 (page 146) summarises these systems 
and highlights their benefits over existing tools.

The results of experimental work, using the new systems, are 
contemplated at two different size scales to understand the ozone- 
enhanced particle removal phenomenon -  meeting the first objective 
above. Firstly, findings relating to the fate of particles following pre
ozonation are discussed in section 7.3 (page 150) , then the molecular 
scale reasoning behind this is developed in section 7.4 (page 154). The 
fundamental understanding of the particle pre-ozonation phenomenon 
gained here, along with additional developments in assessing 
coagulation, have led to the conceptual development of two novel means 
of optimising particle removal. These are discussed in section 7.5 (page 
157) in fulfilment of the second objective above.

7.2. Novel Experimental Systems

7.2.1. Batch Water Treatment System
Study of the literature identified a shortcoming in the availability of tools to 
analyse the effects of ozone on water treatment in depth. Previous
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research was either conducted in continuous systems, in which water 
quality could only be assessed at discrete locations, or in small batch 
systems, where one specific element of water treatment would be 
analysed in depth. Since none of these methods had yielded definitive 
results, it was decided that a new means of analysing water treatment in 
depth was required. A system was therefore developed to conduct 
detailed, batch mode, experiments across the entire water treatment 
process.

The novel batch water treatment system described in section 3.3 (page 
43), has a number of benefits over continuous mode systems employed 
elsewhere. Continuous mode systems require a sensor array at each 
point where measurements are to be taken (i.e. an instrument per 
parameter per measurement point). In contrast, the batch system is 
capable of logging a great number of parameters continuously through 
the entire treatment stream to the point of physical separation, using a 
single instrument per parameter. By rerouting the flow, it is also possible 
to measure the majority of these parameters, using the same 
instruments, after physical separation. Since the stage at which ozone 
first had an effect on the treatment stream was unknown, the batch 
system allowed analysis at every point in every stage, rather than merely 
looking at the final effluent water and treating the treatment system as a 
black box process.

The batch water treatment system is also inherently adaptable, making it 
possible to mimic the passage of a volume of water through most 
configurations of water treatment works up to the point of physical 
separation. This is achieved by the controlled manipulation of shear 
forces, temperature, and pressure within the reactor, along with the 
addition of gaseous oxidants and liquid chemicals such as coagulants, 
polyelectrolytes, acids and bases. Furthermore, since the water being 
studied is manipulated through time, as opposed to physical location, 
reconfiguring the treatment system is simple. Reconfiguration can be 
achieved by modifying the order or timing of ozonation, coagulation and 
other such events, whereas with conventional continuous mode pilot plant
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systems it is necessary to physically reconfigure pipe work to make such 
changes.

All of the benefits described above give rise to significant cost savings 
compared to existing continuous mode systems. Reasons for this 
include: only one instrument being required per physical parameter; 
much less pipe work, supporting rig and footprint being required for the 
system; and operator time being reduced by the ease of set-up and 
reconfiguration. Finally, the system can deliver results rapidly using a 
much lower volume of water than that required by continuous mode 
systems. This is significant when expensive model waters are being 
made up, or in situations where only limited volumes of raw water can be 
shipped for analysis.

The main difficulty with the batch water treatment system is achieving pH 
control in model waters. With a continuous mode system it would be 
possible to fine tune the addition of acid or base with time to reach a  pre
determined pH value before deciding that steady state had been reached 
and starting an experiment. With the batch system, only one attempt to 
obtain the correct pH was possible, and this within a  restricted amount of 
time. This was not a problem with well buffered natural waters, but zero 
alkalinity model waters with very little pH buffering proved extremely 
difficult to control. Another potential drawback of the system was the 
effect of scale. For instance, a large pilot plant filter is likely to behave 
more closely to a full scale filter than the small filter required for such low 
volumes of water.

To summarise, a flexible, low cost means of analysing the passage of 
water through a water treatment works has been developed. This system 
made the discovery of a number of previously unknown features of the 
ozone-enhanced particle removal phenomenon possible. These 
discoveries are discussed in sections 7.3 and 7.4 (pages 150 and 154 
respectively).
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7.2.2. Coagulation Monitor
High speed video microscopy offers benefits over conventional laser 
obscuration particle counting as it is capable of describing individual 
particles and their proximity to other particles, rather than merely counting 
the number of particles that fit within certain size bands. In addition to 
this being the first study of ozone’s effects on particle removal to employ 
high speed video microscopy, the applicability of such techniques to 
water treatment in general have been made possible through algorithms 
developed here (section 5.3, page 114). The finding that enabled this 
was that the visual particle analysis system employed did not see floes as 
single entities but instead saw them as a collection of their constituent 
particles. Modifications to the particle analysis software enabled the 
recording of the location of these particles within each analysis frame. 
From here it was possible to develop an algorithm that was able to group 
particles into floes, by identifying a floe as an entity containing particles 
within a pre-set maximum distance from each other. The algorithm was 
therefore able to determine the average distance between each particle in 
a floe. This distance is related to the density and volume of a floe.

By exploiting information obtained from the new floe characterisation 
algorithm, a novel coagulation monitor was developed (section 5.5.6, 
page 131). This system is able to differentiate between well and poorly 
coagulated particle suspensions. This is based on the observation that 
the average distance between particles in a  floe is more sensitive to 
changes in the maximum distance set if the particles are more dispersed. 
Hence a well coagulated particle suspension would be less sensitive to 
changes in the maximum distance set than a poorly coagulated system.

By employing this coagulation monitor in water treatment systems it 
would be possible to assess the state of coagulation of the water. Hence 
it would be possible reduce and control the coagulant dose to the 
minimum value required to reach the desired degree of coagulation. This 
could lead to considerable chemical cost savings.

Jar testing is the main tool used at present in order to ascertain optimum 
coagulant dose in water treatment. Here a number of jars of water are
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treated with a range of coagulant doses and at a range of pH values in 
order to determine the optimum pH value and coagulant dose. The 
coagulation monitor developed here offers many benefits over this 
system. Each set of jar tests will take an experienced technician at least 
half a day to conduct, whereas the coagulation monitor could offer 
continuous unmanned operation. As such the coagulation monitor 
reduces the amount of staff time required for analysis while increasing the 
frequency of analysis and therefore the resolution of control. The latter 
point means that a water treatment works could operate near to the 
optimum coagulant dose even when the inlet water quality is subject to 
relatively rapid changes, for example during periods of flash flooding.

7.3. Particle Scale Findings
Section 7.2 (page 146) described the development of systems that allow 
researchers, for the first time, to model and understand the flow of water 
and fate of particles through pre-ozonation, coagulation and filtration 
processes. This section and section 7.4 (page 154) describe how these 
tools were employed to meet the first objective of gaining a fundamental 
understanding of the particle pre-ozonation phenomenon.

Following the general trend of mixed results in the literature, this work 
confirms that with some waters ozone can reduce the total particle count 
following coagulation and filtration (henceforth called positive effect of 
ozone). However with other waters, but otherwise identical conditions, 
ozone can also lead to an increase in total particle count in comparison 
with aerated control experiments (henceforth called negative effect of 
ozone). To investigate the reasons behind these conflicting effects on the 
particle count, following coagulation and filtration, the effects of ozone 
prior to filtration is now discussed.

The first effect of ozone on particles, analysed using the batch water 
treatment system, was the change in rate of change of particle count with 
time that occurred immediately after ozonation. In most cases there was 
no significant change in particle count with time before ozonation but a  
significant decrease in particle count with time after ozonation, whereas in
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aerated cases there would be no significant change in particle count with 
time either before or after aeration. This reduction in particle count could 
be a result of particle aggregation or ‘microflocculation’ observed by other 
researchers (Maier, 1984; Paode et al., 1995).

The reduction in particle count was most pronounced with natural waters 
in the negative effect of ozone group. This indicates that the reactions or 
mechanisms leading to a decrease in particle count with time following 
ozonation are most rapid with the negative effect of ozone group, less 
rapid with the positive effect of ozone group and inactive with aeration. 
This is counterintuitive as one would initially expect the greatest effect on 
raw water to lead to the greatest enhancement on particle removal. 
Failing a proportional relationship of this nature, one would expect an 
inverse relationship in which the greatest effect on raw water would lead 
to the most negative effect on particle removal. Since neither case is true 
it must be assumed that more than one mechanism is acting.

This effect of a change in the rate of change of ozonated water particle 
count is less pronounced with model waters. It is possible that this is due 
to the fact that the model waters used a single species of particle 
(bentonite clay). It is difficult to understand definitively what is happening 
during a reduction in particle count seen by a particle counter in a single 
volume of water with no physical separation occurring. Three main 
scenarios are possible: the particles may be destroyed by oxidation or 
broken up into fractions too small for the particle counter to see; 
secondly, they may merely be rendered invisible -  as can happen with 
ozone’s bleaching effect on coloured particles; finally, the particles may 
be joining together to form a smaller number of larger particles. Based on 
the theories put forward in section 2.1 (page 26) this final 
microflocculation scenario is the most likely, however the limited vision of 
the particle counter -  between 2 and 50 microns -  makes interpretation 
difficult, since most polydisperse particle suspensions found in natural 
waters contain increasing numbers of particles with decreasing size. In 
theory, if each particle in a suspension was to merge with one other 
particle, the actual number of particles would half, however the number of
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particles seen by the counter could increase due to the genesis of a 
larger set of particles which were previously too small to be detected. 
Since bentonite clay particles are more uniform in size than the full range 
of particles likely to be found in natural waters, it is probable that the 
merging of particles in the natural and model systems would give rise to 
different changes in the detected particle count. Edwards and Benjamin 
(1991) also found particle destabilisation with ozone in systems with 
aluminium particles, but not with bentonite. They argued that this was 
due to bentonite’s zeta potential being a weak function of pH.

In addition to immediate changes in the raw water, ozone affected the 
subsequent coagulation of particles in the water. This was first noticed 
through the differing particle breakthrough patterns seen in filtration which 
were, in section 4.3.2 (page 88), determined to be due to an increased 
floe settling rate in cases where a positive effect of ozonation was seen 
with natural waters. An increase in floe settling rate with ozone has also 
been noted during ozonation by other researchers (Reckhow et al., 1986; 
Beltran et al., 1999).

A limited amount of data, assessing floe structure after coagulation but 
prior to filtration, indicated that there was an increase in the average inter
particle distance within floes in instances where there was a positive 
effect of ozone (section 5.5, page 125). The most likely explanation for 
this is that ozone leads to the creation of larger floes, hence the average 
distance between each of the particles in each floe is greater. Reckhow 
and co-workers (1986) and Beltran and co-workers (1999) also 
corroborate that there is an increase in floe size with ozonation. In 
addition to an increase in the settling rate of floes, larger floes are more 
easily removed by filtration, hence increased particle removal.

One practical limitation of the instrumentation loop, employed to pass 
samples of the reactor inventory through the particle monitoring systems, 
is that it subjects floes to higher shear forces than those found in the bulk 
of the solution. As such, weak floes are likely to be broken up. A 
possible reason for the observation of larger floes in cases where there is 
a positive effect of ozone is that the particles in the floes are held together
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by stronger forces; hence they are less susceptible to being broken up in 
the instrumentation loop. Despite larger floes being subject to greater 
effects of shear forces, which may lead to their being severed into smaller 
floes, stronger floes should be less likely to disintegrate completely 
following filter attachment. It can therefore be postulated that, in 
situations where there is a positive effect of ozone, the particles are 
initially brought together in stronger, larger floes and are hence removed 
by filtration. Conversely, the weaker, smaller floes seen where there is a 
negative effect of ozone are more likely to pass through the filter due to 
their smaller size; in addition, those floes that do become attached to the 
filter may be more likely to disintegrate allowing particles to rejoin the bulk 
of the fluid passing through the filter.

In summary, we have found two different groups of water which can be 
categorised by their behaviour during water treatment following 
ozonation. In the first group ozone has a more rapid direct effect on the 
raw water particle count; during coagulation smaller, less settlable floes 
may be formed; and, following filtration, ozone has a negative effect on 
particle removal when compared with aeration. In the second group 
ozone has a less rapid direct effect on the raw water particle count; 
during coagulation larger, more settlable floes may be formed; and 
following filtration ozone has a positive effect on particle removal when 
compared with aeration. It is postulated that the rapid action of ozone in 
the first group leads to the generation of weaker floes which are therefore 
smaller due to floe shear. In addition to the lower settling rate of these 
floes they are more likely to pass through the filter entirely, or be broken 
up following initial filter attachment. This leads to a decrease in particle 
removal with ozonation. Conversely the slower action of ozone on the 
second group leads to the production of stronger floes which are larger 
due to their increased resistance to shear forces. The increased mass of 
these floes increases their settling rate. Their increased size makes them 
more easily removed by filtration and their increased strength makes 
them less likely to break up once they have attached to the filter. This 
leads to an increase in particle removal with ozonation.
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7.4. Molecular Scale Findings
Portions of this section were published in Currie et al. (2003).

The difference between the two groups described above (section 7.3, 
page 150) can be explained by the absence or presence of hydroxyl 
radical scavengers. Initially it was seen that ozone had a positive effect 
on particle removal with samples of a hard, high alkalinity water (Egham) 
(section 4.3.3, page 91), whereas it had a negative effect on samples of a 
soft, low alkalinity water (Frankley) (section 4.3.4, page 95). It was found 
that the addition of sodium bicarbonate to this soft water enabled ozone 
to have a positive effect (section 4.4, page 96).

Constructing synthetic model waters with and without sodium bicarbonate 
confirmed that a positive effect on particle removal was seen with ozone 
in the presence of bicarbonate (section 4.5, page 98). However a 
negative effect was seen in its absence. This work is corroborated by 
Bourgine and co-workers (1998) who found an increase in particle 
reduction from 87 to 95%  In the 2-3 micron range; from 85 to 95% in the 
3-8 micron range; from 88 to 95% in the 8-10 micron range and from 68 
to 86%  in the >10 micron range with an increase in alkalinity from 60 to 
260 mg f 1 as CaC03.

Since bicarbonate is known to be a hydroxyl radical scavenger, it is 
hypothesized that bicarbonate is needed in order to prevent rapid ozone 
decomposition and to facilitate direct molecular ozone reactions. In the 
absence of bicarbonate as a radical scavenger it is possible that hydroxyl 
radicals generated from the rapid decomposition of ozone may react in 
such a manner as to detrimentally affect particle removal, whereas 
molecular ozone reactions lead to an enhanced particle removal. It is 
therefore hypothesised that there will be an optimum ozone dose that is 
related to the bicarbonate concentration of any given water. This could 
explain why some studies have observed positive effects with ozone, 
while other studies have reported either negative effects, ozone dose 
dependent effects or no effect at all.
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Work conducted by Bonneville and Smith (2001), using soft, low alkalinity 
Mount Seymour impoundment water, is one example. Here small ozone 
doses were seen to slightly improve particle flocculation whereas high 
doses impeded it. This conforms to the theory that low alkalinity water 
only benefits from ozone at concentrations sufficiently low for the limited 
amount of available bicarbonate to scavenge the majority of hydroxyl 
radicals, hence maintaining direct molecular ozone reactions as the 
predominant action of ozone. It is possible that links between calcium 
hardness and ozone-enhanced particle removal in previous works 
(Langlais et al., 1991) may also be due to the action of bicarbonate 
associated with the calcium, rather than any action of the calcium itself.

This hypothesis is supported by the positive effect on particle removal 
seen with ozone in the presence of t-butanol (section 4.6, page 106). 
Here the positive effect of 197 mg f 1 sodium bicarbonate was reproduced 
by the presence of 5 mg f 1 t-butanol, a much stronger hydroxyl radical 
scavenger.

The difference in the rate of change of particle count with time seen 
immediately following ozonation can also be explained by known 
differences between direct molecular ozone and hydroxyl radical 
pathways. Radicals react more rapidly than molecular ozone (Langlais et 
al., 1991) and more rapid changes in particle count were seen in low 
bicarbonate concentration waters where the hydroxyl radical pathways 
would be favoured.

It was also noted in section 4.5.3 (page 104) that lower raw water pH 
values resulted in more positive effects with ozone, with very strongly 
negative results observed with bicarbonate-free waters at pH 10.6. Such 
effects of raw water pH also corroborate this theory, since hydroxyl 
radicals are more likely to form during ozonation at high pH (Langlais et 
al., 1991).

The next stage in progressing this theory would be to conduct further pilot 
scale trials using soft water with the addition of various amounts of 
sodium bicarbonate, acid and base. As such, a  relationship between
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bicarbonate concentration, pH and the enhancement of particle removal 
with ozone could be established.

The bridge between the mode of action of ozone and its proposed effect 
on floe strength and hence size requires further explanation. Several 
theoretical mechanisms were put forward in section 2. Of these, ozone in 
molecular form is likely to be more effective in the production of algal 
biopolymers since molecular ozone’s longevity means that it is more likely 
to come into contact with an algal cell than a rapidly decomposing radical 
would be (Langlais et al., 1991). However, this mechanism could not 
explain the positive results seen in the model water trials, since these 
occurred without the addition of any cellular organisms. There is also 
evidence to suggest that the oxidation of iron, leading to indigenous 
coagulation through ‘in-situ coagulant production’, is more efficient with 
molecular ozone (Langlais et al., 1991). Conversely, the polymerisation 
of meta-stable organics should be benefited by ozone’s operation via 
radical pathways (Langlais et al., 1991).

In order to explain the negative effect of ozone in cases where ozone 
operates predominantly through radical mechanisms, in addition to the 
positive effect where ozone is predominantly active in its molecular form, 
the possibility of at least two competing mechanisms must be 
contemplated. The competing mechanisms theory is strengthened by the 
observation in section 7.3 (page 150) that there is neither a direct nor 
inverse relationship between the effect of oxidation on raw water particle 
count and the degree of particle removal enhancement.

Three hypothetical cases can now be contemplated: the first case is the 
control in which no ozone is used, hence there is no effect on particle 
removal; in the second case, ozone acts in the absence of a hydroxyl 
radical scavenger to give a negative effect on particle removal; in the third 
case ozone acts in the presence of a  hydroxyl radical scavenger to give a  
positive effect on particle removal. In the first case no ozone is added 
and particles and organics coagulate normally following the addition of a 
coagulant and pH control. These normal strength floes of normal size are 
removed normally by filtration. In the second case, ozone, in the absence
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of a hydroxyl radical scavenger, rapidly decomposes into radicals and 
reacts with organics by one mechanism or set of mechanisms (an 
example mechanism would be the polymerisation of meta-stable 
organics, above). This rapid reaction, prior to coagulant addition locks up 
particles and organics in weak ‘micro-floes’ which combine in weak floes 
upon coagulation. Due to floe shear this leads to smaller, weaker final 
floes which settle more slowly, are more likely to pass through the filter 
and, if attached to the filter, are more likely to disintegrate. All of these 
effects lead to a decrease in particle removal in comparison with the no 
ozone case. In the third case, ozone, in the presence of a hydroxyl 
radical scavenger, reacts slowly by direct molecular pathways by a 
second mechanism or set of mechanisms (an example mechanism would 
be in-situ coagulant production, above). This slower reaction, prior to 
coagulant addition builds particles and organics together into strong 
‘micro-floes’ which combine to form strong floes upon coagulation. 
These shear-resistant floes are able to remain larger, stronger and more 
massive. As such they settle more quickly, are more likely to be 
enmeshed in the filter media and are less likely to disintegrate during 
filtration. All of these effects lead to an enhancement in particle removal 
with ozonation.

7.5. Optimisation of Particle Removal
The discussion above has shown that ozone generated radicals have a 
negative effect on particle removal by coagulation and filtration, and 
molecular ozone has a positive effect on particle removal. Therefore, the 
beneficial effect of ozone on particle removal should be maximised by 
maximising the amount of molecular ozone and minimising the amount of 
ozone-derived radicals in any given water. It is assumed that a  certain 
amount of bicarbonate in a volume of water will have an effect on a  finite 
quantity of ozone. The beneficial effect of ozone on particle removal 
should, therefore, be maximised at this bicarbonate saturation point. 
Adding further ozone, beyond this point, the radicals from the additional 
ozone would not be scavenged; below this point less than the maximum 
amount of molecular ozone would be available.
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Applying this in practice, it is proposed that some means of bicarbonate 
assay is used in a feed forward control of pre-ozone dose. The maximum 
beneficial effect of ozone could be maintained in waters with varying 
alkalinity by this means. Prior to the application of such control systems, 
it would be necessary for the above-mentioned bicarbonate saturation 
point to be determined. This could either be done stoicheometrically or 
empirically, by means of conducting pilot scale trials with a range of 
ozone doses across a range of pH values. An alternative to this system 
could be a feed back control based on the detection of ozone derived 
radicals. In cases where the ozone dose is determined primarily for some 
other purpose (such as pesticide, colour or taste removal) the total ozone 
dose required could still be applied across pre and post-ozonation stages, 
with the pre-ozone dose being set for optimal particle removal and the 
post-ozone dose being trimmed to give the desired total dose.

These systems could be complemented by feed back control of coagulant 
dose from a video camera system monitoring floe morphology by means 
of the average inter-particle distance or some variation of this, as 
described in section 7.2.2 (page 149).

This section has described a practical method of optimising the effect of 
pre-ozonation on particle removal and hence achieved the second 
research objective. The ozone dose control methodology is the basis of a 
patent applied for by WRc pic, Imperial College and the author on 2 April 
2002 (Appendix C). The main benefit of this system is the maximisation 
of particle removal that is made possible using existing multi-barrier water 
treatment systems. This minimises the probability of Cryptosporidium 
breakthrough without the necessity of costly membrane systems. 
Additionally, a major benefit of this system in combination with the 
coagulant control system described in section 7.2.2 (page 149) is the 
minimisation of chemical and energy usage in water treatment. This 
could give rise to substantial cost benefits along with a lower 
environmental impact of water treatment.
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8. Conclusions
I. An extensive and detailed programme of study has been carried 

out in order to gain a fundamental understanding of the ozone- 
enhanced particle removal phenomenon. A novel experimental 
procedure was established to facilitate detailed analysis of this 
phenomenon and the procedure was applied to both natural and 
model waters.

II. The results obtained show both beneficial and detrimental effects 
of ozone depending on water type, confirming previous conflicting 
studies which show both positive and negative effects of ozone on 
particle removal in water treatment.

III. The ozonation of a hard, high alkalinity water (Egham) gave rise to 
an increase in particle removal following coagulation and filtration 
in comparison with aeration. Conversely the ozonation of a  soft, 
low alkalinity water (Frankley) gave rise to a decrease in particle 
removal. From this it was concluded that some property of the 
hard, high alkalinity water, absent in the soft, low alkalinity water is 
required in order for ozone to have a beneficial effect on particle 
removal with coagulation and filtration.

IV. The addition of sodium bicarbonate to samples of the low alkalinity 
(Frankley) water reversed the negative effect of ozone, giving an 
increase in particle removal following coagulation and filtration. 
The addition of sodium chloride or calcium chloride in the same 
manner, still led to a decrease in particle removal with ozonation. 
It was therefore concluded that the difference between the two 
waters in conclusion III was the bicarbonate concentration 
(commonly referred to as alkalinity). This indicates that a certain 
amount of bicarbonate is required for ozone to have a positive 
effect on particle removal. Below this concentration it is 
anticipated that ozone will have a negative effect on particle 
removal
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V. Ozone had a beneficial effect on particle removal in model waters 
containing bicarbonate whereas in, otherwise identical, 
bicarbonate-free model waters ozone had a detrimental effect on 
particle removal. This confirmed that bicarbonate is required in 
order for ozone to have a positive effect on particle removal and 
that in its absence ozone has a negative effect on particle removal.

VI. Ozone also had a beneficial effect on particle removal in model 
waters containing tertiary-butanol. This indicates that 
bicarbonate’s essential role in ozone-enhanced particle removal is 
that of a hydroxyl radical scavenger.

VII. From conclusions III to VI it is concluded that bicarbonate, or some 
other hydroxyl radical scavenger, is required in order for ozone to 
have a beneficial effect on particle removal in, at least aluminium 
sulphate coagulation-filtration based, water treatment. In the 
absence of a hydroxyl radical scavenger ozone has a detrimental 
effect on particle removal with filtration following coagulation with 
aluminium sulphate.

VIII. A decrease in the gradient of ozonated water particle count with 
time was seen immediately following ozonation but no significant 
change in gradient was seen with aeration. This effect was more 
pronounced in natural waters where ozone had a detrimental effect 
on particle removal (Frankley) than waters where a beneficial 
effect of ozone was seen (Egham). In addition to bringing a 
positive effect on particle removal, the addition of bicarbonate to 
Frankley water, to bring it to the alkalinity level of the Egham 
water, also diminished this change in gradient to levels similar to 
those seen in the natural Egham water. From this it is concluded 
that bicarbonate may act to suppress some immediate action of 
ozone which has a detrimental effect on particle removal

IX. Conclusions VII and VIII indicate that ozone acts in a beneficial 
manner with respect to particle removal in its molecular form, but 
in a detrimental manner via radical action. From this it is
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anticipated that ozone will have a beneficial effect on particle 
removal at concentrations in which the local bicarbonate 
concentration in the water is able to shift the balance of ozone’s 
use in favour of its molecular form. The practical consequence of 
this is that it should be possible to determine an ozone dose which 
is optimal for particle removal by measuring the bicarbonate 
concentration in the water.

X. Particle breakthrough followed by a reduction in particle count was 
seen during the later stages of filtration in cases where a beneficial 
effect of ozonation on particle removal was seen with natural water 
(Egham). This was attributed to a greater floe settling rate in 
cases where ozone had a beneficial effect on particle removal.

XI. A video microscope was used to identify the individual particles 
within focal plane slices of floes. Computational analysis of the 
location of particles within floes was developed as a technique to 
gain information on floe morphology. One such indicator is the 
average distance between particles in a floe. Limited data 
indicated that the average distance between particles in a floe was 
greater in systems where ozone gave a  beneficial effect on particle 
removal (when a hydroxyl radical scavenger was present).

XII. If a maximum inter-particle separation within floes is used to define 
which particles belong to a theoretical floe then the average inter
particle distance will be affected less by changes in the maximum 
inter-particle separation in waters which are more flocculated. A 
relationship of this form could be exploited in systems using video 
microscopy to optimise coagulant dosing levels.

X III. A new experimental methodology was developed employing a 
batch water treatment system. This system offered an effective 
means of in-depth analysis of water treatment processes. The 
batch system made it possible to monitor a range of continuously 
varying parameters throughout the entire treatment process. 
Continuous mode systems (such as conventional pilot plant) only
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allow analysis at discrete points in the treatment system. The 
batch system is, however, limited by the water that is being 
assessed, as pH control in waters with little pH buffering may be 
conducted more accurately in continuous mode systems.

XIV. The experimental batch water treatment system developed offers 
economic advantages over continuous mode systems, since only 
one instrument is required per measured parameter. Simplification 
of set-up and reconfiguration and minimisation of the required 
volumes of water and reagent also reduce operating costs.
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9. Further Work

9.1. Effect of Ozone on Coagulation and Filtration
The main shortcoming of the experimental batch water treatment system 
was that pH control was difficult in systems with low pH buffering. Since 
acid or base addition in continuous mode systems can be gradually 
adjusted until the desired pH level is reached at steady state, it is 
suggested that further work is conducted in a continuous mode system. If 
this necessitates pilot scale work then it is suggested that this is done 
with a natural water with very low alkalinity, as the production of large 
volumes of model water is likely to be prohibitively expensive. Using a 
continuous mode plant, with acid/base and bicarbonate addition, it should 
be possible to create a behavioural ‘map’ of how differing ozone doses 
affect particle removal in waters of differing pH and bicarbonate 
concentration.

It is anticipated that, in most cases, ozone will have an increasing benefit 
on particle removal up to a certain ozone dose at which the hydroxyl 
radical scavenging properties of the water are fully utilised. Beyond this 
point the benefit of ozone is expected to decrease until increasingly 
negative effects are seen. It is hoped that further research would enable 
relationships between bicarbonate concentration and optimal ozone dose 
to be ascertained. From this, water treatment works could be optimised 
for particle removal by shifting the balance of pre and post ozonation, 
hence maintaining the total ozone dose as required for other purposes, 
while maximising particle removal with the optimum pre ozone dose.

9.2. Effect of Ozone on Coagulation
This work has suggested, inconclusively, that the reason for molecular 
ozone’s beneficial effect and ozone-derived radical’s detrimental effect on 
particle removal is due to different means of floe creation. It is postulated 
that molecular ozone leads to: (i) the generation of stronger floes, (ii) 
which are therefore able to remain more voluminous, (iii) hence they 
settle more rapidly, (iv) are more easily removed by filtration and (iv) once
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attached to the filter they are less likely to break up, releasing particles 
back into the filtrate.

In order to assess these theories it is suggested that work is conducted to 
assess the effect of shear on floes generated in waters with and without 
hydroxyl radical scavengers. Work should also be done under these 
conditions with some apparatus capable of determining the size of floes. 
Video microscopy could again be used with additional algorithms to give 
separate surrogate values for the average floe size and density. The 
work on floe settling should be continued in some system where settling 
rates can be determined in the ozone contacting chamber, such that floes 
are not unnecessarily disrupted. Finally, work could be done using 
fluorescent micro-spheres as the particle type in a model water. The fate 
of these, more easily identifiable particles, could be determined by 
counting them in the filtrate and at different depths within a sand filter.

This work was limited to aluminium sulphate as a coagulant. While none 
of the hypothesis proposed in this work involved coagulant specific 
theory, it would be advantageous to conduct further work with other 
coagulant types to confirm that the results of this work are cross- 
applicable.

9.3. Effect of Ozone on Raw Water
A clear and immediate effect of ozone on particle count in natural waters, 
prior to coagulant addition or any physical separation process, was 
observed. However, it was not possible to determine the mechanism 
behind this change. The importance of understanding this mechanism is 
compounded by the fact that this phenomenon was more pronounced In 
waters that gave rise to a negative effect of ozone on particle removal. 
Hence manipulation of this mechanism could be critical in optimising 
particle removal.

The addition of ozone to a small volume cell, analysed by video 
microscope could be beneficial in these circumstances. In large sample 
volumes the total number of particles in the system makes it impossible to
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determine whether a cluster of particles has just been formed or if it 
existed in the raw water and has only been seen for the first time.

It would be advantageous if a number of other techniques, unavailable 
during the course of this work, could be employed to assess these 
mechanisms: firstly determining the change in electrophoretic mobility of 
particles during ozonation, in the presence and absence of bicarbonate, 
would indicate if one mode of ozone’s action affected surface charge and 
hence particle stability more than another. Work started by Becker and 
co-workers (2001) measuring natural organic matter adsorption density 
and adsorbed hydrodynamic layer thickness could also indicate if one 
mode of ozone’s action led to a stripping or building of organics on the 
surface of particles. Work of this nature should be able to bridge the gap 
between the mode of ozone’s action and its effect on floe formation by 
identifying mechanisms such as those listed in section 2.1 (page 26).
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F ig u re  69: P h o to g ra p h  o f p re s s u re  c o n tro l s ys tem

Figure 70: Photograph of data logging pH meter
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F ig u re  71 : P h o to g ra p h  o f P a iin te s t p h o to m e te r

Figure 72: Photograph of visual particle analysis system
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Figure 74: Photograph of particle counting system
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Figure 76: Photograph of peristaltic pump
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F ig u re  8 2 : P h o to g ra p h  o f ro ta ry  g a s  f lo w  m e te r

Figure 83: Photograph of dreschel gas washing bottles
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Figure 86: Photograph of conductivity meter
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12. Appendix B - Pseudo-Code
Nomenclature: 

e = an element of 

e = not an element of 

£ =  a subset of 

V = for all 

a  = and

For a set C, |C| is the number of elements in set C

For a range dvi)EF, dvi jEF is the arithmetic mean of the set within range d * 

Let:

F= the set of all particles in a frame 

tF= time frame F was recorded 

Xj = x coordinate of particle is F 

yi= y coordinate of particle ie F 

pu = (j,j) = a pair of particles, i,je  F

d,j = /(x , — XjJP' + (y, — y,)^ = the distance between particles i,je  F 

PF = set of all pairs of particles pu in F 

L = a list of pairs pu ordered by ascending du

dp =CW  = the average inter-particle distance over PF

C = a cluster, a set of particles, C c  F

N= |C| = the number of particles in C

Pc = set of all pairs of particles in C

dc = dyi jgc = the average inter-particle distance over Pc



dmax = maximum inter-particle separation

C, = the cluster that includes particle ie  F , Cj c  F

Algorithm:

VFin ViPA log do 

sum = 0 

Vpy eP F do

insert pu into L

sum = sum + d,,

done

if d ^  not given 

done

Vp, j e Ldo

break loop

else if ie  C a Q  = Cjdo 

next loop

else if ie  C a  je  Cdo

create new C containing i and j 

else if ie  C a  je  C

add i Into Cj
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else if i e C a  j e C

add j into C i 

else if i e C a  j e C

if C, is older than Cj 

merge Cjinto Cj 

else

merge Cj into C,

done

done

done 

VC e F do

J  Pl.lePC

° c_ N (N -1)

print tF; frame number; cluster number; N ; dc

done

if single point clusters selected 

Vi e C do

print tF; frame number; 0; 1; 0

done

done

done
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1

OZONE DOSE CONTROL
This invention relates to a system of optimising water treatment by means 
of ozone dose control.

Ozone is currently used in water treatment as an oxidant in order to 
destroy pesticides, pathogenic and nuisance organisms, colour, taste and 
odour compounds; to maximise the removal of iron, manganese and 
turbidity and to minimise the formation of halogenated organics and 
microorganisms in the treatment process. For some time it has also been 
known that the application of ozone prior to filtration can lead to a 
reduction in the particle count in the filtered water. The reduction in 
particle count has benefit with respect to the removal of pathogenic 
microorganisms that are resistant to disinfection. Enhanced particle 
removal is also beneficial in that particles can harbour other pathogens.

The application of ozone prior to filtration, however, does not always lead 
to an enhancement in particle removal. In some instances it has been 
found that ozone can lead to an increase in the number of particles 
following filtration, in other cases no change in particle count is observed. 
A number of theories have been proposed, however there has previously 
been no identifiable mechanism that could be used to control the 
ozonation process in order to improve particle removal.

Ozone acts on compounds in aqueous solution either directly, in its 
molecular form, or indirectly via radicals, such as hydroxyl radicals, which 
form during ozone’s aqueous decomposition. Bicarbonate is known to be 
a hydroxyl radical scavenger. As such its presence is likely to help 
stabilise ozone and promote its action via direct molecular reactions, 
inhibiting its action by the hydroxyl radical pathway.

The present invention provides a means for optimising ozone's beneficial 
effect on water treatment by determining the concentration of bicarbonate 
in the water in question and adjusting the ozone dose with respect to this 
concentration.

A specific embodiment of the invention will now be described by way of 
an example with reference to the accompanying drawing in which:-

Figure 1 shows the ozone dosing section of a water treatment works 
using feed forward control to optimise particle removal.

Referring to figure 1, water 1 enters the system and its bicarbonate 
concentration is determined by some means 2, such as total alkalinity 
measurement by acid titration. Data from this bicarbonate concentration 
determination is used by a system of feed forward control 3 to determine 
the required signal to set the level of ozone dose for the ozone generating 
apparatus 4 in order to control the amount of ozone applied to the water 
in the ozone contacting apparatus 5. This gives an optimally ozonated
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water 6 that is more amenable to particle removal by subsequent 
treatment processes.

Other embodiments of the invention include the use of alkalinity 
determination or an alternative means of bicarbonate analysis, or a 
surrogate thereof, solely or in combination with other water quality 
parameters in feed forward control or incorporating such analysis 
following ozonation for feed back control, which may be used alone or in 
conjunction with the feed forward control.

The principle that bicarbonate concentration can be used to determine 
the optimum ozone dose for particle removal in water treatment can also 
be used in the optimisation of other functions of ozone. For example: 
disinfection; pesticide, colour, taste and odour compound oxidation; iron, 
manganese and turbidity removal and the minimisation of halogenated 
organic and microorganism formation in the treatment process.

191



3

ABSTRACT

OZONE DOSE CONTROL
The invention provides a means of optimising water treatment by 
controlling ozone dose. This is accomplished by determining the 
bicarbonate concentration of the water and adjusting the ozone dose with 
respect to this concentration.
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Abstract

Ozone is known to enhance the removal of particles in coagulation- 
nitration systems under certain circumstances. In this work it was 
observed that bicarbonate is required in order for ozone, applied 
prior to coagulant addition, to have a beneficial effect on 
coagulation-filtration and that, in the absence of bicarbonate, ozone 
has a detrimental effect. It is hypothesized that ozone acts in a 
positive manner via direct molecular reactions and in a negative 
manner by the hydroxyl radical pathway, with bicarbonate serving 
as a hydroxyl radical scavenger.

Introduction

Particle removal is essential in water treatment in order to remove pathogens and 
potential vehicles of their transport that cannot be satisfactorily destroyed by 
chemical disinfection alone. One such pathogen is Cryptosporidium, a protozoan 
that forms an oocyst, which is resistant to chlorine and ozone disinfection at the 
concentration-time values required to minimize by-product formation. As such, 
optimization of physical removal processes
(coagulation/sedimentation/flotation/filtration) is the best approach for minimizing 
the risk of waterborne cryptosporidiosis outbreaks with conventional water 
treatment works.

It has been established that the application of ozone prior to filtration can, in some 
instances, lead to a reduction in die particle count of the filtered water (Reckhow et 
al., 1986; Grasso and Weber, 1986; Hall et al., 2001; Currie et al., 2001).

A number of theories have been proposed by Reckhow et al. (1986) to explain why 
this may be the case:
1. Ozone increases the concentration of oxygenated functional groups, such as 

carboxylic acids, which could lead to an enhancement in complexation with
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coagulant cations such as aluminium, or naturally available cations such as 
calcium, hence aiding coagulation.

2. Ozone also cleaves organic molecules and may be responsible for reducing the 
number or size of particle-sorbed organics hence reducing the barriers to 
flocculation.

3. Conversely ozonation could lead to the production of meta-stable organics 
which may polymerize to form inter-particle bridges.

4. Ozone could also disrupt organo-metal complexes leading to an in-situ 
production of coagulant ions.

5. Ozone causes aggravation and possible lysis of algal cells, which could lead to 
the release of algal biopolymers.

6. An alternative theory was provided by Edwards and Benjamin (1991), who 
suggested that the effect seen with ozone is due to subtle changes in pH and 
carbonate concentration rather than any direct action of ozone itself.

One significant practical reason for attempting to understand the mechanisms of 
ozone-enhanced particle removal is that ozone does not always have a beneficial 
effect on particle removal (Reckhow et al., 1986; Becker and O’Melia 1996b; 
Eynard, 2001). Bonneville and Smith (2001) found that ozone has a beneficial 
effect at low doses whereas larger ozone doses impede flocculation. Likewise 
Saunier et al. (1983) and others have found that an optimal ozone dose exists for 
specific waters.

Possible explanations for the inconsistent behavior of ozone with respect to the 
mechanisms listed above are as follows:
1. While ozone leads to the production of oxygenated functional groups, some

such groups may have a detrimental effect on particle removal, for example 
oxalic acids (Edwards and Benjamin, 1992; Becker and O’Melia, 1996a) 
and strong carboxylic groups (Bose et al., 1994).

2-3. Since the mechanisms of organic cleavage and polymerization already exist 
in opposition, it is possible that both mechanisms operate, one beneficially 
and the other deleteriously. Alternatively it could be that there is an 
optimum organic chain length and charge which can be reached by the 
application of an optimum ozone dose.

4-5. If ozone is responsible for the release of beneficial substances, acting as 
coagulant or polyelectrolyes, from sources native to the water under 
treatment then, unless other mechanisms were also in play, it would only 
have a negative effect if sufficient coagulant or biopolymers were produced 
to give a harmful overdose.

6. If ozone only affects particle removal by means of pH optimization or 
calcium carbonate precipitation then it is likely that a very specific 
concentration of ozone would be required to bring the system to this 
optimum.

It is believed that the most likely explanation for the mixed results with ozone is 
that it acts by a number of mechanisms simultaneously. One or more of these 
mechanisms may have a positive effect on particle removal and one or more others 
may have a negative effect. Finding a parameter that influences the balance of 
these mechanisms could lead to a means of optimizing ozone-enhanced particle 
removal.
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In this work we report evidence that bicarbonate is required in order for ozone to 
have a positive effect on particle removal. Bicarbonate is known to be a hydroxyl 
radical scavenger (Langlais et al., 1991). As such its presence is likely to help 
stabilize the ozone, promoting its action via direct molecular reactions and 
inhibiting its action via the hydroxyl radical pathway.

Materials and Methods

The experimental system (Figure 1) was based around a custom-built 3 liter stirred 
tank reactor in which natural and synthetic waters could be oxidized, coagulated, 
mixed and otherwise manipulated at controlled temperatures and pressures.

Figure 1. Schematic of experimental system

While pH and temperature were determined in the bulk of the liquid (pH301 
logging pH meter with Hanna HI2911B/5 or pHEONEX CA895/3 PG gel filled 
electrodes and PtlOO temperature compensation probe, Hanna Instruments), most 
instruments required flow through cells. An instrumentation loop therefore took a 
continuous liquid stream from the reactor and analyzed the size and shape of its 
particles (ViPA, Jorin), the particle count exceeding 2 pm (PCS2000, Diverse 
Technologies), photometric dispersion (PDA2000, Rank Brothers) and turbidity 
(2100N, Hach Company). The sample was returned to the bulk of the liquid by 
means of a peristaltic pump (LS, Masterflex) with offset-pulse dual tubing and a 
pneumatic pulse dampener to eliminate pulsation.
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Gas was fed either from a medical grade oxygen cylinder (BOC) via an ozone 
generator (CF-OA, Ozonia), or directly from an air cylinder (BOC) into the reactor 
via a rotameter, ozone analyzer (Model 26503 ozone indicator, Orbisphere 
Laboratories), non-return valve and sintered glass sparger system. From the 
nitrogen-purged (BOC) reactor headspace, the gas passed through a pressure and 
flow control system (Cole-Parmer) and a second ozone analyzer (Model 3600 
analyzer, Orbisphere Laboratories) and rotameter. It was finally scrubbed through 
potassium iodide solution for subsequent iodometric total off-gas ozone 
determination (Standardisation Committee, 1987).

All measured parameters were logged by a data logging system comprising of a 
PC-based data acquisition system (CIO-DAS802/16, ComputerBoards) along with 
a number of individual data logging systems.

Finally, a custom-made filtration apparatus (modified from Ives, 1978) using a 
0.08 m depth filter of 16/30 grade sand and a manometer to determine head loss, 
was used to filter the reactor contents at the end of each run. A quick-disconnect 
coupling system meant that, prior to filtration, the system could be reconfigured 
such that the reactor contents could be pumped through the filter and to drain via 
the instrumentation loop. This meant that the water was subject to the same 
analysis following filtration.

A typical run would consist of the reactor being washed and the filter backwashed 
with an air scour. The reactor would then be charged with the raw water and the 
instrument logging systems turned on. After a period of slow mixing to achieve 
steady state, the reactor would be sparged with ozone or air (for the non-ozone 
control test) for a set period of time, followed by an air purge for ninety seconds. 
After a second period of slow mixing, aluminium sulphate coagulant would be 
added with rapid mixing followed one minute later by acid or base addition and a 
second minute of rapid mixing. Optimal coagulant dose and pH were determined 
for each batch of water by matrix or step-wise jar testing. A third period of slow 
mixing would follow the chemical addition rapid mix period to facilitate 
flocculation, then the system would be reconfigured for filtration and the entire 
reactor contents would be filtered to waste at a flow rate of 60 cm3 m in1. Each 
trial would consist of an ozonated run along with an aerated, but otherwise 
identical, control run.

Results and Measurements

Recently, Currie et al. (2001) summarized a body of work conducted at WRc, 
previously described by Hall et al. (2001), in which a series of approximately sixty 
pilot-scale trials were conducted. This study covered trials with 8/16 sand (1.2 mm 
effective size), 16/30 sand (0.6 mm effective size), F400 granular activated carbon 
(GAC, 0.6 mm effective size) and sand-anthracite dual-media (16/30 sand & No.2 
anthracite with 1.5 mm effective size) rapid gravity filters with a number of raw 
waters and coagulant types. It concluded that there was a clear and immediate 
beneficial effect to the apparent particle removal when ozone doses typical of those 
used in full-scale water treatment works were applied to direct filtration systems. 
The basis of assessing the effect of pre-ozonation was by comparing the filtration
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performance with ozone or air, under identical conditions. Mathematically, this is 
expressed in terms of an increase in apparent log particle removal with ozone, AL, 
as follows:

AL = L - L  or AL(%) =ozone air '■'*
L,ozone - L ^xlOO% [1]ozone

Where,
L̂ one = apparent log particle removal in ozonated run 

= apparent log particle removal in aerated run

With the apparent log particle (or turbidity) removal defined as:

[2]

Where,
N0 = influent water quality (particle count or turbidity)
N, = effluent water quality (particle count or turbidity)

The study found 45-83% increases in apparent log particle removal (Equation [1]) 
were obtained depending on the ozone dose applied. This work also saw a benefit 
of ozone across the treatment process when floe blanket clarification was added 
prior to filtration.

Currie et al. (2001) also reported the results of preliminary experiments conducted 
with the laboratory apparatus described in the methods section above (with the 
exception that the potassium iodide ozone determination, Jorin ViPA particle 
analyzer and nitrogen head-space purge had not been established at this time). 
Samples of a hard, high alkalinity water from the River Thames (total hardness 276 
mg l l as CaCC>3; alkalinity 264 mg l 1 as HCO3; 5.3 mg DOC l 1; pH 8.2; 8.1 
Hazen; UV254 10.3 AU m 1, henceforth referred to as Hard Water) were ozonated 
with an applied dose of 18.3 mg l 1 giving rise to a 165% increase in apparent log 
particle removal with ozone, statistically significant at the 0 .1 % level of 
confidence.

Following these trials, similar experimental runs have been conducted using 
samples of a soft, low alkalinity water from an upland source (total hardness 13.4 
mg l' 1 as CaC0 3 i alkalinity 10-15 mg l' 1 as HCO3; 3.4 mg DOC T1; pH 6.7; 54 
Hazen; UV254 15 AU m 1, henceforth referred to as Soft Water) using the same 
applied ozone dose (Figure 2). Results quoted from this point onwards are taken 
from the comparison of two experiments: one with and one without ozone unless 
otherwise stated.
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Figure 2. Effect of water type and time on ozone-enhanced particle removal (1.8 
mg Al l '1 aluminium sulphate with Hard Water, 1.1 and 1.4 mg Al l '1 aluminium 

sulphate with soft water on 28/09/01 and 27/11/01 respectively).

The increases in apparent log removal with ozone reported here and onwards were 
calculated using equation [1] on a basis of the particle count and turbidity minima 
following the filter’s ripening and prior to its breakthrough. Figure 2 clearly 
indicates that a benefit in particle removal with ozone was found in the Hard Water 
trials, whereas an even stronger deleterious effect was found in the Soft Water 
trials1. This suggests that some parameter differing between these two waters is 
required in order for ozone to have a beneficial effect.

In order to verify that the calcium bicarbonate concentration was this critical 
parameter, trials were conducted with the addition of Ca2+ ions and HCO3' ions to 
the Soft Water. Adding these ions in the form of calcium chloride and sodium 
bicarbonate enabled segregation of the effects of hardness and alkalinity.

Calcium chloride was initially added in order to bring the calcium hardness of the 
Soft Water up from 10.5 mg l'1 as CaCC>3 to the 267 mg l‘l as CaCC>3 level seen 
with the Hard Water previously used. Further runs were conducted at 0.5 and 1.5 
times this concentration. In order to provide a control with equal chloride 
concentrations Soft Water runs were also conducted with 306 mg NaCl l 1, together 
with 0.5 and 1.5 times this concentration. A final set of runs was conducted using 
440 mg NaHCC>3 1' 1 and 0.5 and 1.5 times this concentration. These had the same 
sodium ion concentrations as the sodium chloride control runs although the pH of 
the water had to be adjusted to that of the raw water, achieved by the addition of

1 A previously reported benefit of ozone on particle removal with the same Soft Water (Currie et 
al, 2002) was later found to be due to an unstable filter giving a false-positive result following an 
acid wash.
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less than 5 ml 1 N hydrochloric acid per liter water. The results of these runs are 
given in Figure 3.

Figure 3. Effect of calcium chloride, sodium chloride and sodium bicarbonate
addition on ozone-enhanced particle removal (1.4 mg Al l '1 aluminium sulphate).

Calcium chloride gave a benefit over the sodium chloride controls in two out of 
three trials in terms of particle count and all three in terms of turbidity, although an 
enhancement in particle removal was not achieved with ozonation. However it 
was seen that the addition of sodium bicarbonate resulted in the revival of ozone’s 
beneficial effect on apparent log particle removal. This gave a strong indication 
that bicarbonate is required in order for ozone-enhanced particle removal to take 
place.

In order to investigate this effect further, under more controlled conditions, and 
enable the use of zero bicarbonate waters, a series of trials were conducted using 
synthetic model waters based on the Hard Water quality (Table 1). Following 
early trials with an aluminium sulfate coagulant dose of 2.6 mg A111 and a target 
coagulation pH of 6.6, the optimum coagulation pH of 6.1 with a coagulant dose of 
2.0 mg A1 P  was determined by means of jar testing and these values were used 
throughout, along with the applied ozone dose used in the real water trials.

Due to the lack of pH buffering in bicarbonate-free waters, accurate pH adjustment 
of the raw model waters was impossible. Trials were therefore conducted at a 
range of raw water pH’s and the pH series with and without bicarbonate were 
compared (Figure 4).
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Table 1. Composition of Synthetic Model Waters
Measured raw water pH (1st trial) 
Measured raw water pH (2nd trial)

6.01* 6.11*
6.55*

7.33* 7.69*
7.86*

10.37*
10.60*

Bentonite mg l'1 13 13 13 13 13
NaCl mg l'1 6.2 134.3 128 38 97
CaC1.2H20 mg r 1 345 345 345 345 345
0.1 MNaOH mil*1 0 0.317 0.634 0 5.7
NaHC03 mg l'1 197 0 0 197 0
1 MHC1 m il1 1.6 0 0 0 0
Suwannee River NOM mg l'1 2.3 2.3 2.3 2.3 2.3

Subsequent trials were coagulated with 0.8 mg A11-1 at a target pH of 6.1
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Figure 4. Effect of sodium bicarbonate on ozone-enhanced particle removal with
pH.

These results provided further evidence that the presence of bicarbonate is required 
in order for ozone-enhanced particle removal to occur and that the absence of 
bicarbonate gives rise to a negative effect of ozone on particle removal. 
Additionally they indicate that the pH value of the water at the time of ozonation is 
also significant, with the lowest pH value giving the most positive particle removal 
with ozone.

From these results it was necessary to determine why bicarbonate should be 
required in order for ozone to have a beneficial effect on particle removal. Since 
bicarbonate is known to act as a hydroxyl radical scavenger, trials were conducted 
with an alternative hydroxyl radical scavenger (tertiary-butanol) in place of 
bicarbonate. These experiments were carried out using the same model water 
composition as the pH 6.11 synthetic model water trial above, but with the addition 
of 0 and S mg l'1 t-butanol (Figure 5). Although this concentration was lower than
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the bicarbonate concentration in molar terms (67.6 pM t-butanol, compared to 2.35 
mM bicarbonate), the much greater reactivity of t-butanol should provide a 
comparable, scavenging effect; the reaction rate constants of bicarbonate and t- 
butanol with hydroxyl radicals are, 8.5xl06 M 'V  (Acero and von Gunten, 1998) 
and 5x108M ',s' 1 (Langlais et al., 1991), respectively.

Figure 5. Effect of t-butanol on ozone-enhanced particle removal (0.8 mg Al l '1
aluminium sulphate).

Figure 5 demonstrates that the addition of t-butanol enhanced the effect of ozone 
on particle removal. Moreover, 5 mg l 1 t-butanol gave a similar improvement in 
the apparent log removal to that observed with 197 mg l '1 NaHC0 3  (Figure 4). 
These results support the hypothesis of hydroxyl radical scavenging by 
bicarbonate.

Discussion

The results of the preliminary tests described above showed that ozone had a 
beneficial effect on particle removal with samples of a hard, high alkalinity water, 
whereas it had a detrimental effect on samples of a soft, low alkalinity water. It 
was found that the addition of sodium bicarbonate to this Soft Water enabled ozone 
to have a beneficial effect.

Constructing synthetic model waters with and without sodium bicarbonate 
confirmed that a positive effect on particle removal was seen with ozone in the
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presence of bicarbonate. However a negative effect was seen in its absence. It was 
also noted that lower raw water pH values resulted in more positive effects with 
ozone, with very strongly negative results observed with bicarbonate-free waters at 
pH 10.6.

Since bicarbonate is known to be a hydroxyl radical scavenger, it is hypothesized 
that bicarbonate is needed in order to prevent rapid ozone decomposition and to 
facilitate direct molecular ozone reactions. In the absence of bicarbonate as a 
radical scavenger it is possible that hydroxyl radicals generated from the rapid 
decomposition of ozone may react in such a manner as to detrimentally affect 
particle removal, whereas molecular ozone reactions lead to an enhanced particle 
removal. In view of this, there may be an optimum ozone dose that is related to the 
bicarbonate concentration in any given water. This could explain why some studies 
have observed positive effects with ozone, while other studies have reported either 
negative effects, ozone dose dependent effects or no effect at all.

Work conducted by Bonneville and Smith (2001) for example, using soft, low 
alkalinity Mount Seymour impoundment water, confirms this theory. Here small 
ozone doses were seen to slightly improve particle flocculation whereas high doses 
impeded it. This conforms to the theory that low alkalinity water only benefits 
from ozone at concentrations sufficiently low for the limited amount of available 
bicarbonate to scavenge the majority of hydroxyl radicals, hence maintaining direct 
molecular ozone reactions as the predominant action of ozone.

This hypothesis is supported by the positive effect on particle removal seen with 
ozone in the presence of t-butanol -  another hydroxyl scavenger. To a lesser 
extent, the effect of raw water pH also corroborates this theory, since hydroxyl 
radicals are more likely to form during ozonation at high pH (Langlais et al., 
1991).

While this theory is not directly applicable to chlorine -  which is known to have a 
similar effect on particle removal to ozone -  it is conceivable that chlorine acts in a 
similar manner to molecular ozone. Hence it would be expected that chlorine 
should have an effect in waters of any bicarbonate concentration.

The next stage in progressing this theory will be to conduct further pilot scale trials 
using Soft Water with the addition of various amounts of sodium bicarbonate, acid 
and base. As such we hope to be able to define the relationship between 
bicarbonate concentration, pH and the enhancement of particle removal with 
ozone.

Conclusions

This work indicates that bicarbonate, or some other hydroxyl radical scavenger, is 
required in order for ozone to have a beneficial effect on particle removal in 
coagulation-filtration based water treatment. In the absence of a hydroxyl radical 
scavenger ozone has a detrimental effect on particle removal with filtration 
following coagulation.

204



This leads to the hypothesis that ozone acts in a beneficial manner, with respect to 
particle removal, via direct molecular reactions and in a detrimental manner via the 
hydroxyl radical reaction pathway.

The practical consequence of this is that there is likely to be an optimum ozone 
dose for any given bicarbonate concentration at which particle removal by 
coagulation and filtration will be optimized. This remains to be demonstrated in 
further studies.

Key Words

Ozone; Particle Removal; Coagulation; Filtration; Bicarbonate; Alkalinity; 
Hydroxyl Radical Scavenger.
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Abstract

Ozone is known to enhance the removal of particles in coagulation- 
filtration systems under certain circumstances. In this work it was 
observed that bicarbonate is required in order for ozone to have a 
beneficial effect on coagulation-filtration and that, in the absence of 
bicarbonate, ozone has a detrimental effect. It is hypothesised that 
ozone acts in a positive manner via direct molecular reactions and in a 
negative manner by the hydroxyl radical pathway, with bicarbonate 
serving as a hydroxyl radical scavenger.

Introduction

Particle removal is essential in water treatment in order to remove pathogens and 
potential vehicles of their transport that cannot be satisfactorily destroyed by 
chemical disinfection alone. One such pathogen is Cryptosporidium, a protozoan 
that forms an oocyst, which is resistant to chlorine and ozone disinfection at the 
concentration-time values required to minimise by-product formation. As such, 
optimisation of physical removal is the best established method of minimising the 
risk of waterborne cryptosporidiosis outbreaks.

It has been established that the application of ozone prior to filtration can, in some 
instances, lead to a reduction in the particle count of the filtered water (Hall et al., 
2001; Currie et al., 2001).

A number of theories have been proposed by Reckhow et al. (1986) to explain why 
this may be the case:
1. Oxidants increase the concentration of oxygenated functional groups, such as 

carboxylic acids, which could lead to an enhancement in complexation with 
coagulant cations such as aluminium, or naturally available cations such as 
calcium, hence aiding coagulation.

2. Oxidants also cleave organic molecules and may be responsible for reducing the 
number or size of particle-sorbed organics hence reducing the barriers to 
flocculation.

3. Conversely oxidants could lead to the production of meta-stable organics which 
may polymerise to form inter-particle bridges.
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4. Oxidants could also disrupt organo-metal complexes leading to an in-situ 
production of coagulant ions.

5. Finally oxidants cause aggravation and possible lysis of algal cells, which could 
lead to the release of algal biopolymers.

6. An alternative theory was provided by Edwards and Benjamin (1991), who 
suggested that the effect seen with ozone is due to subtle changes in pH and 
carbonate concentration rather than any direct action of ozone itself.

One significant practical reason for attempting to understand the mechanisms of 
ozone-enhanced particle removal is that ozone does not always have a beneficial 
effect on particle removal (Reckhow et al., 1986; Becker and O’Melia 1996b; 
Eynard, 2001). Bonneville and Smith (2001) found that ozone has a beneficial effect 
at low doses whereas larger ozone doses impede flocculation. Likewise Saunier et al. 
(1983) and others have found that an optimal ozone dose exists for specific waters.

Possible explanations for the inconsistent behaviour of ozone with respect to the 
mechanisms listed above are as follows:
1. While ozone leads to the production of oxygenated functional groups, some 

such groups may have a detrimental effect on particle removal, for example 
oxalic acids (Edwards and Benjamin, 1992; Becker and O’Melia, 1996) and 
strong carboxylic groups (Bose et al., 1994).

2-3. Since the mechanisms of organic cleavage and polymerisation already exist 
in opposition it is possible that both mechanisms operate, one beneficially 
and the other deleteriously. Alternatively it could be that there is an optimum 
organic chain length and charge which can be reached by the application of 
an optimum ozone dose.

4-5. If ozone is responsible for the release of beneficial substances, acting as 
coagulant or polyelectrolyes, from sources native to the water under 
treatment then, unless other mechanisms were also in play, it would only 
have a negative effect if sufficient coagulant or biopolymers were produced 
to give a harmful overdose.

6. If ozone only affects particle removal by means of pH optimisation or 
carbonate concentration then it is likely that a very specific concentration of 
ozone would be required to bring the system to this optimum.

Perhaps the most likely explanation for the mixed results with ozone is that it is acts 
by a number of mechanisms simultaneously. One or more of these mechanisms may 
have a positive effect on particle removal and one or more others may have a 
negative effect. Finding a parameter that influences the balance of these 
mechanisms could lead to a means of optimising ozone-enhanced particle removal.

In this work we have seen evidence that bicarbonate is required in order for ozone to 
have a positive effect on particle removal. Bicarbonate is known to be a hydroxyl 
radical scavenger (Langlais et al., 1991). As such its presence is likely to help 
stabilize the ozone and promote the action of ozone via direct molecular reactions, 
inhibiting its action via the hydroxyl radical pathway.
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Materials and Methods

The experimental system (Figure 1) was based around a custom-built 3 litre stirred 
tank reactor in which natural and synthetic waters could be oxidised, coagulated,
mixed and otherwise manipulated at controlled temperatures and pressures.

Figure 1. Schematic of experimental system

While pH and temperature were determined in the bulk of the liquid (pH301 logging 
pH meter with HI2911B/5 gel rilled electrode and PtlOO probe, Hanna Instruments), 
most instruments required flow through cells. An instrumentation loop therefore 
took a continuous liquid stream from the reactor and analysed its particle size and 
shape (ViPA, Jorin), particle count (PCS2000, Diverse Technologies), photometric 
dispersion (PDA2000, Rank Brothers) and turbidity (2100N, Hach Company). The 
sample was returned to the bulk of the liquid by means of a peristaltic pump (LS, 
Masterflex) with offset-pulse dual tubing and a pneumatic pulse dampener to 
eliminate pulsation.

Gas was fed either from a medical grade oxygen cylinder (BOC) via an ozone 
generator (CF-OA, Ozonia), or directly from an air cylinder (BOC) into the reactor 
via a rotameter, ozone analyser (Model 26503 ozone indicator, Orbisphere 
Laboratories), non-return valve and sintered glass sparger system. From the 
nitrogen-purged (BOC) reactor headspace, the gas passed through a pressure and 
flow control system (Cole-Parmer) and a second ozone analyser (Model 3600 
analyser, Orbisphere Laboratories) and rotameter. It was finally scrubbed through
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potassium iodide solution for subsequent iodometric total off-gas ozone 
determination (Standardisation Committee, 1987).

All measured parameters were logged by a data logging system comprising of a PC 
based data acquisition system (CIO-DAS802/16, ComputerBoards) along with a 
number of individual data logging systems.

Finally, a custom-made filterability apparatus (modified from Ives, 1978) using a 
0.08 m depth filter of 16/30 grade sand and a manometer to determine head loss, was 
used to filter the reactor contents at the end of each run. A quick-disconnect 
coupling system meant that, prior to filtration, the system could be reconfigured such 
that the reactor inventory could be pumped through the filter and to drain via the 
instrumentation loop. This meant that the water was subject to the same analysis 
following filtration.

A typical run would consist of the reactor being washed and the filter backwashed 
with an air scour. The reactor would then be charged with the raw water and the 
instrument logging systems turned on. After a period of slow mixing to achieve 
steady state the system would be sparged with ozone (or air) for a set period of time, 
followed by an air purge for ninety seconds. After a second period of slow mixing 
the coagulant would be added with rapid mixing followed one minute later by acid or 
base addition and a second minute of rapid mixing. A third period of slow mixing 
would follow this, then the system would be reconfigured for filtration and the entire 
reactor inventory would be filtered to waste at a flow rate of 60 cm3 min'1. Each trial 
would consist of an ozonated run along with an aerated, but otherwise identical, 
control run.

Currie et al. (2001) summarised a body of work conducted at WRc, previously 
described by Hall et al. (2001), in which a series of approximately sixty pilot-scale 
trials were conducted. This study covered 8/16 sand, 16/30 sand, F400 granular 
activated carbon (GAC) and sand-anthracite dual-media rapid gravity filters with a 
number of raw waters and coagulant types. It concluded that there was a clear and 
immediate beneficial effect to apparent particle removal when ozone doses typical of 
those used in full-scale water treatment works were applied to direct filtration 
systems. 45-83% increases in apparent log particle removal (Equation [3]) were 
obtained depending on the ozone dose applied. This work also saw a benefit of 
ozone across the treatment process when floe blanket clarification was added prior to 
filtration.

Results snd Measurements

[1]

increase in apparent particle removal with ozone = Lraooe - [2]
percentage increase in apparent _  -L .;, jqq^

particle removal with ozone l [3]
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L = apparent log particle removal 
N0 = influent particle count
N, = effluent particle count

Currie et al. (2001) went on to discuss work conducted in the lab scale rig described 
in the methods section with the exception that the potassium iodide ozone 
determination, Jorin ViPA particle analyser and nitrogen head-space purge had not 
been established at this time. Samples of a hard, high alkalinity water from the River 
Thames (total hardness 276 mg L * as CaCCh; 5.3 mg DOC L '1; pH 8.2; 8.1 Hazen; 
UV254 10.3 AU m '1) were ozonated with an applied dose of 1.14 mg ozone per mg 
DOC (dissolved organic carbon) giving rise to a 165% increase in apparent particle 
removal with ozone, statistically significant at the 0.1% level of confidence.

Following these trials, similar experimental runs were conducted using samples of a 
soft, low alkalinity water from an upland source (Total hardness 13.4 mg L '1 as 
CaCOs; 3.4 mg DOC L '1; pH 6.7; 54 Hazen; U V 2 5 4  15 AU m '1), using the same 
volume and concentration of applied ozone. These runs resulted in a slightly lower 
increase in apparent particle removal with ozone (Equation [2]). However, repeating 
the same experiments 21 days later (following refrigerated storage in black HDPE 25 
L jerry cans) gave rise to a negative effect with ozone (Figure 2).

Effect of ozone on hard, soft and stale soft waters

Figure 2. Effect of water type and time on ozone-enhanced particle removal.

The disappearance of the beneficial effect of ozone on particle removal with time 
indicated that some parameter of the water that is required for ozone-enhanced 
particle removal had changed with time. Possible explanations included a change in 
the organic content due to biodegradation, denaturing or other forms of 
decomposition; adsorption of organic or inorganic species onto the surfaces of the 
water’s containers; precipitation of salts such as calcium carbonate or the stripping of 
gasses such as oxygen or carbon dioxide.
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It was therefore decided that trials should be conducted with the addition of calcium, 
bicarbonate and natural organic matter. The trials with added natural organic matter, 
however, proved inconclusive since adding organics altered the optimal coagulation 
conditions, hence a full set of jar tests would be required for each water of differing 
organic concentration in order to determine the required coagulant dose and 
optimum pH.

Calcium chloride was initially added in order to bring the calcium hardness of the 
‘stale’ soft water up from 10.5 mg L '1 as CaCC>3 to the 267 mg L '1 as CaCC>3 level 
seen with the Thames river water previously used. Further runs were conducted at 
0.5 and 1.5 times this concentration. In order to provide a control with equal 
chloride concentrations runs were conducted with 306 mg NaCl L '\ together with 
0.5 and 1.5 times this concentration. A final set of runs was conducted using 440 mg 
NaHCC>3 L 1 and 0.5 and 1.5 times this concentration. These had the same sodium 
ion concentrations as the sodium chloride control runs although the pH of the water 
had to be adjusted to that of the raw water by addition of less than 5 ml 1 N 
hydrochloric acid per litre water. The results of these runs are given in Figure 3.

Effect of ozone on stale water with addition of 
calcium chloride, sodium chloride & sodium bicarbonate

Figure 3. Effect of calcium chloride, sodium chloride and sodium bicarbonate 
addition on ozone-enhanced particle removal.

Calcium chloride gave a benefit over the sodium chloride controls in two out of three 
trials in terms of particle count and all three in terms of turbidity, although an 
enhancement in particle removal was not achieved with ozonation. However it was 
seen that the addition of sodium bicarbonate resulted in the revival of ozone’s 
beneficial effect on apparent particle removal. This gave a strong indication that 
bicarbonate is required in order for ozone-enhanced particle removal to take place.

In order to investigate this effect further under more controlled conditions and enable 
the use of zero bicarbonate waters, a series of synthetic model waters were prepared 
to mimic the River Thames water quality in summer and winter (Table 1)
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Table 1. Composition of synthetic model waters
Summer model Winter model Bicarbonate-free 

winter model
Bentonite /mg L '1 36 13 13
O.lMNaOH /ml L '1 0 0 5.7s
NaCl /mg L '1 0 38 97b
CaC1.2H20 /mg L '1 430 345 345
NaHC03 /m g L 1 250 197 0
Suwannee River NOM /m gL '1 10 2.3 2.3
a) NaOH added to attain winter model pH. b) NaCl added to attain winter model
conductivity.

Initial results with these waters proved problematic due to overloading of the shallow 
(0.08 m) filter bed and subsequently due to sub-optimal coagulation. However, the 
result of the summer and winter model trials was a consistent enhancement in 
particle removal with ozonation, which was strongly reversed in a water with zero 
bicarbonate (Figure 4).

Effect of ozone on model waters with and without 
bicarbonate

0.40

0.20

0.00

-0.20

-0.40

-0.60

•0.80

- 1.00

- 1.20

-1.40

Summer Model Winter Model Bicarbonate Free Winter Model
250 mg/l NaHC03 197 mg/l NaHCOS 0mg/INaHCO3

■  Partida Count 0.04 0.16 -1.54
□Turbidity 0.11 0.26 -0.56

Figure 4. Effect of sodium bicarbonate concentration on ozone-enhanced particle 
removal.

These results provided additional evidence that the presence of bicarbonate is 
required in order for ozone-enhanced particle removal to occur and additionally that 
the absence of bicarbonate gives rise a strongly negative effect of ozone on particle 
removal.
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Discussion

The results of the preliminary tests described above showed that samples of a soft, 
low alkalinity water appeared to give a slightly lesser benefit with respect to ozone- 
enhanced particle removal than a hard, high alkalinity water. It was found that 
allowing the soft water samples to stand for 21 days led to the beneficial effect being 
completely lost and a negative effect was obtained with ozone. It was possible to 
resurrect the positive effect of ozone by the addition of sodium bicarbonate. 
Constructing synthetic model waters with and without sodium bicarbonate confirmed 
that a positive effect on particle removal was seen with ozone in the presence of 
bicarbonate. However a strongly negative effect was seen in its absence.

Since bicarbonate is known to be a hydroxyl radical scavenger, it is our hypothesis 
that bicarbonate is needed in order to prevent rapid ozone decomposition and to 
facilitate direct molecular ozone reactions. In the absence of bicarbonate as a radical 
scavenger it is possible that hydroxyl radicals generated from the rapid 
decomposition of ozone may react in such a manner as to detrimentally affect 
particle removal, whereas molecular ozone reactions lead to an enhanced particle 
removal. This could explain why some studies have observed positive effects with 
ozone, while other studies have reported either negative effects or no effect at all. In 
view of this, there may be an optimum ozone dose that is related to the bicarbonate 
concentration in any given water.

While this theory is not directly applicable to chlorine -  which is known to have a 
similar effect on particle removal to ozone -  it is conceivable that chlorine acts in a 
similar manner to molecular ozone, and hence it would be expected that chlorine has 
a positive effect in low bicarbonate waters.

The next stage in progressing this theory will be to re-run the model water trials with 
and without bicarbonate under optimum coagulation conditions. This will be 
facilitated by a custom made pH electrode (CA895/3 PG, pHOENIX 
Instrumentation) capable of operation in 18 M il.cm waters, as pH adjustment with 
the existing probe proved problematic in zero bicarbonate waters.

Following this, trials will be conducted using tert-butanol in place of sodium 
bicarbonate. As tert-butanol also acts as a hydroxyl radical scavenger these trials 
should indicate whether bicarbonate’s effect is due to radical scavenging or some 
other means. It is possible that ozone acts through bicarbonate by the formation of 
bicarbonate radicals; no such by-products are produced with tert-butanol. If tert- 
butanol addition does not give rise to a positive effect with ozone then the effect of 
phosphate and other weak acid anions will be examined.

Finally, chlorination trials conducted in the presence and absence of bicarbonate 
should, if this theory is correct, both give rise to a positive effect on particle removal, 
unless other factors are involved.
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Conclusion

This work indicates that bicarbonate is required in order for ozone to have a 
beneficial effect on particle removal in coagulation-filtration based water treatment. 
In the absence of bicarbonate ozone has a detrimental effect on particle removal with 
filtration following coagulation.

This leads to the hypothesis that ozone acts in a beneficial manner, with respect to 
particle removal, via direct molecular reactions and in a detrimental manner via the 
hydroxyl radical reaction pathway. As such, bicarbonate acts as a hydroxyl radical 
scavenger.

The practical consequence of this is that there is likely to be an optimum ozone dose 
for any given bicarbonate concentration at which particle removal by coagulation 
and filtration will be optimised. This remains to be demonstrated in further studies.
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Abstract

Following a body of pilot-scale work clearly demonstrating an 
enhancement in the apparent removal of particles with pre-oxidation 
during water treatment, a bench-scale batch oxidant-contacting system 
has been developed in order to investigate the mechanisms responsible 
for this phenomenon. Initial results have indicated that a 165% increase 
in apparent log particle removal can be demonstrated with this system.

Introduction

The principal reason for treating drinking water is to make it safe and wholesome by 
removing undesirable chemicals and pathogens. While chemical disinfection is 
sufficient to destroy most pathogenic microorganisms, Cryptosporidium oocysts are 
largely resistant to such treatment and require physical removal. This removal can 
be achieved satisfactorily by the use of correctly optimised systems of water 
treatment.

It has been claimed for some time that the removal of particles can be enhanced by 
the application of an oxidant, such as ozone or chlorine, prior to filtration. This 
claim was substantiated in a previous programme of work conducted by WRc pic, in 
which approximately sixty pilot-scale filtration runs were conducted using ozone and 
other oxidants, with a range of treatment regimes and filter media types (Hall et al., 
2001).

While these studies indicated empirically that pre-ozonation can benefit particle 
removal, a fundamental and mechanistic understanding of this phenomenon would 
allow a more pre-emptive optimisation of the particle removal phenomenon during 
potable water treatment. Since pre-ozonation is already used for the removal of 
colour, pesticides and other contaminants at many treatment works, its additional use 
for the optimisation of oocyst and particle removal is likely to be more cost effective 
than the use of additional or alternative processes.

The literature contains a number of sometimes conflicting theories relating to this 
phenomenon. To date many of these theories remain insufficiently tested. As a 
result the general consensus in the field is that the mechanisms remain substantially

219



unknown. Proponents of any one theory tend to be in opposition leaving the field 
divided, at best.

A number of authors refer to six mechanisms, which were originally proposed by 
Reckhow et al. (1986). The first of these is that oxidants cause an increase in the 
concentration of carboxylic acids and other such oxygenated functional groups. This 
leads to an enhancement in the complexation with aluminium, resulting in the 
formation of insoluble aluminium humates. The same increase in oxygenated 
functional group concentration can have similar effects through an enhancement in 
calcium complexation (second mechanism). A number of authors combine these two 
effects into a single mechanism, that of the formation of carboxylic acids, which 
form insoluble organo-metal complexes.

The third proposed mechanism is that the number or size of organics adsorbed on the 
surface of colloidal particles is reduced, consequently lowering the particles’ steric 
hindrances and surface charges. This reduces the barriers between particles and 
thereby allows flocculation.

Another theory is that oxidation causes the formation of meta-stable organics which 
polymerise, forming inter-particle bridges, leading to the enmeshment of other 
particles and additional adsorption of floes and particles onto solid surfaces.

The fifth speculated mechanism is that organo-metal complexes in natural waters are 
disrupted during oxidation, leading to the release of free metal species that can then 
act as coagulants.

Finally, Reckhow et al. (1986) proposed the release of biopolymers from algal cells 
due to lysis or cell aggravation.

Many sources also mention Edwards and Benjamin’s (1991) theory that ozone- 
induced particle destabilisation is a purely inorganic phenomenon explained by 
subtle changes in pH and carbonate concentration.

A significant number of recent accounts report that oxidation tends to reduce the size 
of organic matter and increase its charge, polarity or hydrophilicity (Becker and 
O’Melia, 1996; Bourgine et al., 1998; Chandrakanth and Amy, 1998; Paralkar and 
Edzwald, 1998; Westerhoff et al., 1999; Becker and O’Melia, 2000). Some mention 
the possible deleterious consequence of this in the production of oxalic acid and 
other small oxygenated organics which can increase coagulant demand (Becker and 
O’Melia, 1996; Chandrakanth and Amy, 1998).

Another consequence of this effect occurs when the organics are adsorbed onto the 
surface of the particle. In their ongoing study, Becker et al. (2001) have taken the 
hypothesis that oxidants alter the conformation and charge of the organics adsorbed 
to particles, hence altering their stability. In investigating this theory they have seen 
a reduction in the density and hydrodynamic thickness of particle adsorbed organics 
following the addition of chlorine, up to a certain chlorine dosage. Beyond this 
critical dose the density and hydrodynamic thickness of the adsorbed organics 
increased again.
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Chandrakanth et al. (1996) and Chandrakanth and Amy (1998) found, however, that 
for some forms of organic molecules the benefit of ozonation can be attributed to 
increased calcium association due to an increase in carboxyl groups and other groups 
that specifically complex calcium.

In the present study, a bench-scale batch oxidant-contacting system has been 
developed to investigate the ozone-enhanced particle removal phenomenon in depth 
using samples of natural and synthetic waters.

The main benefit of this system is that it is possible to simulate the passage of a unit 
of water through almost any configuration of water treatment works. The 
experimental procedure involves measurement of the most relevant parameters, such 
as particle count, particle dispersion, turbidity, pH, ozone concentration, oxidant 
flow-rate, temperature, and pressure, on-line through every stage of the process.

Trials are being conducted currently to examine the viability of each of the 
mechanisms proposed in the literature. A filterability apparatus is being used to give 
a direct measure of the enhancement of filterability provided by ozone.

Previous Work

Prior to the current work, a pilot-scale study was conducted by WRc pic (Hall et al. 
2001) in order to evaluate the benefits of ozonation and chlorination on particle 
removal.

The pilot plant consisted of two streams in parallel, with a schematic of stream A 
detailed in Figure 1. The majority of trials were conducted with chemical 
coagulation and direct rapid-gravity filtration, although a series of later trials 
included floe blanket clarification prior to filtration. In general, stream A was dosed 
with ozone or chlorine either prior to coagulation, directly prior, to the filter or at both 
points, while stream B was held constant as a control. The main measures of particle 
removal were particle count (Versacount, MAC Royco), turbidity (1720C, Hach) 
and in some instances spore counts. Further details of the experimental system and 
methods can be found elsewhere (Hall et al., 2001).
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Figure 1: Schematic of pilot-scale water treatment train (ozonated stream)

This investigation concluded that the benefit of pre-ozonation on particle removal 
was clear with direct filtration, using a range of filter media and water types with 
ozone doses typical of full-scale water treatment works. Figure 2 demonstrates the 
improvement in apparent log particle removal (Equation [1]) with soft upland and 
hard lowland waters and four different media types: two grades of sand, F400 
granular activated carbon (GAC) and sand-anthracite dual media. Ozone was 
beneficial in all but one case.

Benefit of Ozone on Particle Removal by FHtration

Figure 2: Benefit of ozone on particle removal
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[1]Log Particle Removal = log10 N0- lo g 10 N, = log ,« ,-2-
N,

N0 = influent particle count 
N, = effluent particle count

Figure 3 is a typical example of an effluent particle count profile from this study. 
Run 45 used 0.3 mg Fe l '1 Ferripol coagulation and direct filtration with a im  depth 
of 16/30 grade sand and a lowland river water. Coagulant dosing was stopped at the 
end of the run with stream A in order to assess the effect of ozone on raw water 
electrophoretic mobility. In addition to the distinct improvement in particle removal 
throughout the run it indicates the short time lag between turning the ozone on or off, 
and observing a change in the filtered water particle counts.

Pilot Run 45 -  Total Partiel* Count with Tim *

ThM(MKIMti

Figure 3: Typical plot of filtrate particle count

Pre-ozonation also gave rise to an apparent increase in particle removal across the 
whole treatment stream when a floe blanket clarifier was added prior to the filter, 
although no direct benefits to the clarification process itself were noted. In such 
systems an additional mid-ozone dose, directly prior to filtration, gave essentially the 
same effect as with direct filtration.

Similar effects were noted with chlorination, both with and without clarification, 
although the magnitude of the improvement was less than with ozone and an 
inexplicable short-term spike in particle counts was noted every time the chlorination 
was started. This could have detrimental effects with regard to treatment integrity on 
start-up. No such effect was observed with ozone.
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While the pilot-scale investigation was empirical in nature, being conducted in order 
to determine which conditions would give rise to enhanced particle removal, rather 
than the mechanisms of such phenomena, a number of mechanistic issues were 
touched upon:

Firstly, the short amount of time taken between a change in pre-ozonation dose and a 
change in fíltrate particle counts and turbidity demonstrated that the process was not 
due to a biological filtration effect.

Trials conducted with soft upland waters gave, on average, a slightly lesser 
enhancement in apparent particle removal than those conducted with hard lowland 
waters (Figure 2). Attributing this effect to the relative calcium concentrations in 
these waters would support the theory that oxidants benefit coagulation through 
calcium complexation by increasing the number of calcium complexing functional 
groups. The effect of differences in organic chain length, total organic carbon, 
alkalinity and calcium ion buffering, however, should not be ignored.

Inconsistent filter head-loss results and changes in particle size distribution meant 
that it was difficult to draw any conclusions regarding the fate of particles which 
were apparently removed in greater numbers with pre-oxidation. However, a 
decrease in particle count prior to filtration was consistently noted. Hence, it can be 
concluded that oxidation has an effect on particles prior to filtration rather than only 
increasing the affinity of particles to the filter media.

Electrophoretic mobility determinations were conducted during pilot run 45. Figure 
4 indicates an increase in the magnitude of the negative electrophoretic mobility of 
the raw water particles (first two columns) and floe particles (last two columns) with 
ozone, both of which were statistically significant at the 0.1% level of confidence.

0.0
Raw Water

PHot Run 45 -  Electrophoretic MobMty

Ozena Coagulant Coagulant + Ozona

>  -1.0

•1.5

-2.0

-2.5

•1.72 •1.74

•1.04

-2.19

Figure 4: Electrophoretic mobility (error bars represent one standard deviation)
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Most other reports claim that ozone leads to a decrease in the magnitude of 
electrophoretic mobility (Edwards and Benjamin, 1991; Paode et al., 1995; 
Chandrakanth and Amy, 1998). Notable exceptions are firstly Richard (1982), who 
found that zeta potential (indirectly measured by electrophoretic mobility) did not 
vary with the addition of ozone. Secondly Chandrakanth et al. (1996) found an 
increase in the magnitude of electrophoretic mobility with one organic type in the 
absence of calcium, and a decrease in all other cases. Here the increase in the 
magnitude of electrophoretic mobility was linked to a decrease in particle collision 
efficiency.

The increase in the negative electrophoretic mobility with ozone seen in Figure 4 - in 
combination with an increase in apparent particle removal (Figure 3) - is therefore 
surprising. It would appear to indicate that mechanisms other than simple 
electrostatic attraction are involved in this trial. The result could be explained by 
oxygenation of functional groups leading to an increase in the negative charge of 
particle surface organics. However, one would expect such charges to be neutralised 
by cationic coagulant ions, during the particle removal process.

In general, it can be concluded that a clear benefit of pre-ozonation on particle 
removal was demonstrated in this trial, although no satisfactory conclusions could be 
drawn regarding the mechanisms of this phenomenon. It was therefore decided that 
further work was required to elucidate these mechanisms.

Materials and Methods

The effect of oxidants on particle removal is strongly dependent on the nature of the 
water. As such the benefit of conducting empirical pilot-scale trials have been called 
into question, as the results from trials conducted at one location, with one water 
type, may not necessarily agree with, or be applicable to, other locations and waters.

For this reason it was decided that fundamental studies, under well-controlled 
conditions and looking in depth at individual parameters, would be more appropriate 
for this investigation. It was anticipated that the outcome of early studies would lead 
to more focused trials looking at specific parameters. A special testing system was 
therefore designed to be as flexible as possible given the difficulty of anticipating 
future needs, and with the capacity of mimicking the full range of conditions that 
could occur during water treatment.

The experimental system (Figure 5) was based around a custom-built 3 litre stirred 
tank reactor in which natural and synthetic waters could be oxidised, coagulated, 
mixed and otherwise manipulated at controlled temperatures and pressures.
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Figure 5: Schematic of experimental system

While pH and temperature were determined in the bulk of the liquid (pH301 logging 
pH meter with HI2911B/5 gel filled electrode and PtlOO probe, Hanna Instruments), 
most instruments required flow through cells. An instrumentation loop therefore 
took a continuous liquid stream from the reactor and analysed its particle count 
(PCS2000, Diverse Technologies), particle dispersion (PDA2000, Rank Brothers) 
and turbidity (2100N, Hach Company). The sample was returned to the bulk of the 
liquid by means of a peristaltic pump (LS, Masterflex) with offset-pulse dual tubing 
and a pneumatic pulse dampener to eliminate pulsation.

Gas was fed either from a medical grade oxygen cylinder (BOC) via an ozone 
generator (CF-OA, Ozonia), or directly from an air cylinder (BOC) into the reactor 
via a rotameter, ozone analyser (Model 26503 ozone indicator, Orbisphere 
Laboratories), non-return valve and sintered glass sparger system. From the reactor 
head space, the gas then passed through a pressure and flow control system (Cole- 
Parmer) and a second ozone analyser (Model 3600 analyser, Orbisphere 
Laboratories) and rotameter. It was finally passed through a catalytic ozone 
destructor and scrubbed through indigo solution (Eaton, 1995).

All measured parameters were logged by a data logging system comprising of a PC 
based data acquisition system (CIO-DAS802/16, ComputerBoards) along with a 
number of individual data logging systems.

Finally, a custom-made filterability apparatus (modified from Ives, 1978) using a 
0.08 m depth filter of 16/30 grade sand and a manometer to determine head loss, was
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used to filter the reactor contents at the end of each run. A quick-disconnect 
coupling system meant that, prior to filtration, the system could be reconfigured such 
that the reactor inventory could be pumped through the filter and to drain via the 
instrumentation loop. This meant that the water was subject to the same analysis 
following filtration.

A typical run would consist of the reactor being washed and the filter backwashed 
with an air scourge. The reactor would then be charged with the raw water and the 
instrument logging systems turned on. After a period of slow mixing to achieve 
steady state the system would be sparged with ozone (or air) for a set period of time, 
followed by an air purge for ninety seconds. After a second period of slow mixing 
the coagulant would be added with rapid mixing followed one minute later by acid or 
base addition and a second minute of rapid mixing. A third period of slow mixing 
would follow this, then the system would be reconfigured for filtration and the entire 
reactor inventory would be filtered to waste at a flow rate of 60 cm3 min'1.

Results and Measurements

While early trials with the system, using very high ozone doses, only gave an 
enhancement of apparent particle removal in systems with no coagulant, more recent 
trials have given dramatic improvements in apparent particle removal with ozone. 
These are the result of a large number of runs conducted in order to optimise and 
calibrate the system. As well as calibrating the ozonation system, runs were 
conducted to establish the time taken to reach steady state following ozonation, 
coagulation, etc. and to establish the repeatability of the trials.

Figures 6 and 7 show the particle count and turbidity profiles for runs 33-38. These 
were a series of three comparative trials using 1.14 mg ozone per mg dissolved 
organic carbon (DOC) in the ozonated trials, and air in the non-ozonated controls 
with lowland water samples (5.3 mg DOC L 1; pH 8.2; 8.1 Hazen; U V 2 5 4  10.3 AU m' 
'). The profiles represent the particle behaviour within the reactor through the period 
of gas sparging, coagulation and pH control up to the time marked ‘change over* and 
thereafter, the results show the particle content in die filter outlet flow.

A previous set of experiments established that the increase in filtered water particle 
counts after one hour in Figure 6a is a breakthrough curve, hence filtered water 
quality values should be averaged before this increase.
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Run 33-38 - Total Partlela Count wHh Tima fo r Osonatad Runa

Run 33-38 -  Total Partlela Count with Tima for Aaratad Runa

Tima (hhanM)

Figure 6 : Plot of particle count (£2 pm) in reactor and (following the change over line) 
at the filter outlet for (a) runs ozonated with 1.14 mg Oj per mg DOC 

and (b) runs aerated at 2 0 0  cm3 min'1.

In these runs the total particle count above 2 pm (Figure 6) decreased with filtration 
from an average of 9700 counts per ml in the raw water to averages of 560 in 
ozonated runs and 3300 in aerated runs. This corresponds to a 165% increase in 
average apparent log removal with ozone, which is statistically significant at the 
0.1% level of confidence. An improvement in turbidity was also seen (Figure 7) 
with an average of 7.6 NTU in the raw water decreasing to 0.12 with ozone, and 0.22 
with air, following filtration. The improvement in apparent log removal in this case 
was 16%, which is also statistically significant at the 5% level of confidence. 
Contrary to some other reports (Langlais et al., 1991, Tobiason et al., 1992) these 
runs found a corresponding increase in filter head loss with ozonation.
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Run 33-38 - Turbidity with Tlmu lo r O ionatod Runt

Run 33-38 • Turbidity with Tlm t for Aorttod Runt

Figure 7: Plot of turbidity in reactor and (following the change over line) at the filter 
outlet for (a) runs ozonated with 1.14 mg O3 per mg DOC 

and (b) runs aerated at 2 0 0  cm3 min*1.

In addition to the improvement in filtrate water quality found with ozone in these 
runs, there appears to be an increased downward trend in particle count and turbidity 
profiles following the period of gas sparging. The discontinuity in this trend was 
demonstrated by plotting the cumulative sum of the deviation of the particle count 
from its mean (Equation [2]) during the period prior to coagulation (Figure 8). This 
showed that the aerated runs had almost linear particle count profiles in comparison 
with the ozonated runs, which demonstrated a clear and rapid change following 
ozonation.
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y = £ ( * - ; ) [2]

y = cumulative summation of deviation of water quality parameter from mean 
x = water quality parameter (particle count or turbidity)

Run 33-38 - Total Particle Count CuSum

Figure 8: Cumulative summation of the deviation of the total particle count (£2 pm) 
from the mean during the period prior to coagulant addition.

This trend was further analysed using linear regression. The gradients of the lines 
determined by the “least squares” method, from the particle count data prior to the 
period of sparging (Figure 6), were shown to be not significantly different from zero 
at the 10% level of confidence (t-values of -0.7 and 0.14). Following gas addition 
the aerated runs continued with gradients insignificantly different from zero at the 
10% level. The ozonated run, however, had a gradient of -1 count m l'1 s'1 following 
ozonation with a t-value of -8, which is statistically significant at the 0.1% level of 
confidence. The turbidity data followed similar trends.

Discussion

The initial laboratory trials have demonstrated a definite enhancement in apparent 
particle removal following pre-ozonation. The 165% increase in apparent log 
removal compares favourably with the pilot-scale work, which was conducted under 
similar conditions with water taken from the same source. The pilot-scale trials gave 
increases of 45 to 83% depending on ozone dose.

The custom-built experimental system is inherently adaptable. While the continuous 
pilot-scale process required physical modification in order to change die order of 
operations or even residence times, the batch system only requires a change in the 
timings of operations. For the same reason it is possible to measure all parameters of
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interest throughout the process, rather than being limited to certain physical locations 
within the apparatus.

The small reactor inventory also makes it possible to conduct full trials on a small 
volume of water, making the use of costly model organics and other reagents 
possible in synthetic waters. It is also means that it is possible to gain useful data 
from as little as 20 litres of raw water.

For these reasons it is anticipated that future work, focusing on the specific 
theoretical mechanisms, is feasible. At the least, it should be possible to look at the 
sensitivity of the process on different parameters, such as calcium and aluminium 
concentration, mean organic size, etc., which in turn may throw light on the 
underlying chemical phenomena.

Conclusions

Both at the bench and pilot scales, it has been demonstrated that ozone can, in certain 
circumstances, enhance the apparent removal of particles in water treatment. At pilot 
scale a benefit has been seen with various waters and media types with floe blanket 
clarification and direct rapid gravity filtration.

Chlorine has also been shown to be beneficial at the pilot scale, although to a lesser 
extent than ozone.

It is clear that the timescale of performance improvement with pre-ozonation is too 
rapid to be attributed to an enhancement of biological filtration alone. Consequently, 
the focus of attention is on physico-chemical effects.

Contrary to other reports, an increase in the magnitude of particle electrophoretic 
mobility was seen with ozonation. This indicates that mechanisms other than 
electrostatic attraction must be active in certain instances to explain the apparent 
particle removal enhancement.

Greater apparent particle removal enhancement was seen with hard lowland waters 
than with soft upland waters. This suggests that calcium complexation may be a 
significant mechanism.

Finally, an experimental system has been developed which should make the 
elucidation of the mechanisms of particle removal enhancement in water treatment 
by pre-ozonation possible.
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