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Abstract
Concern over the levels of pesticides and halogenated organics in potable water have led 

to increased treatment processes. Removal of these micropollutants can be achieved 

using oxidation with ozone gas. A further effect of this treatment is the increase in the 

biodegradability of the organic matter of the water. This may result in an increase in the 

biological activity within distribution systems and associated problems. Increased 

biological activity may cause increased corrosion, objectionable tastes and odours, 

interference with the testing for faecal contamination, the possibility of protection of 

pathogenic bacteria and the occurrence of bacterial metabolic products of public health 

significance such as nitrite. The aim of this research is to examine the affect of ozonation 

on the biodegradability of the water via a model distribution pipe rig and monitoring 

water quality in an actual water distribution system.

Water treatment plants in practise follow ozone treatment by granular activated carbon 

(GAC) adsorption. This reduces the subsequent organic loading to the water distribution 

system. The contact time, age of the carbon and backwash regime will affect the mode 

and degree of organic carbon removal. The research showed that inclusion of ozonation 

stages increased the amount of assimilable organic carbon (AOC) in the treatment plant 

effluent water despite a final GAC stage. This resulted in increased growth of biofilm on 

the model distribution pipe rig. These results were backed up by the results of the actual 

water distribution system water quality monitoring. It was seen that ozonation resulted 

in an increased suspended bacterial population and an increased total organic carbon 

removal rate within the distribution system.

Further research into the disinfection of biofilm showed monochloramine disinfection to 

be more effective than free chlorination on biofilm growth on surfaces with a high 

inorganic content e.g. cast iron. The reverse was true for corrosion free surfaces e.g. 

polyethylene. It was further seen that the growth of biofilm is closely linked to the extent 

and structure of corrosion deposits. Particles eroded from cast iron pipe surface were 

seen to deposit onto polyethylene pipes and substantially increase the measured biofilm.
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1.0 INTRODUCTION

1.1 Anglian Water Services are currently upgrading the treatment process at all their 

surface water sources. The new process is to include two ozonation stages combined 

with increased granular activated carbon (GAC) adsorption. The first ozone dose is 

prior to clarification, and aids coagulation. The purpose of the second ozone dose, post 

rapid gravity filtration and additional GAC adsorption, is to improve the removal of 

organic micropollutants.

1.2 The Grafham treatment works. West Perry, Cambridgeshire is one of the largest 

impounded reservoirs in the Anglian region covering approximately 6.5 square 

kilometers and supplying 1.5 million customers. The original works were built in 1964 

to produce 225 thousand cubic metres per day of potable water. The treatment process 

consisted of pre-chlorination, clarification, filtration through granular activated carbon 

and post-treatment chloramination. Concerns regarding trihalomethane formation, 

increasing levels of pesticides in the water and increased water demand resulted in 

proposals to increase the capacity of the Grafham works and alter the process, utilising 

ozcne as the primary oxidant and providing an additional GAC contact time. The final 

treatment processes for the new works includes pre-ozonation to aid coagulation, 

clarification, filtration through triple layer rapid gravity filters, post ozonation for 

or^nics removal, filtration through GAC adsorbers and final chloramination before 

distribution (Holden et al., 1995).

1.3 Trie use of ozone in the treatment process will alter the organic carbon profile of the 

water. Ozone treatment breaks down organic molecules into lower molecular weight 

compounds which may make the molecules more biodegradable. The action of GAC will 

reduce the amount of low molecular weight organics, but it is feared the new ozone 

treitment may result in the increased growth of bacteria in distribution due to the net 

increase in available nutrients to bacteria. The increase in bacteria may take the form of 

a bioflm attached to the surface of the pipe. Biofilms are undesirable within distribution 

systems as they may cause a loss in pipeline capacity, increase microbiologically induced
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corrosion, increase the population of suspended bacteria hence cause taste and odour 

problems, interfere with coliform testing, and result in the growth of higher animals 

within the distribution system. Biofilm may also protect pathogenic bacteria and produce 

metabolic products of public health concern. The variation in organic matter may also 

alter the properties of the corrosion deposit of metallic distribution pipes and hence the 

corrosion rate. Humic material has been seen to act as a corrosion inhibitor.

1.4 The initial aim of this project is to compare the biofilm growth produced by the new 

and old treatment processes and any associated change in corrosion and water quality. 

Prior to the new process plant coming on-line, a pilot plant was constructed at Grafham 

to investigate the water quality issues which would arise due to the change in treatment. 

Two streams of the pilot plant were used in this study. The first stream models the new 

treatment process, the second was identical to the original process. A model distribution 

pipe rig which received water from the Grafham pilot plant was constructed. The model 

pipe rig allowed analysis of the biofilm growth potential and the corrosion rate of each 

stream of the pilot plant using a system of removable coupons. Later experiments 

looked at the effect of phosphate addition and the variation in disinfectant 

concentrations.

1.5 To compliment this work samples fi'om the actual Grafham distribution system were 

taken whilst the old and new treatment plants were operating. The water quality 

variation between the two processes could be examined and effects due to biofilm 

highlighted. Seasonal variation in biofilm could also be examined using distribution 

system and pipe rig data.

1.6 Chapter 2 reviews the current research giving a general background introduction to 

biofilms within water distribution system, the effect of ozone and GAC and the factors 

influencing iron corrosion. Chapter 3 details the chemical and microbiological methods 

used to evaluate biofilm and water quality parameters. Chapters 4 details the philosophy 

and design of the pipe rigs used to model a water distribution system. Chapter 5 gives 

the results of the effect on biofilm and corrosion due to the inclusion of the new ozone 

treatment process. Chapter 6 details the results of adding phosphate to improve organic
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carbon removal on GAC. Chapter 7 details the biofilm growth and corrosion deposit 

stability under different types and concentrations of disinfectants. Chapter 8 reviews the 

seasonality of biofilm and the effects. Finally chapter 9 gives the conclusions of the 

study.
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Chapter 2

Literature Review
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2.1 BIOFILMS IN POTABLE WATER DISTRIBUTION 

SYSTEMS.

2.1.1 INTRODUCTION

2.1.1.1 Biofilm is ubiquitous in nature and research has highlighted its role in a variety of 

environments. In a positive role it is used in water and sewage treatment, soil 

remediation, air purification and the biodégradation of solid wastes. Biofilm can, 

however, foul heat exchangers, ion exchange resins, reverse osmosis and ultrafiltration 

membranes. This project researches into the effects of biofilm within distribution 

pipelines hence this review will only be concerned with other such studies. There are, 

however, principles which apply to all biofilm irrespective of the environmental stimulus. 

The biofilm attached to water distribution system pipes will be under low nutrient 

conditions in an environment without sunlight. These conditions will affect the 

properties of the biofilm and therefore the effect it has on its environment.

2.1.1.2 This review proceeds by introducing what a biofilm is and the advantages to the 

organisms forming it. The next sections discuss the formation of biofilm and its 

structure. The review continues by discussing the factors which influence the growth of 

biofilm in water distribution pipelines, the problems caused by biofilm and the methods 

currently employed to control its grov^th.

2.1.1.3 Pipelines fulfil a relatively simple task in that they carry water of drinkable 

quality from the treatment plant to the consumers. During this journey water quality can 

deteriorate. Water is deemed undrinkable if it contains sufficient amounts of substances 

considered to be toxic to humans. These substances may occur in the water naturally 

and pass through the treatment plant or arise due to reactions during treatment or 

distribution. Water is also undrinkable if it contains pathogenic bacteria. Biofilm can 

play a part in causing water quality deterioration by both chemical and biological means.
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2.1.1.4 Biofilm has been defined by Characklis (1990),

“A biofilm consists of cells immobilised at a substratum and frequently 

embedded in an organic polymer matrix of microbial origin. .. The biofilm 

may also be composed of a significant fraction of inorganic or abiotic 

substances held together by the biotic matrix.”

2.1.1.5 It has been estimated that 99% of all microorganisms exist in biofilm (Costerton 

et al. 1987). On attachment the cells can change their morphology, activity, mobility, 

and resistance to toxic substances (van Loosdrecht et al 1990, Fletcher 1991). 

Flemming (1991) compiled the following list of ecological advantages to existing in a 

biofilm.

-Scavenging and enrichment of nutrients from flowing water phase into gel matrix. 

-Protection from short term pH-fluctuations, salt- and biocide concentration 

shocks; shear forces and dehydration.

-Pool and preservation of genetical information, feasibility of gene transfer because 

of the long retention times of microorganisms.

-Development of microconsortia giving rise to,

-Symbiosis.

-Utilisation of less readily biodegradable substrates by specialised organisms. 

-Creation of ecological niches.

2.1.1.6 In addition Ho (1986) suggests that bacteria within biofilm save energy from 

their lack of motility and benefit from increased substrate concentration at the 

surface/fluid interface. O’Connor and Brazos (1990), however, consider that suspended 

bacteria have greater nutrient availability due to their movement within the water phase.
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2.1.2 BIOFILM FORMATION AND STRUCTURE

2.1.2.1 The principles of initial biofilm formation are well established and set out by 

Bryers and Characklis (1982) into the following sequential events;

L Adsorption o f a conditioning layer on the wetted substratum.

Within minutes of being exposed to the water the substratum will adsorb organic 

molecules. This conditions the surface improving the adhesion of microbial cells. The 

organic molecules appear to be polysaccharides or glycoproteins.

2. Transport o f microbial particles to the surface.

The bacteria in the bulk water are transported to the substratum. The transport 

mechanism may be molecular diffusion, turbulent eddy transport or sedimentation. 

Particle transport may limit the rate of cell deposition. The mass transfer of cells is a 

function of fluid velocity, fluid properties, particle size, particle physical properties, the 

concentration of particles in the bulk fluid and the concentration of particles at the 

fluid/substratum interface (Beal, 1970).

3. Microorganism adhesion to the surface.

Microorganisms that are transported to the substratum are assumed to be initially 

reversibly attached. With time, cells that produce binding extracellular polymeric 

substance will become irreversibly attached. The adherence efficiency of the cells will 

depend on the species of microorganisms and the surface properties of the conditioning 

film or the nature and extent of the populating biofilm. Fimbriae, pili and flagella all aid 

in adhesion (Friedman et al., 1969)

4. Biofilm production.

Once irreversibly attached, the microorganisms may reproduce and continue the 

production of extracellular polymers thus increasing the size of the biofilm matrix. The 

matrix may further entrap abiotic substances. The rate of biofilm growth and the 

subsequent size of the biofilm will be determined by the environment.

5. Biofilm detachment.

Detachment of the biofilm will occurs by two mechanisms. Cells will be eroded from the 

biofilm surface by shear forces (this is particularly prevalent when that part of the biofilm 

extends above the viscous sub-layer). Cells will also detach by sloughing. This is the
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removal of large sections of biofilm due to deficiencies deep in the film. The deficiencies 

may be nutrient/oxygen limitations or the production of gas from autotrophic respiration. 

Detachment has been seen to reduce as levels of calcium in the bulk water increase 

(Turakhia and Characklis, 1988).

2.1.2.2 Over time the relative importance of each aspect of biofilm formation will 

change. The biofilm will eventually reach a steady state determined by environmental 

conditions. The dominant factors of biofilm magnitude will be those that affect cellular 

reproduction and metabolism.

2.1.2.3 The biofilm structure may be dictated by the biofilm growth rate and the fluid 

dynamics of its environment. Initial models assumed that the biofilm formed an initial 

monolayer of bacteria which built up to a uniform thickness (Wanner and Gujer, 1986). 

Channels appeared within the upper layers approximately 20pm in depth. LeChevallier 

et al. (1990) reported a structure of pillars and mounds varying in size. Recent research 

has proposed two models.

Lewandowski et at. (1994) using a confocal laser microscopy technique show that 

biofilm is a porous three-dimensional structure. Microbial clusters occur within 

interstitial voids. The interstitial voids form a network of channels through which 

the bulk liquid flows.

A different structure is proposed by Keevil (Personal communication) who 

considers biofilm to consist of a basal layer approximately 5 pm thick out from 

which extend stacks of bacteria up to 100pm high. The basal layer is not uniform 

across the surface and areas of bare substratum are evident. These ‘stacks’ or 

fronds sway with the movement of the bulk liquid like reed beds in a river. The 

bulk water passes between the fi’onds supplying nutrients to the colonies. This 

model substantially reduces areas which are nutrient deficient. Protozoa have been 

seen grazing on these microbial fronds. This biofilm structure was formed on glass 

tile in a chemostat.
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2.1.3 FACTORS INFLUENCING BIOFILM GROWTH

2.1.3.1 NUTRIENT CONCENTRATION

2.1.3.1.1 The bacteria within a biofilm require nutrients to provide the energy to carry 

out the functions of the cell and provide the raw materials for cellular and extracellular 

structures. Different species of bacteria derive their energy from different redox 

reactions. The amount of energy they can derive is therefore dependent on the reaction 

utilised and the concentrations of electron donators and acceptors available. Bacteria are 

categorised into two types autotrophic and heterotrophic bacteria which get carbon from 

carbon dioxide and organic substrates respectively. Bacteria which utilise high energy 

yielding reactions will have a faster growth rate. All bacteria need certain quantities of 

essential nutrients carbon, nitrogen, phosphorus and sulphur and trace elements 

magnesium, calcium, potassium, iron, manganese, zinc, copper and cobalt (Characklis, 

1990).

2.1.3.1.2 Individual sources of water will vary in the concentration of each nutrient and 

since bacteria require a nutritional balance their growth will be a function of the nutrient 

not in excess. This is termed the limiting nutrient. The nutrient content of a water may 

therefore provide preferential growth conditions for certain bacterial species. This in 

turn may affect the composition and the properties of a biofilm. Colboume (1985) stated 

that with microbial growth the limiting factor appears to be the assimilable organic 

compounds. Schoenen and Scholer (1985) suggest that microbial growth is largely 

independent of the characteristics of the water but depends on the substratum material.

2.1.3.1.3 The growth of a biofilm is related to the substrate concentration. The growth 

rate will increase with increasing substrate concentration until the maximum growth rate 

is reached. After this point the biofilm is termed substrate saturated. The bulk water 

substrate content requires transporting to the biofilm before it can be utilised. The 

biofilm growth rate therefore may not be governed by the bulk water concentration but
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by the transfer processes. This is not only the interfacial transfer between the fluid and 

the biofilm but also within the biofilm itself. As substrate diffuses through the biofllm the 

substrate is utilised by the bacteria. The rate of substrate travel through the film will 

depend on the diffusion resistance. In a biofllm of significant size chemical concentration 

gradients will exist through the film depth. This may lead to nutrient deficient areas or 

stratification of species through the biofilm. Hamilton (1987) observed oxygen limitation 

below 50-150|im depth.

2.1.3.1.4 The interfacial transfer of substrate between the fluid and solid phases may be 

increased by the action of the extracellular polymeric substances (EPS). The EPS has 

sorbing properties (Decho, 1990) and many also contain charged groups which may 

exhibit ion exchange properties (Flemming, 1993).

2.1.3.1.5 Turakhia and Characklis (1988) found a linear relationship between specific 

substrate removal rate and specific cellular growth rate in the biofilm. The activity of 

this biofilm was no different to that of suspended cells found in an earlier study 

(Robinson^/a/., 1984).

2.1.3.2 TEMPERATURE AND SEASONALITY

2.1.3.2.1 Higher temperatures increase the rate of reaction and the diffusion of 

substrates. This increase in biological activity thereby gives increased biomass 

production rates which may increase biofilm size. Bacterial growth will have an 

optimum temperature due to the denaturing of cellular enzymes. Microbial growth 

stoichiometry is unaffected by temperature over wide temperature ranges (Characklis 

1990). Tempest and Hunter (1965) found that the biomass of a continuous flow system 

changes with temperature as the decay process is dependant on temperature. Goldman 

and Ryther (1976) demonstrated that the temperature may cause the dominance of 

certain species in a biofilm due to their preferential optimum growth rates and shorter 

generation times. Colboume (1979) indicates that 15®C is a critical temperature above 

which aerobic bacteria will multiply. Researchers have found that within drinking water
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distrbution systems suspended bacterial counts increase during summer months, 

(LeChevallier et a l 1987), which may be an imply an increase of the biofilm population.

2.1.1.22 Donlan et a l (1994) suggest that the limiting variables for biofilm growth in 

the irirJdng water distribution system varied seasonally. When the temperature was low,

i.e. winter, the limiting variable was a seasonal factor such as temperature or the 

apparent increased disinfectant concentration. During the summer months biofilm 

grovthwas limited by physical factors such as the flow rate.

2.1.1.23 The biofilm in water distribution pipelines is exposed to two temperatures, one 

beirg that of the water and the other the pipe material. The temperature of the pipe is 

coniidcred the more important and the pipe may be exposed to more extremes of 

tenneiature. O’Connor and Brazos (1990) list exposure to pipe material temperature as 

a disadvantage of biofilm growth.

2.13.3 PIPE MATERIAL

2.13 .3.1 The properties of the pipe material of importance are the ability of the surface 

to dd or deter bacterial growth and the roughness of the surface. Rubbio et a l (1966) 

ha\e shown how microbial contamination can be controlled by changing substratum 

maerials. Some metals such as copper are toxic to bacteria but biofilm has been 

observed on the surface of copper pipes in central heating systems due to a film of 

adsorbed organics (Walker et a l 1994). Exner et a l (1983) even found biofilm on 

copper pipe used with disinfection dosing apparatus. Most microbial growth problems 

ocaxr in localised supply areas such as service reservoirs, ends of mains or within 

coisuTiers pipes and fittings (Colboume 1985). Van der Kooij et a l (1982) observed 

the AOC of a water to increase after it came in contact with unplasticized PVC. 

Cdbcume (1985) considers plastic pipes to leach organic nutrients to the surface 

bacteria and found that growth of these bacteria is proportional to the amount of 

leæhing. Materials such as coatings, sealants, certain plastics and elastomers leach less 

wih time as the material cures. Colboume (1985) also suggests that porous and
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absorbent materials e.g. cementitious, fibrous and certain other plastics and elastomeric 

products may continually pollute the bulk water. Schoenen and Scholer (1985) 

concluded that microbial multiplication is not as a rule due to the macromolecular 

compounds or the basic materials but the additives such as solvents and accelerators. 

Van der Kooij and Veenendaal (1994) showed that in terms of supporting a microbial 

population unplasticised PVC > Teflon > Polyethylene > plasticised PVC. Clark et al. 

(1994) found that polyethylene > PVC > cement, but did not specify if the PVC was 

plasticised or unplasticised. LeChevallier et al. (1987) evaluated cast iron, cement lined 

cast iron and asbestos cement pipes and found no difference in biofilm populations. 

Haudidier et al. (1988) also found little difference between PVC and cement coupons. 

Nagy and Olson (1985) also found that distribution pipes of different materials had 

similar biofllm densities but that the magnitude was related to the time in use.

2.1.3.3.2 Pipes with a high surface roughness are considered more capable of initially 

capturing bacteria from the bulk water. Characklis (1990) states that surface 

microroughness will increase convective transport rates, shelter bacteria from shear 

forces and provides an increased surface area. Verran et a l (1991) shows that bacterial 

attachment is a function of the microroughness of a surface as the amount of adhered 

cells reduced for increases in the surface roughness above an optimum. A material which 

is porous or supports a porous deposit will also ofifer these areas for habitation. A 

corroding iron surface for example may support a larger biofilm with time, as the 

corrosion causes an increase in corrosion products, which, being porous, will effectively 

increase the surface area.

2.1.3.3.3 Once a mature biofilm has formed however the surface may no longer be of 

such influence. Biofilm growth eventually results in a chemical concentration gradient 

across its depth. This may result in the lower layers of the biofilm becoming nutrient 

deficient and dying. As a result a barrier may exist, consisting of dead biofilm between 

the substratum and the active layer of the biofilm reducing the influence of the 

substratum material. If the biofilm growth is large compared to the surface roughness it 

will form an homogenous surface smoothed by the eroding action of the water. The 

effect of the surface roughness will be negated with respect to further bacterial
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adsorption. This is unlikely to be the case for water distribution biofilm in the UK, due 

to the limited growth observed. Distribution systems are a mixture of several different 

pipe materials connected in a haphazard way as maintenance work dictated.

2.1.3.4 FLUID DYNAMICS

2.1.3.4.1 Determining the effects of fluid dynamics on biofilm growth in water 

distribution networks is complicated by the flow regime which occurs in practise. 

Distribution systems consist of pipes of various diameter which have hugely varying 

flows rates. The flow in a pipe will vary by time of day, week or year and by its position 

within the hierarchy of distribution pipes. The hydrodynamics of a trunk main during the 

day in summer would be completely different to that of a dead end main during the night 

in winter. A biofilm may be exposed to periods of high erosion rates and particulate 

deposition followed by periods of near stagnant flow. This itself may have an effect on 

the efficiency of the biofilm community. O’Connor and Brazos (1990) speculated that a 

sudden increase in the measured suspended bacteria within distribution systems was due 

to transient changes in hydraulic conditions. This implies a disturbance of the pipe wall.

2.1.3.4.2 Massey (1989) considers fluid flow in circular pipes to be split into two types; 

laminar and turbulent flow. In laminar flow the path of individual particles do not cross 

those of neighbouring particles. The fluid velocity is a maximum in the centre of the pipe 

and reduces parabolically to conditions of no-slip at the pipe wall. Turbulent flow is 

characterised by fluctuating components superimposed on the main flow. No theory has 

been established to accurately describe this flow regime. The no-slip condition at the 

wall is satisfied by a viscous sub-layer. The viscous sub-layer is a laminar flow region 

which may become interrupted by turbulent fluctuations. This layer is considered to be 

separated fi'om the turbulent core by a buffer region, the boundary layer . All fluid flow 

can be quantified in terms of the dimensionless coefficient Reynolds number. Re. The 

flow in a pipe may be considered laminar if Re<2000, turbulent if Re>4000. Between 

these values the flow is considered to be in a transitional state. Donlan et al. (1994)
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gives Re ranging from 120-2904 for different areas of an drinking water distribution 

system.

2.1.3.4.3 The two flow regimes will govern transport processes between the bulk water 

and the biofilm in the pipe. This includes the transfer at a molecular scale of nutrients, 

substrates, electron acceptors, metabolic products and microbial inhibitors. Also the 

transport on a particulate level of bacterial cells and other particulate matter. The flow 

regime will therefore dictate the growth of the biofilm by supplying and removing the 

reactants and products of the microbial life processes and by depositing and eroding 

bacterial cells.

2.1.3.4.4 The transport of molecules and particles under laminar flow is dictated by the 

diffusion properties of system. Diffusion within a solid or a laminar flow system is 

modelled by Pick’s law. Pick’s Law states that the flux of substances between two 

points is a function of the concentration gradient. Transport under turbulent flow is also 

governed by particle momentum in the direction of the wall. The relative effects of the 

diffusion and momentum factors will be dependant on particle size (Beal, 1970). Beal 

(1970) considers that for particles over 1pm diameter diffusion effects can be neglected 

and for particles less than 0.1 pm diameter momentum effects can be neglected. 

Increasing fluid velocity lowers the particle size above which deposition is momentum 

controlled. Priedlander and Johnstone (1957) introduced the theory of stopping 

distance. The stopping distance is the distance a particle needs to travel to, for its 

momentum to transport it to the surface. Por large particles this distance is comparable 

to the thickness of the boundary layer. Beal (1970) further stated that when the particle 

size is such that its stopping distance is greater than the boundary level then increasing 

the particle size will have no more effect. The size of the boundary and viscous sublayer 

is a function of the Reynolds number. The aggregation of bacteria in the planktonic 

phase into floes (especially with denser material) will therefore greatly affect their 

transport. Transport via sedimentation will also depend on particle size, density and 

water temperature. The density of bacteria approaches that of water, hence they will be 

practically buoyant (O’Connor and Brazos, 1990).
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2.1.3.4.5 The fluid dynamics of a system can therefore be seen to increase and decrease 

biofilm thickness. Increased fluid flow may increase the loading rate of important 

nutrients which may increase biofilm growth rates, but it may lead to increased bacterial 

detachment giving a net decrease in biofilm density (Bryers and Characklis, 1982). The 

precise influence of each aspect of flow regimes may depend on the structure and 

stability of the biofilm in question. It may be that there is a delicate balance dependant 

on the concentration of nutrients, bacteria, the age of the biofilm, the strength of the 

adhesive bonds to the substratum and the shear stress. This balance may shift on 

transition from laminar to turbulent flow. Characklis (1980) demonstrated that in terms 

of shear stress the detachment of bacteria was more important than the increased supply 

of nutrients for 'high flow' systems and the reverse true for 'low flow' systems. This 

indicates an optimum flow regime for biofouling which will be dependant on nutrient 

concentration (Characklis, 1990).

2.1.3.5 BIOLOGICAL ACTIVITY

2.1.3.5.1 The success of a biofilm may be related to the biological activity within the 

biofilm itself and in the water with which it comes in contact. A water that has 

undergone post-treatment disinfection will contain few viable bacteria and the biofilm 

will rely on the existing bacteria and those capable of recovery fi'om disinfection to 

maintain its population. The extent of microbial interactions may increase with 

population density and cell retention time. Characklis (1990) identifies four types of cell 

interaction:

- No interaction.

- Beneficial interaction. The first population benefits from substances secreted 

by the second population.

- Detrimental interaction. Competition for a limiting factor or production of 

substances toxic to other populations, e.g. antibiotics, lytic enzymes.
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- Mixed interactions. One populations is destroyed for the benefit of another 

either parasitically or by predation e.g. parasitic bacterial viruses or predatory 

protozoa.

2.1.3.5.2 The presence of predatory protozoa has been seen to maintain or improve the 

physiological state of a biofilm (Fenchel, 1986). Protozoa may selectively graze on 

certain bacterial species and if motile improve transport rates by the turbulence of their 

movement (Characklis, 1990) or by creating channels within the structure.

2.1.3.5.3 Biofilm may also present the opportunity for gene transfer and therefore the 

possibility of a biofilm selecting a genetic makeup which is optimal for each environment 

Plasmids carry encoded genetic characteristics such as resistance to antibiotics and toxin 

production. These can be transferred between cells via transformation or conjugation 

(Characklis, 1990). Characklis (1990) also suggests that the EPS may impede the 

exchange of genetic information unless the cells are in intimate contact.

2.1.3.5.4 It is believed that the structure of biofilm communities produces a complex 

ecosystem. Mature biofilm is assumed to provide protection from disinfectants and shear 

stress, a cohesive structure which encourages symbiosis between species and the 

formation of microenvironments to suit particular species (Hamilton 1987, Marshall 

1989, Hirsch 1984, de Boer et al. 1991, Costerton and Boivin 1987). It may be that a 

'cosmopolitan' and varied range of species and cell ages is desirable to ensure the efficient 

continuation of the biofilm community. Wanner and Gujer (1986) postulated that 

microbial composition is determined by the microbial conversion of substrates, the 

volume expansion of the biomass and the transport of substrates by molecular diffusion. 

Different bacterial species have been seen to have different patterns of colonisation. 

Pseudomonas aeruginosa has been observed to spread evenly over surfaces (Nelson et 

al. 1985, Siebel 1987) whilst Klebsiella pneumoniae has been observed to have an 

aggregated distribution forming discrete microcolonies (Siebel, 1987). It has been 

suggested that this is due to the motility of Pseudomonas and the increased EPS 

production of Klebsiella.
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2.1.4 PROBLEMS CAUSED BY BIOFILM

2.1.4.1 INCREASED CAPITAL COSTS

2.1.4.1.1 Biofilm has been implicated in the loss of pipeline capacity throughout the past 

50 years. Seifert and Kruger (1950) reported that a 55% reduction in the maximum 

capacity of a 24 inch diameter main due to a "...slimy layer of organic material with 

imbedded fine clay particles...". Minkus (1954) described a 12% loss in maximum 

capacity in two years due to a smooth film in a cement lined 42 inch cast iron main. 

Aikman (1993) reported the presence of a slimy organic coating on the walls of pipes 

with a deposition rate of 1mm per year with a total thickness of 20mm between 1957-77 

in a 42 inch aqueduct.

2.1.4.1.2 Biofllm can increase capital costs by increasing the frictional resistance 

between the water and the pipe surface and decreasing the effective pipe diameter. This 

will either increase energy losses or result in a loss in pipeline capacity. It may also lead 

to an increase in capital expenditure through the purchase of plant and pipes with an 

excessive capacity or increased pumping costs. The roughness of any surface can be 

increased due to the presence of the biofilm particularly if the biofilm has entrapped large 

particles. Picologlou et al. (1980) concluded that the energy losses could be attributed 

to the following effects:

- Reduction in pipe cross section. Accounted for approx. 10% of losses in 

small bore heat exchanger fed with untreated water.

- Change in fluid viscosity due to dissolved macromolecules generated by the 

biofilm. Very little effect.

- Viscous dissipation due to biofilm creep. Negligible effect.

- Viscous dissipation due to visco-elastic nature of biofilm. Again negligible.

- Viscous dissipation due to increased roughness. This is the major factor 

and is dependent on Reynolds number and biofilm thickness. The fnction
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factor of the biofilm does not increase until the biofilm thickness is greater 

than the depth of the viscous sublayer.

- Viscous dissipation due to the presence of filamentous bacteria.

2.1.4.1.3 Zelver (1979) found that biofilm can smooth an initially rough pipe, 

presumably by populating the valleys between the rough peaks.

2.1.4.1.4 Bacteria have been implicated in corrosion (section 2.2.2.1) and the corrosion 

of any metal surface will also severely obstruct water flow. Biofilm has also been 

implicated in the degradation of organic protective pipe surfaces and the metabolism of 

chemical corrosion inhibitors. The increased corrosion will lead to the premature 

replacement of pipes and increased leakage. The iron corrosion products when detached 

from the pipe surface discolour the water. This is termed red water and is a major cause 

of customer complaint. Cost may also be incurred and inconvenience caused to the 

consumer if a section of the system requires unscheduled cleaning.

2.1.4.2 REDUCTION m  WATER QUALITY

2.1.4.2.1 The reduction of water quality through distribution may be the result of 

suspended bacteria or biofilm bacteria. It is likely that it is a combination of the two but 

the relative influence of each phase is difficult to determine and likely to be a function of 

the size of each population. Many studies have shown that suspended bacteria appear to 

increase in number through the distribution system (LeChevallier et al. 1987, Clark et al. 

1994). O’Connor and Brazos (1990) assume that suspended bacteria arise in the 

distribution system due to two sources:

Regrowth - a community of active, disinfectant-injured, dormant and 

inactivated cells that pass into the distribution system through the treatment 

plant. These organisms may in time reproduce.

Aftergrowth - those derived from the microbial contamination of distributed 

water from external sources and sloughing of biofilm from the pipe wall.
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2.1.4.2.2 To control regrowth requires a change in the plant treatment process, whilst 

the control of aftergrowth requires distribution system maintenance. Kusnetsov et al.

(1994) stated that the level of planktonic cells is a function of growth in biofilm and 

sediment and the reactivation of disinfection damaged cells. New growth was considered 

to be important only 8 days after recovery from disinfection. Van der Wende et al.

(1989) found that biofilm detachment was the dominant factor. These systems had short 

retention times. Brazos and O’Connor (1987) consider that there is no significant 

growth in the total number of suspended bacteria. The apparent rise seen with the plate 

count technique is due to the increased culturability of the cells as they recover from 

disinfection. Brazos and O’Connor (1987) also consider the sloughing of biofilm to be 

an insignificant contribution to suspended populations. Hutchinson and Ridgway (1977) 

found that growth in the suspended phase is an important factor when the system has 

long retention times and no residual disinfectant.

2.1.4.2.3 Biofilm may cause an increase in bacteria in the bulk water as they become 

detached from the pipe surface and as shown the relative importance of this mechanism 

may depend on the residence time and disinfection residual of the system. The rise in the 

general bacterial population is not considered of public health significance but may be 

seen as a general indication of microbiological quality. The increased level of bacteria 

can give rise to taste and odour problems. Olson and Nagy (1984) implicated 

Actinomycetes as a cause. Biofilm may also form the base of a trophic pyramid and 

hence lead to higher animals populating the distribution system (Smalls and Greaves, 

1968). Biofilms have been seen to support protozoa, microfiagellates (Pedersen, 1990) 

and macroinvertebrates (Block et al., 1993). The eradication of an Aeromonas 

hydrophila population in a distribution was accompanied by a reduction in nais worms 

(Edge and Finch, 1987).

2.1.4.2.4 UK legislation requires water utilities to test potable water for bacteria of 

faecal origin (HMSO, 1991). The standards state that ‘Ideally, all samples taken from a 

distribution system, including those from consumers’ premises, should be fi'ee from 

coliform organisms. ’ Biofilm may interfere with the coliform bacteria detection

38



technique by increasing the general bacterial population in the test sample (Franzblau et 

al. 1984, LeChevallier and McFeters 1985, Edge and Finch 1987). Secondly biofilm 

may provide sites for coliform habitation, allowing it to return to the bulk water phase at 

a later date, wrongly indicating faecal contamination. Colboume (1985) stated that 

Escherichia coli could reproduce in water mains. LeChevallier et al. (1987) reported a 

case where coliform occurrence dramatically increased in the trunk main leading from the 

treatment plant and decreased further into distribution. The concentration of coliforms 

could not be accounted for by growth in the water phase, coliform diversity increased 

through distribution and the coliforms showed no signs of injury from the disinfection. 

Parent et al. (1995) found that coliforms within the biofilm structure were more sensitive 

to chlorination than the other bacteria. 0.1 mg/1 chlorine was required for inactivation of 

the suspended E. coli but the biofilm population of E. coli required 0.5 mg/1 for 

inactivation. LeChevallier et al. (1987) recovered coliforms from distributed water 

containing l.Omg/1 free chlorine. O’Connor and Brazos (1990) conclude that because 

coliforms represent only 1 in 10̂  bacterial cells in drinking water their detection is 

random and hence unreliable. The detection may be related to construction work, 

contamination at the sampling point, cross-connections or deposition and resuspension 

problems in specific areas.

2.1.4.2.5 Biofilm may provide a habitat in which pathogenic bacteria {Legionella 

pneumophila) or opportunistic pathogenic bacteria {Pseudomonas aeruginosa, 

Mycobacterium kansasii, Klebsiella pneumoniae) can breed and subsequently cause 

infection (Van der Kooij et al., 1982). The ingestion of a sloughed off population of 

pathogens may result in a greater dose of the microbe (Sobsey et a l, 1993). This could 

affect the severity of the infection. Recently there has been an incident where 

Cryptosporidium, an infectious protozoan, broke through a treatment works in 

Milwaukee, USA and caused diarrhoea in an estimated 403,000 people (Moore et a l, 

1994). Research at the Centre for Microbiological Research (CAMR), Porton Down 

(personal communication) has identified several dormant Cryptosporidium cysts attached 

to biofilm which could infect the water in the future. Emde et al. (1992) has found that 

the tubercles formed during iron corrosion may contain significant numbers of
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pathogenic bacteria. Camper et aL (1986) found that the numbers of pathogens in a 

biofilm is reduced through competition with other species.

2.1.4.2.6 Bacteria require different chemicals to produce the energy, it therefore follows 

that different species produce different metabolic by-products. As water passes through 

the distribution system and comes in contact with the biofilm on the pipe surface the 

compounds in the water that are required as substrates, nutrients and electron acceptors 

will diminish and the products of metabolism will appear. This change in chemical 

composition of the water is only of consequence when the chemicals concerned are of 

public health significance. Other substances, however, may act as indicators of biological 

activity. Biofilm levels could be indirectly measured from the concentration of certain 

determinants, such as turbidity, dissolved oxygen, inorganic nitrogen and organic carbon. 

An example of this is the variation in ammonia, nitrite and nitrate. These substances are 

autotrophic bacterial substrates and their concentration in potable water is controlled due 

to public health concerns. Ammonium salts are used by water utilities for the 

chloramination of distributed water. Tuovinen et al. (1980) has positively identified 

ammonia-oxidising bacteria attached to pipe walls and ammonia-oxidising bacteria will 

create nitrite in distribution which will further be converted to nitrate. Nitrification can 

cause a rapid decline in residual disinfection which is often accompanied by an increase in 

the suspended bacterial population (Wolfe et al. 1988, CunlifiFe 1991). The reduction in 

the chloramines produced by nitrification is considered to be a result of the high chlorine 

demand of nitrite, the oxidation of ammonia altering the monochloramine formation 

equilibrium (Cunliffe, 1991) and the reaction between nitrite and monochloramine 

(Valentine, 1985). Skadsen et al. (1993) advocates close control of excess ammonia 

used in disinfection to control the process. Nitrifying bacteria have been shown to have a 

high resistance to disinfection with chlorine (Wolfe et al. 1988, Cunliffe 1991, Skadsen et 

al. 1993). This may lead to a selective growth advantage allowing the species to 

dominate biofilm populations in the sections of pipe with a higher residual. There is 

evidence however that distribution biofilm can degrade certain trihalomethanes (THMs) 

which are considered to be carcinogenic (Levi et al. 1993).
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2.1.5 METHODS OF BIOFILM CONTROL

2.1.5.1 REDUCTION OF INPLACE BIOFILM

2.1.5.1.1 Once a biofllm has established it can be removed chemically or physically. 

Water leaving the treatment works is disinfected to control the subsequent growth of 

bacteria in the bulk water. This residual disinfectant will also attack the biofilm. Biofilm 

is seen to provide significant protection from disinfection. Nichols (1989) attributes this 

to the restricted penetration of the biofilm matrix, the presence of detoxifying enzymes 

and physiological differences between the suspended and biofilm bacteria. Costerton and 

Boivin (1987) consider the penetration of the matrix to be rapid but that there is little 

penetration of the microconsortia within the matrix. The disinfection efficiency will 

depend on the concentration of disinfectant in the bulk water, its rate of transport to and 

within the biofilm, the type of disinfectant, the disinfectant demand of the water, the 

substratum material and the size of the biofilm and the species populating it. Free 

chlorine and monochloramine are the most widely used biocides in water treatment. 

Monochloramine is less reactive than free chlorine, and paradoxically this property is 

considered to increase its effectiveness at disinfecting biofilm (LeChevallier et aL, 1990). 

It has been postulated that because monochloramines are less reactive they are more able 

to penetrate the biofilm matrix whereas the free chlorine immediately reacts with the 

organic constituents of the EPS. Jacangelo and Olivieri (1985) reported that 

monochloramine has specific reactions with nucleic acids, tryptophane and sulphur- 

containing amino acids and no reaction with sugars.

2.1.5.1.2 Bulk liquid disinfection can be applied continuously without interference to the 

supply. The disinfection is not complete particularly at the ends of the networks where 

residuals are dwindling (Edge and Finch, 1987). Nagy and Olson (1985) found that 1-2 

mg/1 free chlorine could not control biofilm growth whereas Lund and Ormerod (1995) 

found 0.05mg/l fi'ee chlorine to completely control biofilm growth. The maximum 

allowable concentration of disinfectant is controlled by the acceptable taste of the water 

and the potential to form disinfection by products such as THMs. Bryan et al. (1973)
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State that the mean taste thresholds for free chlorine are 0.16 mg/1 at pH 7, 0.45 mg/1 at 

pH 9.

2.1.5.1.3 The biofilm matrix and the pipe surface both provide protection from 

disinfection because of the chlorine demand they exert. Clark et al. (1994) found that 

cement offered less protection from disinfection than polyethylene. LeChevallier et al. 

(1990) found that free chlorine was more effective than monochloramine on PVC, 

galvanised iron and copper but monochloramine disinfection was more effective on cast 

iron for concentrations over 2.0 mg/1. LeChevallier et al. (1993a) relate biocidal 

efficiencies to corrosion rates of the iron surfaces, lower corrosion rates improving the 

disinfection efficiency of free chlorine. High corrosion rates gave no biofilm reduction 

even at 4.5 mg/1 free chlorination. Monochloramines reduced biofilm densities at all 

corrosion rates. LeChevallier et al. (1993a) also reported that with free chlorine 

Pseudomonas was the dominant bacteria but with monochloramine Hydrogenophaga 

dominated. Disinfection efficiency also varied with the type of corrosion (generalised or 

pitting).

2.1.5.1.4 Other methods of removing an inplace biofilm include physically scraping the 

surface (pigging) or flushing selected areas. These remedies can only be undertaken 

periodically, are labour intensive, expensive and cannot be undertaken whilst maintaining 

a supply to consumers (LeChevallier et al. 1990). Earnhardt (1980) found high levels of 

coliforms 3 days after flushing the distribution system.

2.1.5.1.5 Pigging involves sending a remote device along pipes which these scrapes the 

surface as it travels along. Galbraith and Lofgren (1987) suggest a high concentration of 

biocide treatment immediately afterwards. Flushing programs are more widespread than 

scraping in the water industry and are usually instigated in response to customer 

complaints (Chadderton et al, 1993). Little optimisation, in terms flushing rate, time 

etc., has been investigated. Pipes are usually flushed at a high velocity until the water 

runs clear. Centres for Disease Control (1985) have shown that flushing at an 

inappropriately low velocity may actually increase bulk water coliform counts. Lowther 

and Moser (1984) found that flushing did not eliminate coliform occurrences. Wagner
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(1995) states that scraping cast iron mains may be followed by red water incidents. 

Relining with cement mortar or epoxy resin eliminated these problems.

2.1.5.2 REDUCTION OF BIOFILM FORMATION POTENTIAL

2.1.5.2.1 Due to the limitations of the methods to control inplace biofilm growth recent 

activity has centred on methods that reduce the factors necessary for growth. In 

practical terms this means reducing the available nutrients by improving treatment 

processes. As organic carbon is generally considered to be the limiting nutrient research 

has centred on the removal of biodegradable organic carbon. Organisms such as 

Caulobacter and Hyphomicrobhim, however, need only a very small amount of organic 

carbon, (Lee et al., 1977), therefore even large reductions in organic carbon may have 

little effect.

2.1.5.2.2 Recent years have seen the use of ozone and granular activated carbon water 

treatment processes in the UK to reduce the organic fi'action of the water. Reductions in 

biodegradable organics may also be gained by inclusion of other biological treatment 

operations such as slow sand filtration, in situ ground passage, submerged or 

unsubmerged filters, fluidised beds (Rittmann and Huck, 1989) and microbial granular 

activated carbon (Huck et a l, 1994). Van der Kooij and Veenendaal (1994) have 

indicated that a water with an assimilable organic concentration less than 10|ig/l is 

biostable. LeChevallier et a l, (1987) proposes a level of 50p.g/l for limiting coliform 

regrowth.

2.1.5.2.3 The formation of biofilm may also be prevented by good pipeline design. 

Chadderton et a l (1993) surveyed American water utilities, and about half of those that 

replied had an area of their distribution that required particular attention due to consumer 

complaints. This could indicate increased biofilm activity due to bad pipeline design. To 

avoid problems, pipelines should not include areas where water could stagnate, crevices 

and rapid changes in pipe diameter. Generally it is important to supply the consumer 

with water that has spent as little time in distribution as possible.
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2.2 INTERNAL CORROSION OF WATER 

DISTRIBUTION PIPES.

2.2.1 INTRODUCTION

2.2.1.1 This section of the literature review sets out the basic corrosion theory for cast 

iron in contact with oxygenated water. The following sections detail the influence of 

microorganisms, organic carbon, phosphates and chlorine based disinfectants on cast iron 

corrosion. These are the factors of concern for this project.

2.2.1.2 Corrosion will affect the integrity of pipes. It will reduce the hydraulic capacity 

of the pipe by the formation of deposits on their internal surface restricting the diameter 

and increasing surface roughness. Corrosion may eventually develop holes in the pipe 

wall through which water can escape. Contaminants, either chemical or microbiological, 

may enter through these holes during periods of back pressure. Corrosion will eventually 

lead to the destruction of the pipe altogether. Iron corrosion may also lead to red water 

complaints when iron ions form visible precipitates in the bulk water. Corrosion is 

acceptable when it forms a protective layer across a surface.

2.2.1.3 Corrosion reactions are chemical or electrochemical. Most metallic corrosion is 

electrochemical by nature involving the flow of ions and electrons. A corrosion cell 

operates when a difference in electrical potential between metals creates a driving force 

for electrons. The speed of corrosion depends on the level of this potential difference. 

The two metals must be electrically connected and in contact with a common electrolyte. 

Corrosion occurs at the point where the current leaves the metal. This is termed the 

anode. The cathode is where the current travels to, and hence the metal at this point is 

protected. If any constituents of the corrosion cell are absent (e.g. anode, cathode, 

electrolyte or connector) the cell will not function.
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2.2.1.4 The anode and cathode reactions of iron corroding in the presence of 

oxygenated water can be written (Snoeyink and Kuch, 1985);

anodic reaction- Fe —> + 2e

cathodic reaction - 2e 4- 1/20% + H%0 —> 2(OH)" ^

2.2.1.5 The Fe^  ̂may undergo several secondary reactions or diffuse into the water. If 

the ferrous ion in the bulk water is subsequently oxidised to a ferric species a 

yellow/brown precipitate will form. This is termed red water and is a source of many 

customer complaints (Wagner, 1995). The amount of ferrous iron passing into the bulk 

water increase at low pH and low oxygen concentration (Wagner, 1995). It is also 

dependent on the porosity of the layers of corrosion products. Under conditions of low 

oxygen concentration, however, the corrosion may also be low.

Secondary reactions.

+  COs^' FeCOs SIDERITE.

F e^ '^+ 20ff -»■ Fe(0H)2

2Fe^"  ̂+  I /2O2 +  40H " 2a-FeO O H  + H 2O GOETHITE

or 2 y -F e0 0 H  +  H 20 LEPIDOCROCITE

2.2.1.6 Lepidocrocite can be used as an electron acceptor whereas goethite is stable. 

The formation of Lepidocrocite increases in low alkalinity, high neutral salt water. 

Goethite is dominant in the high alkalinity, low neutral salt water. If oxygen is not 

available as an electron acceptor, ferric iron molecules can be reduced (Wagner, 1995).

Possible tertiary reactions,

FeCOs + I/2 O2 + H2O 2FeOOH + 2 CO2

' The cathodic reaction is dependent on pH and the carbon dioxide concentration. At pH less than 6 
hydrogen gas may form at the cathode.

2 ir  + 2e' -> Hz
High carbon dioxide concentration may also lead to hydrogen gas formation.

2CO2 + 2HzO + 2e ^  Hz + 2HC0 3 '
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SFeCOa + I/2O2 _> 2Fe304 + SCO]

The cathode reaction will also cause a pH increase in the vicinity of the cathode which 

may trigger the precipitation of calcium carbonate even if the solution is unsaturated.

OH- + HCOa" -4. COj -̂ + HjO

+ COĵ - -> CaCO;

2.2.1.7 These reactions will therefore give rise to a layer of solids over the metal 

surface. Other reactions may occur depending on the composition of the water. These 

corrosion products will vary in porosity and this will determine the passivity of the layer.

2.2.1.8 Corrosion occurs due to a potential difference between two points. The cause 

of this potential difference will dictate the form of corrosion.

1. Uniform corrosion. This occurs due to the non-homogeneity of metals 

and also the variation in the concentration of substances in the solution. This 

is considered to act at a microscopic scale with sites shifting from anode to 

cathode instantly (Mancy, 1966). The corrosion is, therefore, seen to be 

uniform over the surface of the material.

2. Galvanic corrosion. The corrosion system consist of different types of 

metals causing a potential difference. The anode and cathode is decided by 

the position of the metals in the galvanic series. The rate of reaction is 

greatly increased by the areas of the anode being smaller than that of the 

cathode. Dissimilar metals include those of the same material but of a 

different age.

3. Localised corrosion. This can occur in galvanic and single metal system 

and results in pitting of the metal. The potential difference could be caused 

by surface imperfections in the metal oxide, scale or in regions of high 

stress. The anode (i.e. area of imperfection) will be small compared to the 

cathode hence corrosion will be rapid.
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4. Concentration cell corrosion. When the concentration of a species in 

solution varies between the two parts of the metal a potential difference 

exists. A common cause would be areas of stagnation e.g. crevices where 

dissolved oxygen may drop or pH may increase. The differential oxygen 

concentration cell is common with iron corrosion. The tuberculation of an 

iron surface provides an ideal site. Resistance to the diffusion of oxygen to 

these sites by the biofilm, chemical precipitates, deposits of debris and the 

corrosion products coupled with the adequate supply of oxygen to the 

cathode maintains the cell.

2.2.1.9 Corrosion may be inhibited in various ways. Ryder and Wagner (1985) give the

following definitions.

1. Corrosion Deactivators. These are substances which acts on the aspects 

of the corrosion cell to slow or block the function being performed. An 

example is the addition of sulphur dioxide, sodium sulphite etc. to reduce 

dissolved oxygen levels hence stop or slow the cathodic reaction.

2. Adsorption Inhibitors. This is the prior adsorption of substances which 

do not take part in the corrosion reaction therefore reduce the available sites 

for corrosion. This is the assumed action of natural organic, phosphates and 

silicates.

i. Passivators. A substance which forms a barrier over the corrosion site 

shifting the potential of the corroding metal into a region where a stable 

oxide or hydroxide forms, e.g. chromâtes, nitrites, molybdates.

4. Corrosion product layer formers. Limit or suppress the cathodic reaction 

by the formation of an insoluble metal compound of sufiBcient thickness. All 

compounds have some permeability hence the corrosion reactions are never 

totally eliminated.
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2.2.2 FACTORS INFLUENCING CORROSION

2.2.2.1 MICROBIOLOGICALLY INFLUENCED CORROSION (MIC)

2.2.2.1.1 It can be said that all bacteria influence corrosion and that they fall into two 

distinct groups. One type of bacteria is directly involved in the dissolution of the metal 

and the other is indirectly involved by setting up the conditions for direct action bacteria 

or by altering the electrochemical cell. Generally anaerobic bacteria are those directly 

responsible for corrosion. Other bacteria may create an oxygen gradient across a biofilm 

setting up the conditions in which these bacteria can exist. Wolfaardt and Archibald

(1990) summarised the following mechanisms of MIC within water distribution systems:

- Respiring bacteria may deplete oxygen levels causing differential oxygen 

concentration cells. The oxygen deficient area can become anodic and/or 

anaerobic.

- Certain bacteria can produce organic or inorganic acids causing localised 

metal dissolution.

- The use of cathodic hydrogen can depolarise the cathode maintaining the 

electrochemical cell (Tuovinen et aL, 1980).

- Bacterial metabolic products may create localised concentrations of certain 

ions giving rise to changes in potential. These ions may also cause the 

dissolution of the metal. The biofilm may also increase the difiusion 

resistance of ions in solution.

- Bacteria can degrade organic protective coatings. The exposed area 

becomes anodic to the rest o f the pipe, hence corrosion can be rapid, 

resulting in loss of inhibition.

- Chemical inhibitors have been metabolised by bacteria, resulting in a loss 

of inhibition.
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2.2.2.1.2 The prevalent mechanism will depend on the species of bacteria at the pipe 

surface. Anaerobic sulphate-reducing bacteria have been identified within corrosion 

tubercles on cast iron pipes (Tuovinen et a l, 1980). These bacteria use hydrogen 

produced at cathodic sites, under acidic conditions, to reduce sulphate with the 

production of hydrogen sulphide. Hydrogen sulphide has been detected dissolved in 

water distribution samples (Lee et a l, 1978) or it may then react with the metal 

producing ferrous sulphide. Sulphur-oxidising bacteria, such as Thiobacillus 

thiooxidans, utilise the hydrogen sulphide to generate sulphuric acid, which vdll attack 

the metal. Iron-fixing bacteria use ferrous iron as an energy source, producing ferric 

hydroxide. This corrosion product may help create the tubercles providing additional 

anaerobic sites and restricting flow. Heterotrophic bacteria, such as Pseudomonas, 

Enterobacter and Mycobacterium, form precipitates with iron. This activity may result 

in high visible iron concentrations due to precipitates or bioflocculation (Lee et aL, 

1978). This action gives rise to ‘red water’ complaints but does not affect the corrosion 

rate.

2.2.2.1.3 The corrosion products of MIC can be differentiated fi"om those of the 

chemical process. Wolfaardt and Archibald (1990) consider MIC deposits to be slimy 

and generally soft and easily deformed.

2.2.2.2 EFFECT OF ORGANIC MOLECULES

2.2.2.2.1 Natural organics can act as corrosion inhibitors. Ryder and Wagner (1985) 

showed how the corrosion of a zinc layer depends on the humic acid content of a water. 

They also stated that the inhibiting effect is greater, the greater the polarity of the 

molecules. Molecular weight and polarity both affect the adsorption of organics on the 

metal surface. Rudek (1979) postulated that the adsorption of organics can delay the 

precipitation of carbonate and retard the oxidation of ferrous to ferric iron resulting in a 

more dense protective deposit. Ryder and Wagner (1985) further state that organics are 

of most influence on unlined systems and that red water problems have been seen after 

reducing the organic content. Singley et al. (1985) suggest that the effect of natural
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organics is a function of the type and nature of the organics. The inhibiting effects of 

organics may be due to the organic molecules adsorbing onto the corrosion sites 

preventing the transport of corrosion reactants (adsorption inhibitors). It may therefore 

be the case that organics are of little influence in a system already covered with a porous 

metal oxide corrosion deposit. Polar organics, such as acetyleric alcohols, amines and 

thiourea, are used as corrosion inhibitors in non-potable, strongly acidic water systems. 

Their action is to adsorb to the surface and exclude hydrogen ions from reaching 

cathodic areas. Kolle and Rosch (1978) show that ozone treatment produces a scale that 

is very protective and hence reduces corrosion. They postulate that the chemical 

structure of the humic substances are altered leading to more polar and better adsorbable 

substances with regard to the calcium carbonate and other scale constituents. This 

improved adsorption gives a denser deposit. Ryder and Wagner (1985) consider that 

despite the increased polarity, the lower molecular weight of the organic molecules will 

give lower adsorption. Again the effect is likely to depend on the ozone dose and the 

organic profile of the water. The use of granular activated carbon (GAC) post ozonation 

may result in increase removal of the polar organics via adsorption and biological 

removal of the low molecular weight organics. The water may therefore be less 

protective with ozone treatment than without, due to the overall reduction in the humic 

substances. Tuovinen et al. (1980) confirmed that humic material formed up to 2% of 

corrosion deposits. They further found that tubercle interiors contain only a fraction of 

the organic carbon found on the exterior. Organic carbon retained on the metal surface 

may adsorb iron ions forming complexes (Tuovinen et al., 1980).

1.1.2.22 Research undertaken by Turrell (1991) for Anglian Water Services also looked 

at the effects of organic molecules on corrosion. The data can be re-presented in a 

different form to that used by Turrell (1991). Turrell (1991) concluded that “....the 

influence of organic carbon was not a significant factor with regard to the structure and 

stability of coupon deposits.”. Organic carbon therefore did not, in his opinion, affect 

the corrosion rate. Turrell (1991) obtained his data from a pipe rig of a similar design to 

that of the Grafham pipe rig. Turrell (1991) also investigated the effect different sources 

of water, hence different levels of TOC, had on the corrosion rate. If one assumes that
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the most informative figure is an average corrosion rate across all samples in the study 

period then the following table shows a recalculated summary o f  Turrell’s data.

Table 2.1. Data taken from Turrell (1991) table 3.5.1. recalculated. Exposure time > 84 

days, average o f  all data.

WATER TOC (mg/1) Ave. TOTAL TOTAL
SOURCE CORROSION ALKALINITY HARDNESS

RATE
(mg/dm^/day)

(as mg 
CaCOs/l)

(as mg 
CaCOg/l)

HTSFORD 
(RESERVOIR) :

4.S 33 108 .......

STOKE FERRY 
(RIVER)

2.4 28 211 321

WILSTHORRE
(GROUND)

231

2.2.2.2.3 The data examined in this way shows a correlation between TOC and 

corrosion rate. The next stage o f Turrell’s analysis was to investigate different TOC 

loading from the same source. The TOC was altered using GAC filtration. Again 

recalculating the data suggests that there is a correlation between the level o f  organics 

and the corrosion rate. This is shown in Table 2.2. The correlation is consistent with 

that in Table 2.1 i.e. that increasing organics leads to increased corrosion. This 

contradicts other research, but could indicate the importance o f  organic nutrients in 

microbial corrosion.

Table 2.2. Data taken from Turrell (1991) table 3.10.5 recalculated. Exposure time > 

76 days, average o f  all data.

WATER SOURCE TOC (mg/1) Ave. CORROSION RATE 
(mg/dm^/day)

QACl 0.53 ÎÔ
GAC 2 1 44 Î3

CONTROL 1 3 78 30
CONTROL 2 3.97 28

2.2.2.2.4 Considering all the relevant research, one may surmise that the corrosion rates 

carmot be considered as a function o f the organics alone. Table 2.1 shows that the
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corrosion rate also correlates inversely with the level of alkalinity and hardness. 

Ainsworth et al. (1979) concluded that, provided a water had a high alkalinity and 

hardness, varying low levels of organics had no effect on corrosion.

2.2.2.3 EFFECT OF PHOSPHATE CONCENTRATION

2.2.2.3.1 Phosphates, polyphosphates and orthophosphates can all affect the corrosion 

process as adsorption inhibitors or corrosion product layer formers. This project utilises 

zinc orthophosphate as a source of phosphate to improve the biological aspects of GAC 

filtration. The residual in the effluent may therefore affect corrosion in the distribution. 

Ryder and Wagner (1985) consider orthophosphate to inhibit anodic processes by the 

formation of ferric phosphate. Singley et al. (1985) propose the formation of vivianite 

Fe3(P04)2 8H2O. The passivation of this process can be improved by the presence of 

cations such as zinc or magnesium which lower the solubility of the ions and interferes 

with the cathodic reduction of oxygen. Low concentrations of the inhibitor may result in 

patchy coverage of the passivating layer resulting in differential potential cells. Ryder 

and Wagner (1985) give evidence of orthophosphate stimulating corrosion in low 

corrosion environments. Higher pH and alkaline conditions have been seen to improve 

orthophosphate inhibition (Ryder and Wagner, 1985). The protection given by 

phosphates can be reduced if dosing is stopped. This may be a result of chemical attack 

by neutral salts for example or microbial metabolism of the phosphate. The dosing of 

phosphates for corrosion control may therefore increase biofilm formation.

2.2.2.4 EFFECT OF CHLORINE BASED DISINFECTANTS

Larson (1975) found that chlorine residuals greater than 0.5 mg/1 increased iron 

corrosion. Singley et al. (1985) postulated that this was due to the increase in the redox
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potential or through the sequential reactions producing hydrogen ions, hypochlorous 

acid, hypochlorite ions and chloride. Ryder and Hoyt (1977) found chloramines to 

reduce the corrosiveness of water compared to free chlorine. Larson (1975) found 

monochloramine to have an inhibiting effect between 0.4-3.6 mg/1. Singley et al. (1985) 

consider the effect of disinfectants to diminish when a passivating layer has built up. The 

disinfection may also reduce MIC. Victoreen (1984) showed that increasing chlorine 

levels reduced the amount of total dissolved iron in the bulk water. He considered this to 

be due to a reduction in the MIC of the system.

54



2.3 OZONE AND GRANULAR ACTIVATED CARBON IN 

WATER TREATMENT

2.3.1 INTRODUCTION

2.3.1.1. The use of ozone as a treatment for potable water has risen dramatically in the 

UK in recent years. Ozone was first used as primary disinfectant but recently more 

interest has been shown in its oxidising abilities. Smith and Moss (1993) gave the 

following benefits of ozone in water treatment:

- Acts as a disinfectant.

- Reduces tastes, odours and colour from water.

- Removes pesticides and other micropollutants.

- Reduces the formation of halogenated organics.

- Reduces the amount of humic substances.

- Aids coagulation and flocculation processes.

- Removes iron and manganese.

and the perceived disadvantages:

- Increased biodegradability of organics, causing bacterial growth in

distribution.

- Increased concentrations of organobrominated products.

- Formation of toxic bromate ion.

2.3.1.2 It can be seen the majority of these perceived advantages of ozone are linked 

with its reactions with organic carbon compounds. The main thrust of this project is the 

effect that an ozonation stage will have on the biofilm growth and corrosion promoting
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properties of the water produced. This section of the literature review will therefore 

focus on issues relating to the oxidation of the organic matter and disinfection.

2.3.2 DISINFECTION WITH OZONE

2.3.2.1 Disinfection can be defined as the elimination or inactivation of bacteria, viral 

particles and parasites. It is important that disinfection be as complete as possible to 

reduce the probability of pathogens entering the distribution system. Bacteria passing 

through the treatment process may result in the subsequent growth of a population in 

distribution. Excessive levels of non-pathogenic bacteria may provide an environment 

which is conducive to the growth of pathogens. Disinfection may also be important as 

biofilm growth may be related to the concentration of bacteria in the bulk water (Dryers 

and Characklis, 1982). The subsequent use of granular activated carbon as a biological 

treatment after an ozonation stage may raise the levels of bacteria in the water phase as 

cells are sloughed off the media. This phenomenon combined with the lack of residual 

disinfection by ozone results in the need for post-treatment disinfection to control 

bacterial growth in the distribution system.

2.3.2.2 Ozone is considered to be more able to inactivate bacteria than chlorine-based 

disinfectants (Morris 1975, Hoff* 1987, Sobsey 1989). The level of disinfection with 

ozone is the product of the contact time, t, between the microorganisms and ozone and 

the concentration of the ozone, C. In practice a safety factor is applied to this to allow 

for hydraulic short circuiting. Table 2.3 gives C.t times for ozone, free chlorine and 

chloramines to produce a 99% inactivation of various microorganisms.

2.3.2.3 All bacteria are sensitive to ozone, vegetative types more than spore forming 

types. E. coli is therefore not the most efficient indicator of disinfection. Ozone is 

considered to attack the bacterial membrane through glycoproteins, glycolipids (Scott 

and Lesher, 1963) or though certain amino acids (Goldstein and McDonagh, 1975). 

Ozone is also considered to disrupt the enzymatic activity of the cell causing death.
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2.3.2.4 Viruses are generally more resistant to ozone than vegetative bacteria. Ozone is 

considered to attack the proteins of the virion capsid (Cronholm, 1976).

2.3.2.5 Parasitic protozoa are of interest in water treatment. Protozoa have two 

different forms of their life cycle. As trophozoites they multiply and develop into cysts 

during adverse periods. All trophozoite protozoans are very sensitive to ozone, the cyst 

form is however more resistant. Giardia, Entamoeba histolytica and Cryptosporidium 

(the three most harmful protozoans) only occur as trophozoites inside their hosts. The 

amoebae Naegleria and Acanthamoeba, opportunistic pathogens, live their whole 

lifecycle in the freshwater environment.

Table 2.3. C.t values (mg.min/1) for 99% inactivation of microorganisms, at 5°C except 
where indicated.

Bacteria 
Escherichia coli

Viruses 
Polio 1
Human rotavirus 
Rotavirus

Protozoans

Giardia lamblia cyst

Giardia muris cyst

Naegleria gruberi 
cyst

Disinfectant C.t values (mg.min/1) 

Ozone Free Chlorine Chloramine

0.02 0.034-0.05 95-180

0 . 1- 0.2
0.006-0.06
0.006-0.06

0.53

0.5-0.6

1.94

4.23

1.1-2.5

0.01-0.05

47-150

770-3740

3810-6480

Reference

HofF(1987)

Hoff (1987)
Vaughn et al (1987) 
Hoff (1987)

Wickramanayake et al. 
1984b)
Hoff(1987)

Wickramanayake et al. 
1984a)
Wickramanayake et al. 
1984a)

2.3.3 THE ACTION OF OZONE

2.3.3.1 This section deals briefly with the reactions of ozone in water as summarised by 

Bablon et at. (1991). This project investigates the effect that the oxidation reactions of 

ozone have on the biodegradability of naturally occurring organics and their influence on 

corrosion, hence it is appropriate to discuss the products and the mechanisms by which

57



they are formed. Ozone reacts in water by action of the molecular ozone and secondly 

by radical species produced when ozone decomposes. Molecular ozone reacts in three 

ways (Figure 2.1);

- Cyclo addition (Criegee mechanism). The dipole structure of ozone reacts 

with unsaturated bonds to form ozonide. In water the ozonide will quickly 

decompose to form a carbonyl compound and zwitterion. The zwitterion 

will lead to hydroxy-hydroperoxide, which in turn will decompose to a 

carbonyl compound and hydrogen peroxide.

- Electrophilic reaction. This reaction is restricted to molecular sites with a 

strong electronic density, in particular aromatic compounds. Aromatics

substituted with electron donor groups show high electronic densities on

carbons atoms located in the ortho and para positions and are highly reactive 

with ozone. Aromatics with electron-withdrawing groups are consequently 

less reactive. The initial attack leads to hydroxylated compounds which are 

prone to further ozonation and may eventually form aliphatic products if the 

aromatic ring is broken.

- Nucleophilic reactions. These occur on molecular sites of electronic deficit 

or carbon atoms carrying electron withdrawing groups, particularly oxygen, 

nitrogen, sulphur and phosphorus.

2.3.2.2 The stability of dissolved ozone is affected by pH, ultraviolet light, ozone

concentrations and the concentrations of radical scavengers e.g. carbonate, bicarbonate.

The rate of decomposition is a function of the concentration of hydroxyl ions and hence 

the concentration of radical scavengers. The Hoigne, Staehelin and Bader mechanism 

proposes a chain process of decomposition. Figure 2.2 gives a reaction diagram. The 

reaction diagram shows that the free-radical initiating step constitutes the rate 

determining step;

O3 + OH —> HO2 + O2
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2.3.2.3 It can be seen that a substance that can consume hydroxyl radicals without 

generating the superoxide radical will stabilise ozone molecules in water. A wide variety 

of substances can influence the chain process by either initiating decomposition, 

promoting or inhibiting it (Hoigne and Bader, 1985).

- Initiators. These are compounds capable of forming superoxide ions 

from an ozone molecule. These may include hydroxyl ions, hydroperoxide 

ions, some cations e.g. Fe^  ̂ , organic molecules such as formic acid and 

humic substances.

- Promotors. These regenerate the superoxide anion from the hydroxyl 

radical. Substances may include ozone or organics including aryl groups, 

formic acid, glyoxylic acid, primary alcohols and humic materials.

- Inhibitors. These are compounds capable of consuming OH radicals 

without regenerating the superoxide anion. Common inhibitors include 

bicarbonate, carbonate ions, alkyl groups, tertiary alcohols and humic 

substances. The concentration of inhibitors may be higher than the 

concentrations of micropollutants to be oxidised, giving total inhibition.

2.3.2.4 The presence of bicarbonates in water may stabilise ozone increasing direct 

ozone reactions giving more selective reactions and cutting down the OH radical 

oxidation reactions. It can be seen that humic substances have been cited as responsible 

for initiation, promotion and inhibition of ozone decomposition.

59



FIGURE 2.1
REACTIONS OF MOLECULAR OZONE 
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FIGURE 2.2 REACTION DIAGRAM FOR OZONE DECOMPOSITION 
Hoigne, Staehelin and Bader mechanism
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2.3.3 REACTION OF OZONE WITH ORGANIC CARBON 

COMPOUNDS

2.3.3.1 Most of the functional groups in organic chemistry have been identified in 

unpolluted natural water. Table 2.4 summarises organic molecules isolated from 

drinking water. The organic carbon content of potable water consists 30-50% humic 

material with micropollutants of human origin accounting for 5% (Thurman, 1985). In 

surface waters such as Grafham reservoir, humic substances arise from the microbial, 

chemical and photochemical reactions that occur during the degradation and 

polymerisation of vegetable matter, and as such will have a seasonal variation.

Table 2.4. Dissolved organic compounds found in natural waters 

Carboxylic acids

Phenols 

Amino acids

Carbohydrates

Hydrocarbons

Aldehydes

Organic bases 
and nucleotides

Sulphur compounds

Nonvolatile fatty acids 
Volatile fatty acids 
Hydroxy acids^ 
Dicarboxylic acids 
Aromatic acids^ 
Diacids^
Tannins^

Free amino acids^
Humic amino acids 
Combined amino acids 
Polypeptides^
Proteins^

Monosaccharides^
Oligosaccharides^
Polysaccharides^
Sugar acids^
Amino sugars^

Aliphatic hydrocarbons^ 
Aromatic hydrocarbons^ 
Polyaromatic hydrocarbons^ 
Halogenated hydrocarbons

Adenosine-triphosphate

Acetic acid 
Lactic acid 
Succinic acid
Benzoic, p-hydroxy benzoic

Glycine
Tyrosine

Glucose

Cellulose
Glucuronic
Glucosamine

n-alkanes, n-alkenes
xylene, benzene, PCB, naphthalene

Trichloroethene, tetrachloroethene

n-alkyl aldehydes, benzaldehyde

Dimethylsulphide, n-butylmercaptan
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Alcohols

Amines

Sterols^

Purines^

Pyrimidines^

Ketones^

Ethers^

Chlorophyll^

Pesticides

Trimethylamine, ethanolamine 

Cholesterol

s-triazines 
Substituted ureas 
Organochlorous 
Organophosphorous 
Carbamates
Phenoxy acetic acid derivatives 
Phthalates'

Reference, all Bablon et a/. (1991) except where indicated.
1. Branch, 1993,
2. Thurman, 1985.

Simazine, atrazine
Monuron, rinuron, chloroxuron
DDT
Malathion, parathion
Phenylarbamate
2.4-D
Dibutylpthalate

2.3.3.2 The total organic carbon (TOC) content of water treated with ozone has been 

seen to reduce slightly as a function of ozone gas concentration. An ozone dose of 1 

tngOg/l has been shown to reduce TOC by 10% (Reckhow and Singer 1984, Croue 

1987). Most research indicates that ozonation reduces the amount of high molecular 

weight molecules increasing those of lower molecular weight. Humic molecules are 

known to trap organic molecules of a lower molecular weight within their matrices. This 

complicates analysis of the effects of ozonation on organics as the treatment or the 

handling during analysis could release many of these compounds (Watts 1985, Killops 

1986, Croue 1987). Table 2.5 summarises the research into the oxidation products of 

ozone and various organic carbon species. It can be seen that a rise in carboxylic acid 

and aldehydes would be expected. Table 2.4 shows that many of the reaction products in 

Table 2.5 may be present in water prior to ozonation. Bablon et al. (1991) suggests that 

very few new products are actually ozonation by-products and that actual ozonation by

products include only carboxylic acids and aldehydes. Killops (1986) suggested that up 

to 50% of organic molecules may be unaffected by ozonation. The nature and 

concentration of an organic species within the water will be a function of the nature and

63



concentration of organic carbon compounds already in the water, ozone dose, radical 

scavengers, ozone decomposition inhibitors and pH of the water.

2.3.3.3 Compounds of lower molecular weight may be considered more biodegradable, 

therefore the use of ozone may result in an increase in the biodegradable fraction of the 

organic carbon. This in turn may promote the growth of bacteria. Lund and Omerod 

(1995) show that treatment of a surface water with ozone caused a slight increase in 

biofilm magnitude on a test pipehne wall compared with water not treated with ozone. 

The complex chemistry and range of reactants and products defies exact analysis by 

current techniques, hence to evaluate the biodegradability of waters novel experimental 

protocols were established. The two leading techniques are assimilable organic carbon 

(AOC) and biodegradable dissolved organic carbon (bDOC). The AOC technique 

involves incubating the sample with bacteria and equating the maximum bacterial 

population to the amount of AOC of the water. The bDOC technique measures the 

reduction of organic carbon of the sample when incubated with a fixed biomass. Both 

techniques indicate the amount of low molecular weight organic molecules but can not 

give precise information on particular species. These techniques are dealt with in chapter 

3. Research using these techniques confirms that ozone does increase the 

biodegradability of water (Brunet 1981, Delaat 1988). Van der Kooij et a l  (1989) 

indicate that ozone dose and the formation of AOC is a linear relationship. Many 

authors have shown that there is no consistent dose dependent relationship and identify a 

dose of 2.0 mg/1 as optimal for AOC production (Stanfield and Jago 1989, Hacker et a l  

1994, Harward Anghan Water internal report, unpubhshed). This may be due to higher 

dosages giving a more complete oxidation and will vary according to the source water. 

AOC levels have been reported to decrease due physical removal by coagulation, 

sedimentation and filtration (Huck et a l  1992, Hacker et a l  1994).
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Table 2.5. Reactions of organic carbon compounds with ozone 

Compounds Reaction mechanism

Humic Substances

Aliphatic Hydrocarbons 
Alkanes

Alkenes

Alcohol

Carboxylic Acids

Aromatics

Phenols

Amines

Unknown; decrease of high molecular weight organics, increase 
in low molecular weight molecules

Low electron densities attached to C or H atoms gives 
unreactivity
Electrophilic ozonolysis by dipolar cyclo addition.

Attack of nucleophilic -o- group

Low reaction rates, C02H depresses ozone reactivity

Reaction of Aromatic ring or of side chain molecule, 
Electrophilic groups react readily, nucleophilic groups more 
slowly

Electrophilic attack on the carbon atoms in ortho or para 
positions

Highly reactive due to negatively charged nitrogen atoms

Reaction Products Reference

Aliphatic acids and aldehydes Bablon e / <3/.  1991

None

Aldehydes, Ketones

Kuo 1984, Fronk 
1987.
Hoigne & Bader 
1976,1983

Peroxy compound. Aldehydes, Dalouche 1981. 
Ketones, Acids, Esters,
Peresters

Hoigne & Bader 
1983.

Bablon et ûf/. 1991Quinoids, unsaturated 
aliphatics, saturated aliphatics.

Diphenols, Quinones, Muconic Bablon et al. 1991 
acids, Glyoxylic, Oxalic,
Formic, Glyoxal

Caiboxylic acids Laplanche 1982.
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2.3.3.4 The AOC can be further reduced by granular activated carbon (GAC) adsorbers. 

These are often used to reduce the increase in AOC caused by ozonation stages prior to 

distribution (Smith and Moss, 1993). GAC may remove organics via adsorption or 

through the biological action of bacterial colonies on the surface and macropores of the 

particles (Rittman and Huck, 1989). The influence of each action is dependent on their 

method of use, time in use and frequency/force of backwash (Huck et aL, 1992). Huck 

et al. (1994) assumed that after 4 months use removal was predominantly due to 

biological action rather than adsorption. Servais et al (1994) found that GAC biofilm 

reached its peak after 100 days with no significant difference due to the filtration rate. 

McGhee (1991) states that the rate of removal by adsorption increases with increasing 

concentration and decreases with molecular size, molecular weight and complexity of 

molecular structure. This will lead to preferential removal of organic molecules which 

may alter any subsequent biofilm growth characteristics.

2.3.3.5 Huck et al (1992) found that the organics responsible for chlorine demand were 

removed by biological action rather than particulate removal. Ozone and GAC treatment 

may therefore reduce the amount of post-treatment plant disinfection necessary and 

increase residual concentration of the disinfectant through the distribution system. The 

reduction in chlorine demand may also give a reduction in the precursors of chlorinous 

THMs. Post chlorination or chloramination may also increase the AOC content of the 

water (Nieminski and Bradford, 1991). Becher et al. (1985) found that only very high 

doses of chlorine will cause changes in the molecular weight distribution of humic 

substances.
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Chapter 3

Methods of Analysis
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This section details the methods used to analyse biofilm and the assimilable organic 

carbon in the feed water. All other substances were measured in accordance with 

Standard Methods.

3.1 MEASUREMENT OF BIOFILM

3.1.1 INTRODUCTION

3.1.1.1 An aspect of this project is to critically assess methods of biofilm measurement. 

Biofilm can be measured indirectly, using the variation in bacterial substrate for example, 

or measured directly. Direct biofilm measurement can be achieved without disturbance 

to the colony but usually consists of two stages:

a. Removal of the biofilm from the substratum

b. Enumeration of the biofilm by analysis of the removed biomass.

3.1.1.2 This project measures biofilm biomass using a plate count and an ATP 

determination technique. The biofilm is removed from the substratum using sonication. 

This section begins by reviewing the methods employed to remove biofilm from its 

substratum and details the effectiveness of sonication. Subsequently both direct and 

indirect methods of biofilm enumeration are reviewed and the development of the two 

techniques used in this study is explained.

3.1.2 REMOVAL OF BIOFILM FROM THE SUBSTRATUM

3.1.2.1 Techniques which enumerate biofilm whilst it remains in situ generally involve 

sophisticated equipment and may be restricted to certain substrata. Much research 

therefore has measured biofilm by simply removing it fi'om its substratum, homogenising 

the sample and then measuring the biomass using traditional techniques for counting
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suspended bacteria. The removal methods need to be analysed to find the proportion of 

the biofilm that is consistently removed and whether the removal affects the bacteria, 

possibly reducing the efficiency of the enumeration technique. Table 3.1 list the methods 

of removing biofilm from the substratum used by leading biofilm researchers. The most 

appropriate method of biofilm removal will be dependent on the extent of the biofilm 

groAvth and the substratum to which it is attached.

3.1.2.2 Scraping the pipe surface is thought unsuitable as the biofilm found on water 

distribution pipes in this study is invisible. This may lead to patchy biofilm removal. The 

majority of studies using scraping techniques used an artificial water with a high glucose 

content. It was decided to use sonication as the procedure is easily reproducible and 

independent of operator experience. Sonication is a widely used method of removing 

biofilm from the substratum as shown in Table 3.1. Sonication involves placing the 

sample in a water bath through which ultrasonic waves are passed. The waves are likely 

to cover a broad spectrum of frequencies and may not all be ultrasonic. The ultrasonic 

waves cause a mechanical vibration of the sample, separating particles from the surface, 

or cause turbulent eddies in the fluid surrounding the sample, causing erosion. 

Ultrasound waves may be used however to cause the disintegration of micro-organisms 

in biochemical assays. Before sonication was accepted as a method, two questions 

needed to be answered, as scant information was available in the published work which 

used this method.

a. Do the sonication frequencies emitted by the water bath used have any effect on the 

bacteria making up the biofilm?

b. How complete will the biofilm removal be?

Proposed for this project is a sonication period of fifteen minutes. Research was 

undertaken to establish if any adverse effects occur due to this degree of sonication.
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Table 3.1. Summary of methods of removal of biofilm fi’om the substratum

Author Method of biofilm removal Stated biofilm Comments on technique 
removal

Lee eta/. 1980 Biofilm scraped off corroded steel with a Not given 
rubber plunger

This method may be successful in measuring thick biofilm. Scraping may be 
considered unsophisticated and insensitive. The operation is probably very user 
dependent and prone to contamination.

Bryers and Charackhs, 
1982

Pipe section placed in 25ml bidistilled water Not given 
and sonicated for Imin.

Does not give any data on the optimum time of sonication for biofilm removal 
or why sonication is used.

LeChevallier et al. 1988b For metal and glass slides biofilm was 
scraped off using sterile rubber policeman.

80-90% Success dependant on magnitude of biofilm. Large bacterial slime could be
removed fairly accurately but may be insensitive to invisible films likely to be 
found in oligotrophic drinking water.

LeChevallier er a/. 1990 Scraping the interior of pipe surface with a 
sterile 3.2cm dia. long handle burette brush 
and homogenising the sample to disrupt cell 
aggregates.

Not given This method is probably very user dependent. The bristles of the brush may not 
provide a sufficient abrasive force to remove the biofilm completely.

Van der Kooij and 
Veenendaal, 1992

Glass sections placed in 10ml sterile 
distilled water and sonicated for 2 mins. 
Water is changed and the process repeated 5 
times then all waters are blended together.

>95% This method is very reproducible and independent of user experience. The 
degree of biofilm removal was confirmed by dosing nucleotide releasing agent 
on to the sample and measuring released ATP (personal communication).



Mathieu e /a/. 1993 Cement coupons are placed into 25ml of 
sterile pH7 buffer and sonicated for 2mins.

80% The research reports no loss of viability of cells but gives no method or further 
results on which to judge the accuracy of their statement.

Verrane/a/. 1994 Sample sections are sonicated for Imin to 
remove reversibly bound cells prior to 
image analysis.

Not given Contradicts slightly other research in that it is assumed that only reversibly 
attached cells will detach with sonication.

Lund and Ormerod. 
1995

Biofilm removed from pipe wall into water Not given 
by the action of a close fitting piston.

Success of this method is probably dependent on the fit of the piston and the 
material used. A corroded pipe will have a variable internal diameter and 
metals may score the piston. The size of the biofilm may also be important and 
operator experience.
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3.1.2.3 Sonication was investigated by plate count analysis. A sample of Grafham pilot 

plant treated water was placed in the sonicating water bath and taking subsamples every 

5 minutes for 15 minutes. The subsamples were plated onto R2A agar and incubated for 

7 days at 22“C. Analysis of the resulting plate counts showed no reduction in the number 

of colony forming units over time (figure 3.1). A slight increase could be seen and this 

was assumed to be the result of the sonication breaking up bacterial floes giving a larger 

number of colonies. Sonication can be seen not to affect the culturability of bacteria.

3.1.2.4 Sonication was further investigated using the adenosine-5’-triphosphate (ATP) 

technique. The ATP of a bacterial cell can be extracted and measured using 

bioluminescence. This gives a possible method of measuring biofilm as the ATP released 

from a sample could be measured and related to the biofilm density. This is further 

explained in section 3.1.4 detailing biofilm enumeration.

3.1.2.5 Cellular ATP is calculated from measurements of ATP already present in the 

sample (free ATP) subtracted from that found when a nucleotide releasing agent is added 

to the sample (Total ATP). It is therefore necessary to establish if sonication affects the 

stability of the free ATP and the amount contained Avithin the cell. Sonication may stress 

the cell resulting in a change in the amount of stored ATP.

3.1.2.6 To ascertain if sonication caused ATP to deteriorate two samples of bidistilled 

water were spiked with ATP. One of the samples was sonicated for 15mins. and both 

samples were analysed for ATP every 5 mins between 0 and 40 mins. The results are 

given in Figure 3.2 and show that the ATP remained stable in both the sonicated and the 

non-sonicated bidistilled water samples. It can therefore be stated that sonication at this 

level does not affect the stability of ATP.

3.1.2.7 Finally an experiment was set up to evaluate whether this level of sonication 

affected cellular levels of ATP and the integrity of the cell. To investigate this it was 

necessary that the sample contained a high bacterial population to ensure a measurable 

variation in total ATP and that the sample contained little free ATP. Two samples of 

Pseudomonas fluorescens P17 were taken and one set sonicated for 15mins. The results
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in Table 3.2 showed that sonication had little effect on either the free or the total ATP 

readings.

Table 3.2: The effects o f  sonicating for 15 mins on a population o f Pseudomonas 
fluorescens PI 7

Total ATP (ng/1) Free ATP (ng/1)

Sonicated. 2S40Û 56

Non sonicated 26400

3.1.2.8 The results for the sonicated sample were however slightly higher than that o f  

the non-sonicated sample. This was the same pattern as with the plate counts indicating 

that the sonication broke up some o f the bacterial floes allowing the ATP releasing agent 

to extract ATP from cells which would otherwise be shielded. The breaking up o f  the 

bacterial floe also appears to give an increase in free ATP. Decaying cells within the floe 

may have been exposed and the sonication may cause a disruption o f  their cell wall 

resulting in the rise in free ATP. The amount o f  ATP per cell was not seen to alter 

greatly with sonication.

3.1.2.9 Sonication at this level is a suitable method for removing biofilm from its 

substratum as it does not affect the culturability o f  the cells, the stability o f  ATP, the 

concentration o f cellular ATP and the integrity o f  the cells.

3.1.2.10 To evaluate the degree o f  biofilm removed by sonication samples were sent to 

the Centre for Applied Microbiological Research (CAMR), Porton Down for visual 

analysis. Cast iron and polyethylene were the substrata used in this research. Duplicate 

sections o f  each material were taken, one set was sonicated for 15 mins and both were 

then analysed using an image analysis program. The CAMR procedure stained the 

bacteria which then fluoresce under light. The image can be stored on computer file and 

software splits the image into individual pixels. The program then counts the number o f
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pixels which fluoresce above a certain intensity and hence calculates the percentage o f  

the surface covered with biofilm. The method is compromised in that the substratum can 

reflect light and appear to fluoresce and the image is only taken on one focal plane. In 

addition the result only represents a small section o f  the sample which can introduce 

sampling errors. The biofilm shows a large variation in the areas covered between 

samples and across samples. These constraints cause particular problems in the analysis 

o f cast iron coupons. The results o f  the visual analysis are shown in Table 3.3.

Table 3.3. Results o f  CAMR visual analysis o f biofilm giving percentage o f  the biofilm 
removed by sonication.

% o f  Surface covered with biofilm
Sonicated Not Sonicated % Removed

Polyethylene section mm
Cast Iron coupon 55.7 65.0 14

3.1.2.11 It can be seen by this method o f  analysis that sonication does remove biofilm 

and it is very successfiil on the polyethylene samples. The amount o f  biofilm removed 

depends on the substratum material. The level o f  biofilm removal is substantially less 

than that claimed by others researchers shown in Table 3.1, particularly Mathieu et al. 
1993 who claim 80% removal after 2 mins sonication o f  cement coupons. The biofilm 

measurements on the pipe rig are for comparison between the streams only. It is 

therefore not necessary to have 100% biofilm removal but only that that the removal 

method is consistent and reproducible. For this reason sonication is an acceptable 

removal tool. One should not consider the levels o f  biofilm given later in this report to 

be absolute values but the value o f  the biofilm removed. Other biofilm research should 

be viewed in a similar light.

3.1.3 METHODS OF BIOFILM ANALYSIS

3.1.3.1 Table 3.4 summarises the methods used in biofilm research to measure various 

properties o f  biofilm. The methods can be separated into direct measurements o f  the
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biomass either in situ or removed from the substratum, and an indirect measurement of 

the effects of biofilm. The technique chosen to measure the biomass must provide 

sufficient accuracy. Many of the techniques described below were developed for thick 

wastewater biofilm and many have insufficient accuracy for the sparse drinking water 

biofilm.

Table 3.4. Summary of biofilm measurement techniques

Measured property

DIRECT MEASUREMENT 
IN SITU

Method

BIOFILM PHYSICAL 
THICKNESS (Tnilear and 
Characklis, 1982)

a. Location of biofilm-substratum interface and biofilm-fiuid interface 
using microscopy, thickness is difference in adjustment corrected for 
refractive index.
b. As a. but biofilm in cross-section view.

EPIFLUORESCENCE 
MICROSCOPY (Bakke et al., 
1984)

SCANNING ELECTRON 
MICROSCOPY (Weber et ai., 
1978)

DIRECT MEASUREMENT 
REMOVED BIOFILM

BIOFILM MASS (Trulear and 
Characklis, 1982)

BIOFILM PHYSICAL 
THICKNESS (Picologlou ef 
at., 1980)

POLYSACCHARIDE (Biyers 
and Characklis, 1981)

Samples removed from test rigs, stained and cells enumerated to give 
bacteria per unit surface area. Cannot distinguish between viable and 
dead bacteria and does not give extent of EPS.

Samples are fixed, washed, post-fixed, dehydrated in ethanol then dried, 
mounted on a stub and sputtered with gold prior to examination. This 
can give a greatly altered biofilm structure.

Gravimetrically derived either still attached to substratum or removed by 
scraping.

Voliunetric displacement, difference in fluid level between fouled and 
clean substratum. Thickness is volume/internal surface area.

Determination of biofilm polysaccharides using reactions of aldehydes 
or ketones and strong non oxidising acid to yield hydroxymethyl finfural 
and other by-products. Condensation between these activated aldehydes 
and phenolic compounds (e.g. resorcinol, naphthol, anthrone or phenol) 
forms coloured compoimds which are a function of polysaccharide 
concentration.

PHOSPHOLIPIDS (Vestal and 
White, 1989)

TOTAL ORGANIC CARBON 
(Harris and Kell, 1985)

Biomass is filtered from suspension and total lipids extracted by a 
chloroform-methanol-water mixture and oxidised to release the 
phosphate. Phosphate is then measured colorimetrically.

Sample homogenised and TOC measured. Sample then filtered and cell 
number and size determined. Knowledge of caiton per cell allows 
determination of extracellular polymer carbon.
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CHEMICAL OXYGEN 
DEMAND (Bryers and 
Characklis, 1982)

VIABLE CELL COUNT 
(Costerton and Colwell, 1979)

ADENOSINE-5’- 
TRIPHOSPHATE (van der 
Kooij and Veenendaal, 1993)

DRY WEIGHT (Lund and 
Ormerod, 1995)

INDIRECT MEASUREMENT

DISSOLVED OXYGEN 
REMOVAL (Colboume and 
Brown, 1979)

LIGHT ABSORBANCE 
(Characklis, 1990)

ELECTRIC CONDUCTANCE 
(Hoehn and Ray, 1973)

SUBSTRATE REMOVAL 
(Servais er a/. 1994)

FRICTIONAL RESISTANCE 
(Trulear and Characklis, 1982)

HEAT TRANSFER 
RESISTANCE (Characklis et 
a l, 1981)

Measures the oxidisable organic biofilm material by modifying the 
standard COD test. Modifications involve diluting dichromate oxidant 
and ferrous ammonium sulphate.

Biofilm sample is removed from the substratum, homogenised and 
enumerated using standard plate count procedure.

The ATP of the removed biofilm is measured using bioluminescence 
techniques. A nucleotide releasing agent is added and the ATP 
measured using the Luciferin/luciferase reaction.

The suspended biofilm is filtered through GF/C filters and ignited at 
550°C and the dry weight of biofilm is calculated.

The sample is incubated in a sealed vessel and the reduction in dissolved 
oxygen of the water is related to biofilm growth on the specimen surface.

A light sensor is located either side of the biofilm. Biofilm 
accumulation is a function of amount of light absorbed by biochemical 
compounds in biofilm.

Electrical conductance of the pipe surface varies as the biofilm 
establishes itself and grows. The variation in electrical conductance can 
detect the biofilm/substratum or biofilm/fluid interface.

Chemical concentration of the bacterial substrate is monitored and 
kinetics of the removal is related to biofilm magnitude. Mass balances 
on specific organic substances can be attempted by radioactively 
marking carbon atoms on specific organic substrates.

Manometers measure the pressure changes along a section of pipe. The 
change of pressure with time relates to a variation in the frictional 
resistance of the biofilm. Effects due to the reduction in the internal 
diameter of the pipe due to biofilm growth are considered negligible.

Biofilm has been seen to reduce the transfer of heat through pipe walls. 
A measure of the change of insulating properties relates to biofilm 
thickness and/or density.

3.1.3.2 Two methods of biofilm enumeration were chosen for use in this study. The 

study pipe rig contained cast iron and polyethylene pipe sections. Details of the rig and 

the sampling protocols are given in Chapter 4 - Design and Validation of model pipe rig. 

Initial measurements of biofilm were taken using standard heterotrophic plate count 

techniques. The biomass removed from the substratum was homogenised and plated in 

triplicate onto R2A low nutrient agar using the spread plate technique and incubated for 

7 days at 22®C. The heterotrophic plate count enumerates aerobic and faculative aerobic
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bacteria found in water which are capable of growing on a simple organic compound 

such as carbohydrates, amino acids and peptides etc. R2A agar is preferred over the 

more traditional yeast extract agar (YEA) and a spread plate technique is preferred over 

the pour plate technique. The R2A media differs in that it has a lower concentration of 

individual and total nutrients than YEA but it has a wider range of nutrients. The R2A 

media was chosen for the current research since it has been seen to yield a higher 

bacterial count than YEA for drinking water and hence is considered more sensitive. 

The low concentration of nutrients in the R2A media means that the bacteria develop 

more slowly. The pour method of plating may also lead to lower counts since heat 

sensitive and nutritionally stressed bacteria are thought not to recover from the additional 

physiological stress of warming in the agar. The spread plate method is restricted by the 

sample size hence loses some accuracy. The precision of the spread plate method has 

been compared to the pour plate method in several studies the results of which are 

inconclusive. Snyder (1947) found them to be of equal precision. Van Soestbergen and 

Lee (1969) found the pour plate to be more precise whilst Taylor et a l, (1983) found the 

reverse. The R2A spread plate method is simple, inexpensive and widespread allowing 

comparison of results with other research.

3.1.3.3 The second technique used to analyse biofilm employed the use of 

bioluminescence to measure the light emitted from the reaction between released cellular 

ATP and luciferin/luciferase reagents, (the reaction is given in detail in section 3.2.2). 

This gave a measure of biofilm as cellular ATP per unit area or the amount of ATP could 

be used to estimate the number of bacterial cells per unit area. Hijnen et a l (1988) and 

Webster et a l  (1985) give an average of lO'^^g ATP/cell. The amount of ATP per cell 

however varies with the species, age and metabolic state of the cell. This technique 

could not be used with the cast iron samples because the corrosion deposit which formed 

part of the biofilm matrix interfered with the measurement of light. The technique was 

used with good results for the polyethylene pipe samples.
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3.1.4 DEVELOPMENT OF THE ATP METHOD OF BIOFILM 

ANALYSIS

3.1.4.1 The biomass of a sample is determined by the difference in total and free ATP. 

Free ATP is the ATP occurring in the water before ATP is released from the viable cells 

by the nucleotide releasing agent. The stability of the free ATP will have an effect on the 

calculation of cellular ATP because the total and free readings cannot be taken 

instantaneously. The practise in this project is to collect and sonicate biofilm samples 

into bidistilled water. Biofilm samples however consist of a matrix of bacteria set within 

an organic structure which will also trap inorganic particles and impurities. These 

impurities were seen to affect the stability of free ATP. Sonication may therefore 

introduce organics etc. into the water into which the sample is collected, lowering the 

initial water quality. This may give rise to unstable free ATP readings, hence giving 

errors in the calculation of cellular ATP.

3.1.4.2 Initial findings from the polyethylene pipe rig revealed that sonication of the 

biofilm yielded a large free ATP concentration. The cellular ATP on occasion can be 

small by comparison therefore slight percentage errors in the reading of the free ATP, 

due to water impurities making it unstable, may mask any subtle variation in viable 

bacteria. The results of the polyethylene pipe rig study of this project showed free ATP 

to vary between 7-98% of the total ATP. It may therefore be more appropriate to dose 

into the sample an agent to hydrolyse the free ATP. This may enable closer scrutiny of 

the combined or cellular ATP. A commercially available potato apyrase has been used 

successfully in the brewing industry to degrade free ATP in routine rapid bacterial test 

(Kyriakides, 1988). It was decided to research the validity of using this apyrase to 

improve the current ATP determination test.

3.1.4.3 Biofilm has been measured by ATP determination by few researchers (LaMotta 

1976, Hijnen et al. 1988, Kinniment and Wimpenny 1992, van der Kooij and Veenendaal 

1993, Jago and Sidorowicz 1994). The expense and novelty of bioluminescence has 

perhaps reduced its spread. Van der Kooij and Veenendaal (1993) presents a detailed

78



account of the use of the ATP test with a commercially available biofilm monitor. The 

biofilm monitor and ATP analysis technique is also reviewed by Jago and Sidorowicz 

(1994). These techniques differ from the technique used in this study in that no 

measurement of free ATP is made. Van der Kooij was concerned about the release of 

ATP due to sonication (personal communication), and Jago argues that all ATP must 

have originally come from biofilm and hence should be included in the calculation of 

biofilm activity (personal communication). Research set out above indicates that 

sonication does not release significant amounts of cellular ATP and that this amount 

could be due to dead cells released by the break up of floes. The view given by Jago 

does not take into account the possibility that a large proportion of this ATP activity 

does not come from a bacterial source. The large values of extracellular ATP seen in this 

current research may arise from the deposition of dead bacterial or algal cells and hence 

their inclusion in a value for biomass activity would be misleading. The presence of algal 

cells (presumably dead) amongst the bio-matrix has been confirmed on one occasion by 

photographic techniques (figure 3.7). It is concluded that a measure of free ATP is 

necessary to enable a measure of combined ATP hence determining the quantity of viable 

bacteria.

3.1.4.4 The proposed method of biomass evaluation includes a measure of free ATP 

taken immediately after sonication. This measurement of free ATP is purely to monitor 

levels in the biofilm and is not used in the determination of cellular ATP. If free ATP is 

considered to arise from dead and decaying cells then this measure of free ATP may 

indicate nutrient deficient regions for example.

The second stage consists of dosing with Somase (commercially available apyrase) and 

taking a measurement of the total ATP. This is followed by a second measurement of 

free ATP used to calculate the amount of combined ATP.

3.1.4.5 The use of a potato apyrase, somase, needs to be researched to confirm its 

suitability. The apyrase will hydrolyse ATP indiscriminately. A concentration must be 

used which is sufficient to hydrolyse the fi'ee ATP in a reasonable amount of time but will 

not interfere with the determination of the combined ATP. Research into the optimal 

concentration has been carried out in the brewing industry (Kyriakides, 1988). This
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value may not be optimal for the water industry as water differs from beer by important 

factors such as colour, heavy metal concentration, pH and the general concentration o f  

extracellular ATP.

3.1.4.6 To optimise the use o f  somase the following analysis needs to be carried out;

- Concentration o f  somase required to hydrolyse the level o f free ATP seen 

in practise in a reasonable time span.

- Research to establish if this concentration affects the measurement o f  

extracted cellular ATP.

- Conclude if the use o f  somase gives more consistent, accurate results.

3.1.4.7 Figure 3.3 gives a graph o f  the measured free ATP readings with increasing 

concentrations o f Somase over time at 20°C. From the graph a value o f  0.5% 

reconstituted somase is seen to adequately hydrolyse a large concentration o f  ATP in 

approximately 20 mins. A concentration less than this may make the time to conduct the 

experiment unnecessarily long or result in incomplete ATP hydrolysis if unusually high 

levels are encountered. Concentrations higher than 0.5% may interfere with cellular 

ATP determination by rapidly hydrolysing the ATP released from the cells before the 

reaction with the luciferin and luciferase reagents can occur.

3.1.4.8 A further experiment was conducted to evaluate if the 0.5% somase interfered 

with the measurement o f  cellular ATP. A sample o f  Pseudomonas fluorescens PI 7 was 

split in two and one set dosed with 0.5% somase. Total and free ATP measurements 

were taken and the light emitted due to the cellular ATP evaluated. The two samples 

yielded values with no significant difference as shown in Table 3.5.

Table 3.5. Results o f  test to determine the effect o f  0.5% somase on the calculation o f  
cellular ATP

Light emitted (mV) per 100 |.il sample due to cellular ATP
Average Standard Deviation
25.472 1.54Î

somase 23.678 1.638

80



3.1.4.9 An experiment was then undertaken to see the effect the addition of somase has 

on the value of biofilm ATP derived from samples taken from the experimental pipe rig. 

Eight sections of the polyethylene pipe rig were extracted from the rig after 20 days 

exposure. The sections were sampled and sonicated for 15 mins. The removed biomass 

was divided into two sub-samples and one set analysed using the somase protocol and 

the other set without somase addition. Table 3.6 summarises the results.

Table 3.6. Summary of the biofilm ATP derived from ATP analysis with and without 
somase.

Cellular ATP (ne/dm^)

Section 0.5% Somase No Somase

1 7.52 3.61
2 3.73 7.16
3 4.57 18.65
4 8.00 17.14
5 5.59 18.28
6 3.55 25.80
7 11.37 10.04
8 8.78 11.37

Average 6.64 14.01

Standard Deviation 2.75 7.24

(St. Dev./Ave) % 41 52

3.1.4.10 The table shows that the levels of free ATP have a significant influence over the 

determination of cellular ATP. The level of biofilm from samples dosed with 0.5% 

somase are on average lower than the sample without somase. The somase samples are 

more consistent than the other set of results and may therefore be considered more
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accurate. The standard deviation of the samples dosed with somase is 41% of the 

average where as the no-somase samples had a standard deviation of 52% of the 

average.

3.1.4.11 The level of free ATP in the biofilm was seen to vary with time. This will affect 

the gain in accuracy by using Somase. It was stated in section 3.1.4,2 that the level of 

free ATP varied between 7 and 98% of the total ATP for the polyethylene pipe rig. This 

data looked at more closely may provide an insight into biofilm behaviour. Figure 3.4 

shows the variation of free ATP as a percentage of the total ATP and the total ATP for 

one of the pipe rig streams over time. It can be seen that the proportion of free ATP 

steadily increases with time to a maximum around 30 days. From this point the 

proportion of free ATP reduces until approximately 45 days after which the free ATP 

begins to rise again. During this time the total ATP steadily increases as more 

microcolonies are formed. This is consistent with the biofilm increasing in thickness, 

producing a substrate limited dead base layer (at 30 days) resulting in sloughing after this 

time. When the biofilm has rejuvenated (45 days) subsequent increases in biofilm free 

ATP occur as the cycle begins again.

3.1.4.12 After 45 days the free ATP reduces to only 50% of the total. The biofilm 

appears not to be completely rejuvenated but appears to retain the dead under-section of 

the biofilm despite the sloughing action. This may appear to be the case as the graph 

represents the net behaviour of the biofilm. The action of the biofilm is better explained 

with reference to the individual microconsortia making up the film. If one assumes that 

the biofilm consists of many discrete microcolonies on the surface then the biofilm 

magnitude will be a summation of these colonies. It may also be assumed that a 

microcolony will produce a dead layer at its base. The dead layer will contain large 

amounts of free ATP and where the layer is sufficiently thick the biofilm will slough from 

the surface. The thickness of this layer may be related to the ratio of the free to total 

ATP. Figure 3.5 shows a theoretical model for the sloughing of microcolonies. The 

individual microcolonies increase in the ratio of free to total ATP and when this reaches 

a certain level the colony sloughs. The biofilm may be represented by the sum of the 

microcolonies as shown by the dotted line. It can be seen that this line reaches a
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maximum initially and then fluctuates about a mean as sloughing incidents occur. The 

frequency of the oscillations and the magnitude of the peaks and troughs will depend on 

the rate of sloughing, the rate of microcolony formation and the critical ratio of free to 

total ATP for sloughing. This theory can be seen to match the actual results on figure 

3.4. Figure 3.7 shows that the water distribution system biofilms studied consist of many 

microcolonies. It may also be suggested that with time the % of total ATP that is free 

will level as the biofilm consists of many colonies of different ages. If one increases the 

number of microcolonies on figure 3.5 to infinity the net biofilm line would plateau 

(figure 3.6). Initially the variation of free ATP with time in biofilms may be exaggerated 

due to the sparse coverage of the pipe surface. Further research could bear out this 

hypothesis.

3.1.4.13 A limitation of the analysis of ATP for biofilm measurement is that the amount 

of ATP is not consistent between cells. ATP may vary by species, cell age and metabolic 

activity. This may be acceptable for measuring biofilm of a mixed population where an 

average value can be given. It may not be possible however to compare biofilm values 

taken in the summer with those taken in the winter due to the difference in metabolic 

activity. The winter samples may appear to be lower than the summer samples because 

the amount of ATP per cell will be reduced although the amount of cells may not. Table

3,7 shows the ATP per culturable cell during autumn and winter periods of the pipe rig 

experiment.

Tables 3.7. Comparison of ratio of ATP per culturable cell for polyethylene pipe rig 
biofilm during autumn and winter periods. No disinfection.

AUTUMN WINTER

Exposure period Oct - Dec 1994 Jan - Mar 1995
Temp (Ave. & Range) °C 12.75 10.5-16.5 8.75 7.0-9.75

Plate count analysis 
Ave. Biofilm Density 

(cfu/dm^)
69.9 X 10̂ 92x lO f

ATP technique 
(ng ATP/dm^)

69.22 12.8

ATP per culturable cell 
(ng ATP/cfu)

9.9 X IQ-̂ 1.39x10"^
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3.1.4.13 The autumn value can be seen to be very close to the value o f  10'^̂  g ATP/cell 

given by Webster et al. (1985).
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FIGURE 3.1. EFFECT OF SONICATION ON CULTURABILITY OF
BACTERIA
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FIGURE 3.3. RATE OF HYDROLYSIS OF ATP WITH INCREASING 
SOMASE CONCENTRATION
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FIGURE 3.4 FREE BIOFILM ATP AS % OF TOTAL ATP OVER TIME. 
Stage 2 Grafham pilot plant polyethylene rig, stream 2 summer 1994

120 -1

100 -

80

I

:
w

0 10 20 30 40 50 60 70

•Total ATP 
(Free/Tot. ATP)%

EXPOSURE (DAYS)

86



FIGURE 3.5 THEORETICAL SLOUGHING OF MICROCOLONIES AND 
THEIR INFLUENCE ON BIOFILM FREE ATP TO TOTAL ATP RATIOS
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FIGURE 3 .6 THEORETICAL VARIATION IN FREE ATP WITH TIME
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Figure 3.7. Biofilm growth on polyethylene distribution pipe rig section. 

Visualisation technique by CAMR using fluorochrome (propidium iodide) staining.
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3.2 ASSESSMENT OF WATER QUALITY

3.2.1 ASSIMILABLE ORGANIC CARBON ANALYSIS

3.2.1.1 As the water industry has become more aware of the biological impact of 

treatment processes so it has sought to establish a reliable method to evaluate such 

biological effects. Recent years have seen much research into techniques to measure the 

fraction of organic carbon in the water which can be utilised by microorganisms. A 

major concern of this project is the effect of the biodegradable fraction of the organic 

carbon hence the current techniques used to measure this determinand are discussed in 

some detail below.

Two leading methods have evolved:

a. Measurement of Assimilable Organic Carbon (ACC) by measuring the growth 

of a defined bacterial population due to the nutrients in the sample.

b. Analysis of Biodegradable Dissolved Organic Carbon (bDOC) by monitoring the 

decrease in dissolved organic carbon of a sample with time on contact with 

microorganisms.

These methods are considered fundamentally different although the terms AOC and 

bDOC by definition suggest the same determinand.

3.2.1.2 The test for AOC was pioneered by van der Kooij and Hijnen (1985) and to date 

most techniques have evolved from this early work. Table 3.8 gives a summary of the 

AOC techniques currently utilised. It can be seen they are generally of the same format 

comprising 5 basic steps. An initial sterilisation, inoculation and incubation of the 

sample, determination of the biomass after a period and finally converting this to an AOC 

value. Substantial variations between the methods include the use of a different 

inoculum or different analysis of the biomass.

3.2.1.3 The test for bDOC arose from the concerns over aspects of the AOC test. The 

concerns included the conversion factor between the desired determinand (AOC) and the 

actual measured substance, and the use of pure cultures being unable to degrade the full
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range of organics. Table 3.9 summarises the different techniques used to date. Aside 

from the original Servais et al. (1987) method it can be seen that the techniques are very 

similar. They vary mainly in the way the sample comes into contact with the bacteria. 

The bDOC analysis uses the bacteria in the form of a biofilm where as the AOC relies on 

measuring suspended bacterial populations. Biofilm bacteria may be considered to have 

a different physiology to suspended bacteria. Removal rates and the degree of organic 

degradation may therefore vary between tests. Significant biofilm may develop on the 

incubation vessel in the AOC test. This may degrade much of the AOC but is not 

measured in the test.

3.2.1.4 The bDOC analysis may also result in higher values as DOC could be removed 

through adsorption on the bacterial support medium rather than degradation. This may 

be particularly important for the methods using the reactor beds, e.g. Mogren et a i, 

1990 and Frias et a l, 1992. The AOC techniques however do not take into account the 

utilisation of organic carbon for anything other than growth, or the carbon used by 

bacteria which die before the peak (Jago, 1993). The AOC test may be further 

compromised due to the assumption that organic carbon is the limiting nutrient. The use 

of a mixed general bacterial population (Jago, 1992) may also compound this error 

particularly when using the test to compare different water sources. The mixed 

population may respond to differences in nutrients available other than that of organic 

carbon. The use of a mixed general population may only be valid for comparing different 

treatment processes on the same water which affect the organic profile but do not greatly 

affect the concentration and spéciation of other nutrients e.g. ozone. The bDOC test 

due to its length (approx 30 days) may include many organic molecules which are less 

readily biodegradable and hence not measured in the AOC test (7-10 days). The bDOC 

test is also considered to result in a lack of sensitivity due to the technique of TOC 

measurement.

3.2.1.5 The AOC and bDOC tests can thus be seen to measure different determinands 

and this dictates which method should be used to evaluate the biological growth 

properties of a water. Jago and Sidorowicz (1994) could demonstrate no relationship 

between the two techniques. It has been suggested that the bDOC test is appropriate for
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Table 3.8. Summary of AOC analysis methods

METHOD

van der Kooij and 
Hijnen, 1985, van der 
Kooij 1990.

K&vamy et al. 1989

Jago 1992

STERILISATION
PROCEDURE

INOCULATION

Pasteurisation, may Specific strain/s of bacteria: 
give heat effects. Pseudomonas fluorescens PI 7,

Spirillum NOX for carboxylic acids, 
Flavobacterium for polysaccarides.

Filtration

Filtration

Pseudomonas fluorescens, 
Curtobacterium, Corynebacterium 
and unidentified Coryneform

INCUBATION

In Dark at 15°C, 
until peak observed

6 days at 20°C

Mixed bacterial population to give 20°C, until at peak
full utilisation of organics but difficult observed 
to standardise.

BIOMASS
DETERMINATION

Colony forming units via 
plate counts. May give 
underestimate.

Colony forming units via 
plate counts

Adenosine-5'-T riphosphate 
(ATP) measurement from 
bioluminescence

AOC
DETERMINATION

Calibration curve gives 
AOC as acetate carbon 
equivalents.

AOC calibration graph 
of combined organics

ATP factored to AOC 
derived from cell ATP 
to cell caibon and 
efficiency of substrate 
carbon to cell carbon

LeChevallier et al. 
1993b

Bradford et al 1994

Filtration

Filtration

Increased inoculum density

Pseudomonas fluorescens P17, 
Spirillum NOX, and antibiotic 
lomefloxacin to inhibit cell division.

Increased temp, 
evaluation at 3 days

In Dark at 15°C, 
until peak observed 
approx 18 hours.

ATP measurement from 
bioluminescence

Cell stained and length and 
number of elongated cells 
measured

ATP factored to AOC

Standard curve of 
elongation vs AOC
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Table 3.9. Summary of BDOC analysis methods 

METHOD SAMPLE PREPARATION

Joret and Levi (1988) No pretreatment, inoculated with a
natural heterotrophic bacteria attached 
to sand grains.

INCUBATION 

20°C for approx. 5 days

bDOC ANALYSIS

Samples filtered and analysed for DOC. 
bDOC = Initial DOC - Lowest DOC 
over the experimental period.

Servais et al. (1987) Filtered and inoculated with an 
autochthonous bacterial population

20°C for 4 weeks Daily calculation of biovolumes by 
staining gives biomass carbon yield. 
Bacterial mortality rate calculated 
hence;
bDOC = Mortality Rate/Biomass 
Carbon Yield

Servais et al. (1989)

Mogren et al. (1990)

Filtered and inoculated with an 
autochthonous bacterial population

None

20°C for 4 weeks

Sample continually circulated through a 
biologically active sand filter for 
approx. 5 days.

bDOC = Initial DOC - Final DOC 
DOC measured on total carbon 
analyser.

Samples filtered and analysed for DOC. 
bDOC = Initial DOC - Lowest DOC 
over the experimental period.

Frias et al (1992) None Sample recycled through column 
containing conditioned glass beads, at 
21®C for approx 5 days

Samples filtered and analysed for DOC. 
bDOC = Initial DOC - Lowest DOC 
over the experimental period.



measuring waters in the analysis of a treatment process. The AOC test is thought more 

suitable for a distribution system study, as what is of interest is the growth of bacteria 

within the system and this is essentially what is measured during the AOC assay. For this 

reason the AOC method was used for this study. The protocol used is discussed in more 

detail below.

3.2.2 ANGLIAN WATER SERVICES (AWS) AOC METHOD

3.2.2.1 The AWS AOC method is based on the Jago (1992) method. The procedure is 

outlined below.

a. More than 300 ml of sample is filtered through 0.2 pm Nucleopore 

membrane. Initially 100 ml of sample is filtered and discarded to wash 

organics from the membrane. All glassware used in the experiment is 

heated in an oven at 500°C for 5 hours to remove any organic residue.

b. Filtrate is separated into 3 x 100 ml. Each sample is then inoculated with 

1 ml of untreated Grafham Reservoir raw water.

c. Samples are incubated in 250 ml flasks and stored in constant temperature 

of 22°C for the duration of the experiment (usually 7-10 days).

d. Cellular Adenosine-5-Triphosphate (ATP) is measured using the luciferin 

/ luciferase bioluminescence reaction until a peak in the ATP levels is 

seen. The cellular ATP is calculated as the difference between the total 

ATP of the sample and the free ATP naturally present. The total ATP is 

found by dosing a nucleotide releasing agent (NRB) which breaks down 

the bacterial cell walls and inactivates any ATP degrading agents

5. The peak ATP corresponds to the maximum bacterial population the 

sample water is capable of sustaining. The AOC required to sustain this
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population is calculated from the ratios of cellular carbon to cell ATP 

equal to 250/1 and the efficiency of the conversion of substrate carbon to 

cellular carbon equal to 4/1 (Karl, 1980).

Cone. ATP X 250 x 4 = Cone. AOC

3.2.2.2 Adenosine-5'-Triphosphate (ATP) is a substance found in all bacterial cells and 

is one of the molecules that can be used for the transfer of chemical energy created by 

bacterial metabolism. The structure of the molecule consists of three phosphate units 

joined in series to an adenine-ribose base unit. The two terminal phosphates are joined 

by energy rich bonds.

The bioluminescence reaction is as set out below:

Stage 1

Luciferin + Luciferase + ATP — Mĝ ^—>

(Luciferin-Luciferase-AMP) + pyrophosphate

Stage 2

(Luciferin-Luciferase-AMP) —

Oxyluciferin + Luciferase + CO2 + AMP + Light

3.2.2.3 When luciferin and luciferase are in excess the amount of light emitted is 

proportional to the concentration of ATP. Under optimum conditions one photon of 

light is produced for each molecule of ATP. NRJB will release the nucleotides from 

yeasts, moulds and green algae as well as bacteria. Yeast cells etc have a tougher cell 

wall and may require 30-60 seconds contact time to release the ATP. This time is 

greater than that allowed for in the experiment and hence only slight interference may 

occur.
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3.2.3 AOC SAMPLING PROCEDURE

3.2.3.1 The section o f  the project concerned with monitoring AOC in distribution carries 

on from research carried out by Gibbs (1990) and later published in Gibbs et al. (1993). 

The variation in assimilable organic carbon (AOC) through distribution obtained by 

Gibbs and those found in this study are markedly different.

Table 3.10. Comparison o f Gibbs et al. (1993) AOC values to those found between Aug- 
Dee 1993

Ave. AOC through distribution (pg/1)

Source Average Range

Gibbs (1993) 436 n  * 995

Current Research between 
Aug-Dee 1993

36 1 -5 2

3.2.3.2 The method o f  AOC determination used presently and that used by Gibbs is 

identical. As an initial check the current AOC levels in distribution can also be compared 

against the Grafham pilot plant (GPP) output for stream 2 which is the same treatment 

process as the Grafham water treatment works at the time and is also fed from Grafham 

Reservoir. The AOC values o f  this treatment stream determined by Anglian Water 

research staff are summarised below. As can be seen they are o f  a similar magnitude to 

the current distribution levels.

Table 3.11. Summary o f AOC results for stream 2 Grafham Pilot plant.

Date AOC Level GPP Stream 2 Final water (pg/1).
A u g l9 9 0 50
Aug 1992 28
Aug 1993
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3.2.3.3 Assuming the tests are accurate and have remained consistent, the differences 

between the Gibbs et al. (1993) data and the data from this project could be explained by 

a change in reservoir conditions. Alternatively the activity of the lumac reagents used for 

the AOC tests may have varied. The pilot plant readings, however, have remained 

relatively constant over the past three years indicating that the difference in activity 

between reagent batches or variation in reservoir condition would not account for the 

dramatic difference.

3.2.3.4 Gibbs et al. (1993) compared their AOC values to those published by 

LeChevallier et al. (1987), van de Kooij et al. (1982) using their AOC technique and 

Joret et al. (1988) using a bDOC technique.

Table 3.12. Summary of treatment processes, AOC and bDOC results from comparative 
research

Author Water treatment method

Joret et al. (1988) River source, coagulation and flocculation, 
settling and rapid sand filtration, ozonation 
granular activated carbon filtration.

Final water bDOC 
500 - 1000 pg/1

LeChevallier et al 
(1987)

Reservoir source, pre treatment, flocculation, 
clarification, filtration, post-disinfection

Final water AOC 
130pg/l

van de Kooij et al 
(1982)

Reservoir source, coagulation-sedimentation, 
ozonation, dual media filtration, activated 
carbon filtration, post-chlorination.

Final water AOC 
7.4 pg/1

Reservoir source, coagulation-sedimentation, 
rapid filtration, ozonation, slow sand filtration, 
post-chlorination.

Final water AOC 
26 |ig/l

Pre treatment, dune infiltration, powdered 
activated carbon dosage, rapid filtration, 
slow sand filtration.

Final water AOC 
3.1 pg/1

3.2.3.5 The values given by van de Kooij and LeChevallier using AOC analysis are of 

the same order of magnitude as those found in this study. The historical data given by 

Gibbs is more in line with the bDOC results of Joret. This is of concern, as it has been 

earlier shown that the AOC and bDOC tests have marked differences.
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3.2.3.6 The method o f sampling between the current study and the Gibbs study differed 

due to the amount o f Sodium thiosulphate used to dechlorinate distribution samples.

Section 4.3.2 o f Gibbs (1990) states:

" Sodium thiosulphate was added to the samples to neutralise chlorine at a rate o f  

1ml o f 30g/l solution per 1 mg/1 o f chlorine ".

3.2.3.7 The recent work (Aug-Dee 1993) uses a level o f 7g Sodium thiosulphate 

solution per Ig o f total chlorine. A sensitivity test on the Upwood distribution network 

was undertaken to establish if this resulted in any significant difference between the data 

sets. The results are given below:

Table 3.13. Results o f  experiment to show the link between excess thiosulphate and high 
AOC results

Sample Point
Sodium Thiosulphate dose per 

Ig o f  total chlorine.
Residence time 

(Hours)

7g 30g
Orafham Final 26 1092 0
U1 32 147 17

32 23
U5 13 621 >94

16 41

Average 24 545

3.2.3.8 As can be seen there is a large difference between the results. The data set for 

the 30g dose o f sodium thiosulphate are o f  the same order o f  magnitude as that in the 

surveys taken by Gibbs et al. (1993). No justification was given for the 30 g level o f  

Sodium thiosulphate. The 7 g/1 solution was accepted as the level used by Anglian water 

research dept, to dechlorinate samples and is based on the reduction o f  sodium 

thiosulphate to sodium tetrathionate by chlorine gas. This is inaccurate for 

dechlorinating distribution samples because;

a. The distribution system is chloraminated
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b. Chlorine is likely to oxidise thiosulphate to sulphate. Oxidation to tetrathionate 

would be the case for a less powerful oxidising agent such as iodine.

3.2.3.9 The corrected reaction would give a stoichiometric dose of 2.4g of sodium 

thiosulphate per Ig of monochloramine.

Table 3.14. Summary of equations to dechlorinate AOC samples and calculated dose

Source Equation Dose perle Cl

Gibbs (1990) Unknown 30g

Anglian Water NazSzOg. SHzO + Cb -> 7. Ig

NazS406 + 2NaCl + 5HzO 
Adjusted method NazSzOa. 5HzO + 2NHzCl -> 2.4g

2NaCl + 2S04 '̂ + 2NH4" + 6lC

3.2.3.10 As can be seen the concentration of thiosulphate required may be even lower 

than the 7g/l solution originally used. The reaction equation also shows the production 

of ammonium and sulphate ions. These substances are nutrients for sulphate reducing 

and nitrifying bacteria. The sulphate reducing bacteria are however obligate anaerobes 

and hence unlikely to exist in these conditions. The excess growth seen in the Gibbs et 

al. (1993) data is clearly due to sodium thiosulphate being used as a nutrient source.

3.2.3.11 The growth response due to the excess thiosulphate clearly indicates that the 

assumption that carbon is the limiting nutrient is not the case in this instant. This is a 

major disadvantage of using a mixed bacterial population. Jago (1992) assumed that a 

mixed population would utilise the full range of organics due to the mix of species and 

the subsequent further degradation of bacterial metabolic products by other species. The 

population could include ammonia oxidising bacteria etc interfering Avith the desire to 

measure only those bacteria sustained by organic carbon. The levels of sodium 

thiosulphate would not be an issue for an AOC test using only pure cultures which utilise 

a specific organic carbon substrate such as the van der Kooij and LeChevallier methods.
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Kaplan et al. (1993) found that sodium thiosulphate does not interfere with the AOC test 

when the innoculum was purely Pseudomonas fluoresecens P17.

3.2.3.12 It is therefore necessary that when using a mixed bacterial population as an 

inoculum the exact amount o f  sodium thiosulphate be used to dechlorinate the sample. 

Any amount however may affect the results due to the production o f  the ammonium and 

sulphate ions. The AOC levels in distribution found so far may therefore be o f  little 

value.

3.2.3.13 In practise a dose o f  greater than the stiochiometric may be required to achieve 

dechlorination. This makes exact sodium thiosulphate dosing very difficult. Not 

dechlorinating the sample is not an option. The use o f  activated carbon, hydrogen 

peroxide are unsuitable and the use o f other sulphur (IV) species e.g. SO2 , NaHSO] etc, 

will lead to essentially the same problem.

3.2.3.14 Further sensitivity tests were undertaken and established that a dose o f  at least 

5g sodium thiosulphate per Ig o f  chlorine solution was necessary to dechlorinate in 

practise. An AOC experiment was thus set up to see how dosing 0, 5, 7, 15, 30g sodium 

thiosulphate solution affected the measured AOC levels o f  Grafham final treated water. 

The treated water had a total chlorine residual o f  0.68 mg/1 hence 0.68 ml o f  each stock 

solution was used to dechlorination each 1 litre o f  sample. The AOC test was then 

undertaken.

Table 3.15. Results o f  sensitivity test o f  increasing concentration o f  sodium thiosulphate 
on AOC levels.

g sodium 
thiosulphate / Ig 

total chlorine
0* 5 7 15 30

AOC (ug/1) 17 18 2 0 101 237

sample taken pre-chloramination.
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3.2.3.15 The above results confirm that the AOC results are dependant on the amount of 

sodium thiosulphate used to dechlorinate. The Gibbs (1990) and Gibbs et al. (1993) 

results are therefore erroneous since the incorrect amount of sodium thiosulphate was 

added during sample collection. This conclusion is backed up by the fact that the result 

appears to be of a different order of magnitude to those in other similar research. The 

question of why this excess thiosulphate causes such a large bacterial growth is probably 

due to it being utilised by bacteria of the Thiobacillus genus (Vogel, 1951). Bacteria are 

capable of oxidising sulphite to sulphate and this is likely to be the reason for the high 

values seen. Tuovinen et al. (1980) recovered Thiobacillus thiooxidans from the 

distribution system and witnessed the incomplete oxidation of thiosulphate. Sulphur (IV) 

species are often responsible for interference in the carbonaceous BOD test (Watts and 

Adams, 1993).

3.2.3.16 The difference between the 0 and 5g dose is negligible due to the errors 

inherent in the test, but it also could be due to the post chloramination oxidising higher 

molecular weight organics increasing AOC. The difference could also be due to the 

bacterial utilisation of ammonium ions or the excess thiosulphate. Again there is a slight 

increase between the 5 and 7 g/1 doses. The 30g/l dose has a value of 237 pg/1 and is 

within the range experience by Gibbs in her study of Grafham Final Water (75 - 1010 

tig/i)-

3.2.3.17 It is acknowledged that there are limitations to the current AOC method used 

to analyse samples from the water distribution system. The main interference will come 

from the use of a mixed bacterial population. It is inevitable that the inoculum will 

contain bacteria which are not heterotrophic in nature and therefore will not have carbon 

as a limiting nutrient. It is essential that the samples are dechlorinated precisely as this 

may add additional nutrients to the sample invalidating the analysis. The tests have 

shown that for water distributed within the Grafham system a dose of 5g of sodium 

thiosulphate will dechlorinate Ig of combined chlorine without causing adverse effects to 

the AOC test. Aside from the issue of dechlorination, distributed water samples will 

contain significant quantities of substances, e.g. inorganic nitrogen, which bacteria are 

capable of metabolising these substances may also interfere with the results. The
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metabolism of these substances will also create certain organic acids, therefore the 

presence of these organisms will doubly affect the AOC results, firstly by their presence 

giving higher ATP readings and secondly by producing compounds which may cause 

additional growth of the heterotrophic bacteria which are of interest.

3.2.3.18 A solution to this problem would be to continue the use of a mixed bacterial 

population to ensure the full range of organics are utilised but to add to sample during 

incubation substances to inhibit the activity of non-heterotrophic bacteria. Thiourea 

would inhibit nitrification The use of a dechlorinating agent which is incapable of being 

degraded when in excess and produces no degradable product from the reducing reaction 

with chlorine would also be desirable. An additional solution would be to establish a 

mixed heterotrophic population isolated from the distribution system. This could be 

cultured from heterotrophic agar plates. A large amount of inoculum could be cultured 

and frozen in 1ml samples which could be recovered for each subsequent test. This 

would ensure consistency in the innoculum for as long as the batch of culture lasted.
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Chapter 4

Design and validation of the distribution pipe rig.
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4.1 DESIGN OF PIPE RIG

4.1.1 INTRODUCTION

41.1.1 The purpose of the pipe rig is to model conditions in drinking water distribution 

systems to allow the measurement of biofilm and corrosion. It is not necessary that 

reality be modelled perfectly but the model system should provide sufficient conditions 

that hypotheses can be tested. The modelling of a water network consists of three 

definable compartments; the water in distribution, the material through which it is 

conveyed and the hydrodynamics of the system. These three factors must be satisfied in 

the model. The test rig models the network but various common characteristics of the 

distribution system must be avoided, e.g. non uniform pipe connection, to allow 

conclusions to be drawn from an academic point of view. The purpose of the project is 

to compare the corrosivity of the different treatment processes and their ability to 

support bacterial growth in the form of a biofilm.

4.1.2 GRAFHAM PILOT PLANT

4.1.2.1 The experimental rig is sited at Grafham pilot plant. The Grafham pilot plant 

provides the water feeding the streams. This project uses two streams of the pilot plant. 

Stream 1 mimics the new Grafham treatment works and consists of pre-ozonation, 

clarification, rapid gravity filtration, post-ozonation and finally GAC adsorption. Stream 

1 splits into streams la and lb after the clarification stage but the streams remain 

essentially identical. Stream 2 mimics the old treatment process and consists simply of 

pre-chlorination, clarification and GAC adsorption. Figure 4.1 shows a schematic 

diagram of the pilot plant. Post GAC streams 1 and 2 are fed into the pipe rig.
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4.1.3 DESIGN OF PIPE RIG

4.1.3.1 INTRODUCTION

4.1.3.1.1 Biofilm monitoring devices have been designed in a variety of shapes. Table

4.1 summarises the designs used in recent research. A pipe reactor design of biofilm 

monitor was chosen for this project as it exactly modelled the geometry of the water 

distribution system thus avoiding any modelling errors. The pipe rig designed for this 

project consists of three streams. Each stream consists of three 76mm diameter cast iron 

pipes 3 m in length. The pipes are connected by 76mm diameter durapipe sections. After 

the initial stage of the project (chapter 5) a polyethylene section was inserted into each 

rig. Water is fed by gravity to the pipes from a tank 4m above the level of the lowest 

pipe. The pipes in each rig are inclined slightly to the horizontal to allow air bleeding 

and are located on the same vertical axis one on top of the other. Figure 4.2 shows a 

schematic diagram of one stream of the pipe rig after the pilot plant GAC adsorber up to 

output to the drain. Figures 4.3 - 4.6 show scaled drawings and photographs of the pipe 

rig.

4.1.3.1.2 The design of all three streams of the test rig should, obviously, be identical to 

allow direct comparison. The conditions through each individual test rig should be 

uniform to ensure: results can be compared easily throughout the test rig, the initial flow 

pattern will not alter, no stagnant areas arise and energy dissipation will be uniform.

4.1.3.1.3 The design of the test rig should avoid geometry, joints etc. which will 

adversely affect water quality such as:

- Crevices around joints which may trap debris causing the formation of 

different microenvironments.

- Cavities causing variations in fluid residence time which can lead to 

variations in dissolved oxygen, pH etc. between areas of the pipe.

- Connection of dissimilar metals in respect of age, condition, material type 

etc. This can cause increased corrosion via electrochemical processes.
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Table 4.1. Previous biofilm monitoring reactor designs

SYSTEM OPERATION BIOFILM SAMPLING MEASURABLE /  VARIABLE ADVANTAGE / 
PROPERTIES DISADVANTAGE

ROTATING ANNULAR 
REACTOR (Characklis, 1990)

Two concentric cylinders the 
outer of which is stationary, the 
inner rotates to provide various 
flow conditions.

Removal of cylinder wall 
section.

Shear stress is a function of 
rotation speed. Residence time 
varied by flow through rate. 
Friction resistance measure by 
torque of rotating cylinder.

Shear stress is independent of 
residence time. Material 
balance easily measured. High 
surface area to volume of fluid 
will affect transport rates. 
Much research published on 
this system. Compact and easj’ 
to use.

PIPE REACTORS 
(LeChevallier e/o/., 1990)

OPEN FLOW CHANNEL (Liu 
et al., 1993)

RADIAL FLOW REACTOR 
(Fowler and McKay, 1980)

ROTATING DISK

Study fluid passed through 
tube/pipe

Fluid passed through open 
channel of various geometries.

Two parallel disks separated by 
a narrow gap. Fluid is pumped 
through the centre of one of the 
disks and flows radially 
through the gap.

Rotating disk is partially 
submerged in solution.

Removal of an area of pipe 
surface.

Shear stress and transport 
mechanisms a function of flow 
rate. Frictional resistance 
measured by pressure loss.

Removal of part of channel bed Similar properties as pipe
reactor except reactor is open 
to allow gas transfer and 
photochemical activity.

Removal of disk section.

Removal of disk section.

Biofilm conditions vary with 
distance fl:om centre. Fluid 
velocity and shear stress 
decrease with increasing 
diameter.

Shear stress varies along the 
disk radius.

Exact geometry as systems to 
be modelled. Well researched 
fluid mechanics. Biofilm may 
be patchy requiring large areas 
to sampled.

Easy access to biofilm growth 
sites.

Convenient lab based system.

Used to investigate mass 
transfer rates.



CONSTANT DEPTH FILM 
FERMENTOR (Kiimiment and 
Wimpenny, 1992)

CHEMOSTAT (Keevil et a l,  
1993)

LUMAC BIOFILM MONITOR 
(Jago and Sidorowicz, 1994)

PACKED OR FLUIDISED 
BED REACTOR

Nutrient medium spread over 
recessed pans.

Chemostat supplied with fluid 
and biofilm grows on tiles of 
test materials suspended in 
fluid.

Test fluid passed through 
vertical glass tube with 
removable sections.

Removal of film pan

Removal of bung holding 
suspended tile.

Removal of pipe section

Fluid passed through media 
packed into bed.

Removal of media.

Growth under various inoculi 
and nutrient loadings.

Dependent on design. If fluid 
is pumped through vessel then 
nutrient content may vary. In 
the static chemostat transport 
may be limiting.

Similar to pipe reaction except 
removal of whole section 
allows an average biofilm to be 
measured.

Varying hydrodynamic 
conditions is difficult with any 
certainty. Nutrient content, 
contact time may be varied.

Biofilm thickness constantly 
checked by stainless steel 
spreading device.

Cannot achieve a stable biofilm 
unless fluid is cycled through 
chemostat. Hydrodynamics 
may be limited by the design.

Vertical operation may affect 
transport of particulate matter. 
Material used need extensive 
engineering which may limit 
materials available and lack of 
flexibility.

Very high surface area for 
biofilm growth. Restricted 
fluid mixing in the axial 
direction if unfluidised bed.
No wash out of system
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- Rapid change in pipe diameter. This can cause turbulence and loss of 

energy in flow from small to large pipe, and stagnation (possibly anaerobic) 

areas from sediment build up and long residence times in flow from large to 

small pipes.

- Abrupt pipe bends disrupt the flow pattern and can cause erosion of the 

pipe wall and detachment of deposits.

4.1.3.1.4 The cast iron pipes making up the rig were taken from the Grafham 

distribution district in March 1993. The pipes were taken out of operation since they no 

longer met water quality standards. It was important to use pipes conditioned by years 

of service and had as far as possible retained their natural biofilm. The pipes were full of 

water when exhumed and remained wet during machining of the pipes and construction 

of the rig.

4.1.3.1.5 Cast iron was chosen as suitable material for the study as it makes up over 

50% of the distribution network in the Anglian water district hence is of great import 

(Table 4.2). Polyethylene is a relatively new material currently making up approximately 

10% of distribution pipes. It is however becoming widely used for new housing and as a 

replacement main. Its biofilm supporting properties will therefore be of more interest in 

the future. This is an ideal opportunity to evaluate the material before its use is far more 

widespread.
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Table 4.2: Summary o f water main lengths in Anglian water region

Length o f  potable distribution mains (km)
dia (mm) 0-150 151-300 301-1000 Total Total (%)

IRON UNLINED 3355 14904

IRON LINED 147 211 144 502 2

IRON RELINED 155

PVC 3695 1610 226 5531 17

ASBESTOS
CEMENT

1337 0000010:0 6571

MEDIUM
DENSITY

POLYETHYLENE
2015 729 I 2745 9

H im  DENSITY 
POLYETHYLENE

29 102 Si ÏNNNKiï I

GLASS
REINFORCED

PLASTIC 0 0 0 0 0

OTHER 263

Total (%) 71 24 5

4.1.3.2 PIPE RIG WATER FLOW RATE

4.1.3.2.1 The fluid flow through the pipes should be equivalent to those in water 

distribution system. It is however impossible to derive an average flow or flow pattern in 

such systems. Flow in water distribution systems will vary according to its position in 

network, by the time o f day and by the time o f  year. For example the hydrodynamic 

conditions in a ring main in the morning during the summer would be very different to
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that in a dead end main during the night in winter. During all stages of the experiment 

the pipe rig was run at a constant flow rate of 2.5 1/min.

4.1.3.2.2 As outlined in the literature review the flow of fluids can be split into two 

types, laminar and turbulent. Comparisons of flows are best made by use of the 

dimensionless coefficient, Reynolds number (Re). Generally when the Reynolds number 

< 2000 a laminar flow pattern occurs, and when Re > 4000 turbulent flow occurs. 

Between Re of 2000 and 4000 a transitional phase exists, the flow regime will depend on 

factors such as the surface texture, the previous change in fluid velocity or any vibrations 

etc.

4.1.3.2.3 Laminar flow is characterised by individual particles of fluid following paths 

which do not cross those of neighbouring particles. A particle of fluid near the pipe 

surface is retarded by friction force and viscosity between the particles hence a velocity 

gradient occurs across the pipe diameter. At the pipe surface the velocity is zero. The 

velocity profile for laminar flow in a circular pipe gives a paraboloid of revolution.

4.1.3.2.4 Turbulent flow consists of unpredictable random particle movements which 

combine together to give flow. No theory has been developed to analyse this flow; most 

analysis consists of empirical data.

4.1.3.2.5 It can be seen that the flow regimes will govern characteristics such as flow 

velocity magnitude and distribution, shear stress at the wall and thickness of the viscous 

sublayer. They also govern the transport mechanisms hence determine the deposition, 

adhesion and detachment of bacteria or particles between the bulk liquid phase and the 

substratum.

4.1.3.2.6 Previous work into discolouration (Turrell, 1991), assumed that the water 

flow in dead end mains was laminar with a mean velocity of 0.006 m/s. This value was 

an average of measurements taken from dead end mains in the Northampton district. 

Information received from Anglian Water Services regarding flow was significantly
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different. The information, summarised below, received was for a 'typical' 3" main in the 

urban and rural environment.

Table 4.3. Reynolds numbers from the Peterborough system, (from Watnet Model).

Max
Reynolds number

Min Mean (over 24 hrs)

Rural network 4.9 xlO" 1.3x10* 2.7x10*

Urban network 2.8x10- 1.4x10' 2.1 xlO'

4.1.3.2.7 As can be seen all the flows are in the turbulent range (Re>4000). Donlan et 
al. (1994) gives Re ranging from 120-2904 for different areas o f  a distribution system. 

This data underlines the variability o f flows in distribution and hence it can be concluded 

that no one flow can be regarded to be an accurate model o f  the distribution system.

4.1.3.2.8 The over-riding constraint on the pipe rig flow rate was the volume o f  water 

produced by the plant. All streams are to be operated at the same velocity hence the 

lowest flow rate had to be adopted by all streams. Streams la  and lb both had a 

theoretical maximum output 8 1/min whilst stream 2 had an output o f 16 1/min. All 

streams were operated at a flow rate o f 2.5 1/min to ensure a constant feed to the pipe 

when the plant was not operating at its maximum capacity. This also allowed each 

stream o f  the pilot plant to feed two streams o f  the pipe rig. Table 4.4 gives the flow  

conditions in the rig. The rig was not run at maximum since it was important to have 

constant flow. It was also important that there was a one hour contact time between the 

water and the disinfecting chemicals prior to entry to the rig. The lower flow rate 

enables a reserve o f  water to collect and feed the rig during periods when the pilot plant 

was not functioning or running at reduced capacity. The feed tanks also minimised any 

variation in water quality throughout operation as incoming waters mixed with those 

already present in the tank. It is likely that the tanks did not act in plug flow therefore 

disinfection contact times are seen as an average. This flow rate theoretically gives a 

laminar flow pattern with a Reynolds number o f  800 in summer and 500 in winter.

I l l



Reynolds number is a function of the water viscosity and hence dependant on 

temperature. It should be noted that the length of the pipe sections was probably not 

sufficient for the flow pattern to fully develop. The flow characteristics are likely to be 

that of the transitional phase with a laminar pattern in the core of the flow and a 

turbulent outer layer. The effect is likely to be increased due to the roughness of the pipe 

sections.

Table 4.4. Summary of flow conditions for all streams of the pipe rig throughout the 
project.

Flow Rate (1/min) 2.5
Diameter (mm) 76

Area of cross-section (m )̂ 4.54 X 10’̂
Velocity (m/s) 0.01

Residence Time (min) 22
Temperature (°C) 23 .5 -5 .0
Reynolds number 807 - 500

4.1.3.3 COUPON SYSTEM

4.1.3.3.1 The corrosion rates and biofilm densities of the cast iron pipes were 

determined via a coupon system. Machined into the entrance and exit of each pipe 

length were 13mm BSP threaded holes. Ports were machined into the top, bottom and 

each side of the pipe as shown on figure 4.7. Into these holes cast iron coupons were 

screwed until they sat flush with the pipe surface. The pipe surface was severely 

corroded hence this criterion was not extremely sensitive. The fit was made watertight 

using PTFE tape. The number of coupons was limited to eight per length of pipe to 

retain the integrity of the material. The surface of the coupon exposed to the water was 

ground to a level finish and the exterior was painted to prevent interference with the 

corrosion rate at the pipe wall. The polyethylene rig consisted of eight interlocking pipe 

sections, as shown in figure 4.4 and 4.8, held together with a tensioned bolt.

4.1.3.3.2 Before the coupons were removed each stream was slowly drained down. The 

external part of the coupon was disinfected by flaming, removed from the pipe aseptically 

and immediately placed in approximately 100 ml of autoclaved bidistilled water.
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Polyethylene samples were collected by again draining down the rig slowly and releasing 

the tension bolts sufficiently to allow the removal of a section. The removed section was 

then sealed with a latex cap at one end and filled with a measured amount of sterile 

bidistilled water until tested in the laboratory.

4.1.3.3.3 One of the objectives of the coupon analysis is to determine a corrosion index 

in terms of weight of material lost (i.e. weight reduction) per exposed area per day. 

This is accomplished by inserting a coupon of known weight into the pipe and removing 

it after a number a days. The coupon is then weighed again after cleaning to determine 

the corrosion index (mg/dm^/day).
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STREAM
PRE-OZONATION 
dose lmg/1

FLOC-BLANKET
CLARIFIER

RAPID GRAVITY 
FILTERS

Flow rate 
5 3m3 h

GRAFHAM 
RESERVOIR 
RAW WATER

1.35m3/h

COAGULATION DOSING 
IRON (III) SULPHATE 3mg/I 
SULPHURIC ACID 
HIGH MOLECULAR WEIGHT 
CATIONIC POLYELECTROLYTE 0.01

POST-OZONATION
dose4mg/I

ST. lA

GRANIÆAR ACTIVATED 
CARBON, TL830

1.35m3/h

I I I  I I I i l l
TO PIPE RIG 
Flow Rate 0 5m3.h

\  Bed Vol.(m3)
ANTHRACITE 0053 
SAND_______0 038

EMPTY BED CONTACT TIME 7 Smins 
PER COLUMN

ST. IB

H > i .TO PIPE RIG 
Flow Rate 0 5m3''h

EMPTY BED CONTACT TIME 7.5mms 
PER COLUMN

STREAM 2
FLOC-BLANKET
CLARIFIER

Flow rate 3.3m3/h

PRE-CHLORINATION

SODIUM HYPOCHLORITE 
dose 0 7mg'l

COAGULATION DOSING 
IRON (III) SULPHATE 3mg/I 
SULPHURIC ACID 
HIGH MOLECULAR WEIGHT 
CATIONIC POLYELECTROLYTE 0.01 mg/1

GRANULAR ACTIVATED 
CARBON. TL830
EMPTY BED CONTACT TIME 7 Smins

TO PIPE RIG 
FLOW RATE 0.94 m3/h

FIGURE 4.1. SCHEMATIC DLVGRAM OF GRAFHAM PILOT PLANT
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FIGURE 4.2. SCHEMATIC OF PIPE RIG
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FIGURE 4.3. SIDE ELEVATION 
OF PIPE RIG
SCALE 1:30



PVC connecting pipework 

Gasket

Z L

=r

Bolt to provide tension

A

90 mm.

n \  n

3

V
~X 50 mm.

3

I I

3

IL

Air bleed value

FIGURE 4.4. DETAIL OF POLYETHYLENE RIG 
SCALE 1:2
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Figure 4.5. Photograph o f front elevation o f Grafham pipe rig.
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Figure 4.6. Photograph o f  side elevation o f  Grafham pipe rig.
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FIGURE 4.7. SECTIONS THROUGH CAST IRON 
RIG
SCALE 1:1
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SCALE I ; I



122



4.2 VALIDATION OF THE PIPE RIG

4.2.1 INTRODUCTION

4.2.1.1 The purpose of this section is to give the results of the validation of the pipe rig. 

The pipe rig must be validated before the different streams are fed through to indicate 

any gross errors in design. Firstly the streams must be compared to each other to show 

the streams are uniform. Secondly it is of interest to determine if there is a difference 

between the influent and effluent of each of the streams. Finally the results of stage 1 are 

analysed to establish any differences of biofilm and corrosion development by position on 

the pipe axis, i.e. side positioned coupons compared to top positioned coupons. These 

results are also analysed to determine the time to develop a stable corrosion rate.

4.2.2 ANALYSIS OF UNIFORMITY OF PIPE RIG STREAMS

4.2.2.1 To establish if all streams are uniform, stream 2 of Grafham pilot plant (without 

post disinfection) was fed through all streams of the rig under the same flow rate of 2.5 

1/min. The pipe rig streams are arbitrarily labelled A, B, C for this section. Over the 

validation period analysis was undertaken to assess the levels of water quality 

determinands and properties of the waters in each stream. This validation does not 

include the polyethylene rig which was added later, or the ATP determination technique.

4.2.2.2 The results of this analysis were summarised to give, where sufficient data, two 

values between which the population mean can be said to lie (with 90% confidence). 

Due to the number of samples taken (because of time constraints) comparison of the 

sample means for each stream may be misleading. By calculating the 90% confidence 

interval for the population mean a comparison can be made. From the data it can be said 

(with 90% confidence) that the population average values for all the determinands, for all 

streams, lie in a similar range. Using the data collected it can be said that there is no 

difference between the streams and also that there is no difference between the influent 

and effluent waters of each stream. Additional errors were brought into the results
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because some o f  the determinands, notably iron, were close to  their limit o f  detection. A 

summary o f  the results is given in Appendix 1.

4.2.2.3 The results o f  the corrosion and biofilm analysis for validation are given in table 

4.5. Again it can be seen that there is no significant difference between the streams, 

considering the variation inherent in these types o f  analyses, i.e. that both biofilm density 

and corrosion rate are likely to vary with position along the pipe length, and with the 

number o f  samples taken.

Table 4.5 Summary o f  validation o f  the rig for corrosion and biofilm levels.

No. o f  samples Biofilm Density 
(x 10^ cfu/dm^)

Corrosion Rate 
(mg/dmVday)

Stream A 21 60
Stream B 2.5 42
Stream C 25 61

4.2.2.4 As no difference could be found between water quality determinands at the 

entrance and exit o f  the pipe rig. It can be concluded, therefore, that the biofilm growth 

at these points is under the same nutrient conditions. The results also show that any 

difference between the biofilm o f  each stream in later studies is not an effect o f  rig 

design.

4.2.2.5 The results o f  this analysis can further be compared to  other similar research. 

The similarity with other work may also indicate that the rig design and experimental 

protocols are acceptable.

4.2.2.6 The corrosion results can be compared to results from a W Rc (1986) corrosion 

study rig. The W Rc research consisted o f  feeding tap w ater through a pipe rig at 0.02 

m/s. The coupons were cast iron and analysed after 120 days, to give a corrosion rate o f 

19-37 mg/dmVday. As can be seen the pipe rig results are o f  the same order o f 

magnitude but slightly higher than the W Rc results. This could be due to the different
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water used or the fact that WRc used a longer corrosion period. WRc research has 

shown that initially the corrosion rate of bare metal is high but slows down between 50- 

100 days and evens out after 120 days. A corrosion rate would, therefore, reduce as the 

passivating layer develops. The rate would be seen to effectively reduce with time 

without altering the environment.

4.2.2.7 There have been many comparable biofilm studies. LeChevallier et a l (1990) 

researching the effects of disinfection on water distribution system biofilms constructed 

a pipe rig. This consisted of sections of 13mm diameter pipe of various materials, 

including cast iron. The pipe rig was fed with nutrient enriched deionised water, under a 

flow rate of 0.5 1/min. The biofilm was scraped from the pipe surface and a direct count 

made using the spread plate technique on R2A agar (incubated for 7 days at 22°C). 

LeChevallier found a biofilm density on cast iron of 5 x 10  ̂ cfu/dm .̂ This compares 

very well with the results obtained on the Grafham rig using the same spread plate 

technique. The test rig was however operated under different hydrodynamic and nutrient 

loading conditions.

4.2.2.8 The results of the validation do appear comparable with other research. The 

difficulty with such comparisons is that conditions are never identical. It is probably 

sufficient if the results are of the same order of magnitude.

4.2.3 ANALYSIS OF INITIAL RESULTS

4.2.3.1 The corrosion and biofilm results of first year of the study are analysed to 

determine if the cast iron coupon system gives consistently different results due to the 

position on the pipe axis. This analysis is necessary because it would be unacceptable to 

compare the corrosion or biofilm level measured from a coupon taken from the top of 

the pipe with a coupon from the bottom of the pipe, if it can be seen that there is a 

consistent variation in the levels by position on the pipe axis. Table 4.6 summarises the 

variation in corrosion and biofilm for each stream of the pipe rig. The corrosion data
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was analysed over days 100-371, but the biofilm data was analysed for day 371 only, to 

eliminate any possible effect of biofilm age.

Table 4.6. Summary of corrosion rate (mg/dmVday) for coupons extracted between 
100-371 days and biofilm density (cfu/dm^) for day 371 for each stream of the pipe rig.

TOP SIDE BOTTOM
Corrosion Rate (mg/dm^/day)

Stream 2 48 53 111

Ratio to sidle 1.00 2.00
No. samples 8 15 5

Stream lA 31 69 108

Ratio to sidle 0.45 1.00 1.57
No. samples 8 16 5

Stream IB 33 65 114

Ratio to side 0.51 1.00 1.75
No. samples 7 13 4

Average Ratio 0.62 1.00 1.90

Biofilm Density (x l ( f  cfu/dm^)

Stream 2 403 661
1

550

Ratio to side 0.61 ii 1.005:1.... 2.34
No. samples 6 8 2

Stream lA 247 396 1380

Ratio to side 1.00 3.49
No. samples 5 10 2

Stream IB 295 953 1630

Ratio to side 1.00 1.71
No. samples 5 10 2

Average Ratio 0.51 1.00 2.51
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4.2.3.2 It can be seen that there is a consistent difference in the determinands. The 

purpose of this analysis is therefore to determine ratios which can be used to factor the 

results of coupons from the top, side or bottom to a neutral position. This will allow all 

results to be compared. The neutral position will in fact be the side position. This was 

chosen because the side position has twice as many coupons hence half the results will 

not need adjusting. This will reduce experimental errors.

4.2.3.3 The different biofilm and corrosion rates at the three positions may be due to 

several factors. At the top of the pipe may collect air bubbles. The air will be a poorer 

electrolyte than the water, and hence restrict the flow of ions reducing corrosion. This 

phenomena may also restrict the transport of nutrients to the biofilm. The bottom of the 

pipe may corrode more due to the deposition of particulate matter. This may cause 

anaerobic pockets resulting in the proliferation of sulphate reducing bacteria for example. 

This deposition may also give greater availability of nutrients and create a more 

conducive environment for bacterial growth. It should be noted that increased biofilm 

density is accompanied by increased corrosion. This effect may be only circumstantial or 

a result of increased microbiologically induced corrosion.

It is further desirable to determine the time that the corrosion rate stabilises for the pipe 

rig. After this time the corrosion rates can be better compared. For example one could 

not compare the corrosion rate of a stream after 10 days with that after 300 days. This is 

because the rate at 300 days would be drastically reduced because of the development of 

a passivating film. Comparison may be tentatively made once a significant passivating 

layer has developed, for example 200 days may be compared with 300 days. Figure 4.9 

shows the variation in corrosion rate over the initial stage of this project. This data 

agrees with that of WRc (1986) in that corrosion is initially rapid and slows becoming 

steady around 50-100 days. Therefore when comparing corrosion rates during this 

project, data with an exposure time less than 100 days will be discounted.
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FIGURE 4.9. VARIATION IN CORROSION RATE DURING STAGE 1. Ail streams data factored to a neutral
axis
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Chapter 5

The effect of ozone treatment on corrosion and biofilm 
growth in distribution pipelines.____________________
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5.1 RESULTS FROM MODEL DISTRIBUTION PIPE RIG.

5.1.1 AIM

5.1.1.1 The first aim of this stage of the project is to evaluate whether the inclusion of 

an ozone treatment stage, within the water treatment process, will cause an increase in 

biofilm growth on the surface of the cast iron pipes distributing water to consumers. The 

second aim is to establish the effect of the ozone treatment on the internal corrosion rate 

of the these cast iron pipes.

5.1.2 SUMMARY OF LITERATURE REVIEW

• Ozone gas oxidises organic compounds causing a reduction in TOC (Reckhow and 

Singer, 1984), and an increase in the amount of low molecular weight compounds 

(Bablon e/a/., 1991).

• The low molecular weight organics may be more biodegradable, resulting in increased 

bacterial activity of both biofilm and water phases.

• GAG adsorbs organic molecules which reduces their concentration in the distributed 

water (Smith and Moss, 1993). Removal may also be due to biological activity on 

GAG.

• Naturally occurring humic material can act as a corrosion inhibitor (Ryder and 

Wagner, 1985) due to the formation of dense corrosion deposits.

• The corrosion inhibiting effect is linked to the adsorbing properties of the molecule, 

hence the molecular weight and polarity (Ryder and Wagner, 1985).

• Ozone treatment may increase the polarity but decrease the molecular weight of 

organic carbon compounds and reduce the overall concentration of humic material. 

GAG may further remove polar organics by adsorption and low molecular weight 

organics by bacterial action.
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The combined effect may therefore be an increase in corrosion due to the absence of 

the passivating organics and the possibility of increased microbially influenced 

corrosion (MIC).

5.1.3 EXPERIMENTAL SET UP

5.1.3.1 The ozone and GAG stream was stream 1 of the Grafham pilot plant. The non 

ozonated stream was stream 2. Stream 1 splits into streams la and lb and each fed a 

stream of the pipe rig. Two identical streams were run to give a more robust set of 

figures for the ozonated water. Figure 4.1 shows a schematic diagram of the treatment 

process for each stream. The streams were also disinfected to a low level prior to 

entering the rig to model conditions encountered someway into the distribution system.

Stream la and lb - 0.2 mg/1 free chlorine (sodium hypochlorite)

Stream 2 - 0.2 mg/1 monochloramines (sodium hypochlorite and ammonium sulphate)

5.1.3.2 It can be seen that this introduces two variables: the disinfection and the 

treatment process. This is unfortunate but the program was dictated by the operational 

needs of Anglian water services. Subsequent chapters deal more fully with the effects of 

disinfection.

5.1.3.3 The water flow rate of the pipe rig was 2.5 1/min (see chapter 4). The 

polyethylene pipe rig was not included at this stage. This stage ran from April 1993 to 

April 1994.
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5.1.4 RESULTS

5.1.4.1 VARIATION IN WATER QUALITY

5.1.4.1.1 Table 5.1 shows the differences in water quality between streams la, lb and 2. 

It can be seen that streams la and lb are practically identical. The effect of the 

ozonation stage appears to be a reduction in total organic carbon (TOC) of 

approximately 20% and a 30% increase in assimilable organic carbon (AOC). UV 

absorbance gives an indication of the number of double and triple carbon bonds. It can 

be further seen that stream 2 has a higher UV absorbance showing that ozone oxidises 

compounds into simpler forms. The other water quality variables are broadly similar, 

except for the concentration of suspended bacteria, which shows that free chlorination 

appears a more effective disinfectant.

Table 5.1. Summary of water quality variables measured during stage 1. Values are an 
average of influent and effluent pipe rig concentrations.

Stream 2 Stream la Stream lb

Total organic carbon (mgd) 4.55 3.73 3.78

Assimilable organic carbon (ug/1) 28 37 35

Ultra Violet absorbance (Abs/m) 7.62 3.39 3.65

pH 7.94 7.97 8.01

Total Alkalinity (mg CaCOj/l) 193 196 198

Total Hardness (mg CaCOs/l) 341 341 338

Bacterial plate count (R2A media, 7 
day, 22T )

3550 1200 2900
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5.1.4.1.2 Figure 5.1 shows the variation in TOC for each stream during the experiment. 

It can be seen that stream 2, the non-ozonated stream, is consistently higher than streams 

la and lb. The TOC content of streams la and lb follow each other closely. Figure 5.2 

shows the variation in AOC for each stream over this stage of the experiment. It can be 

seen that the AOC results give a less consistent set of figures than the TOC results. The 

stream 2 AOC concentration is generally lower than that of stream la and lb results. 

The stream 2 AOC values range between 20 -36 , stream la between 28-46 and stream 

lb between 24-52 |ig/l. The lack of consistency may be partly attributed to the AOC 

test. Chapter 3 discusses the test in more detail. Other variations may be due to the 

variation in pilot plant operation and reservoir water quality.

5.1.4.1.3 Figure 5.3 shows the variation of temperature during this stage of the pipe rig. 

Temperature was cited in the literature review as a factor influencing the growth of 

biofilm in distribution systems. Temperature was equivalent for each stream and varied 

between 6 - 21 ®C.

5.1.4.2 BIOFILM DENSITY.

5.1.4.2.1 Chapter 4 details the sampling of the biofilm and influence of the position on 

the pipe wall to biofilm growth. All biofilm results given below have been factored to a 

neutral position to allow comparison. The biofilm growth between the streams can be 

compared using the data from the final day of the experiment. This gives the largest data 

set as all coupons could be removed. If one assumes that biofilm growth reaches steady 

state quickly, i.e. that growth is not a function of maturity, then all biofilm values found 

can be averaged to give an average biofilm density which can be supported by each 

stream of the pipe rig. Table 5.2 gives these results. The biofilm of the cast iron pipe rig 

is measured using R2A agar plate counts hence is a measure of the heterotrophic 

population only.
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Table 5.2. Factored average heterotrophic biofilm density for day 371 across each 
stream of the pipe rig.

No. of 
samples

Biofilm density 
(xlO  ̂cfu/dm^)

Range of Biofilm 
densities (cfli/dm )̂

Max Min

Standard
Dev.

Stream 2 16 704 2.72x10' 5.58x10' 9 .67x10’

Stream la 17 805 7.0 X 10' 7.44 x 10' 1.57 X 10'

Stream lb 17 798 3.53 xTO' 4.84 X 10̂ 9.23 X 10’

Ave. St. la 
& lb

34 801 7.0 X 10' 7.44 X 10' 1.29 X 10'

5.1.4.2.2 Table 5.2 shows that the ozonated streams, streams la and lb, give a higher 

biofilm than the non-ozonated stream 2. The biofilm is higher by 14% on average. The 

average biofilm densities of streams la and lb are also very close underlining the validity 

of the pipe rig results. It should be noted that the biofilm results are extremely variable 

shown by the high standard deviations. This may negate the marginal difference in the 

averages of each data set. Figure 5.4 shows the variation in biofilm density over the 

course of the experiment. The data points are an average of only two coupons extracted 

at that date. If one considers the standard deviations given in table 5.2 then little can be 

interpreted from the graph. The variability of results requires a large number of data 

points to give a reliable average. The results given in table 5.2. are the results of a large 

data set and it can be seen that this gives an accurate set of results shown by the fact that 

the results for identical streams la and lb are very similar. Broadly the streams can-be 

said to support a similar level of biofilm. The ozonated stream appears to be more 

susceptible to temperature as the values drop dramatically during the winter period (see 

figure 5.4).
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The results imply that the higher amount of AOC of the ozonated water results in an 

increase in the biofilm growth on the surface of the pipe. This is despite a lower TOC 

level. The difference may however be attributed to the disinfection. No consistent 

pattern can be seen between the variation in AOC in figure 5.2 and biofilm density in 

figure 5.4 for each stream.

5.1.4.3 CORROSION RATE

5.1.4.3.1 Coupons were extracted from the pipe rig approximately every 30 days. On 

extraction a replacement coupon was inserted into the vacant port. This effectively 

doubled the number of samples. As discussed in chapter 4 the corrosion rates are 

factored to a neutral position and results with less than 100 days exposure are not used. 

The corrosion of cast iron water distribution pipes is not generally homogeneous at a 

macro scale. Corrosion will vary due to the environmental conditions at each site and 

therefore will vary by position within the pipe rig. Comparison can best be made, 

therefore, using the average values of each stream. Table 5.3 summarises the data over 

stage 1. This is separated into the initial and replacement coupons. These two data 

variables may vary due to the environmental conditions, e.g. temperature, which they 

have encountered.

5.1.4.3.2 It can be seen that on average over the experiment all streams have the same 

corrosion rate of 62 mg/dm^/day. One is unable to say that there is no variation in 

corrosion between the streams due to the standard deviations and the differences 

between the initial and replacement coupons. It can be stated that there is no significant 

difference between the streams. It can be noted that the results of streams la and lb are 

consistent in the magnitude of both initial and replacement coupons. This consistency is 

not seen when compared to stream 2 data. This again underlines the validity of the 

results in that streams la and lb are identical. A difference may be seen between the 

stream 2 and stream 1 data if the number of samples were increased or a more sensitive 

method of analysis used. These results agree with the work of Turrell (1991) that 

variation of the organic carbon alone does not affect the corrosion rate.
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Table 5.3. Summary of corrosion rates (mg/dm^/day) across each stream for the initial 
and replacement coupons. The values are factored to a neutral position on the pipe axis 
and were exposed for >100 days.

Stream 2 Stream la Stream lb Ave. St. la & 
lb

INITIAL COUPONS

Average 
corrosion rate 
(mg/dmVday)

65 58 56 57

Standard Dev. 46.54 2536 35.78 30.16
No. samples 19 20 17 37

REPLACEMENT COUPONS

Average 
corrosion rate 
(mg/dmVday)

55 71 76 73

Standard Dev. 23.31 37.63 26.85 32.40
No. samples 9 9 7 16

AVERAGE OF BOTH SETS

Average 
corrosion rate 
(mg/dmVday)

62 62 62 62

Standard Dev. 40.32 29.70 34.20 31.50
No. samples 28 29 24 53

5.1.4.3.3 Figure 5.5 shows the variation in corrosion rate over the stage. As with the 

biofilm results the variability of the data due to the low number of sample coupons 

extracted at each date make any conclusion from this graph difficult. The figure shows 

no consistent trend to the data or variability between the streams.

5.1.5 DISCUSSION

5.1.5.1 It can be seen that the results of the biofilm analysis are extremely variable. The 

data gained throughout the stage shows no clear trends or differences between the
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streams. The-end-of-stage removal gave a more robust average which showed a 14% 

difference in biofilm levels. The variability is partly due to the difficulty in measuring the 

required determinands. The method of biofilm determination used with the cast iron 

samples is a simple plating analysis which will support the growth of heterotrophs only 

and will also only measure bacteria which are culturable. The method is further 

restricted due to the ease and reproducibility of biofilm removal and the spatial variation 

of the biofilm. The other restriction on the analysis of results is the slight differences 

between the streams. The difference in TOC is only 0.8 mg/1 and the difference in AOC 

is only 8 pg/l on average. The AOC test is considered to be accurate to only V. 20 pg/1. 

Lu and Huck (1993) state that after GAC filtration there is little perceptible difference in 

AOC between streams which have been preozonated or prechlorinated. Clark et al. 

(1994) found no significant difference in BDOC levels in pilot plant studies between 

ozone and conventional treatment streams The disinfection regimes are low which 

makes any difference, due to the different disinfectant, difficult to detect.

5.1.5.2 The results show that ozone and post-chlorination treatment gives a higher 

biofilm on average than conventional treatment and post-chloramination. 

Monochloramination is generally seen as a less effective biocide of suspended bacteria 

than free chlorination but is preferred as a post treatment as it provides a longer lasting 

residual and causes less taste and odour complaints. LeChevallier et al. (1990) found 

that monochloramine is more effective than free chlorination for disinfecting biofilms on 

a cast iron surface. He postulated that free chlorine reacted more readily with the 

corrosion deposit whilst the monochloramine, being less reactive, is more effective at 

penetrating the biofilm matrix. If this is the case, the increase in AOC of stream 1 over 

stream 2 may have resulted in a lower difference in biofilm density than that seen. The 

difference is increased by the increased efficiency of the monochloramines lowering the 

stream 2 biofilm population. Clark et al. (1994) shows with distribution pipe rig data 

that BDOC declines more rapidly with post-chlorination than with post-chloramination. 

This may also indicate the increased efficiency of disinfecting biofilm with chloramines.

5.1.5.3 Corrosion deposits will develop on a surface and the rate limiting step becomes 

the transport of reactants and products through the deposit. Any compound therefore
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likely to affect the structure and composition of the deposit will affect the corrosion rate. 

Wagner (1995) gives the corrosion rate of old pipes to be 0.001 - 0.0001 mm per year 

and up to 0.1 mm per year in extreme cases. 0.1 mm per year corresponds to 

approximately 20 mg/dm^/day. This shows that the results given on Table 5.3 may 

indicate that the passivating corrosion deposit is still be developing.

5.1.5.4 The corrosion inhibiting action of natural organic material is assumed to be due 

to the formation of a deposit which restricts the flow of corrosion reactants. This is of 

most influence on an unlined system. The results of this study show that the increase in 

the formation of low molecular weight, high polarity organics by ozonation has failed to 

yield any significant decrease in the corrosion. This is in contrast to the results of Kolle 

and Rosch (1978). Werner (1979) found that, above a certain value, the level of humic 

material had no further effect on the corrosion rate of a pure zinc layer. This result could 

indicate that stream 1 of the Grafham pilot plant pipe rig has a level of humic material 

greater than such a value. The additional level of humic material in stream 2 therefore 

gives no perceptible decrease in the corrosion rate as the surface is already saturated.

5.1.5.5 Alternatively a decrease in corrosion rate may have occurred via the reduction in 

transport processes but this decrease may have been offset by an increase due to 

microbial corrosion. Microbiologically influenced corrosion may increase due to the 

increased concentration of AOC. This may be indirectly seen by the increase in 

heterotrophic biofilm show in table 5.2.

5.1.5.6 The disinfection may also affect corrosion. Singely et a l  (1985) assumed that 

this was due to the increased redox potential, the production of hydrogen ions, 

hypochlorous acid, hypochlorite ions and chloride. Little evidence has been found to 

suggest that levels of disinfection under 0.5 mg/1 will affect corrosion noticeably (Larson, 

1975). The disinfection regime will however have a mitigating effect on 

microbiologically influenced corrosion (Victoreen, 1984). The use of ammonium 

sulphate in chloramination may increase MIC due to the increased nutrient availability to 

sulphate reducing bacteria.
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5.1.5.7 The number of heterotrophic bacteria, however, will not necessarily correlate to 

the rate of corrosion. They are not directly implicated in corrosion, unlike sulphate 

reducing bacteria (SRB) or iron oxidising bacteria. The specific mechanisms of 

microbiologically induced corrosion (MIC) are not fully known, due to the complexity of 

the processes and the lack of analytical techniques. A thick, active heterotrophic biofilm 

can create conditions leading to the growth of SRB and iron bacteria, because areas 

under biofilms may become anaerobic (or oxygen limited) if the rate of oxygen uptake is 

greater than the rate of oxygen difiusion. In addition heterotrophic bacteria secrete 

organic acids during the fermentation of organic substrates. These acids may affect the 

electrochemical potential at the metal surface or promote the electrochemical oxidation 

of metals. The type and amount of acid produced depends on the species of organism 

and the available substrate molecules. The results in Table 5.2 may imply that streams la 

and lb have a greater potential to harbour more anaerobic bacteria than stream 2, 

assuming that the biofilms have identical geometric and spatial distributions. Streams la 

and lb may also induce increased MIC by organic acid production, if one assumes that 

the populations are made up of the same proportions of the same bacterial species. The 

table of water quality determinands (Table 5.1) however shows that the two streams vary 

in their organic profiles. The heterotrophic bacteria of each stream may therefore utilise 

different substrates and this would produce different organic acids (Little et a i, 1989). 

The different substrates are also likely to influence the composition of the bacterial 

population, which in turn will influence the shape and distribution of the biofilm across 

the substratum (Siebel, 1987). The corrosion results (Table 5.3) show that there is no 

measurable difference between the streams. The difference in biofilm has therefore failed 

to convert to a difference in corrosion. This could be due to the method of corrosion 

measurement being not sensitive enough to register the contribution of MIC, or MIC 

may not be the dominant mechanism. Tuovinen et a l  (1980) found that corrosion was 

less pronounced in a sterile solution than in a solution inoculated with ground up 

tubercles. The formation of anaerobic microenvironments under biofilms may only arise 

with very thick film. SRB are more likely to inhabit the pits caused by tuberculation. 

MIC therefore may not result from a heterotrophic biofilm. The majority of the biofilm 

also may sit on top of the corrosion deposit . This is not directly in contact with the
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metal surface, hence cannot be directly taking part in corrosion, but may only effect the 

transport of corrosion reactants and products,

5.1.5.8 The corrosion of the iron substratum may also influence the growth of the 

biofilm. An unstable corrosion deposit will increase the amount of biofilm detachment. 

The surface properties may also affect cell adsorption. Corrosion deposits will provide 

an effectively increased surface area available for adsorption. A rough deposit will also 

provide shelter in crevices from water shear forces, lowering detachment. Non-uniform 

corrosion may therefore lead to a patchy biofilm. The corrosion deposit will also provide 

a shelter from biocides, and may lead to the creation of microenvironments providing 

more suitable conditions for the growth of certain species of bacteria than in the bulk 

water,

5.1.5.9 There is good correlation between the ratio of the corrosion rates for the top, 

side and bottom of the pipe with those for the biofilm density (see chapter 4), To 

establish if this relationship is circumstantial, the raw data for corrosion can be correlated 

to that of biofilm density for each sample coupon. Figure 5.6 shows this plot and it can 

be seen that there is a general trend that increased biofilm density is related to high 

corrosion. Linear regression analysis on the raw data gives a positive slope and a 

correlation coefihcient of 0,22, Considering the number of data points, the errors 

associated with the experimental results and the standard deviations of each set, this 

value gives a strong indication of a relationship. As pointed out earlier however this may 

be due to the increased effective surface area and roughness caused by larger tubercles at 

the sites of high corrosion. The biofilm will also be able to populate a porous deposit, 

hence depth of deposit becomes a factor. Increased corrosion may result in a larger 

heterotrophic biofilm, but this does not confirm that biological action increases 

corrosion, A difference should be drawn between bacteria which are active in the 

corrosion process on the metal surface and those which populate the surface of, the 

corrosion deposit, receiving their nutrients from the bulk water,

5.1.5.10 To back up the analysis, cast iron coupons were sent to CAMR for visual 

analysis (section 3,1,2,10), The technique confirmed that the biofilm of both streams of
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ozonated and non-ozonated water had the same spatial and structural properties. The 

biofilm on the coupons was patchy, colonised by single bacteria and microcolonies with 

bacterial stacks projecting from the surface. Stream 2 biofilm was seen to cover 80% of 

the coupon surface whilst that of stream 1 covered 50-60%. This difference is contrary 

to that found by the heterotrophic biofilm density measurements where stream 1 gave an 

approximately 14% larger biofilm. The difference could be attributed to the spatial 

variation found throughout the rig. CAMR only analysed one coupon from each stream. 

Analysis of several coupons may have arrived at the same average bacterial populations 

found by this study. The CAMR technique also only examines a very small section of the 

coupon and it can be seen biofilm varies spatially even across the coupon surface. 

CAMR also had trouble analysing the surface of the corrosion deposits because the 

roughness meant that the bacteria were spread across many focal planes. In addition the 

fluorescent strain can be adsorbed by the metal surface, which then appears to fluoresce, 

causing interference.

5.1.6 CONCLUSION

• There appears no significant disadvantage to the use of ozone and post-chlorination 

as opposed to the conventional treatment and post-chloramination in terms of biofilm 

growth and corrosion.

• On average the ozonated stream had a 20% lower TOC and a 30% higher AOC than 

the conventional treatment stream.

• This yielded on average a 14% increase in biofilm density for the ozonated stream. 

The biofilm results had a high variance.

• The difference in biofilm population due to the AOC increase may have been 

exaggerated by the increased efficiency of chloramine disinfection.

• Identical corrosion rates were seen between streams.
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The difference in biofilm failed to yield any difference in corrosion rates. The effect 

may have been masked by differences in organic profiles and disinfectant regimes.

High spatial variation of corrosion and biofilm results were seen. This may make any 

potential difference difficult to detect.
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FIGURE 5.1. VARIATION IN TOC OVER STAGE 1 FOR EACH STREAM
OFTHE PIPE RIG.

Values are an average of influent and efiQuent concentrations.
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FIGURE 5.2. VARIATION OF AOC OVER STAGE 1 FOR EACH STREAM
OF THE PIPE RIG.

Values are an average of influent and effluent concentrations.
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FIGURE 5.3. VARIATION IN WATER TEMPERATURE OF THE PIPE RIG
OVER STAGE I.
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FIGURE 5.4. VARIATION IN BIOFILM OVER STAGE 1. Factored to a neutral
position on pipe axis.
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FIGURE 5.5. CORROSION RATES OVER STAGE 1. Factored to a neutral
position on pipe axis.

140
Day 1-15 Apr 1993 
Day 100 - 24 Jul 1993 
Day 200 - 1 Nov 1993 
Day 300-10 Feb 1994 
EndDay371-21 Aprl994

f  120 --

100 - -

80 --
• \  Stream 2

—  Stream la
—  Stream lb

60 --

100 150 300200 250 350 400

EXPOSURE (DAYS)

250
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5.2 DISTRIBUTION WATER QUALITY EFFECTS.

5.2.1 AIM

5.2.1.1 This section is designed to back up the results of section 5.1 of the pilot plant 

test rig experiments by analysing the water quality in the actual water distribution system. 

Distribution system water quality data was collected from the old Grafham water 

treatment works and this is compared to data collected from the new Grafham ozone 

treatment plant. The old treatment plant has an identical treatment process to stream 2 

of the pilot plant and the new treatment plant has the same process as stream 1. Both 

treated waters were chloraminated prior to distribution within the system. The water 

quality data collected was analysed to determine if any changes could be attributed to a 

variation in biofilm growth within the distribution system. The changes analysed were 

the levels of suspended bacteria and the variation in bacterial substrates.

5.2.2 SUMMARY OF LITERATURE REVIEW

• Increases in planktonic bacteria may be a result of detachment of cells fi’om the 

biofilm (Kusnetsov et al. 1994).

• Contributions may also arise due to growth in the bulk water phase and recovery of 

disinfection damaged cells (O’Connor and Brazos, 1990).

• Reduction in bacterial substrate concentration may be due to biofilm metabolic 

activity. Alternatively the products of metabolism may increase.

5.2.3 EXPERIMENTAL SET UP

5.2.3.1 As mentioned in section 3.2 this project follows on from the work of Gibbs 

(1990). Sampling taps were placed in the distribution system at the locations shown on 

figures 5.7-9. These sampling points were then used to monitor the concentrations of
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various determinands through the system. Table 5.4 gives an estimate of the time the 

water spends in distribution to these points (taken from Gibbs (1990)). The residence 

times were estimated from a network analysis model and hence may be prone to large 

errors. The residence time to these areas will vary with time, as the demand for water 

changes throughout the day and seasonally.

5.2.3.2 Samples were taken whilst the old conventional treatment plant was on-line and 

when the new ozone plant was operating. The two sets of results could then be 

compared. The new and old treatment processes are modelled by streams 1 and 2 of the 

pilot plant respectively. The water quality data can then be analysed for any effects 

which can be attributed to biofilm. Such indications of biofilm magnitude can be 

compared to the results of the pipe rig. The distributed water was disinfected with 

monochloramines prior to distribution for both old and new works. This is one deviation 

from the pilot plant experiment but allows any difference in biofilm levels to be attributed 

to the change to ozone treatment only. The old treatment plant was monitored between 

August and December 1993 and these results are compared to the corresponding period 

in 1994 when the ozone plant was on-line.

Table 5.4. Summary of the sample point details.

Sample point Residence time 
(hours)

1 0
2 23
3 94
4 41
5 19
6 55
7 24
8 24
9 25
10 30
11 30
12 32
13 35
14 36
15 139
16 80
17 80
18 80
19 63
20 55
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5.2.4 RESULTS

5.2.4.1 VARIATION IN LEVELS OF SUSPENDED BACTERIA.

5.2.4.1.1 The level of suspended bacteria in the distribution systems will not be a 

function of the sloughing of biofilm into the bulk water alone. It will also be a function 

of water temperature, the level of disinfectant, the availability of nutrients and the growth 

and recovery of suspended cells. Before comparing bacterial growth in the distribution 

systems for the old and new works, it is necessary to look at the temperature and 

chlorine residuals to establish any differences in background conditions.

Table 5.5. Temperature, total chlorine residual and suspended bacteria plate count for 
the old 1993 and new 1994 Grafham treatment processes. The values are an average of 
all sample points through distribution.

AUG SEPT OCT NOV AVE

Temperature
(»C)

Old Works 17.8 17.2 14.2 10.3 15.1

New works 19.1 16.6 12.2 10.3 14.5

Total chlorine 
Residual (mg/1)

Old works 0.35 0.35 0.29 0.37 0.34

New works 0.19 0.20 0.23 0.30 0.23

Suspended
bacteria
(cfu/ml)

Old works 8 300 12 300 13 800 6 800 10 300

New works 29 600 15 000 20 000 16 700 19 300

5.2.4.1.2 Table 5.5 shows that the temperature did vary between 1993 and 1994. The 

variations were not large and the average over the whole period gives the 1993
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temperature as 0.6 °C higher. The total chlorine residuals do show significant 

differences. The old treatment works final water was chloraminated to 0.7 mg/1 whilst 

the new treatment works has a final disinfection of 0.57 mg/1 combined chlorine (average 

over study period). These residuals diminish through the distribution system and give the 

average values shown in table 5.5. The data was analysed graphically and figure 5.10 

shows the reduction in residuals through the distribution system. The lines depicting the 

reduction in total chlorine are a result of a power regression analysis of the average 

values for each sample point between August and December. The higher combined 

chlorine residuals of the old works may control suspended bacteria and biofilm growth 

better than those of the new works. Therefore any additional biological activity seen 

with new works data will be partly due to lower disinfectant residuals.

5.2.4.1.3 Table 5.5 does in fact show that the new works gave a consistently higher level 

of bacteria in the water phase. The results for each sample point are shown on figure 

5.11 and again regression analysis has been carried out and is indicated on the graph. It 

can be seen that for both the old and new works there was little bacterial growth before 

20 hours of residence time in the distribution system when chlorine residuals were 

greater than approximately 0.4 mg/1. As the water passes further into the distribution 

system the bacterial population of the new works rises faster than that of the old works. 

One cannot determine if this increase in bacterial populations is due to bacterial growth 

in the bulk water, recovery from disinfection or the sloughing of biofilm into the water 

phase.

5.2.4.2 VARIATION IN BACTERIAL NUTRIENTS

5.2.4.2.1 Biofilm populations may be estimated from the reduction of their nutrient 

substrates in the water. Increased bacterial activity will result in a decrease in the 

concentration in substrate. Levels of TOC and AOC, in the distribution system, may 

therefore be used to establish if biofilm levels have altered. Figure 5.12 shows the 

variation in TOC levels through distribution. The lines represent the linear regression 

analysis of the average concentration of TOC for each sample point for the study period.
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It can be seen that TOC gradually reduces through the distribution system. The old 

works has a final TOC concentration approximately 1.6 mg/1 higher than that of the new 

works. The percentage reductions through the system are very similar. The slope of the 

linear regression line will give the substrate removal rates. Analysis of the new works 

data gave a slope of -0.00599 mg TOC /1/hr and that of the old works gave a value of 

-0.00555 mg TOC /1/hr. This appears to indicate that the new works system removes 

organic carbon from the water at a faster rate and hence a greater mass of organic carbon 

will be removed overall implying an increase in biomass. Using these removal rates it 

can be calculated that over 150 hours the old treated water would lose 0.83 mg TOC /I 

whilst the new works would lose 0.90 mg TOC /I. This may also indicate the greater 

ease of removal of the ozonated organics.

5.2A.2.2 Table 5.1 of pilot plant data shows that stream 2 (modelling the old works) has 

a lower level of AOC, despite a higher level of TOC than stream 1 (modelling the new 

works). Analysis of the AOC for the actual treatment plant confirms this. The AOC of 

the old works is initially lower than that of the new works, but after some 20-30 hours 

in distribution the levels are similar, and appear to reduce at approximately the same rate. 

The initial rise in AOC within the distributed water is assumed to be due to the oxidising 

power of the disinfectant. The old works level may rise to the level of the new works 

due to the increased concentration of total chlorine used in post-treatment. This data 

suggests that biofilm levels produced by the two treatment processes are similar. AOC 

data is however subject to large errors and subtle differences may be masked.

5.2.5 DISCUSSION

5.2.5.1 Section 1 of this chapter concludes that the inclusion of ozone stages in the 

treatment process result in a reduction in TOC and an increase in AOC of a water. This 

subsequently leads to a slight increase in biofilm of the ozonated stream. Results from 

the actual distribution system appear to confirm this conclusion.
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5.2.5.2 Haudidier et al. (1988) modelled the distribution of ozone and GAC treated 

water with a pipe rig with a residence time up to 240 hours. They found, as with this 

study, that the AOC remained relatively constant over time and TOC decreased as 

bacterial levels increased. Biofilm on the pipe surface was seen to reduce with distance 

from the intake of the pipe rig. Clark et al. (1994) however found with a model 

distribution pipe rig that BDOC declined significantly with time. This may indicate that 

the BDOC is a more reliable method of analysis. Clark et a l  (1994) further noted that 

biofilm increased with distance fi"om the pipe rig intake.

5.2.5.3 Figure 5.11 shows an increase in suspended bacteria after about 20 hours. Clark 

et al. (1994) considers the rise in suspended bacteria to be associated with a rise in 

biofilm bacteria. LeChevallier et al. (1987) also saw a biofilm build up after loss of 

disinfection. It could be interpreted that this increase in bacteria is the result of 

sloughing from a higher level of biofilm. One is, however, unable to distinguish between 

biofilm bacteria, bacterial growth within the water phase and bacteria which pass through 

the treatment plant and recover from disinfection. A lower disinfection residual 

controlled the new works output and the increase in suspended population may be due to 

the subsequent increase in recovery and growth of suspended bacteria. O’Connor and 

Brazos (1990) believe that the detachment of biofilm is insignificant to the total 

suspended population.

5.2.5.4 Figure 5.10 fails to indicate any large reduction in chlorine demand of the water 

in distribution, which one would expect from ozonation. The results therefore indicate 

that the pipe surface reactions exert the greatest chlorine demand in the system. This 

means that post-treatment residuals should remain at previous levels as ozonation will 

not make disinfectant more persistent in distribution. Overall chlorine usage will reduce 

as the amount of chlorine dosed to achieve the desired disinfectant residual after contact 

time will reduce with ozonation.

5.2.5.5 The variation in bacterial substrate is a reliable method for measuring biofilm 

activity, providing a complete mass balance can be performed on the substrate. Organic 

carbon may be created within the distribution system by autotrophic bacteria, biomass
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within the water phase may further be measured as TOC (Hijnen et al. 1988) and may be 

oxidised to carbon dioxide. This complicates the analysis. Initial levels of TOC 

utilisation in biofilm in the distribution may be underestimated by the creation of TOC by 

nitrifying bacteria for example. Bacterial TOC utilisation in the later stages of 

distribution may also be under estimated due to the presence of biomass in the water 

phase. Haudidier et al. (1988) found TOC to fall and subsequently rise in distribution 

due to bacterial releases within the system. O’Connor and Brazos (1990) further suggest 

that lower final water TOC results in the lower deposition of particles within distribution 

pipes and hence reduction in biofilm. The effect of particulate deposition can be seen in 

the preferential growth of biofilm on the pipe bottom (Table 4.6).

5.2.6 CONCLUSION

Background conditions show equivalent temperatures but show the old works treated 

water was monochloraminated to a higher level. This will reduce the level of biological 

activity.

No catastrophic efifect could be seen in the short term due to the change in treatment 

process. The only major difference in the water quality between old and new works 

treated water is the reduction in TOC by ozone treatment.

• The new ozone treatment process gave rise to consistently higher levels of suspended 

bacteria. This may be due to the increase in biologically assimilable organic carbon and 

the effects of reduced disinfection.

• The results from the actual Grafham works confirmed the pilot plant data, namely that 

ozone treatment increases the AOC and reduces the TOC of the water.

• The ozone treated water was seen to reduce in TOC concentration quicker than the 

conventionally treated water. This could be due to the increased biological activity due 

to the increased biodegradability of the organics.
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The analysis of the AOC concentration of the waters failed to indicate any difference in 

the bacterial activity of the waters. This may be due-to experimental errors not only in 

the AOC analysis but the network analysis model. The experimental protocol of the 

AOC test may need to be altered to provide more accuracy before it can provide useful 

results.
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FIGURE 5.10. TOTAL CHLORINE RESIDUAL THROUGH DISTRIBUTION.
Points represent the average chlorine residual for each sample point over the study period Aug - Dec. The lines

represent the power regression for the data sets.
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FIGURE 5.11. BACTERIAL GROWTH IN THE DISTRIBUTION SYSTEM 
Points represent the average suspended bacterial count for each sample point over the study period Aug-Dee. The

lines represent the linear regression line for the data sets.
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FIGURE 5.12. TOTAL ORGANIC CARBON THROUGH THE DISTRIBUTION SYSTEM.
Points represent the average TOC conc. for each sample point over the study period Aug- Dec. The lines represent

the linear regression line for the data sets.
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FIGURE 5.13. ASSIMILABLE ORGANIC CARBON CONCENTRATION THROUGH DISTRIBUTION. Data 
points represent the average for each sample point over the period Aug-Dee
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Chapter 6

The effect of dosing zinc orthophosphate onto GAC 
adsorbers.
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6.1 THE EFFECT ON THE CORROSION AND BIOFILM 

GROWTH OF THE MODEL DISTRIBUTION PIPE RIG.

6.1.1 AIM

6.1.1.1 The aim of this stage is to research the effects of dosing zinc orthophosphate 

onto the GAC adsorber of stream 1 of the pilot plant to increase its biological activity. 

This may reduce the level of AOC to lower than that of stream 2 and hence reduce the 

increased biological activity seen in distribution. Zinc orthophosphate may also be used 

as a corrosion inhibitor. This stage includes the polyethylene pipe rig so that a 

comparison of these results with those of the cast iron pipe rig can be made.

6.1.2 SUMMARY OF LITERATURE REVIEW

• Phosphate is a nutrient essential to microbial life. The concentration required for 

increased growth is dependent on the concentration of other essential nutrients.

• If biological growth is limited by phosphate concentrations then addition of phosphate 

will increase the biological removal of other substrates.

• Lowther et al. (1984) found zinc to be toxic to coliform bacteria. Armstrong et al. 

(1982) found that increasing heavy metals may lead to the preferential selection of 

biofilm populations.

• Orthophosphates inhibit corrosion by reacting with the corrosion products to form an 

insoluble, dense layer which further restricts the flow of corrosion reactants (Ryder 

and Wagner, 1985). To inhibit corrosion a dose o f20-40 mg P/1 may be necessary.

• Low concentration may lead to patchy coverage and increased corrosion due to 

differential concentration cells (Ryder and Wagner, 1985).

• Biofilm is linked with increased microbiologically induced corrosion (Wolfaardt and 

Archibald, 1990). Increasing the biological activity with phosphate may therefore 

increase corrosion.
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Smith et al. (1989) found dosing orthophosphate to control coliform occurrences in 

distribution.

6.1.3 EXPERIMENTAL SET UP

6.1.3.1 For this section of the project two streams of the pilot plant were used. One 

stream was fed with stream 2 pilot plant water (conventional treatment), whilst the other 

with stream 1 ozone treated water. Zinc orthophosphate was dosed into stream 1 after 

the post-ozonation stage. This water was then fed directly to the GAC bi-flow filters. 

The average concentration of phosphate entering stream 1 of the pipe rig over this stage 

of the project was 1.5 mg P/1.

6.1.3.2 The corrosion study ran from May until Sept 1994, an exposure of 

approximately 165 days. This provided sufiScient time for a corrosion product layer to 

develop to ensure the corrosion rate had reached steady state. No coupons were 

removed fi'om the rig throughout the experiment as the initial stage showed that little 

could be interpreted from such initial data due to rapid initial corrosion rates. All 

coupons were removed at the end of the stage giving a robust set of data from which to 

draw conclusions.

6.1.3.3 The polyethylene pipe rig experiment ran from July - Sept 1994. Sections were 

removed every 5 days initially and then every 10 until the end of the stage. The results of 

the polyethylene pipe rig appear to be less variable, than those of the cast iron coupons, 

due to the larger section of pipe sampled. At this stage of the project the analysis of 

cellular ATP using Somase had not been developed. All ATP is derived from the 

difference between the total ATP reading and the subsequent free reading.

6.1.3.4 It can be seen from the summary of the literature review above that the addition 

of phosphate may increase biological activity on the carbon filters if phosphorus is the 

limiting nutrient. The dosing of phosphate is therefore hoped to reduce the biofilm 

growth potential of the water after this stage by increasing biological activity of the
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carbon filters and hence reducing the concentration of biological growth promoting 

properties prior to distribution. The AOC test detailed in chapter 3 is only valid on the 

assumption that carbon is the limiting nutrient. This provides a contradictory situation. 

If phosphorus is the limiting nutrient of the water then biological removal on the carbon 

filters will increase but the AOC test will not be valid. If organic carbon is the limiting 

nutrient then dosing phosphate on to the GAC filters should not afifect biological activity 

and the AOC test is valid. Pilot plant data can be analysed to determine if the AOC test 

is valid during phosphate dosing.

6.1.3.5 It is difficult to compare the efficiencies of the bi-flow GAC filters with and 

without phosphate addition due to variations in carbon age, organic content of waters, 

temperature etc, and when the analysis may be undertaken using the AOC test, which is 

itself questioned. Analysis of pilot plant data taken throughout this stage may however 

show the AOC test to give unusual results which may indicate that carbon is not the 

limiting nutrient for the test water. Graph 6.1 shows the removal of TOC, AOC, UV 

absorbance and phosphorus through the bi-flow GAC contactors for stream 1. It can be 

seen that there is a steady removal of TOC, UV absorbance and phosphorus through 

both streams indicating adsorption or microbial removal in which the phosphates takes a 

part. It can further be seen that the AOC rises through the first carbon column by over 

300%. This indicates that either the AOC is being created or that there is an interference 

with the AOC test. No mechanism for AOC creation can be found except the 

breakdown of longer chain organics by bacteria on the carbon particles. This is only 

likely to happen however when all the shorter chain molecules have been assimilated. 

Due to the preference for easily assimilable organic molecules the AOC would never 

increase so dramatically. It can be concluded that this is due to interference with the test 

i.e. that phosphorus is limiting and the addition of phosphate has increased the biological 

growth promoting properties of the water. The AOC test therefore will not actually be a 

measure of the amount of biodegradable organic carbon but the value will represent the 

potential for the tested water to support biological growth. The effect of the phosphate 

dosing in terms of reducing the potential for growth can be seen by the variation in 

biofilm on the pipe surface.
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6.1.3.6 Unlike the initial stage, during this stage both streams 1 and 2 are 

monochloraminated to 0.2mg/l with ammonium sulphate and sodium hypochlorite.

6.1.4 RESULTS

6.1.4.1 Table 6.1 gives a summary of the results of this stage of the project. It can be 

seen that on average stream 2 of the polyethylene pipe rig has a lower biofilm density 

than stream 1, the ozonated stream with phosphate dosing onto the GAC columns. This 

is shown by both plate count and ATP methods of biofilm analysis. Figure 6.2 and 6.3 

show the variation in biofilm for each stream over this stage for both plate count and 

ATP methods respectively. Both graphs show that the two streams have a similar 

biofilm density. The higher average biofilm density on stream 1 is likely to be the result 

of the increase in growth potential resulting from the residual phosphate from the GAC 

columns in combination with the ozonated organic molecules.

6.1.4.2 The cast iron pipe rig, however, shows the opposite i.e. that stream 1 gives a 

lower biofilm. This may indicate that the biofilm growth on the polyethylene rig is 

determined largely by the amount of nutrients, or biocide, in the bulk water, but growth 

on the cast iron is complicated by the relationship with the extent and structure of any 

corrosion product. Different biocides may have different efficiencies depending on the 

composition of the substratum.

6.1.4.3 The corrosion data suggests that stream 1 has a higher rate of corrosion. This is 

not as would be expected due to the dosing of orthophosphate, but may be a result of 

dosing insufficient phosphate (Ryder and Wagner, 1985). As with stage 1 results, all 

data sets have large standard deviations.
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Table 6.1. Summary o f  biofilm and corrosion rates on the polyethylene and cast iron 
pipe rigs showing the variation with phosphate dosing and ozone treatment.

STREAM 2. 
Conventional

STREAM 1. 
Ozone+Phosphate 

addition
POLYETHYLENE PIPE RIG
BIOFILM ANALYSIS. Ave. Bio film Density

Plate count technique 
(cfu/dm^)

L40xl0^ 1.82 X 10^

ATP technique 
(ng ATP/dm^)

53.9

CAST IRON PIPE RIG
BIOFILM ANALYSIS. Ave. Bio film Density

Plate count technique 
(cfii/dm^)

8.64 X 10̂ 5.21 X 10^

No o f  samples 15 19
Standard Deviation 7.56 X 10^ 5.45 X 10^

CORROSION ANALYSIS

Corrosion Rate 
(mg/dm^/day)

138

No o f  samples 15 19
Standard Deviation 82.24 54.31

Rate o f corrosion product 
deposition (mg/dm^/day)

60 104

No o f  samples 19
Standard Deviation 6 0 1 6 35.81

-

Ratio o f  corrosion rate 
torate o f corrosion product 

deposition
L92 1.22
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6.1.4.4 Alongside the calculation of corrosion rate for each stream the weight of the 

corrosion deposit formed on the surface of the coupon was measured. This provides a 

crude method for examining the stability of the corrosion product produced by each 

stream. The ratio of corrosion rate to the rate of corrosion product (e.g. oxide) 

formation may indicate the stability of the corrosion deposit. The corrosion deposit may 

vary between the streams in its composition. Most importantly the stream 1 deposit may 

contain vivianite, a hydrated form of ferric phosphate (Fe3(P04)2.8H20) (Singley et al. 

1985). The variation in composition will afifect the corrosion product weight. The ratio 

of corrosion product to corrosion rate may therefore not strictly indicate a change in 

stability or a change in corrosion rate. Stream 2, however, has a lower ratio and this 

probably indicates a deposit which is more prone to erosion and more porous, which may 

give rise to red water problems. The stream 1 deposit appears more stable due to the 

phosphate dosing. This agrees with other research that the ferric phosphates form a 

dense layer of corrosion deposit. Corrosion deposit stability is also effected by biofilm 

formation and the increased stability of the stream 1 deposit may further be influenced by 

its lower level of biofilm.

6.1.4.5 Table 6.1 also shows that under this level of monochloramine disinfection, the 

cast iron pipe surface supports a higher biofilm than the polyethylene pipe for both 

streams.

6.1.5 DISCUSSION

6.1.5.1 The purpose of dosing zinc orthophosphate on the GAC columns is to increase 

the biological activity of the columns and thereby remove bacterial substrates. This 

technique of dosing the limiting nutrient to remove another substrate is often used in 

biological treatment. For example organic compounds can be dosed into biological 

nitrate removal plants in the treatment of potable water. In this example the 

concentration of organic compounds in the effluent of the plant is of less concern, as the 

objective is to remove a chemical of public health significance. The increased removal of 

AOC through phosphorus dosing on to GAC columns prior to distribution is more
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complicated. The idea of dosing the phosphorus is to increase the biological activity of 

the GAC so the effluent water has a lower potential to support biological growth. If this 

is to be the case then the concentration of the limiting nutrient in the effluent should be 

equal or less than the natural concentration without dosing. If this is not the case then 

the effluent water will have an increased growth promoting potential. The Grafham pilot 

plant gave a residual of 1.5 mg P/1 entering the pipe rig. This clearly is an elevated 

concentration. Although the removal of AOC through the GAC columns may have 

increased this will not reduce bacterial activity in distribution because organic carbon has 

been shown not to be the limiting nutrient. The operation of the phosphate/GAC column 

would require better optimisation for the process to reduce bacterial growth. The GAC 

treatment may require a longer treatment time to achieve biological stability. 

Alternatively a phosphate removal treatment could be installed. Despite this the results 

of this section illustrate some interesting biofilm phenomena.

6.1.5.2 The increased growth potential of stream 1 led to an increase in biofilm growth 

on the polyethylene rig. The cast iron rig did not show this trend and it appears that the 

biofilm growth is greatly influenced by the nature and extent of the corrosion deposit on 

the pipe surface. The cast iron pipe rig showed that stream 2 produced a higher biofilm 

than stream 1. As stated earlier phosphate is considered to form a denser, less porous, 

deposit which may lower corrosion rates by restricting the flow of reactants and products 

of the corrosion process. Stream 1 however is shown to have a higher corrosion rate 

than stream 2. The concentration of zinc orthophosphate may have been insufficient to 

control the corrosion process. The layer formed may have been of limited thickness. 

Patchy coverage may result in differential concentration cells developing.

6.1.5.3 The biofilm on the cast iron pipe is likely to be present throughout the depth of 

the corrosion deposit and the lower porosity of the stream 1 deposit may restrict sites for 

biofilm formation explaining the lower result seen. The denser corrosion deposit may 

also restrict the flow of nutrients to the biofilm. This is despite the increased growth 

potential of the water. The reaction of the phosphorus with the corrosion products may 

restrict its availability as a microbial nutrient. The increased biofilm formation on stream 

2 may also have contributed to the lack of stability of the corrosion deposit. Although
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both streams have a roughly comparable corrosion rate, stream 1 has a considerably 

higher rate of corrosion product formation.

6.1.5.4 The cast iron pipe rig shows that stream 2 has a lower corrosion rate but a 

higher biofilm density than stream 1. This may indicate that there is little 

microbiologically influenced corrosion. One should remember, however, that the biofilm 

density given by the plate count method represents only the heterotrophic fraction of the 

biofilm. These bacteria are not considered to be directly involved in corrosion. The 

increased corrosion rate of stream 1 could be due to the phosphate producing a denser 

corrosion product layer which will increasingly restrict the flow of oxygen to the pipe 

surface. This may lead to the formation of an anaerobic microenvironment more 

conducive to microbial corrosion, allowing the proliferation of sulphate reducing 

bacteria, for example.

6.1.5.5 This work further illustrates the complexity of issues to be considered when 

comparing the biofilm growth promoting properties of different materials. The results 

show that the cast iron pipe has a higher biofilm density than the polyethylene pipe. The 

degree of difference is affected by the chemical composition of the water. The ozone 

and phosphate/GAC treatment is shown to reduce the heterotrophic biofilm on this cast 

iron surface. The concentration and type of disinfection may also effect the relative 

abilities of materials to support bacterial growth. This is further developed in the next 

chapter.

6.1.6 CONCLUSION

• The dosing of zinc orthophosphate on to the granular activated carbon columns will 

not reduce the potential of the water to support bacterial growth within the water 

distribution system. This is because phosphorus appears to be the limiting nutrient for 

the Grafham pilot plant water. The effluent concentration of phosphorus, from the 

pilot plant, is greater than that which would cause it to be limiting.
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The dosing of phosphate appears to give a denser, more stable, corrosion deposit on 

cast iron. This appears to reduce the heterotrophic biofilm by limiting the sites for 

biofilm formation and reducing the transport of nutrient to the film.

Low levels of phosphate do not however reduce the corrosion rate of the cast iron 

pipes. This may be due to patchy coverage, the formation of a passivating layer of 

insufficient thickness or the creation of microenvironments suitable for increased 

MIC.
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GRAPH 6.1 . AVERAGE REMOVAL OF TOC, AOC, UV AND PHOSPHOROUS THROUGH STREAM 1A
BI-FLOW FILTERS. July - October 1994
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FIGURE 6.2. VARIATION IN BIOFILM DENSITY OVER STAGE 2 U ^ G  
THE PLATE COUNT TECHNIQUE. POLYETHYLENE PIPE RIG.
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FIGURE 6.3. VARIATION IN BIOFILM DENSITY OVER STAGE 2 USING 
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Chapter 7

The influence of disinfection on biofilm magnitude and the 
stability of iron corrosion deposits.___________________
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7.1 COMPARISON OF FREE CHLORINATION AND 

MONOCHLORAMINATION DISINFECTION 

EFFICIENCIES.

7.1.1 AIM

7.1.1.1 The aim of this section of the project is to compare the disinfecting abilities of 

free chlorination and monochloramination on the cast iron and polyethylene pipe surface.

7.1.2 SUMMARY OF LITERATURE REVIEW

• Water entering the distribution system is disinfected to maintain bacterial quality at 

the customers tap. Monochloramination can be preferred over free chlorination as the 

disinfection residual is considered more persistent.

• The biofilm matrix is considered to provide significant protection to the bacteria from 

disinfection. The reactivity of the disinfectant is further linked to its ability to 

penetrate a biofilm matrix. Nichols (1989) also identifies the presence of detoxifying 

enzymes and physiological differences between suspended and biofilm bacteria as 

providing disinfection protection.

• LeChevallier et a l (1990) postulate that monochloramines are more effective at 

reducing biofilm due to their increased penetration of the biofilm matrix due to lower 

reactivity. Jacangelo and Olivieri (1985) reported that monochloramine has no 

reaction with sugars but will react with nucleic acids, tryptophane and sulphur 

containing amino acids.

• The pipe material will also exert a chlorine demand. LeChevallier et a l  (1993a) found 

that the pipe material will determine the efficiency of a disinfectant. The biocidal 

efficiency is also affected by corrosion rates at metal surfaces.
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7.1.3 EXPERIMENTAL SET UP

7.1.3.1 This initial section of the project uses two streams of the pilot plant pipe rig. 

Both streams are fed with stream 1 ozonated water as shown on figure 4.1. One stream 

is free chlorinated to 0.2 mg/1 with sodium hypochlorite, while the other is 

monochloraminated to 0.2 mg/1 with sodium hypochlorite and ammonium sulphate. The 

ozonated and post-chloraminated stream used in this section is that also used in chapter 6 

as a control to determine the effect of phosphate addition on to the GAC columns..

7.1.3.2 The corrosion studies ran fi*om May until Sept 1994 and the polyethylene pipe 

rig research ran from July to Sept 1994. Again, in this initial stage the use of somase in 

the bioluminescence experiments had not yet been developed.

7.1.4 RESULTS

7.1.4.1 Table 7.1 summarises the results of the biofilm and corrosion analysis for the 

two streams. The figures in the table represent the average values over the entire 

experiment. As with chapter 6 the results vary for the different pipe materials.

7.1.4.2 The results for the polyethylene pipe rig show that free chlorination is a more 

efficient disinfectant than monochloramination. This result is shown by both the plate 

count and ATP methods of biofilm analysis. The samples taken through the experiment 

are shown in figure 7.1 for the plate count technique and figure 7.2 for the ATP 

technique. As with the results from the other sections, little can be interpreted from 

these graphs due to the spatial and temporal variation in biofilm.
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Table 7.1. Summary o f biofilm and corrosion rates on the polyethylene and cast iron 
pipe rig showing the variation with different disinfectants.

STREAM  1 
C H LO R A M IN A T E»

STREAM  1 
CH LO RINATED

PO LYETH YLENE PIPE RIG
BIOFILM ANALYSIS. Ave. Bio film Density

Plate count technique 
(cfu/dm^)

L 8 2 x l0 ^ 1.35 X 10^

ATP technique 
(ng ATP/dm")

33.7

C A ST IRON PIPE RIG

Plate count technique 
(cfli/dm^)

$.21 X 10^ 10.1 X 10^

N o o f  samples 16

Corrosion rate 
(mg/dm^/day)

138 119

N o o f samples 19 17
Standard Deviation $4 77

Rate o f  corrosion product 
deposition (mg/dm^/day)

104 68

No o f samples 19 17
Standard Deviation 35 39

Ratio o f  corrosion rate to 
rate o f  corrosion product 

deposition
1.22 1.56

7.1.4.3 The results o f the cast iron pipe rig show that monochloramination is a better 

disinfectant. This agrees with the work o f LeChevallier et al. (1990). This increase in
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heterotrophic biofilm appears to have destabilised the corrosion deposit as shown by the 

higher ratio of corrosion rate to corrosion product formation rate. The corrosion rate of 

the free chlorinated stream is also lower than that of the monochloraminated stream. 

This indicates that the formation of a more stable deposit may lead to the restriction of 

oxygen and/or nutrient transport which may reduce the heterotrophic biofilm but which 

may increase the occurrence of anaerobic bacteria responsible for microbiologically 

induced corrosion. These phenomena were also seen in chapter 6.

7.1.5 DISCUSSION

7.1.5.1 The literature review points out that the disinfection efficiency is dependent on 

the properties of the substratum. The work detailed above agrees with this and shows 

that free chlorination is better on the polyethylene pipe but monochloramination is better 

on the cast iron pipe. The theory given for this is that the less reactive monochloramines 

can penetrate fiiither into the biofilm matrix (LeChevallier et al., 1990). LeChevallier ei 

at. (1990) showed for cast iron that this was the case for monochloramine concentrations 

greater than 2.0 mg/1. This study, by using a more sensitive method, has established that 

this is the case for all concentrations. Free chlorination appears to be better on 

polyethylene pipes due to the reduced amount of inorganic matter within the biofilm for 

the biocide to react with.

7.1.5.2 The data underlines the results given in chapter 6 which show the connection 

between biofilm magnitude, corrosion deposit stability and the formation of 

microenvironments in which MIC may occur. The following section looks at the 

efficiency of monochloramine disinfection under various concentrations on the 

polyethylene rig and on bare and corroded cast iron surfaces.
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7.1.6 CONCLUSION

• The choice of disinfectant depends on the type of pipe and composition of the biofilm 

matrix. Free chlorination appears to be better at reducing biofilm which contain low 

amounts of inorganic constituents, whereas monochloramination appears better at 

reducing biofilm on substrata which exert a high chlorine demand.

• Table 4.2 shows that the Grafham distribution system consists of 51% cast iron and 

10% polyethylene pipe, therefore the use of monochloramination as post-disinfection 

for the water distribution system is advised.

The biofilm on the corrosion deposit appears to alter its stability. A highly stable 

deposit may decrease the flow of oxygen and nutrients to the base of the corrosion 

deposit which may reduce the formation of a heterotrophic biofilm but may increase 

MIC.
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FIGURE 7.1. VARIATION IN BIOFILM DENSITY OVER STREAM 1 USING 
THE PLATE COUNT TECHNIQUE. Stream 1 ozonated water. July - Sept

1994.
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FIGURE 7.2. VARIATION IN BIOFILM DENSITY OVER STREAM 1 USING 
THE ATP TECHNIQUE. Stream 1 ozonated water.
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7.2 ANALYSIS OF THE DISINFECTION EFFICIENCY 

OF MONOCHLORAMINE AT DIFFERENT 

CONCENTRATIONS.

7.2.1 AIM

7.2.1.1 The aim of this section is to analyse the disinfection efBciency of different 

concentrations of monochloramines in the bulk water. The effect of the substratum 

material is also examined.

7.2.2 SUMMARY OF LITERATURE REVIEW

• Increasing the concentration of biocide in the bulk water should increase the transport 

of the biocide into the biofilm, hence reduce biofilm levels. The effects of disinfection 

are governed by transport rather than concentration (Donlan et al., 1994).

• Different pipe materials will exert a different chlorine demand. The composition of 

the biofilm matrix may affect the efficiency of a disinfectant.

7.2.3 EXPERIMENTAL SET UP

7.2.3.1 The three streams of the pilot plant pipe rig were fed from stream 1, the 

ozonated stream, of the pilot plant. There w no dosing of zinc orthophosphate during 

this section of the research. The water was monochloraminated with sodium 

hypochlorite and ammonium sulphate to concentrations of 0.8 mg/1 and Ô.2 mg/1 in two 

of the streams. The third stream was not disinfected.

7.2.3.2 The cast iron coupons were exposed for a minimum of 4 weeks before 

measurements were taken. This gave a value for a conditioned surface. The following

183



analysis of the replacement coupons, which had a bare metal finish, allowed research into 

the effect of corrosion deposit. This stage of the project ran between October and 

December 1994.

7.2.4 RESULTS

7.2.4.1 Table 7.2 shows that there are differences in biofilm disinfection kinetics 

between the pipe materials and between iron surfaces with different amounts of corrosion 

deposit. Higher levels of disinfection gave lower levels of biofilm. This is underlined by 

figures 7.3 and 7.4 which give the variation in biofilm over this stage of the project for 

each of the biofilm determination methods on the polyethylene rig. Both methods show 

consistent differences, but the ATP determination method appears more consistent. 

Figure 7.5 gives the results on the cast iron rig and it can be seen that there exists a less 

consistent variation, possibly due the variation in corrosion deposit at each site and the 

reduced surface area sampled.

7.2.4.2 Figure 7.6 shows the efficiency of chloramines at reducing biofilm, measured by 

a plate count technique for the various surfaces. It can be seen that monochloramines 

are most effective on bare metal surfaces and are least effective on the conditioned iron 

surface. The graph shows that 0.8 mg/1 will give approximately an 80% reduction in 

biofilm on bare cast iron, a 40% reduction on polyethylene and only a 30% reduction on 

conditioned cast iron.
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Table 7.2 Summary o f  average biofilm density in the study period for polyethylene and 
cast iron pipe rigs.

Total Chlorine 
residual (mg/1)

OS 0.2 0.0

POLYETHYLENE RIG

Plate count 
technique 

(xlO" cfu/dm")
4.97 6 99

ATP technique 
(ng ATP/dm^)

2.29 4.11 69 22

CAST IRON RIG
Conditioned surface

Plate count 
technique 

(xlO^ cfii/dm^)
444 490 625

Bare Metal surface

Plate count 
technique 

(xlO^ cfti/dm^)
76 114 359

7.2.4.3 If the corrosion deposit offers protection from the biocide one should see a 

correlation between the weight o f corrosion deposit and biofilm density for each biocide 

concentration. Table 7.3 summarises the results o f  correlation analysis and shows that 

overall there is little or no correlation between the size o f  the deposit and the biofilm 

growing at that point (see also figure 7.7). Closer examination o f  the results reveals that 

the growth o f a biofilm is dependent on the corrosion deposit only in the initial stages o f  

development. Table 7.3 shows that the biofilm density for the bare metal surface 

(exposure 16-30 days) is highly correlated to the weight o f corrosion deposit, whilst that 

o f  the conditioned metal surface (exposure 40-70 days) is not significantly correlated. 

Initial biofilm colonisation may depend on the corrosion deposit for biocide protection 

and an increased roughness which will aid permanent attachment o f  bacteria from the
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bulk water. The deposit will also provide an increase in available surface area. The data 

for 0.8 mg/1 total chlorine is highly correlated for the bare metal surface indicating the 

importance o f  the biocide protection role. As the film and deposit develop, the criteria 

limiting the growth o f  the biofilm may change. The maximum biofilm magnitude may 

depend on nutrient conditions and the transport o f those nutrients. The increased surface 

area, roughness and biocide protection may become less important factors with time, as 

shown by the results in table 7.3.

Table 7.3. Summary o f  correlation coefficients between biofilm density and the weight 
o f  corrosion deposit at each sample coupon between Oct - Dec 1994.

Total chlorine 
(mg/1)

All data

Correlation Coefficients

Conditioned surface 
(exposure 40-70 days)

Bare metal surface 
(exposure 16-30 days)

0.0 0.26 0.15 0.67
0.2 0.43 0.28 0.54
0.8 0.13 - 0.02 0.73

7.2.5 DISCUSSION

7.2.5.1 Figure 7.6 shows that the disinfection efficiency curves reach a plateau which is 

different for each surface. This indicates the point where the process can be assumed to 

be transport limited and governed by diffusion o f biocide into the biofilm. After this 

point large increases in disinfectant concentration will give rise to only small increases in 

biofilm removal. In practical terms this means that disinfecting with concentrations 

greater than 0.4 mg/1 total chlorine will have little added effect if the water flow rate or 

the surface properties are unaltered. The physical flow conditions are given in table 4.4. 

Figure 7.6 shows that the concentration at which disinfection becomes transport lirnited 

is lowest for the conditioned cast iron pipe, followed by the polyethylene surface and 

finally the bare metal surface. This indicates the degree o f protection offered by each 

material. Most importantly the curves show that, even for a bare metal surface, 

disinfection within a practical range o f  concentrations is unlikely to give 100% biofilm
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removal. Other factors such as water flow rate, time of exposure to biocide, age of 

biofilm and biofilm growth rate may alter the removal efficiency.

7.2.5.2 It was stated in chapter 4 that in practice the water flow rate through drinking 

water distribution networks is not constant as it is in the pipe rig, but varies seasonally 

and throughout the day. The morning may see the peak demand where flow can rise 

rapidly, especially in pipes close to domestic service pipes. This rapid increase in flow 

may increase the transport of the biocide further into the biofilm matrix and may also 

erode or slough some of the film. This may reduce biofilm populations by increased 

sloughing and increased penetration of biocide, and the increase in oxygen transfer may 

reduce MIC. In practise, therefore, disinfectants may be more efficient than shown there 

and corrosion rates may be reduced.

7.2.5.3 The results shown in table 7.2 give a larger % reduction in biofilm by the ATP 

method on the polyethylene pipe than that given by the plate count method. It should be 

mentioned that whilst ATP is a measure of each cell the plate count measures colonies 

which may compromise the results. For bacterial floes or clumps of biofilm the plate 

count gives an underestimate, as one colony may originate from many cells. It doesn’t 

necessarily follow however that a reduction in cells gives a reduction in colonies, if the 

cells are in the form of floes. The percentage reductions given by the plate count 

technique may therefore be an underestimate compared to the ATP method. The ATP 

method is not suitable for analysis of the iron surface due to the turbidity caused by the 

biofilm/deposit matrix. Comparisons between polyethylene and cast iron biofilms can 

therefore only be made using the plate count method.

7.2.5.4 Throughout this stage of the study, particles of iron corrosion deposit eroded 

from the cast iron rig and settled on the polyethylene pipe surface. Observations 

suggested that polyethylene samples with a high amount of attached iron gave higher 

biofilm measurements. It is possible that the iron particles are populated with bacteria 

and hence are increasing the measured biofilm. This is important from a practical 

perspective. Biofilm surface growth experiments show polyethylene to support a lower 

biofilm than cast iron. These experiments are undertaken with the surfaces in isolation.
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Distribution systems are a juxtaposition of various materials of various ages, and the 

influence of these materials on each other must be taken into account for a fuller 

understanding of water distribution system biofilm processes. It was also noted that the 

high disinfection stream appeared to have less iron deposited than the stream which was 

not disinfected. The bacteria may make the deposit unstable (as seen in previous 

sections) or the oxidising agent may chemically alter the deposit, stabilising it. This 

detachment mechanism may also provide the means for bacteria to travel through the 

distribution system, populating other sections. This allows for biofilm population to vary 

with environmental conditions and provides the opportunity for gene transfer. The 

following section further investigates the effect of monochloramine concentration on iron 

corrosion deposit stability.

7.2.6 CONCLUSION

• Increasing disinfection concentration in the bulk water reduces the level of biofilm on 

the pipe surface. The degree of reduction is dependent on the pipe surface conditions 

and becomes transport limited above approximately 0.4 mg/1.

• The cast iron surface, with a significant amount of corrosion deposit, provides the 

greatest amount of protection from the biocide. The polyethylene pipe section 

provides less protection than the conditioned surface, but more than the bare metal 

surface.

The biocidal efficiency may be increased by altering the flow conditions or the 

structure of the biofilm matrix to increase the penetration of the biofilm.

The effect of the surface corrosion deposit is more pronounced during the initial 

stages of biofilm development. In the later stages maximum biofilm growth is 

determined by the availability and transport of nutrients.
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FIGURE 7.3. VARIATION IN BIOFILM DENSITY ON THE POLYETHYLENE PIPE RIG 
UNDER DIFFERENT LEVELS OF DISINFECTION DETERMINED BY THE ATP

TECHNIQUE.
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FIGURE 7.4. VARIATION IN BIOFILM DENSITY ON THE POLYETHYLENE PIPE RIG 
UNDER DIFFERENT LEVELS OF DISINFECTION DETERMINED BY THE PLATE COUNT
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FIGURE 7.5. VARIATION IN BIOFILM DENSITY ON CAST IRON PIPE RIG UNDER 
DIFFERENT LEVELS OF DISINFECTION. Stream 1 ozonation water. Oct - Dec 1994.
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FIGURE 7.6. DISINFECTION EFFICIENCY OF MONOCHLORAMINES AT A GIVEN 
TRANSPORT RATE ON THE GRAFHAM PIPE RIG
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FIGURE 7.7. GRAPH SHOWING THE CORRELATION BETWEEN BIOFILM DENSITY AND THE WEIGHT OF
CORROSION DEPOSIT. Stream 1 ozonated water. Oct - Dec 1994.
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7.3 EFFECT OF MONOCHLORAMINE CONCENTRATION ON 

THE STABILITY OF CAST IRON CORROSION DEPOSIT.

7.3.1 AIM

7.3.1.1 During the previous section of this study it was observed that corrosion deposits 

from the cast iron rig were attaching to the surface of the polyethylene rig. The amount 

of deposit appeared to increase the measured biofilm population on the polyethylene rig. 

Under high concentrations of disinfectant fewer iron particles were observed to attach. 

The aim of this section is to confirm these visual observations experimentally, and to 

quantify them for the pipe rig flow conditions.

7.3.2 SUMMARY OF LITERATURE REVIEW

• Clark et al. (1994) saw the deposition of iron particles within a model distribution 

pipe rig. Lee et al. (1980) also report deposit accumulation in a model distribution 

pipe rig which varied with disinfectant concentration.

• Tuovinen et al. (1980) considers red water to be caused by the suspension of oxidised 

iron during periods of hydraulic stress and high flow rates. Ryder and Wagner 

(1985), however, believe red water is the release of ferrous iron from the surface 

which precipitates in the bulk liquid.

• Snoeyink and Kuch (1985) report that some oxidising agents can passivate metals 

with a dense oxide layer. This may increase the stability of the corrosion deposit. 

They further report that the deposition of corrosion deposits may be affected by the 

variation in pH caused by the biofilm.

• Wolfaardt and Archibald (1990) state that MIC results in a shiny corrosion deposit 

which is soft and easily deformed when wet.
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7.3.3 EXPERIMENTAL SET UP

7.3.3.1 To measure the amount of iron deposition onto the polyethylene rig from the 

cast iron rig, the design of the pipe rig was altered. The cast iron sections were removed 

from one stream leaving just the polyethylene rig. This is called the No Iron stream. A 

second stream was not altered and called the Total Iron stream. The third stream 

remained identical to the original design except that a 160 pm steel mesh was placed at 

the entrance to the polyethylene pipe rig. The purpose of this was to try to distinguish 

between the relative effects of large eroded particles and smaller suspended matter. This 

stream is termed the <160 im  Iron stream. Figure 7.8 shows a schematic diagram of the 

new pipe rig design.

7.3.3.2 The three streams were operated under no disinfection and under 0.8 mg/1 

monochloramination to quantify the effects of disinfection. The no disinfection stage ran 

from Jan - mid Feb 1995, whilst the high disinfection stage ran from mid Feb - March 

1995. Pipe rig bulk water temperature, which is a major factor in biofilm growth rates, 

varied between the two data sets. Table 7.4 gives the average and range of temperatures 

encountered and it can be seen that there is no major difference in temperature except 

that the high disinfection stage had a sustained cold period. The initial disinfection trial 

detailed in section 7.2 had a much higher bulk water temperature. Corrosion reaction 

rates may also be affected by temperature. The variation in temperature may also cause 

a variation in the ratio of cellular ATP to the number of culturable cells hence 

compromising any comparison of the two biofilm measurement techniques. The ATP 

contained within each cell is a function of the physiological stress it is under. 

Temperature will affect the metabolic rate, hence the amount of ATP of a cell. 

Disinfection concentration may also cause physiological stress and hence effect ATP 

levels.
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Table 7.4 Range and average bulk water temperatures during stages o f  the disinfection 
trial.

Date of study Ave. Temp (”C) Range CO

Initial stagç Oct “ Dec Î994 12.75 10.5 -^16,5

No Disinfection Jan - March 1995 8.75 7 .0 -9 .7 5

High Disinfection March - April 1995 7.75 6.0. 9.5

7.3.3.3 The amount o f iron attached to the surface o f  the polyethylene pipe sections was 

calculated by dissolving the particles in nitric acid and analysing the solution for 

dissolved iron concentration. This value could then be related to the amount o f  iron 

attached to the pipe wall. The iron deposit was not strongly adhered to the surface and 

the particles were very large in comparison with the depth o f  the biofilm.

7.3.3.4 During this stage o f the project no cast iron coupons were removed from the 

cast iron pipe so as not to disturb the deposit and hence affect the results.

7.3.4 RESULTS

7.3.4.1 Figures 7.9 and 7.12 show the amount o f  iron deposited on the polyethylene 

pipe rig surface over the course o f  each experiment. Figures 7.10 and 7.13 show the 

biofilm measured over time using the plate count technique and figures 7.11 and 7.14 

show the biofilm growth using the ATP technique. Table 7.5 summarises these graphs 

giving the average biofilm and iron deposits during the 0.8 mg/1 monochloramine and no 

disinfection conditions.
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Table 7.5 Summary o f  biofilm density and corrosion deposit on the polyethylene pipe rig 
under 0.8 mg/1 monochloramination and no disinfection.

<160 urn IRON TOTAL m ON
NO DISINFECTION
BIOFILM ANALYSIS. Ave. biofilm density.

Plate count analysis 
(x 10  ̂ cfii/dm^)

8i 86 92

ATP Technique 
(ng ATP/dm^)

9.1 l i s

Iron Deposit 
(mg Fe/dm^)

0.095 0.158 0.239

0.8 mg/1 CHLORAMINE DISINFECTION
BIOFILM ANALYSIS. Ave biofilm density

Plate count analysis 
(x 10  ̂ cfii/dm^)

10 46

ATP Technique 
(ng ATP/dm^)

0.7 2.5 2 %

Iron Deposit 
(mg Fe/dm^)

0.037 0.119 0.069

7.3.4.2 It can firstly be seen that the biofilm levels during monochloramine dosing are 

considerably less than the levels without disinfection. This is as expected and agrees 

with the results o f  section 7.2. It can further be seen that there is a corresponding 

increase in the amount o f  iron deposited on the polyethylene pipe rig. This agrees with 

the visual observations made during section 7.2 that higher levels o f disinfection reduce 

the incidence o f  iron deposition. It can be seen however that the values for the No Iron 
stream are different between the two stages. Theoretically these should be equivalent to 

allow a comparison o f  the effects o f disinfection as this value represents the background
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iron value in the bulk w ater and not the effects o f  cast iron mains. The level is elevated 

during the initial no disinfection stage because o f  iron floc-blanket carry over from the 

clarification system o f the pilot plant. The percentage increase o f  each stream over the 

baseline figure o f  the No Iron stream should therefore give a reliable indication o f  the 

effect o f  disinfection. Table 7.6 gives these values.

Table 7.6 The increase in iron deposited on to the polyethylene pipe rig by passing 
through the cast iron pipe rig.

% increase in iron deposited <160 p.m Iron Total Iron

No Disinfection 66

M onochloramine disinfection 210 86

7.3.4.3 It can be seen that under no disinfection iron particles deposited on to  the 

polyethylene pipe rig. The effect o f  passing through 6m o f  a 3” diameter cast iron main 

at this flow rate is to increase the amount o f  attached iron by 152%. Particles less than 

160 pm  account for 43 % o f  this increase. The results for the pipe rig under 0.8 mg/1 

monochloramination are different and appear to be inconsistent, as the amount o f  

attached iron particles less than 160 pm in diameter is greater than that for the total iron 

stream. Analysis o f  the results in table 7.5 show that the results for the <160 pm  stream 

are relatively similar between the two stages. M onochloramination reduces the levels o f  

iron in this stream.

7.3.4 4 This anomaly in the results could also be exaggerated by the assumed 

interference in the No Iron results by the floc-blanket carry over. The No Iron stream 

polyethylene rig is fed directly from the feed tank whereas the water for the other 

polyethylene pipe rigs may deposit the suspended iron floe onto the cast iron pipes it 

encounters first. The effect o f floe blanket carryover on streams Total Iron and <160 
fMTi Iron may therefore be less. Comparisons may therefore be best made using the data 

in table 7.5 rather than the data in table 7.6 which exaggerated the interference from floc-
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blanket carry over. Comparisons of figures 7.9 and 7.12 appears to agree that streams 

No Iron and <160 frni Iron are relatively similar between the two stages but that the 

Total Iron stream is much reduced. There appears no accumulation of deposit with time. 

Little biofilm exists on the polyethylene section therefore there are very low adhesive 

forces on the iron deposit. Attachment and subsequent detachment rates appear identical 

giving no net accumulation. The Total Iron stream should have at least the same degrees 

of iron attached as the <I60jiim Iron stream. The difference with the high disinfection 

data may be due to the different pipe rig streams used in the experiment. One would 

expect the result of the total iron stream to be less consistent than the other streams due 

to greater variation in particle size available and the probability of encountering such 

particles.

7.3.4.2 It can firstly be seen that the biofilm levels during monochloramine dosing are 

considerably less than the levels without disinfection. This is as expected and agrees 

with the results of section 7.2. It can further be seen that there is a corresponding 

increase in the amount of iron deposited on the polyethylene pipe rig. This agrees with 

the visual observations made during section 7.2 that higher levels of disinfection reduce 

the incidence of iron deposition. It can be seen however that the values for the No Iron 

stream are different between the two stages. Theoretically these should be equivalent to 

allow a comparison of the effects of disinfection as this value represents the background 

iron value in the bulk water and not the effects of cast iron mains. The level is elevated 

during the initial no disinfection stage because of iron floc-blanket carry over from the 

clarification system of the pilot plant. The percentage increase of each stream over the 

baseline figure of the No Iron stream should therefore give a reliable indication of the 

effect of disinfection. Table 7.6 gives these values.
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Table 7.7 The increase in biofilm on to the polyethylene due to passing through the cast 
iron pipe rig.

<160 pm ïrob Total Iron
% Increase Biofilm. Plate count method

No Disinfection 14

Monochloramine disinfection 360 ( 1)

% Increase Biofilm. A TP method

No Disinfection 47

Monochloramine disinfection 1ST 300

7.3.4.5 The increase in iron deposited on the surface gives an increase in the biofilm 

measured under both no disinfection and high disinfection levels. This shows that the 

iron particles are populated with biofilm and that the iron particles give protection to the 

biofilm from the biocide. The biofilm measured using the ATP technique shows a 47% 

increase in biofilm and due to iron deposition under no disinfection conditions. Only 

13% o f  this increase is due to particles smaller than <160 p.m. These figures increase 

dramatically under disinfection. The relative increase in biofilm under 0.8 mg/1 

monochloramination due to iron particles is 300%. The majority o f  this increase is due 

to particles smaller than <160 pm. The plate count evaluation o f  biofilm is less 

consistent as it shows an increase in biofilm due to iron deposition under no disinfection 

but shows no increase in total iron biofilm under monochloramine disinfection.

7.3.4.6 The ATP technique appears to give more consistent data than the plate count 

technique. This may be as expected as the plating method will count the entire bacterial 

population attached to an iron particle as one colony. The sonication and vortexing o f  

the sample will however remove a lot o f the surface bacteria. If this is the case that the 

plate count method under estimates the biofilm population because o f  attachment to iron
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particles then the ratio o f plate count determined biofilm to ATP determined biofilm 

should reduce as particle size increases. This seen to be the case. Using the no 
disinfection data the ratio is 7.19 (x 10  ̂ cfij/ng ATP) for the total iron stream and 9.45 

(x 10  ̂ cfii/ng ATP) for the <l60}jm Iron stream, the total iron stream having a larger 

average iron particle diameter.

7.3.4.7 To back up the results o f  the ATP and plate count biofilm analysis samples were 

sent to the Centre for Microbiological Research (CAMR), Porton Down, for analysis. In 

this technique the polyethylene biofilm samples are viewed through a stereo light 

microscope and then stained using a fiuorochrome. The images were captured and 

relayed to a computer where analysis could be carried out to determine the proportion o f  

surface covered by biofilm. This technique was used to identify biofilm attached to the 

surface which was not linked to iron particles. Table 7.8 summarises the results showing 

that during no disinfection the polyethylene had 27% surface coverage o f  biofilm but 

under 0.8 mg/1 chloramination this reduced to less than 1%. This points out that if the 

distribution system was free o f  corroding iron pipe, maintaining a high disinfection 

residual would control any biofilm growth. The spread o f  the results o f  each stream 

illustrates the weakness o f  the analytical method. The biofilm is sampled only over a 

small area, the analysis is only in one focal plane, the substratum can reflect light and the 

interpretation o f light intensity threshold is very user dependent.

Table 7.8 Summary o f  CAMR analysis o f  polyethylene samples. Values indicate the % 
coverage o f the polyethylene surface only.

Stream No Disinfectioa 0.8 mg/I Chloramination

Total Iron 9M 2.06

<160 pm Iron 22.3 0.12

No Iron 48.9 0.65

Average 26.88 0.94
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7.3.5 DISCUSSION

7.3.5.1 The results show that by controlling the deposition of iron with the distribution 

system, the pollution of other pipe surfaces can be avoided. It is not certain however 

that the instability of the corrosion deposit on the cast iron pipe is caused by the bacterial 

colonisation of the surface, or whether the oxidising action of the disinfectant creates a 

more stable deposit. Both mechanisms are possible and it is likely that both mechanisms 

contribute to the overall deposition of iron. The literature review points out however 

that biofilm on the surface of a corrosion deposit produces a slimy deposit which is soft 

and easily deformed (Wolfaardt and Archibald, 1990). This is not typical of the iron 

deposits seen on the polyethylene samples. The particles were generally hard and not 

easily broken up. These properties suggest that they may be formed during 

electrochemical corrosion and that their cohesion is further improved due to the presence 

of the oxidising agent. The results indicate that the majority of influence comes from the 

larger particles. The sloughing of these larger particles is not influenced by bacterial 

populations on the surface, and hence it could be concluded that increasing the oxidation 

potential of a water is more important than biocide dosing on a corroding cast iron 

surface.

13 .52  The analysis of the action of phosphate in the pipe rig set out in chapter 6 shows 

that by decreasing the porosity of the deposit, the overall biofilm population is reduced 

but corrosion is increased. This may also be the case for high level disinfection. The 

reduction in iron deposition on the polyethylene pipe could also be interpreted as an 

increase in deposit strength and density on the cast iron rig. The formation of 

microenvironments which suit corrosive bacteria may arise. Further, the results of 

chapter 6 should be reviewed in light of this research. The dosing of phosphate may 

reduce polyethylene biofilms due to reduced deposition of iron particles. The results of 

section one of this chapter may also need reviewing as the two disinfectants compared
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have different oxidation potentials and hence may give different degrees of iron 

deposition of the polyethylene rig.

7.3.5.3 The iron particles attached to the polyethylene rig were eroded from the cast 

iron rig. One can therefore consider the results not as attachment to the polyethylene rig 

but as detachment from the cast iron rig. The water passed through 6m of cast iron rig 

of the same diameter as the polyethylene rig before entering the polyethylene rig. The 

figures for attachment therefore only need to be factored by the ratio of the two pipe 

lengths to give a value for detachment. This however does not include the iron particles 

washed through the system. A better figure may be the degree of fouling on each dm  ̂

of polyethylene pipe per dm  ̂of cast iron pipe for the specific flow through the system.

Table 7.5 gives;

6m of 3” diameter Cast fron pipe fouls polyethylene at;

0.239 - 0.095 = 0.144 mg Fe/dm^ under no disinfection 

0.069 - 0.037 = 0.032 mg Fe/dm^ under 0.8 mg/1 monochloramination 

Surface Area of cast iron pipe = Circumference x Length

= 2 .71. r X L

= 2.71.0.381 .60 = 145 dm^

Therefore 1 dm  ̂of cast iron pipe deposits on 1 dm  ̂of polyethylene pipe,

0.144/145 = 10 X 10"̂  mg Fe under no disinfection

and 0.032/145 = 2 x 10*̂  mg Fe under 0.8 mg/1 monochloramination

7.3.5.4 These figures can be included in a model of water distribution system biofilm to 

show the effects of the proximity and relative proportions of each pipe material within 

the system. One would further need to establish the mean biofilm population per mg Fe. 

This figure will vary depending on the age of cast iron pipe, and extent and structure of 

the corrosion deposit.
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7.3.6 CONCLUSION

• The deposition of iron particles from the cast iron rig have been seen to increase the 

measured biofilm on the polyethylene rig.

• Disinfecting the water with 0.8 mg/1 monochloramines reduced the amount of iron 

particles deposited from the water.

• It is not known if the reduction in iron deposition is due to the reduction in biofilm on 

the deposit surface or if the oxidising ability of the disinfectant altered the properties 

of the deposit.

The results do however indicate that the dominant mechanism was the deposition of 

larger particle which were hard, and hence not considered to be formed by biological 

action.

This could imply that the oxidising action of a biocide in a cast iron distribution 

system is as important as its biocidal activity. The oxidising agent may stabilise the 

deposit restricting nutrient transport to the biofilm within the deposit structure and 

reducing the erosion and subsequent deposition of iron particles on more inert 

surfaces.

The increase in surface stability may however cause an increase in corrosion rate due 

to the creation of microenvironments suitable for the proliferation of corrosive 

bacteria.
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From GAC via high level tank

Cast Iron pipe rig

Polyethylene pipe ng

TOTAL IRON STREAM
The design of this stream is identical to that in the initial 
experiments. The pipe rig consists of 3 x 3m of cast iron 
pipe and 1 x 0.5m of polyethylene pipe. The pipes are 
placed in series with the polyethylene rig coming between 
the second and third sections.

To Effluent
r jo

160 um mesh

<160 um IRON STREAM
The pipe rig is identical to the design used in the previous 
experiments except that a 160um mesh is placed at the 
start of the polyethylene pipe rig section

NO IRON STREAM
Water is not fed through cast iron section only through the 
polyethylene rig

FIGURE 7.8. SCHEMATIC DIAGRAM OF PIPE RIG DURING DISINFECTION STUDY



FIGURE 7.9. AMOUNT OF IRON DEPOSITED ON SURFACE OF THE POLYETHYLENE 
PIPE RIG UNDER NO DISINFECTION. Stream 1 ozonated water. Jan - Feb 1995
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FIGURE 7.10. VARIATION IN BIOFILM DENSITY ON POLYETHYLENE PIPE RIG 
UNDER NO DISINFECTION USING PLATE COUNT TECHNIQUE. Stream 1 ozonated water.
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FIGURE 7.11. VARIATION IN BIOFILM DENSITY ON POLYETHYLENE PIPE RIG 
UNDER NO DISINFECTION USING ATP ANALYSIS. Stream 1 ozonated water. Jan - Feb

1995.
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FIGURE 7.12. AMOUNT OF IRON DEPOSITED ON SURFACE OF POLYETHYLENE PIPE 
RIG UNDER 0.8 mg/1 CHLORAMINATION. Stream 1 ozonated water. Feb - March 1995.
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FIGURE 7.13. VARIATION IN BIOFILM DENSITY ON PLOYETHYLENE PIPE RIG 
UNDER 0.8 mg/1 MONOCHLORAMINATION USING PLATE COUNT TECHNIQUE. Stream

1 ozonated water. Feb - March 1995.

2000 j

9 1800 --
73
1

1600 --

3 1400 --

1200 --

1000 --

§ 800 --
Q 600 --

fe
400 --

200 -- 

0 -■

* * ♦  * * TOT. Fe 
— -D- * <160 Fe 
— A— NOFe

0 5 10 15 20 25 30 35

EXPOSURE (DAYS)

40

HGURE 7.14. VARIATION IN BIOFILM DENSITY ON POLYETHYLENE PIPE RIG 
UNDER NO DISINFECTION USING ATP ANALYSIS. Stream 1 ozonated water. Feb - March

1995.
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Chapter 8

Seasonal variation of biofilm growth.
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8.1 SEASONAL VARIATION OF BIOFILM GROWTH ON 

THE PIPE RIG AND WITHIN THE DISTRIBUTION 

SYSTEM.

8.1.1 AIM

8.1.1.1 The aim of this section is to discuss the variation of biofilm growth with seasonal 

temperature changes. This variation is shown by analysing samples from the initial year

long stage of the pipe rig. These results are backed with water samples taken fi'om the 

actual distribution system, and then comparing the water quality data from the winter, 

spring, summer and autumn periods. By understanding better the seasonal behaviour of 

biofilm one is better able to optimise the control of such films.

8.1.2 SUMMARY OF THE LITERATURE REVIEW

• Researchers have shown that the levels of suspended bacteria increase during the 

summer, correlating well with temperature (LeChevallier et al, 1987).

• The rate of biofilm formation increases substantially with temperature (Donlan et al 

1994). The rise in suspended bacteria may therefore be a result of increased 

sloughing from increased levels of biofilm.

• Levels of suspended bacteria will also be a function of disinfection levels, the 

availability of nutrients, recovery fi’om disinfection and growth within the water phase 

(O’Connor and Brazos, 1990).

• The availability of nutrients may also vary seasonally due to biological activity within 

the source reservoir for example (Gibbs et al 1993).
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8.1.3 EXPERIMENTAL SET UP

8.1.3.1 The seasonal data for the pipe rig given in this section are taken from the initial 

stage of this project detailed in chapter 5. This stage ran from April 1993 until April 

1994. The values given are an average for all the sample coupons extracted on that day 

and are an average of all the streams to provide a more robust set of values. It is 

assumed that no seasonal variation exists due to the difference in treatment.

8.1.3.2 The distribution system data are also gained from the sample points used by 

Gibbs (1990) and also detailed in chapter 5. The data presented were sampled between 

Feb 1994 and Jan 1995. To analyse seasonal variation the data is separated into winter 

(January - March) and spring (April - June), summer (July - September), autumn 

(October - December). The residence times for each sample point shown in table 5.4 are 

estimated from a network analysis model and hence are prone to modelling errors. Flow 

patterns may vary due to seasonal changes in demand. The ozonation stages of the 

Grafham treatment plant came on-line during January 1994, therefore the plant effluent 

quality may fluctuate over the study period due to the unfamiliarity of operations staff to 

the new processes and the use of virgin GAC for filtration.

8.1.4 RESULTS

8.1.4.1 SEASONAL VARIATION IN PIPE RIG BIOFDLM.

8.1.4.1.1 The literature review listed temperature as a major influence on the growth of 

biofilm as temperature controls the rate of microbial metabolic reactions and growth. 

The results of the pipe rig show this to be the case. Figure 8.1 shows how the biofilm 

magnitude and the temperature of the bulk water varied over the course of the 

experiment. As expected the onset of winter saw a reduction in temperature and a 

corresponding reduction in biofilm density. As the temperature rises through spring, so 

the biofilm increases. Figure 8.2 gives the graph of biofilm density plotted against 

temperature for this stage of the project. The relationship appears roughly linear and the
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linear regression line representing the correlation is shown on the figure. The linear 

regression gives a correlation coefficient of 0.86 which is very high considering the 

difficulty in measuring biofilm. The figure shows that under these conditions a drop of 

5”C will result in a 45% fall in biofilm magnitude of 1.75 x lO’ cfii/dm .̂ The corrosion 

deposit and substratum may provide insulation for the biofilm jfrom the bulk water.

8.1.4.1.2 The variation, due to temperature, of distribution pipe biofilm may lead to a 

measurable variation in the effects of biofilm in distribution network. The change in 

biofilm density may cause a variation in suspended bacteria and/or a variation in the 

concentration of bacterial metabolic products or substrates. The following section 

analyses actual distribution water quality data in an attempt to identify any seasonal 

variation in suspended bacteria, organic carbon concentrations and nitrification.

S.1.4.2 SEASONAL VARIATION IN DISTRIBUTION WATER QUALITY

8.1.4.2.1 Introduction

8.1.4.2.1.1 Figure 8.3 shows the variation in the bulk water temperature in the 

distribution system over the year studied. The values are the average of all the sample 

points through the distribution system. Water temperature varied very little throughout 

the distribution system. The only major change was at dead ends where the ground 

temperatures had greater effect on the water temperature due to the stagnant conditions 

and long residence times. On average the summer bulk water temperature was 18.0°C, 

the autumn 10.2"C, the winter 6.4“C and the spring 11.2”C.

8.1.4.2.2 Variation in suspended bacteria

8.1.4.2.2.1 The level of bacteria in the bulk water will be a function of the temperature 

and also the disinfection residual, nutrient availability, bacterial growth within the water, 

recovery from disinfection and sloughing of bacteria from the pipe biofilm. Figure 8.4 

shows the relationship between suspended bacterial plate counts and bulk water 

temperature. It can be seen that the levels of bacteria increase with temperature. If one
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assumes a linear relationship, regressional analysis gives a correlation coefficient of 0.84 

which indicates a good correlation.

8.1.4.2.2.2 It is however impossible to establish from this data the relative contribution 

of biofilm sloughing, recovery from disinfection, suspended bacterial growth and the 

season variation in nutrients. The increased levels of suspended bacteria will be 

responsible for interference with coliform testing and taste and odours complaints. It is 

important to try to determine the contribution from biofilm, as control methods for this 

source of bacteria may be different to the control of suspended recovery and 

multiplication. This is shown in section 7.1 where the monochloramines, a less powerful 

biocide than chlorine on suspended populations, are better able to disinfect biofilms 

associated with an inorganic biofilm matrix.

8.1.4.2.2.3 Figure 8.4 shows that a 5”C drop in temperature results in a 45% drop, (of 

1x10"* cfii/ml), in suspended bacterial populations within the distribution system. Figures

8.2 and 8.4 show similar falls in biological activity for equivalent temperature variations. 

Post plant disinfection concentrations could be reduced during winter as this research 

shows that a lower biofilm and suspended population of bacteria exists at this time.

8.1.4.2.3 Variation in organic carbon removal rates.

8.1.4.2.3.1 Chapter 5 shows that the level of the heterotrophic biofilm can be measured 

indirectly by analysing the variation in organic carbon of a system. The Grafham 

distribution system was analysed for total organic carbon, assimilable organic carbon and 

UV absorbance. Table 8.1 summarises the seasonal analysis of the data showing the 

average levels of the determinands and the rate of removal through the distribution 

system. The removal is assumed to be due to biofilm, as biofilm populations are greater 

than suspended bacterial populations. Initially it can be seen that the levels of TOC 

leaving the plant increased as the GAC lost more of its adsorption capabilities. The 

removal rates for AOC are not given as no consistent pattern of the reduction in levels 

could be seen. TOC and UV are assumed to reduce linearly through the system.
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Table 8.1. Summary o f distribution system data showing the average value throughout 
the system and the rate o f removal of the organic carbon compounds.

SPRING SUMMER AUTUMN WINTER

Ave.TOC
( W )

2.80 3.29 3.29 2 95

TOC Removal 
Rato (mg/l/hr)

0.0066 0 0073 0.0061 0.0078

Ave+UV
absorbance

{Mm)
3.12 3.15 2.66 2.94

UV absorbance 
removal rate 0.0089 0*0006 0.0076 0,0107

Ave. AOC 47 28 49 45

[AOCflOCfA 1.68 0.85 1.49 153

8.1.4.2.3.2 The results shown are not consistent with the theory that increasing 

temperature increases the biological activity of the system which would in turn result in a 

decrease in the organic carbon substrates. For example the TOC removal rates do not 

increase during summer and reduce through autumn to winter. The lack of agreement 

may be due to fluctuations in the water quality of the plant effluent, the errors in the 

calculated residence time and errors in the analysis o f the samples. The AOC test is 

particularly prone to analytical errors.

8.1.4.2.3.3 The TOC results show the winter removal rate to be the greatest and the 

autumn the lowest. The average TOC level is also seen to increase in the summer and 

autumn .months indicating a drop in water quality. The biodegradable fraction of the
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TOC will be small and hence any differences due to increased biological removal may be 

masked by analytical errors. The UV absorbance represents the amount of double and 

triple carbon bonds in the sample hence indicates the degree of biodegradability. Table

8.1 shows that again there was no increased removal of UV absorbance with increased 

temperature. In fact the table shows that removal is inversely related, with the winter 

having a greatest removal rate and summer the lowest removal rate. One may consider 

the double and triple bonds to be nonbiodegradable and therefore should not vary greatly 

within the distribution system.

8.1.4.2.3.4 The AOC test is prone to large errors, however the data shows that the 

levels are roughly stable during the majority of the year but reduce during the summer 

months. Figure 8.5 shows the graph of AOC levels through distribution for the summer 

and winter months. It can be seen that there is an initial rise in AOC levels during the 

first few hours of the distribution and then the levels slowly reduce as the compounds are 

assimilated by the heterotrophic microorganisms. The initial rise is possibly due to the 

oxidation of organic molecules by the disinfectant creating AOC, and the secretion of 

organic acids by the autotrophic nitrifying bacteria. Becher et a i  (1985) found however 

that only very high doses of chlorine, compared to what is used for disinfecting drinking 

water, caused small changes in molecular weight distribution of humic substances. The 

winter AOC levels are initially higher than the summer levels and remain higher 

throughout the distribution system. There appears no significant difference in the rate of 

AOC utilisation.

8.1.4.2.3.5 The reduction in AOC should be accompanied by an increase in the 

biological activity of the system. This may include an increase in biofilm magnitude and 

suspended bacterial populations. The data for AOC within the distribution system can be 

correlated to the suspended bacterial plate count. This is shown in figure 8.6 and gives a 

correlation coefficient of 0.17. The correlation is low but one can detect a trend of 

decreasing AOC and increasing plate counts.
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8.1.4.2.4 Nitrification in the distribution system

8.1.4.2.4.1 Nitrification needs to be controlled not only because nitrite and nitrate are 

controlled substances, but because it can cause a rapid reduction in chloramine residuals 

by shifting the monochloramine equilibrium and by the reaction between nitrite and 

chlorine. The loss of disinfection can cause rapid increases in biological activity. The 

levels of ammonia and nitrite in a distribution system will show the level of activity of 

nitrifying bacteria, just as the level of organic carbon will indicate the activity of 

heterotrophic bacteria. The level of ammonia within the distribution system will decrease 

with distance from the plant as ammonia oxidising bacteria convert it to nitrite. This may 

be considered an exponential decay and comparison of the decay coefficients for the 

seasons may indicate a change in nitrifying activity. The ammonia is oxidised to nitrite 

which is then converted to nitrate further in the distribution system. Table 8.2 shows the 

variation in exponential decay coefficients for the four seasons in the Grafham 

distribution system. The coefficients are calculated using exponential regression analysis 

on the results from the distribution system water quality sampling. The time to reach the 

limit of detection of 0.02 mg NH3/I is also shown. This was also calculated using the 

regressional analysis and is a function of not only the decay coefficient but the initial 

concentration of ammonia in the plant effluent.

Table 8.2. Summary of the results of the exponential regression analysis on ammonia 
residuals in the distribution system.

SPRING SUMMER AUTUMN WINTER

Ammonia 
removal rate 

(mg NHs/l/hr)
0,121 0.142 0.164

Time to reach 
limit of 

detection (hrs)
125 99 120 113
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8.1.4.2.4.2 The results are similar to the TOC data in that, although the summer decay 

rate is lower than the winter decay rate, the spring and autumn values fail to give the 

intermediate values.

8.1.4.2.4.3 The data for the summer and winter concentrations of nitrite within the 

distribution system are shown graphically in figure 8.7. The graph shows the 

characteristic peak of nitrite some way into the distribution system and the almost 

immediate decay into nitrate. The graphs for summer and winter are markedly different. 

The summer nitrite graph has a greater maximum point, occurs sooner in the distribution 

system and decays quicker than the winter curve. The sooner occurrence and the 

quicker decay can be explained by temperature increasing the activity of Nitrosomonas 

and Nitrobacter the nitrifying bacteria. The large difference in peak value may be due to 

several factors. Firstly the average level of ammonia in the final treated water samples 

was 0.166 mg NH3/I in the summer and 0.145 mg NH3/I in the winter. The difference of 

0.021 mg NH3/I will however only convert stoichometrically to 0.056 mg NO2/I. 

Secondly the distribution sampling points may be positioned such that they miss the point 

where the peak occurs during winter. It is most likely, however, that the rate of nitrite 

formation is slowed down in comparison to the rate of nitrate formation during winter. 

The accumulation of nitrite will not occur, as it is being converted to nitrate at a 

relatively quicker rate than normal. The conversion of ammonia to nitrite is a three stage 

process (Lees, 1954) and hence the rate of ammonia disappearance may not dictate the 

rate of nitrite appearance. This could explain why ammonia decay appears not to be very 

sensitive to temperature whereas nitrite formation does.

8.1.4.2.4.4 Another important conclusion from these results is that bacterial species 

seem capable of moving through the distribution system to wherever there are sufficient 

nutrients. During the summer nitrite oxidising bacteria only have sufficient nutrient if 

they are situated approximately between 20-40 hours into the system. During winter the 

bacteria appear to be active between 20-100 hours.
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8.1.5 DISCUSSION

8.1.5.1 Results from the pipe rig show that the biofilm is greatly influenced by the bulk 

water temperature. The implication of this is that methods used to control biofilm could 

be tailored to take into account the seasonal variation. For example the dose of a biocide 

could be reduced during the winter months. This has obvious cost implications but may 

also reduce the concentration of trihalomethanes produced when the biocide is chlorine 

based,

8.1.5.2 Further, any method that could be employed to lower water temperature would 

control biological action. The temperature of the distributed water is influenced by the 

temperature of the soil surrounding the pipes particularly in dead end mains and when 

distribution times are long. The choice of an insulating bedding material for the pipe may 

reduce the warming from the ground during summer which will reduce biofilm growth. 

This will also prevent freezing and bursts during winter. The pipes could also be buried 

deeper.

8.1.5.3 Analysis of the water quality within the distribution system has however shown 

little seasonal variation. The only differences of note are the increases in suspended 

bacteria, and reduction in AOC during the summer and the more persistent nitrite levels 

during winter. The fact that more evidence of seasonal variation has not been seen may 

be due to the day to day variation in treatment plant effluent. Water quality within the 

distribution system is perhaps likely to vary more due to operations at the plant than due 

to seasonal temperature changes. Unsteady plant operation during the commissioning of 

the new treatment processes may have masked seasonal variation in TOC and ammonia 

decay patterns. The residence times of the network analysis model are also likely to 

introduce errors as these times are also likely to vary temporally and seasonally as 

demand alters.

8.1.5.4 The data clearly shows an increase in the concentration of suspended bacteria 

with temperature. The effects of regrowth and aftergrowth within the water phase are 

likely to increase just as the size of biofilm is likely to increase under warmer conditions.
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It is of concern however whether the relative contributions from each source alter during 

the warmer weather as different control measures can be employed to deal with each 

source. For example if one encounters a bacterial bloom in distribution and one 

considers that this is a results of multiplication in the bulk water phase, then by 

chlorinating the system the problem may be solved. If, however, the problem is actually 

caused by sloughing from an increased biofilm population then chlorinating is not the 

optimal solution to the problem. In fact chlorinating is unlikely to greatly reduce a 

biofilm on the surface of a corroding pipe and hence will not affect the root cause of the 

problem, and other problems associated with biofilm such as MIC and the potential 

harbouring of pathogens may increase.

8.1.5.5 Figure 8.6 shows that there is little correlation between bulk water AOC and the 

bacteria plate count. A measure of the AOC is therefore unlikely to be able to reveal 

anything about the biological conditions at a point in the system. This is because the 

level of biological activity of a system is a function not only of available nutrients but of 

the residence time in distribution and the bulk water temperature. A better indicator of 

biological activity would be a rolling average of the levels of AOC entering the system 

over the preceding weeks. A sustained increase in AOC will allow the system to develop 

in biological activity whereas a short term increase is likely to pass through the system 

unassimilated. Minimising the time spent by a water in the distribution system will 

reduce the likelihood of a compound being assimilated.

8.1.5.6 The variation in the pattern of nitrite concentrations seen in this section of the 

study has many implications for biofilm ecology within water distribution systems. 

Bacteria capable of the formation and oxidation of nitrite appear at sites within the 

distribution system where they were not previously evident. This could imply that the 

biofilm bacteria are capable of travelling through the distribution system and establish 

colonies at locations where environmental condition are acceptable. The mechanism for 

this could be simple detachment and subsequent attachment or via the population of 

eroded particles from the substratum as seen in section 7.3. Alternatively the bacterial 

species may be dormant within an established biofilm at these locations and become 

active when substrates exist.
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8,1.5.7 The autotrophic nitrifying bacteria appear more sensitive to temperature 

variations and this may also have implications for competition for space within the 

biofilm. The autotrophic bacteria appear able to establish colonies during the summer in 

areas of the distribution which are high in disinfectant concentrations. Cunliffe (1991) 

reports that nitrifyers can stand up to 5 mg/1 chloramination, and this would give them a 

competitive advantage over heterotrophic bacteria. During winter the nitrification is 

seen to move further into the distribution system. It is possible that their greater 

sensitivity to temperature reduces their competitive advantage and the heterotrophs 

become more dominant within the biofilm sited in the early part of the system. The 

nitrifying bacteria may therefore re-establish themselves further into the system when the 

heterotrophic substrate concentration has fallen. It is possible therefore that the 

formation of nitrite may be controlled by increasing the activity of the heterotrophic 

bacteria within the system.

8.1.6 CONCLUSION

• Temperature greatly affects biofilm populations within the distribution system and this 

may be used to control these populations.

• The seasonal effects may however be small compared to the effect of temporal 

variation in plant water quality.

• The application of post-treatment plant disinfection may also be optimised in response 

to the reduction in biological activity cause by reduced temperatures.

• Nitrification in distribution is more sensitive to temperature than heterotrophic 

assimilation of organic compounds. The appearance of nitrite during the summer 

months occurs sooner, is more concentrated and decays at a quicker rate than during 

winter.
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• The bacteria responsible for nitrite occurrence and subsequent oxidation therefore 

appear at different sites in the distribution system during the summer and winter 

months. The bacteria may be dormant at the locations or the sites may be continually 

seeded from other areas of the distribution system or from the plant effluent water.

• The increased temperature sensitivity of nitrifying bacteria may give the heterotrophic 

bacteria a competitive advantage during the winter. The increased resistance of the 

autotrophs to disinfection may give them a competitive advantage during the summer. 

The competition between the species may provide a mechanism for the control of 

nitrification. Increasing the activity of heterotrophic bacteria could reduce 

nitrification.

• To better model conditions in the actual distribution systems a better network model 

needs to be established which can provide residence times in the distribution by 

position and by time of day.
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FIGURE 8.1. VARIATION IN BIOFILM DENSITY AND BULK WATER TEMPERATURE 
FOR THE GRAFHAM PIPE RIG. Average over all streams.
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FIGURE 8.2. VARIATION IN BIOFILM DENSITY ON THE CAST IRON PIPE RIG WITH 
TEMPERATURE DURING THE INITIAL PIPE RIG EXPERIMENT. Average of all streams. 

Line represents the regressional analysis of data.
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GRAPH 8.3 :TEMPERATURE IN DISTRIBUTION BETWEEN FEB 1994-FEB 1995 
Average of all sample point for each month
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FIGURE 8.4. SUSPENDED BACTERIAL POPULATION BY SEASONAL TEMPERATURE 
VARIATION. Average for all sample points for each month through year(Feb 1994-Jan 1995). 

Line represents linear regression of data sets.
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FIGURE 8.5. VARIATION BETWEEN AOC IN SUMMER (July-Sept 1994) AND WINTER 
(Feb-Mar 1994, Jan 1995) THROUGH DISTRIBUTION
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FIGURE 8.6. RELATIONSHIP BETWEEN AOC AND SUSPENDED BACTERIA WITHIN 
THE GRAFHAM DISTRIBUTION SYSTEM. Feb 1994 - Jan 1995.
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FIGURE 8.7. VARIATION IN NITRITE CONCENTRATION IN SUMMER AND WINTER THROUGH
DISTRIBUTION
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9.0 CONCLUSION

9.1 The pipe rig study has estimated that the biofilm growth within the Grafham 

distribution system is approximately 10* cfu/dm  ̂ on cast iron and 10̂  cfu/dm  ̂ on the 

polyethylene pipe surfaces. These values are dependent on disinfection and the nutrient 

conditions of the water, but such variations are not greater than one log in magnitude. 

These results imply that altering the chemical composition of the water phase alone has 

little influence on the biofilm population. This is backed up by the results of this study 

which underline the effect of substratum condition and bulk water temperature.

9.2 It should also be noted that biofilm growth will be affected by the hydrodynamic 

conditions to which it is exposed. The results given in this thesis apply only to the 

transport conditions of the pipe rig (Table 4.4). Stagnant or high flow conditions will 

substantially alter the deposition, attachment and detachment of particles and bacteria, 

will dictate the degree of erosion and the transport of nutrients and biocides. The actual 

distribution system is not run under steady conditions. Conditions will vary with demand 

for water and this phenomenon may alter the efiSciency of disinfectants. The daily cycle 

of high and low flow in pipes may cause loose deposits to be shifted, increasing the 

penetration of nutrients and biocide alike. This may reduce the occurrence of MIC due 

to the greater penetration of oxygen, as seen in this study.

9.3 Substantial reduction of biofilm within water distribution systems can be achieved in 

practise. This would involve the production of a biologically stable water at the 

treatment plant which is distributed into a pipeline constructed of an inert material under 

a high concentration of disinfectant. The system would require regular cleaning and the 

pipeline design would exclude dead end mains, cross connections and provide water at 

the customer tap which had spent a minimum time in distribution. Although this is 

theoretically possible it would be expensive and the cost may be unjustifiable in terms of 

the probable increase in water quality. If possible it should be decided what level of 

biofilm can be tolerated within a distribution system and subsequently what is the best 

way of achieving this. A reduction in bacterial nutrients and an increase in biocide
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concentration may not be as effective as replacement of corroded iron mains or the 

redesign of the water distribution system to minimise the time the water spends in 

distribution. The effects and methods of control will also be different for different types 

of biofilm. Biofilm may vary due to its environment. A general surface heterotrophic 

biofilm will require different treatment to an anaerobic, corrosive biofilm. The control of 

one type of biofilm may even lead to the proliferation of other types.

9.4 The problems of biofilm in distribution systems are assumed to be:

- Loss of pipeline capacity due to increased frictional resistance and a reduction 

in pipe diameter.

- Microbiologically induced corrosion.

- Taste and odours caused by bacteria and their metabolic products.

- Interference with coliform testing due to increased suspended bacterial 

populations of general bacteria.

- Interference with coliform testing due the residence and subsequent 

recontamination of the bulk water by coliforms within biofilms.

- Protection of pathogenic bacteria within biofilms.

- Growth within the system of higher animals feeding on biofilm.

- Production of bacterial metabolic products of public health concern, e.g. nitrite.

9.5 To control the effects of biofilm it may be possible to look at each of these 

associated problems individually and in the light of the research detailed in this thesis and 

try to determine the extent of the problem and the best way of controlling it.

9.6 The results of the pipe rig experiments show that the change in treatment to include 

an ozonation stage gives rise to an increase in biofilm growth. This increase in growth is 

probably due to the increase in biodegradable organic carbon compounds seen in the 

ozonated water. This conclusion is backed up by the actual distribution monitoring 

program which shows an increase in suspended bacterial populations and an increased 

removal of total organic carbon through the system. It should be determined whether the 

difference is significant in terms of a perceptible change in the effects of biofilm. The
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efifects of small changes may not be evident in the short term. The increase in suspended 

bacteria is likely to result in an increase in the associated problems of taste and odour 

complaints, the growth of higher animals and interference with coliform testing. These 

problems could be solved by the inclusion of booster disinfection at points further into 

the distribution system. This however will only control the bulk water phase and will not 

eradicate the root cause of the problem which is the growth of biofilm on the surface of 

the pipes. This solution is further complicated by the fragmentation of the distribution 

system. To booster chloraminate each branch of the system would require separate 

dosing equipment. The concentration of disinfectant in the treatment plant effluent could 

not be sufficiently increased to control bacterial growth further into the distribution 

system. Customers early in the system would be exposed to an extreme chlorinous taste 

and odour and the increase concentration may cause the increased formation of THMs.

9.7 The performance of a disinfectant will depend on the content of the biofilm matrix 

and the substratum to which the biofilm is attached. The disinfectant may react with the 

extracellular polymeric substances, substances absorbed to the EPS and the substratum. 

It has been postulated that monochloramines are more effective at disinfecting biofilms in 

comparison to fi*ee chlorine. It is assumed that the lower reactivity of the 

monochloramines allows it to penetrate the biofilm whereas fî ee chlorine reacts easily, 

and hence effectively reduces the concentration attacking the cells. The results of this 

study agree that this is the case for biofilm on cast iron substrata where the biofilm 

matrix and pipe surface contains a high concentration of substances capable of reacting 

with chlorine. The polyethylene pipe results however show free chlorine to be a more 

effective biocide. It is concluded that the lack of inorganic substances reduces the 

chlorine demand of the biofilm matrix and hence free chlorine is able to penetrate as 

effectively as the chloramines.

9.8 It is also interesting to note the difference in concentration of disinfectant used by 

different researchers in different countries to control biofilm growth. LeChevallier et al 

(1990) using an artificial drinking water researched the effects of disinfection on biofilm 

growth within a model distribution system. They found that on a cast iron surface 4 

mg/1 chloramination was effective at controlling biofilm. Free chlorine and a 1 mg/1 dose
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of monochloramine was ineffective. Lund and Ormerod (1995) found no biofilm on 

samples exposed to 0.05 mg/1 chlorine. In this case the source water was a surface 

reservoir which was treated by microstraining (35 pm), 1.8 mg/1 ozone and aeration. In 

seeking a mechanism to control biofilm one cannot always apply the findings of other 

research. Biofilm growth is complex and depends on the water quality in combination 

with its environment. This is particularly true when one considers the differences in 

water quality between two sources.

9.9 Section 7.2 of this study showed that below 0.4 mg/1 monochloramination biofilm 

growth remained essentially unchecked (figure 7.6). Interestingly the results of the 

actual distribution monitoring in section 5.2 show that the suspended bacterial population 

started to rise after about a residence time of 20 hours in the distribution system. This is 

also the point when the total chlorine residual falls below 0.4 mg/1 (figures 5.10-11).

9.10 The dosing of a high level of an oxidising disinfectant may result in the formation 

of a more stable and protective corrosion deposit on the surface of the metal pipes. This 

may be due to the increased redox potential or the reduction in biofilm. An outer 

protective layer of deposit may lead to the formation of microenvironments. The 

protective deposit may restrict the diffusion of oxygen to the inner layers of the deposit, 

providing conditions which may cause the proliferation of bacteria responsible for MIC. 

By controlling the formation of a heterotrophic biofilm and its associated problems 

within distribution, one may well increase the magnitude of other problems associated 

with bacteria which require different conditions for growth. MIC would be effectively 

controlled if oxygen could penetrate to the surface of the metal. This would however 

result in a continuation of electrochemical corrosion cells.

9.11 The visual analysis of the biofilm provided by CAMR shows scant coverage of the 

pipe surface (Table 7.8). The biofilm within the Grafham system may therefore not 

cause a loss in the capacity of the system due to increased frictional resistance and a 

reduction pipeline diameter. The biofilm seen on the surface under high disinfection 

provides only a 2% coverage of the polyethylene pipe surface. This increases to 45% 

under no disinfection. The loss of energy through the system due to this level of biofilm
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must be negligible in comparison to that caused by corrosion of the metal surface which 

causes tubercles centimetres in depth. This again underlines that the control of the 

heterotrophic biofilm using oxidising disinfectant may not be desirable if an increase in 

corrosion is the likely out come. It may be that a balance in controlling the heterotrophic 

biofilm and minimising corrosion needs to be struck. Heterotrophic biofiilms have been 

linked with MIC due to the production of differential potential cells. For these cells to 

occur the biofilm must be in contact with the pipe surfaces or be able to control the 

transport of the reactants involved. The biofilm seen in this study populates the 

corrosion deposit not the pipe surface and the level seen is unlikely to be able to greatly 

affect the diffusion of corrosion reactants and products to the surface.

9.12 Nitrification within the distribution system can also be seen fi'om the results of the 

actual distribution system monitoring program. This is of concern as both nitrite and 

nitrate are controlled substances within potable water. The nitrification is due to the 

ammonium sulphate dosed into distribution a part of the monochloramine disinfection 

procedure. To control nitrification tight control needs to be established on the amount of 

ammonium salt dosed. If insufficient is dosed however more disinfectant will be 

available as free chlorine and will therefore be less persistent within the distribution 

system. Free chlorine has previously been seen to be less effective at disinfecting biofilm 

which occur on corroding metallic surfaces. The nitrification process will also shift the 

monochloramine equilibrium and hence reduce its concentration within the system. It 

may be possible, however, to control the numbers of nitrifying bacteria within the 

distribution system biofilm through competition with other species. Increasing the 

activity of the heterotrophic bacteria within the distribution system may decrease the 

activity of nitrifying bacteria through competition for space within the biofilm. It has 

been shown however that the pipelines surfaces are sparsely covered by biofilm and 

competition for space is unlikely be a controlling mechanism.

9.13 The nitrification process is sensitive to temperature. This is shown in chapter 8, as 

during the winter the formation of nitrite occurs later in the system and the rate of nitrate 

formation is slower. Nitrifying bacteria are also considered to be more resistant to 

chlorine based disinfection. The control of nitrifying bacteria may not be possible by the
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traditional disinfection methods due to the maximum allowable concentration of 

chlorinous disinfectant.

9.14 Aside from increased treatment of the distributed water and increasing the 

concentration of disinfectant distribution system, biofilm can be removed using the 

physical methods of flushing and scraping the surface.

9.15 Flushing involves passing water through the pipes at high velocities until the water 

runs clear of deposits. This will therefore only remove loose deposit and sediment from 

the system. In addition it wastes large quantities of water and causes inconvenience to 

the consumer as supply may be temporarily stopped. The removal of loose deposit may 

give an increased penetration of the disinfectant hence result in a short term reduction of 

biofilm. This may also result in the increased penetration of nutrients and oxygen which 

combined with the gradual increase in deposit will result in the original levels of biofilm 

regrowing quickly. This method of treatment is equally effective on plastic and metal 

pipes.

9.16 Scraping the main gives much the same results. A scraping device or pig is sent 

down the pipes and removes the deposit from the surface of the pipe. The removal of 

the corrosion deposit from the surface increases the corrosion within the system, as any 

passivating layer will be removed and the bare metal surface will then be anodic to the 

rest of the pipe. As with flushing this may result in the short term decrease in biofilm 

populations. Marking the surface would provide crevices which may increase bacterial 

colonisation and make future cleaning less effective. The habitation of the crevices 

reduces the penetration of disinfectants.

9.17 Scraping however may be a option for decreasing biofilm populations in the 

distribution system if it is combined with either relining the surface or chemically 

passivating the surface immediately after scraping. This could be used as an alternative 

to replacing old metal mains with polyethylene pipes. Pipes may be relined with epoxy 

coating, cement or with a plastic pipe of a smaller diameter. This may be expensive and 

will be useless unless the coating can guarantee complete cover and be cleaned
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effectively if necessary at a later date. Gaps in the coating will result in rapid pitting 

corrosion. Epoxy coatings may also distort under load increasing the fnctional resistance 

and could leach nutrients to a biofilm on its surface.

9.18 After scraping a chemical could be added to provide a passivating layer. This layer 

would effectively seal the surface preventing further corrosion and produce an immediate 

dense deposit of low porosity. A biofilm would be deterred fi'om populating the depth of 

the deposit due to the restricted nutrient transport. The passivating chemical could be a 

phosphate based product or a chlorine based product. The advantage of the chlorine 

based products is that they could act as a disinfectant which would make the system 

initially sterile also. This would be a cheaper method than relining, using less operator 

skill. It is important that sufficient passivating chemical is used otherwise a thin or 

patchy layer may arise which would not provide passivating conditions. Patchy coverage 

would result in rapid corrosion due to the difference in potential between the passivated 

and unpassivated surfaces.
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Appendix A

Summary of statistical analysis for pipe rig validation.
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LEGEND
1. Ave. - Average of the results obtained to date.
2. St. Dev. - Standard deviation of the sample.
3. n - Number of samples.
4. Xy, X] - Upper and lower 90% confidence interval for the population average.
5. Influent - Sample point at pipe entrance.
6. Effluent - Sample point at pipe exit.
7. Point K - Grafham pilot plant stream 2 final water (post rapid gravity carbon 
filter).

Chlorine Residual (mg/1)
Free Total

Ave. 0.05 0.07
Range. 0.04-0.11 0.04-0.12

Average St Dev. n X . X,
Stream A Influent 7.95 0.125 8 8.03 7.87

Effluent 7.97 0.118 8 8.05 7.89
Stream B Influent 7.82 0.139 8 7.91 7.73

Effluent 7.85 0.113 8 7.94 7.76
Stream C Influent 7.81 0.131 8 7.90 7.72

Effluent 7.79 0.148 8 7.89 7.69
Point K 7.91 0.021 4 7.94 7.88

Summary of Turbidity (ntu) analysis
Average St. Dev. n X., X,

Stream A Influent 0.26 0.065 7 O Jl 0.21
Effluent 0.21 0.020 7 0.22 0.20

Stream B Influent 0.21 0.049 7 0.25 0.17
Effluent 0.23 0.024 7 0.25 0.21

Stream C Influent 0.21 0.052 7 0.25 0.17
Effluent 0.26 0.052 7 OJO 0.22

Point K 0J6 0.095 6 0.45 0.27
Siunmarv of Ultra-violet absorbance (ABS/m) analysis, measure of unsaturated organlcs.

Average St. Dev. n X,. X,
Stream A Influent 5.81 0.382 7 6.09 5.53

Effluent 6.10 1.123 7 6.92 5.28
Stream B Influent 6.20 1.648 7 7.41 4.99

Effluent 5.69 0.554 7 6.10 5.28
Stream C Influent 5.65 0.439 7 5.97 5J3

Effluent 5.68 0.610 7 6.13 5.23
Point K 5.81 0.837 6 6.56 5.06

Average n
Stream A Influent 48 2

Effluent 58 2
Stream B Influent 46 2

Effluent 39 2
Stream C Influent 43 2

Effluent 42 2
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Average St. Dev. n X., X,
stream A Influent 6.26 0.245 4 6.55 5.97

Effluent 6.19 0.525 4 6.81 5.57
Stream B Influent 6.49 0.552 4 7.14 5.84

Effluent 6.67 0.225 4 6.94 6.40
Stream C Influent 634 0.903 4 7.40 5.28

Effluent 629 0.792 4 122 534

Average S t Dev. n X.. X,
Stream A Influent 0.017 0.0116 7 0.026 0.008

Effluent 0.031 0.0176 7 0.044 0.018
Stream B Influent 0.028 0.0204 7 0.043 0.013

Effluent 0.028 0.0122 7 0.037 0.019
Stream C Influent 0.028 0.0216 7 0.044 0.012

Effluent 0.033 0.0241 7 0.051 0.015

Average S t Dev. n X,. X,
Stream A Influent 0.79 0397 4 1.26 032

Effluent 0.89 0.095 4 1.00 0.78
Stream B Influent 0.94 0.193 4 1.17 0.71

Effluent 0.84 0.269 4 1.16 0.52
Stream C Influent 1.09 0.575 4 1.77 0.41

Effluent 1.51 1.450 4 3.22 -

Average St Dev. n X.. X,
Stream A Influent 183 639 5 189 177

Effluent 184 5.90 5 190 178
Stream B Influent 185 1.92 5 187 183

Effluent 181 2.41 5 183 179
Stream C Influent 186 6.19 5 192 180

Effluent 187 4.69 5 191 183
Point K 180 - 1 -

Summary of Total Hardness (mg/1 CaCO-t) analysis
Average S t Dev. n X,. X,

Stream A Influent 352 6.45 5 358 346
Effluent 356 2.61 5 358 354

Stream B Influent 355 2.68 5 358 352
Effluent 356 2.07 5 358 354

Stream C Influent 357 2.65 5 360 354
Effluent 359 6.24 5 365 353

Point K 354 - 1 - -

Summary of R.»A 7 day 22'^C spread piate count (xlO^ cfu/ml)
Average n

Stream A Influent 44 3
Effluent 34 3

Stream B Influent 30 3
Effluent 41 3

Stream C Influent 41 3
Effluent 36 3

Point K 147 3
Summary of R^A 7 day 37^C spread plate count (cfu/nd)

Average n
Stream A Influent 650 3

Effluent 810 3
Stream B Influent 740 3

Effluent 620 3
Stream C Influent 970 3

Effluent 760 3
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