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AIMS AND OBJECTIVES OF STUDY 

The Heathrow treatment facIlity (HTF) represents a novel research facIlity for the study of the 

different treatment processes for the control of glycol and other airport runoff pollutants from 

the commencement of operation In 2002 The research findings will contnbute Significantly 

towards achieving the optimum operating conditions which are consistent with providing the 

maximum treatment efficiency In addition the results will Inform the deSign of future systems 

both In terms of the individual components and their combination to produce an overall 

scheme This research will progress current sCientific understanding of the processes 

Involved In this innovative overall procedure for the treatment of airport runoff The main 

objectives of this study are summansed below 

• To investigate the removal potential of a combined aeration pond/reedbed treatment 

system with respect to hydrocarbons In particular glycol, In airport runoff 

• To assess the Impact of the possible controlllngllnterfenng factors (such as dissolved 

oxygen levels nutrient levels and Fe concentrations and species) on the 

biodegradation of glycols 

• To fully understand the kinetiCS of glycol biodegradation within both aqueous and 

substrate-based systems and to assess the Impact of seasonal factors on decay 

rates 

• To Isolate the microbial consortia which most readily support glycol biodegradation 

and to determine their efficlencles In controlled laboratory tests 

OPTIMISATION OF THE TREATMENT SYSTEM 

The Reedbeds 

The deSign of the floating reedbeds (FLRB) and sub-surface reed beds (SS F) systems and the 

estimation of their performance efficiency has been based on the results obtained from the 

pilot scale beds which were constructed adjacent to the Eastern Balancing ReservOir (EBR) 

and studied by Middlesex University between 1995 and 1998 The expenments conducted on 

the pilot scale beds Involved exposing both systems to water taken directly from the EBR and 

to artifiCial dOSing With mixtures of three glycols (ethylene glycol diethylene glycol and 

propylene glycol) The data obtained from these experiments were scaled-up to establish the 

reqUired deSign sizes and flow rates In the reed beds for the treatment system It IS proposed 

to fully analyse the field data from the relevant BIOX Instruments (automated deVices placed 

adjacent to each Unit of the treatment system for the determination of the BOO levels) to 

assess the validity of the scaling-up process and to compare the efficlencles of the different 

reed bed systems under different prevailing conditions (e g temperature dissolved oxygen 

level conductiVity, nutnent composition) The results Will faCIlitate the refinement of the 
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operational procedures proposed at the design stage and will also contribute to the future 

design of constructed wetlands for the treatment of airport runoff 

Aerated Ponds and Reservoirs 

Three water bodies, with associated aeration are Incorporated Into the design of the HTF 

EBR Mayfield Farm Reservoir (MFR) and Mayfield Farm BalanCing Pond (MFBP) The 

predicted treatment to be provided by each of these components has been based on the 

theoretical understanding of the microbiological breakdown of biodegradable material at 

different water temperatures The kinetics employed were based on a predicted 

biodegradation rate for Kllfrost (propylene glycol) and therefore did not take account of the 

presence In the real situation of additional glycols (ethylene glycol and diethylene glycol) with 

different decay rates and also the presence of other pollutants (e g Oils) which might Interfere 

with the biodegradation process Additionally the Impact of seasonal variations In 

parameters such as temperature and nutrient levels Will be assessed A full analysIs of BIOX 

field data Will enable the design criteria to be authenticated (or otherwise) and hence allow the 

optlmlsatlon of the treatment system In terms of factors such as storage times and aeration 

rate requirements Refined aeration predictions Will benefit future designs of treatment 

systems uSing aeration and storage for the biodegradation of organic pollutants 

INVESTIGATION OF FACTORS INFLUENCING THE BIODEGRATION RATE 

The effiCient operation of the HTF IS Critically dependent on the preservation of effective 

biodegradation activity within the aeration ponds and the reed beds Temperature IS an 

acknowledged controlling factor for thiS process but others Include oxygen supply the 

presence of effective microbial populatlons and effiCient mixing particularly In large water 

bodies An unexpected occurrence In the early operational stages of the HTF has been the 

development of high femc compound concentrations and a perceived reduction In 

biodegradation effiCiency The combined effects of these different factors Will be investigated 

through a series of experiments designed to simulate the characteristics of the real system 

These experiments Will explore the relationship between the Fe2+/ Fe3+ eqUilibrium and the 

depletion of dissolved oxygen In the presence of different glycol (I e BOO) concentrations and 

for different starting concentrations of Fe2
+ The effects of re-aeration after the establishment 

of anoxIc conditions Will also be investigated Given the potential flocculatlng properties of 

Fe3
+ compounds It Will be Important to determine the Impact of thiS at different Fe 

concentrations on the biodegradation process In the presence of varying dissolved oxygen 

saturation levels and the eXistence or otherwise of fully mixed conditions 

DEVELOPMENT OF THE TREATMENT SYSTEM 

Field based studies 

An Important pollutant removal mechanism In both the reed beds and the aeration ponds Will 

be microbiologically Induced biodegradation It IS proposed to follow the development and 



adaptation of the microbial populatlons as each component of the treatment system matures 

following repeated exposures to glycol-contamlnated runoff Representative samples will be 

collected and subsequently analysed for fungi bacteria and actlnomycetes species 

Sampling of the SSF will concentrate on the interstitial waters and the substrate adjacent to 

the plant roots Within the floating reed bed sampling will take place around the root systems 

and In both cases microbiological techniques previously developed dUring the pilot plant 

experiments Will be adapted appropriately Duplicate sampling Will be practlced from all 

locations including waters collected from the three aeration ponds (EBR MFR and MFBP), 

and Will be carned out routinely for laboratory analysIs The collection of samples for 

microbiological analysIs Will be accompanied by m-sdu determination of temperature and 

dissolved oxygen and the taking of water samples for BOO and nutrient analYSIS The 

SCientific knowledge obtained from this part of the study will contribute to the optlmlsatlon of 

the microbial decay processes which Will ensure that the system IS operating at maximum 

efficiency 

Laboratory based stUdies 

The field based studies, desCribed above Will be supported by laboratory stUdies which Will 

enable the kinetics of the glycol degradation processes In each of the treatment components 

to be fully investigated In the case of the aeration ponds this will be achieved by incubating 

collected water samples under different controlled temperature conditions In the laboratory 

By collecting samples representative of different glycol loading conditions It Will be pOSSible to 

fully establish rate constants for the degradation process These findings will Inform the 

operating parameters which are currently In place and also contribute to the design of future 

systems In the case of the sub-surface bed It Will be necessary to remove a portion of the 

substrate adjacent to the root system together With the plant for relocation to the laboratory 

Careful application of glycol dosing conditions Will enable the effect of plants on the overall 

biodegradation process to be determined For the sub-surface planted situations, 

experiments Will be needed to establish the appropriate methodology reqUired to accurately 

Simulate field conditions 

The biodegradation experiments will be refined by confirming the presence of the consortia of 

microorganisms In the HTF which have the particular ability to degrade glycols This Will be 

achieved by Isolating microorganisms from the different treatment components and testing 

them for tolerance to glycols and ability to faCIlitate effective biodegradation This Will lead to a 

better understanding of the microbial populatlons which are particularly active In glycol 

degradation and may lead to the Identification of strains which could be cultured and returned 

to the treatment system to Improve ItS efficiency 
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ABSTRACT 

An Integrated system of aerated ponds together with rafted and hOrizontal flow sub-surface 

reedbeds has been Installed to treat the glycol-contaminated runoff from two of Heathrow 

Airport s susceptible catchment areas the Southern Catchment and the Eastern Catchment 

The original plan was to transfer pre-treated water from the latter through the eXisting fire 

main which runs around the airport perimeter to the Mayfield Farm Treatment FacIlity 

(MFTF) which receives runoff from the Southern Catchment However this part of the overall 

Heathrow treatment scheme for surface runoff has not yet been put Into operation Results 

from mOnitoring of the treatment system has shown Significant reductions In Biological 

Oxygen Demand (BOO) throughout the system With levels decreaSing by 76 6±1 0 5% across 

the constructed wetland cells at the MFTF follOWing high airport delclng flUids applications 

However continued exposure to BOO concentrations exceeding the deSign target of 110 

mg/l has resulted In anaerobic conditions being established In the wetland 

Background nitrate and phosphate levels observed In two aerated ponds at the MFTF which 

are used for storage and Initial treatment of airport runoff were low Initial results from 

laboratory experiments conducted to assess the Ideal nutrient levels required to support 

glycol biodegradation In the aerated ponds showed effiCient BOO removal (Within 5 days) 

after repeated glycol additions There were also Increases In bacteria populatlons In aerated 

pond water samples from average background levels of 107 to 1010 Colony forming Units 

(CFU) per litre Based on the Interpretation of the laboratory experiments a nutrient dOSing 

protocol commenced on 12 November 2004 at the MFTF to ensure that nutrient levels In the 

aerated ponds were appropnate to treat the contaminated airport runoff received dUring the 

winter months Although the BOO levels recorded In the aerated ponds were stili high after 

the commencement of the nutrient dOSing regime In November 2004 the BOO removal 

efficiency of the aerated reservoir follOWing the Influx of high winter BOO load Increased to 

475% (February 2005) from 25 5% recorded In March 2004 

In microbiological analyses conducted on the water samples from the MFTF only 18 strains 

of bacteria, 3 fungal strains and 2 actlnomycetes strains were culturable In the laboratory A 

combination of API biochemical tests and PCR (Polymerase chain reaction) analyses showed 

that at least SIX of these bacteria were Pseudomonas species which have been Widely 

reported to have high potential for biodegradation of organic pollutants However 

biodegradation expenments conducted uSing the consortium of the bacteria fungi and 

actlnomycetes Isolates In sterile distilled water dosed With glycol showed that they lacked the 

ability to efficiently remove the BOO despite the continuously high BOO reductions recorded 

In some of the natural systems they were Isolated from 
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CHAPTER 1 INTRODUCTION 

The increasing risks associated with urban runoff such as that generated from 

airport activities dunng wet weather conditions have given reasons for much 

concern In recent years due to the possible adverse Impacts on local water courses 

The Implementation of the EC Water Framework Directive (WFD) on 22 December 

2000 (establishing a new Integrated approach to the protection, Improvement and 

sustainable use of Europe's nvers, lakes estuanes coastal waters and ground 

water) mean that appropnate conditions have to be placed on surface water 

discharges In order to meet the increasing stnngent water quality standards The 

need for careful management activities to minimise water quality Impacts has made 

the establishment of adequate surface water management an inevitable 

requirement for many dischargers of potentially polluted water With this goal In 

mind London Heathrow Airport one of the largest international airports In the world 

commissioned the construction of an innovative treatment system as part of their 

strategy for sustainable management of surface water The treatment system an 

integration of wetlands and aeration ponds has been designed to solve the 

potential problems associated with runoff from the airport and commenced 

operation In the winter of 2002 

London Heathrow Airport Limited considered a number of options including carbon 

filtration, modified cellulose filtration, reverse osmosIs UV catalytic oXidation and a 

number of bloremedlatlon techniques (including constructed wetlands) to achieve 

an appropnate technology able to deal with the problems posed by the airport 

runoff (Revltt et al 2001) A growing number of studies have provided eVidence 

that wetlands can provide an effective means of treating many types of wastewater 

including airport runoff (Ellls et al 1994 Hatano et al 1994 Zhang and Feagley, 

1994 Revltt et al 1997) Results from pilot scale constructed wetlands (developed 

as part of the pollution control strategy for London Heathrow Airport Ltd) have 

shown that most wetland plants and micro-organisms are not adversely affected by 

exposure to high pollutant loads similar to those found In airport runoff (Chong et 

al 1999) 

The charactenstlcs of airport runoff ItS potential Impact on receiving waters and the 

different treatment options available are discussed In the follOWing section The 

roles of the different types of wetlands and aerated ponds In the effective 

management of polluted runoff are also discussed 

1 1 AIRPORT RUNOFF 

The constituents of airport runoff are similar to those found In most urban and 

highway runoff and are known to Include contaminants such as vehicular 011 and 



lubricants suspended solids biochemical oxygen demand (BOO) and heavy 

metals (Chong et a/ 1999) In addition airport runoff contains considerable 

quantities of anti-Icing and de-Icing fluids (ADFs) used In the winter months for the 

safe operation of airport activities as well as other products associated with airport 

operations such as aircraft fuelling and maintenance Some of the most common 

contributors to airport runoff are Identified below 

a) Aircraft fuel 

Aircraft fuelling IS a dally activity at airports and accidental splllages may occur due 

to human error faulty valves or fuel venting Although most aircraft stands have 

adequate spill containment equipment there are cases where the spillage IS 

washed off With other pollutants as part of the surface runoff during storm events 

b) OIls 

Inappropriate handling storage or disposal of 011 containers can result In pollution 

of the surface water Oils used dUring routine aircraft maintenance can also be 

Introduced directly Into the runoff or washed off from surfaces dUring storm events 

c) HerbIcIdes and pestICIdes 

The need to keep the airport's paved areas free of weeds for safety reasons and 

the preservation of structural Integrity makes the use of herbiCides necessary In 

airport operations Some of these chemicals, used as part of weed control 

operations may be eventually removed In the surface runoff 

d) VehIcular sources 

A Significant contribution to airport runoff comes from ground transportation which 

operates In areas including car parks, roads bus stops and bus stations Vehicular 

actIVIties are associated With a number of pollutants such as fuel, gasoline and 

diesel (from leakages) Oils and grease (from leaks or Improperly discarded used 

containers) and a range of heavy metals and polyaromatlc hydrocarbons (from car 

exhaust, worn tyres engine parts break pads and car body corrosion) Surface 

accumulation of such substances can eventually be removed In surface run off 

e) De-ICIng and antI-IcIng agents 

De-Icing and anti-Icing activities are essential for the safe operation of most airport 

activities particularly In the winter months De-Icing fluids are used on Impermeable 

airport surfaces e g runways Anti-Icing agents are used for the prevention of the 

bUild-up of Ice on aircraft wings and fuselage The application rates of de-Icing and 

anti-Icing agents can result In ADF loadlngs as high as 175 000 kg at major airports 

dUring severe winters (Revltt et a/ 2001) It has been reported that approximately 
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80% of the ADFs used on aircraft end up on airport surfaces (0 Con nor and 

Douglas 1993) The composition biodegradability and tOXICity of ADFs have been 

widely studied to assess the potential risks of their presence In airport runoff 

1 1 1 Chemical composition of ADFs 

In the UK de-ICing agents are mainly formulated from ethylene (EG) and di

ethylene (DEG) glycol mixtures (trade name Konsm) or potassium acetate (trade 

name Clearway) Anti-ICing agents contain propylene glycol (PG) (trade name 

Kllfrost). as an active component In the United States there are several types of 

ADFs depending on the purpose of use Type I flUids are antl-lcers generally used 

to remove Ice from the wings and fuselage of aircraft and they contain 

approximately 80% glycol by weight Types 11 and IV are de-Icers used to prevent 

the formation of Ice and snow on surfaces They contain at least 50% glycol by 

weight (COrsl et al 2001 SWltzenbaum et al 2000) Each ADF formulation 

contains different additives. many of which are proprietary. so that the Identification 

of the chemicals present IS not always easy The proprietary mix of these additives 

accounts for between 1% and 2% of ADFs and they are collectively referred to as 

Adpack In the USA (Corn ell et al 1998) The main types of commonly used 

additives are listed below 

• Surfactants (wettmg agents) 

Surfactants reduce the surface tension of de-ICing flUids hence aiding the 

adherence to aircraft surfaces They may comprise between 0 4 and 0 5% by 

volume of anti-Icing flUids Of the surfactants Identified In ADFs only the 

alkylphenol ethoxylate group has been reported to pose a Significant environmental 

threat The most prevalent member of this family IS nonylphenol ethoxylate It IS a 

low cost non-IOniC organic compound characterised by a relatively low foaming 

potential The nonylphenyl backbone IS the hydrophobic component of the 

molecule which IS para-substituted With a hydrophilic ethoxylate chain attached by 

an ether linkage at the phenolic oxygen (Corsl et al 2003) 

Alkylphenol ethoxylates have been Widely reported to demonstrate acute tOXICity to 

aquatic organisms even at low concentrations With the tOXICity Increasing With the 

length of the hydrophobic chain Studies on the alkylphenol ethoxylate group have 

shown that they generally biodegrade Into less-biodegradable and more tOXIC 

products Alkylphenol mono- and dl-ethoxylates alkylphenoxy acetic aCid 

alkylphenoxy-poly-ethoxy acetic aCids and alkylphenols are all metabolltes of 

alkylphenol ethoxylates which are capable of accumulating In organisms With blo

concentration factors varying from the tens to thousands depending on the species. 

metabollte and organ (Warhurst. 1995) There are also reports that alkylphenols 

are capable of mimicking the activity of oestradiol a hormone that Influences the 
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development and maintenance of female sex characteristics and the maturation 

and function of accessory sex organs (Alberts et al 1983 Warhurst 1995) 

• Corrosion inhibitors and flame retardants 

Corrosion Inhibitors protect the aircraft components to which anti-Icing fluids have 

been applied from corroding while flame retardants reduce the flammability 

hazards created when the flUids are applied to vulnerable sections of the aircraft 

They may comprise up to 0 5 % by volume of ADFs and are present at 

concentrations of approximately 100 to 300 mg/l A mix of 4- and 5-

methylbenzotrlazoles (4- and 5-MeBT), a weak hydrophobiC organic aCid which 

complexes strongly with many metals IS commonly used as a combined corrosion 

Inhibitor and flame retardant 5-MeBT IS biodegradable while 4-MeBT IS a 

recalcitrant compound The hydrophobiC charactenstlcs, metal-binding properties 

and recalcitrant nature of 4-MeBT enables the chemical to accumulate In 

sedlments with possible severe consequence (Cornell et al 1998) The tolerance 

limit of MeBT for bluegllls and minnows has been reported as 27 5 mg/l after 48 

hours and 25 mg/l after 96 hours exposure For trout the tolerance limit was 

reported as 15 mg/l after 48 hours and 12 mg/l after 96 hours The higher fish 

mortality rate recorded after 96 hours suggests MeBT has a cumulative tOXIC effect 

(Wu et al 1998) 

Cancllla et al (2003) reported the median lethal concentrations (LC50) of 5-MeBT 

for Pseudomonas prome/as and Cenodaphma dubla to be 22 0 mg/l and 81 3 mg/l, 

respectively In the same study, the 25% Inhibition concentration (IC25) of 5-MeBT 

for the green alga Selenastrum capncomtum was found to be 23 2 mg/l, while the 

average median effective concentration (EC50) determined uSing the Mlcrotox test 

was 4 25 mg/l MeBT has been Identified In ground water below a major airport at 

concentrations 25 times greater than the reported acute EC50 values (Cancllla et 

al 2003) There are also reports of an ecological tOXICity effect for MeBT to 

Lepomls macrochlrus (96-h LC50 of 31 mg/l) and Daphnta magna (48-h LC50 of 74 

mg/l) (Cornell et al 1998) Another type of corrosion inhibitor used In ADFs are the 

phosphate esters produced from the reaction of phosphonc aCids and an alkyl or 

aryl alcohol They have varying toxlcltles and normally comprise up to 0 125 % by 

volume of the ADFs Sodium nitrate sodium benzoate and borax have also been 

used as corrosion inhibitors 

• Colorants or dyes 

Colorants or dyes are chemicals usually organic In nature, used to make ADFs 

vIsible so that de-ICing personnel can easily see where the flUids have been 

applied They typically compnse less than 0 25 % by volume In the United States 
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Types 11 and IV fluids are coloured but there have been no reports on the tOXICity 

produced by the addition of colorants and dyes 

1 1 2 Biodegradability of ADFs 

Although the tOXICity of ADFs through the additives they contain has been 

documented In some Instances httle IS known about the Impact of these additives 

on the biodegradation process The successful treatment of airport runoff depends 

on the reduction or complete removal of ADFs from surface waters before 

discharge to receiving waters The proprietary nature of these flUids makes It 

difficult to ascertain the extent to which these additives affect the degradation of 

ADFs 

There are two main pathways by which ADFs can be biodegraded, through 

anaerobiC methanogenlsls or by aerobic biodegradation 

1 1 2 1 Anaerobic bIodegradation 

AnaerobiC biodegradation of ADFs IS achieved by a consortium of microorganisms 

capable of degrading glycols to methane (CH4) and carbon diOXide (C02) The 

methane producing microorganisms (methanogens) play the key role In the 

complete degradation of glycols and are supported by fermentatlve and hydrogen 

producing microorganisms The methanogens are strictly anaerobes and have a 

high degree of substrate speclficlty (Table 1 1) 

Table 1 1 Methanogens and their substrate (adapted from Johnson et ai, 

2001) 

Species 

Methanosaeta concllIl 
Methanosarcma maze" 

Methanosarcma stram TM-1 

Methanosarcma barken 

Methanobactenum 
Methanococcus 
Methanomlcroblum 
Methanogemum 
Methanospmllum 

Substrate utilised 

Acetate only 
Acetate, formate methanol, 
methylamine H2/C02 (only 
reluctantly) 
Acetate formate methanol 
methylamlnes CO2 

Acetate methanol methylamine 
CO2 H2/C02 
H2/C02 

H2/C02 formate 
H2/C02 formate 
H2/C02 formate 
H2/C02• formate 

PrevIous studies have shown that both ethylene glycol and polyethylene glycol can 

be completely degraded under anaerobiC conditions (Figures 11a and 1 1b) 

These pathways suggest that there IS a highly syntrophlc association among the 

microorganisms In the consortium (Dwyer and TledJe 1983 Veltman et a/ , 1998) 
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Figure 1 1 (a) Pathways for the anaerobic degradation of ethylene glycol as 
modified by Veltman et al (1998) 
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Figure 11(b) Pathways for the anaerobic degradation of propylene glycol as 
modified by Veltman et al (1998) 
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The Initially formed alcohols ethanol (Figure 1 1a) and propanol (Figure 11b), are 

oXidised to volatile fatty aCids by a group of bactena In the consortium The 

bloconverslon of propionate to methane (Figure 1 1 b) IS a very Important step In 

the biodegradation of propylene glycol It has been reported that the presence of 

hydrogen (H2) and Increases In the concentrations of propionate and acetate can 

be Inhibitory to the process (Fukuzakl et a/ 1990) The bloconverslon of acetate to 

CO2 and H20 occurs via acetoclastlc methanogenesls a Significant ecological 

process which many studies have found to be Inhibited by a number of tOXIC 

compounds Amongst these compounds are 

> Crude 011 (Beklns et a/ 1999) 

> Chloroform bromoethanesulfonlc aCid, tnchloroacetlc aCid and 

formaldehyde (Hlckey et a/ 1987) 

> Benzene nng compounds (Patel et a/ 1991) 

> Monosubstituted benzenes chlorobenzene and benzaldehyde (Slerra

Alvarez and Lettlnga, 1991) 

> Chlonnated and fluorinated low molecular weight allphatlc and aromatic 

compounds (Colleran et a/ 1992) 

> Chlorophenols and chloroanlllnes (Oavles-Venn et a/ 1992) 

> Pentachlorophenol (Van Beelen and Fleuren-Kemlla , 1993) 

> N-substltuted aromatics (Oonlon et ai, 1995) 

11 2 2 Aerobic biodegradatIon 

AerobiC biodegradation of ethylene glycol (EG) and propylene glycol (PG) occurs 

through aerobiC respiration an OXidation-reduction process In which molecular 

oxygen serves as the electron acceptor (Veltman et ai, 1998) AerobiC bacteria 

require an extensive supply of oxygen In order to efficiently degrade EG and PG 

which they use as sources of carbon and energy There are claims that certain 

bactena present on airport surfaces are capable of promoting the biodegradation of 

glycols pnor to their transport to receiving waters The biodegradability of propylene 

glycol In the presence of Pseudomonas and Aerobacter was demonstrated by Raja 

et a/ (1991) In an expenment In which 90% of the BOO exerted by a mixture of 

propylene OXide propylene glycol and associated polyols was removed 

In field studies carned out In a Iyslmeter trench to examine the transport and 

degradation of propylene glycol and potassium acetate the degradation rate 

constant for propylene glycol after an Initial application was calculated as 0 015 

day 1 increasing to 0047 day 1 after the second application a year later The 

corresponding value for potassium acetate was estimated to be 0 02 day 1 (French 

et a/ 2001) In another expenment conducted on the biodegradation of glycol-
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based and acetate-based de-Icing agents on airport surfaces, biodegradation rate 

constants were found to decrease With decreasing temperatures The propylene 

glycol based antl-lcer (Kllfost) had a lower potential for biodegradability reducing 

from 00S1 day 1 at SOC to 0045 day 1 at 1°C The biodegradability potential of an 

ethylene glycol based de-Icer (Konsln) was Slightly higher reducing from 0 091 

day 1 SOC at to 0 064 day 1 at 1°C (Revltt et al 2003) PrevIous eVidence suggests 

that the higher biodegradability of Konsln IS due to the presence of ethylene glycol 

which has been shown to be capable of providing the only source of carbon and 

energy for a consortium of bacteria (McVlcker et al 1995 Nlkltln et al 1999) 

1 1 3 Pollution Impact of ADFs on receiving waters 

DUring winter months, airport runoff generated by heavy rainfall may contain 

Significant amounts of ADFs washed off Impermeable surfaces and aircraft 

surfaces The solubllltles of these fluids and the quantities applied make them the 

dominant source of BOO In airport runoff With the potential to cause severe Impacts 

on receiving waters There are reports of airport runoff With BOO values as high as 

4 500 mg/l and total glycols of 6 000 mg/l (Ellls et ai, 1997) Glycol concentrations 

dUring storm events have been reported to rise With increasing storm flow volumes 

With up to 99% of the applied ADFs capable of being delivered to receiving waters 

(COrsl et al 2001) Winter storm runoff has been shown to cause acute tOXICity to 

both fathead minnows (Plmephales promelas) and the daphnld (Daphma magna) 

With LC50 values of 1 0% of the effluent (Fisher et al 1995 Cancllla et al 2003) 

Laboratory results have demonstrated that both antl-lcers (propylene glycol-based) 

and de-Icers (ethylene glycol-based) are tOXIC With the former exhibiting an 

enhanced toxIcity of two orders of magnitude more (Hartwell et al 1995) Koryak 

et al (1998) also reported the presence of dense biological sllmes on streambeds 

and severely stressed Invertebrate and fishery communities downstream of an 

airport runoff discharge 

In addition to the acute tOXIC effect of airport runoff to aquatic organisms In 

receiving waters It can also place a high demand on the dissolved oxygen present 

when discharged untreated Dissolved oxygen concentration IS an Important 

Indicator of stream, river and lake quality Its presence or absence In a water body 

determines to a large extent the prevailing phYSicochemical characteristics In such 

an environment Pure water at 20°C contains a maximum concentration of 9 2 mg/l 

of dissolved oxygen which represents the value In eqUIlibrium With the oxygen 

content of the atmosphere ThiS also corresponds to 100% dissolved oxygen 

saturation at 20°C but other factors such as the concentration of dissolved salts 

and barometric pressure can Influence the dissolved oxygen concentration Fish 

Invertebrates plants and aerobiC bacteria all require oxygen for respiration 
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The potential of wastewater to utilise dissolved oxygen IS measured In the 

laboratory by the reduction In this parameter over a five day period and IS known as 

the five-day biochemical oxygen demand (BOOs) The approximate BOOs 

concentration for a healthy river should not exceed 10 mgll, whereas raw sewage 

may reach 500 mgll and polluted ADF-Iaden airport runoff up to 200 000 mgll 

(Zltomer 2001) Other measures used are the ultimate biochemical oxygen 

demand (BODu) and the chemical oxygen demand (COD) The BODu IS the 

biochemical oxygen demand of a water sample for up to 20 days while the COD IS 

a measure of the quantity of oxygen used In the non-biological oXidation of the 

constituents of the water sample Unlike the BOOs and BODu tests which take days 

COD results can be obtained In hours 

In natural waters the dissolved oxygen utilised by microbial activIties can be 

transferred from air to water This process IS called re-aeration and It Increases 

with increasing degree of contact and mixing between air and water In healthy 

streams rivers and lakes a balance eXists between re-aeration and biological 

oxygen uptake The average rate of re-aeration must be equal or less than the 

average rate of dissolved oxygen consumption for the balance to be maintained 

The high dissolved oxygen demand placed on water bodies by polluted runoff 

such as that obtained from airports cannot be satisfied by natural aeration The 

potential risks to receiving waters associated with the direct discharge of airport 

runoff makes adequate pre-treatment Imperative 

1 1 4 Collection. transportation and treatment of airport runoff 

Despite the severe consequences which discharges of airport runoff can have on 

receiving waters only a few airports have developed efficient recovery systems or 

adequate treatment facIlities for the glycol laden runoff (Sabeh and Naraslah 1992) 

Some airport operators stili discharge surface runoff directly Into receiving waters 

and hence risk JeopardiSing national environmental standards One practice 

common In some airports In North America IS the use of surface sealed and 

drained de-ICing pads for the collection and removal of the glycols used on aircraft 

(Swltzenbaum et al 2000) There are however claims that the bulk of the glycols 

accumulated on these pads eventually enter the stormwater runoff along With other 

chemicals as the Ice melts (Hlgglns and Maclean, 2002) 

There are several alternative approaches which have been used for the treatment 

and disposal of airport runoff These can be diVided Into three main groups off-site 

on-site and recovery options The off-site category consists of treatment options 

involVing discharges of airport stormwater Into a collection system or the 

conveyance of the stormwater to a local treatment or disposal plant Some airport 
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operators use drains ditches and sewers to transport the runoff Into one or more 

detention ponds or flow balancing tanks (Hlgglns and Maclean 2002) Such Units 

usually require lining to prevent Infiltration Into groundwater There are also reports 

of the use of lined lagoons glass fused to steel storage tanks and concrete tanks 

for the storage of airport runoff (Swltzenbaum et a/ 2000) The various types of 

storage and collection systems used for surface runoff Will be discussed later In this 

chapter The on-site category could consist of an aerobiC or anaerobiC treatment 

faCIlity (In some cases both) constructed within the airport perimeter for the pre

treatment or treatment of the runoff The recovery category utilizes filtration 

reverse osmosIs and distillation to recover glycol from runoff (Swltzenbaum et a/ 

2000) 

The varying nature of airport runoff In terms of temperature differing quantities of 

contaminants and intermittent supply Will Inevitably cause hydraulic and, In some 

cases chemical shocks to any treatment process adopted Table 1 2 which IS 

adapted from Worrall et a/ (2002), outlines the relative merits and dements of a 

number of treatment options 

Table 1 2 The relative merits and dements of airport treatment options 

Approach 

AnaerobiC digestion 

Bacterial remedlatlon 

Carbon filtration 

Modified cellulose filtration 

UV catalytiC OXidation 

Constructed wetlands 

Key factors for or against the option 

There IS a high energy cost associated with 
running such a system and the inability of such 
a system to deal with shock loads associated 
with the runoff poses a major problem for 
successful management 

ReqUires a high level of experience and 
maintenance 

An adequate maintenance and management 
routine IS reqUired for the successful operation 
of such a system 

Energy costs assOCiated With the operation IS 
high and there IS the potential problem of 
finding an appropriate means of dispOSing the 
waste generated 

Very expensive process reqUiring a great deal 
of expertise 

This option IS cost effective If land IS available 
and It gives the opportUnity for sustainable 
development 
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12 NATURAL AND CONSTRUCTED WETLANDS FOR THE TREATMENT 

OF POLLUTED WATERS 

Natural wetlands are usually descnbed as areas of land In which the water table IS 

at or above the ground surface long enough each year to maintain saturated SOil 

conditions and related vegetation They are also described as representing a 

transition between terrestrial and aquatic systems where water IS the dominant 

factor determining the development of SOils and associated biological commUnities 

(Reed et aI, 1988) There are other general definitions of wetlands based on 

sCientific classifications Swamps for example are In general shallow water 

saturated areas occupied by water tolerant woody plants Marshes are slightly 

different because they are predominantly occupied by soft-stemmed plants In 

general wetlands are areas that fulfil one or more of the follOWing three conditions 

a) support predominantly hydrophytes at least penodlcally 

b) consist of predominantly un-drained hydriC SOils which are wet for a period 

of time long enough to produce anaerobiC conditions that limit the types of 

plant that can be supported 

c) consist of a non-soil substrate such as rock or gravel that IS saturated or 

covered by shallow water at some time dunng the growing season With an 

average depth of S 2 m (Cowardln et al 1979) 

Wetlands are found In every continent apart from the AntarctiC and they eXist 

under most climatic conditions Maltby and Turner (1983) estimated that about 8 6 

million km2 of land surface IS composed of wetland, representing 6% of the world s 

land surface area About 56% of this area IS In the tropical and sub-tropical regions 

of the world (Vymazal 1998) Matthews and Fung (1987) estimated that the total 

area OCCUPied by wetlands was smaller (5 3 million km2
) and that most of this 

consisted of boreal wetlands Aselman and Crutzen (1989, 1990) estimated that 

wetlands covered a surface area of 5 6 million km2
, With a higher percentage In the 

temperate regions of the world Their source was regional wetland surveys and 

monographs rather than maps as In the two prevIous estimates 

Swamps, marshes fens peatlands bogs shallow lakes, flood plains riparian 

zones and other freshwater wetlands and shallow continental water bodies further 

Increase the total area OCCUPied by wetlands to some 11 65 million km2
, which IS 

7 7% of the total land area In the world All the conflicts surrounding the nature and 

context of a wetland make It extremely Important to have a clear definition of the 

exact composition All over the world the eXistence and types or names given to 

wetlands differ Some of the known ones are 
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~ In humid, cool regions of the world they are referred to as bogs fens and 

tundra 

~ Along rivers and streams they are often referred to as riparian wetlands 

seasonally flooded forests and back-swamps 

~ Along temperate, sub-tropical and tropical coastlines the deSCriptions salt 

marshes mud flats and mangrove swamps are used 

~ In arid regions of the world they are referred to as Inland salt flats 

seasonal playas and vernal pools 

Wetlands have also been deSCribed In different contexts 

~ Spatial context wetlands lie between dry land and coastal open water 

around Inland lakes and rivers or as mires arranged across the landscape 

~ Ecological context intermediates between terrestrial and aquatic 

ecosystems 

~ Temporal context destined either to evolve Into dry land as a result of 

lowered water tables sedimentation and plant succession or to be 

submerged by rising water tables assOCiated With relative sea level rise as 

the climate changes 

~ Geological context ephemeral component of landscape, highly dependent 

on disturbance They can evolve from long term large scale tectonic forces 

or localised events like annual or dally flooding and drying fire or storm 

Without tectonic or hydrologiC disturbance, wetlands gradually progress 

through a succession of stages to relative dry upland type ecosystems 

(Hammer and Bastlan 1989) 

1 2 1 Wetland Hydrology 

Wetland hydrology IS the Single most Important factor that affects the ecological, 

phYSical and chemical characteristics of a wetland system (Gossellnk and Turner 

1978, NOVltzkl, 1978) It IS thiS unique factor that allows a clear distinction between 

deep water aquatic systems and well drained terrestrial systems The movement of 

both energy and nutrients from and to the wetland IS achieved through hydrological 

pathways Other factors that characterise wetlands depend largely on the 

hydrology of the system Neither the characteristic substrate nor the characteristic 

blota can develop or function In the absence of speCific hydrological conditions 

Alteration to the blota or substrate can only produce a wetland In which the 

characteristic substrates or organisms are absent at least temporarily Elimination 

of the characteristic hydrology of a wetland Will most definitely eliminate the 

wetland even though the characteristic substrate and blota may persist for some 

time after the change It then follows that the presence of certain organisms and 
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substrate that characterise a wetland at a specific period IS not necessarily 

indicative of a wetland particularly after any alteration In the hydrology of the 

wetland (Lewls 1995) 

1 2 2 Wetland Vegetation 

Ecosystems predominantly occupied by aquatic macrophytes are reported to be 

the most productive In the world This can be attributed to the presence of ample 

light water, nutrients and the presence of plants With developed morphological and 

biochemical adaptation enabling them to optlmlse to the prevailing conditions 

Wetland vegetation consists of plants which have evolved functional mechanisms 

tailored to deal With environmental stresses According to Mltch and Gossellnk 

(1986), there are two clasSifications of these adaptations known as Tolerators 

(which allow organisms to tolerate stress created In the ecosystem) and 

Regulators (which allow organisms to regulate the stress) 

AquatiC plants can be divided Into two broad forms, free floating and rooted With 

the latter sub-diVided Into three classes based on their morphology and physiology 

As the name suggests, the first group of macrophytes are not rooted to the 

substrate but float freely In or on the water column They are often restricted to 

non-turbulent sections of water bodies Two common examples of such 

macrophytes are Splrode/a polyrhlza and Elchhomla crasslpes The rooted plants 

are eqUipped With elaborate root structures that can aVOid root anoxia (Mltch and 

Gossellnk 1986) The presence of air spaces In their stems and roots allows 

i oxygen diffUSion from aerial portions of the plants The diffused oxygen IS Vital In 

rhlzosphere oxygenation as well as the movement of soluble phytotoxlns present In 

high concentrations In either the water or the SOil (Gambrell and Patrlck, 1978) 

These plants are capable of diffUSing enough oxygen to supply the roots for these 

activities and also OXidise adjacent anoxIc regions The degree of oxygenation In 

wetlands IS dependent on the chemical and biochemical oxygen demand of the 

system as well as oxygen release from the roots which differs from plant to plant 

• Emergent macrophytes 

This group of plants grow In water saturated or submersed SOils In situations where 

the water table IS about 0 5 m below the SOil surface to where the sediment IS 

covered With approximately 1 5 m of water Examples are Acorus calamus Carex 

rostrata Phragmltes australls SClrpUS lacustns, and Typha laMolla 
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• Floatlng- leaved macrophytes 

These are rooted plants In submersed sedlments In water depths of approximately 

o 5-3 m possessing either floating or aenal leaves Examples are Nymphaea 

odorata and Nuphar lutea 

• Submergent macrophytes 

There are two types of macrophytes In this group which can eXist at considerable 

depths In the water and at all levels of the photic zone The first group the non

vascular macroalgae can eXist at water depths of 200 m at the lower limits of the 

photic zone A common example of such macrophytes IS Rhodophyceae otherwise 

known as the red algae Macrophytes In the second group are generally referred 

to as vascular anglosperms examples of which are Mynophyllum splcatum and 

Ceratophyllum demersum They can be found at water depths of up to 10 m In the 

water 

1 2 3 Wetland microorganisms 

The diversity of physical and chemical Interactions In wetlands provides Ideal 

environmental conditions for the growth and reproduction of a vanety of microbial 

species These organisms normally establish Interspeclfic functions which result In 

a greater diversity, more complete utilisation of energy Inflows and the emergence 

of certain properties of the wetland ecosystem (Kadlec and Robert, 1996) The 

genetic and functional responses of wetland microbes are limitless and as such 

allow the system to adapt to changing environmental conditions created by the 

presence of a pollutant They use these responses for growth and reproduction 

thereby mediating physical chemical and biological transformations and 

consequently modifying the water quality 

Bactena and fungi are the two main groups of microorganisms found In wetlands 

They play a key role In the assimilation transformation and recycling of a wide 

range of chemical constituents present In wastewater The two groups are the first 

group of microbes to colonise and decompose solids In wastewater They also 

have access to dissolved constituents In wastewater by either 

sorption/transformation or by symblotlcally living with other species as they capture 

dissolved elements and make them accessible to their hosts (Kadlec and Robert 

1996) Table 1 3 (adopted from Kadlec and Knight 1996) outlines the attnbutes of 

some of the most common bactena found In wetlands 
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Table 1 3 Classification of Important bacteria In wetland treatment systems 

Group 

Phototrophic bactena 

Gliding bactena 

Sheathed bactena 

Methane producing 
bactena 

Budding and/or 
appendaged bactena 

Gram-negative aerobiC 
rods and COCCI 

Endospore-forming 
rods and COCCI 

Gram negative 
facultative anaerobic 

rods 

Gram negative 
chemollthotrophlc 

bacteria 

Gram positive COCCI 

Endospore-forming 
rods and COCCI 

Representative Genera Comments 

Rhodospmllum 
ChloroblUm 

Begglatoa Flexlbacter 
Thlothnx 

Sphaerotllus 

Methanobactenum 

Caulobacter 
Hyphomlcroblum 
Pseudomonas 

Zooglea 
Azotobacter Rhizobium 

ClostndlUm BaCillus 

Non-symbiotic bacteria 
N fixers 

Fllamentous Implicated In reduced sludge 
formation Begglatoa oXides H2S 

Fllamentous Found In sewage treatment 
plants and common polluted waters 

Anaerobic bactena found In sedlments of 
wetlands converting carbonate to methane 

Aquatic bactena which grow firmly attached 
to surfaces Pseudomonas spp denltrlfies 
N02 to N2 under anaerobic conditions and 
can oXIdise hydrogen gas P aerogmosa 
causes a variety of Infections In humans 
Azotobacter spp IS a non-symbiotic N fixer 
RhizobIUm IS a symbiotic N fixer 

C botulinum survives In sOils and bottom 
sedlments of wetlands and causes aVian 
botulism some Clostndlum spp are 
nonsymblotlc N fixers B thunnglensls IS an 
Insect pathogen B Ilchemforrms denltnfies 
N02 to N20 

E coIl IS the predominant coliform In faeces Eschenchla 
Salmonella 
Klebsiella 
Enterobacter 
Aeromonas 
pneumomae 

Shigella Salmonella spp cause food pOIsoning and 
typhOid fever Shigella spp cause bacillary 
dysentery speC/es In the genera Klebsiella 

and K and Enterobacter are nonsymblotlc N fIXers 

Nltrosomonas 
Nltrobacter 
Thlobaclllus 

Streptococcus 

ClostndlUm BaCillus 
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and are In the total coliform group K 
pneumonlae IS Important In human and 
Industnal waste 

Nltrosomonas catalyse the conversion of 
NH4 + to N02 Nltrobacter oXidises N02 to 
N03 T ferrooxldans oXidize Iron sulphides 
producing Fe3

+ and sol 
Faecal streptococcI Include human species 
(S faecalls and S faeclUm) and animal 
species (S boVls S eqUlnus S aVium) 

C botulmum survives In sOils and bottom 
sedlments of wetlands and causes aVian 
botulism some Clostndlum spp are 
non symbiotic N fixers B thunnglensls IS an 
Insect pathogen B Ilchemforrms denltnfies 
N02 to N20 



1 2 4 Functions of wetlands 

Natural wetlands are known to possess the ability to remove a range of pollutants 

from wastewater This IS achieved by a combination of processes including natural 

filtration sedimentation physical and chemical Immobilisation vegetative uptake 

and microbial Interactions Organic matter (BOO) IS removed by microbial 

degradation, suspended solids by sedimentation and filtration nitrogen compounds 

by volatlllzatlon as ammonia nltnficatlon denltnficatlon and plant uptake 

phosphorus compounds by preCIpitation, adsorption on sOil collOids and plant 

uptake, trace elements by precIpitation and adsorption and microorganisms 

through dle-off sedimentation radiation, deSiccation and adsorption The ability of 

wetlands to Improve water quality has been at the centre of conSiderable research 

In recent years Over the years there has been a huge Improvement In the 

knowledge of wetland applications and their Impact on the environment The 

benefits of wetlands In a vanety of applications have been Identified In several 

areas including 

~ recharge of ground water aqUifers, dnnklng water, Irrigation, flood control 

water quality and wastewater treatment 

~ use of wetland plants as a staple food grazing land timber, paper 

production, roofing agnculture horticulture 

~ wild life e g breeding grounds for water fowls preservation of flora and 

fauna fish and Invertebrates (shnmps oysters crabs mussels) Integrated 

systems and aquaculture (fish cultivation combined With nce production) 

~ erosion control 

~ gene pools and diverSity 

~ energy (hydroelectnclty, gas, solid and liqUid fuel) 

~ educational and training recreation and reclamation (Hollls et al 1988) 

Although wetlands have been used to treat wastewater for over a century It wasn t 

until the 1950 s that the quality of water was mOnitored and the potential of 

wetlands for pUrification purposes emerged Results showed Significant 

Improvements In the quality of wastewater and stUdies of natural wetlands have led 

to a greater understanding of their potential to aSSimilate pollutants ThiS has also 

helped In the planned and controlled use of wetlands for wastewater treatment as 

well as the preservation of natural wetlands and Indeed the construction of more 

wetlands for the same purpose 

1 2 5 Pollutants In wetlands and their removal mechanisms 

• Organic compounds 

The removal of organic pollutants assOCiated With settleable partlculates In wetland 

systems occurs through depOSition and filtration under qUiescent conditions 
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Soluble organic pollutants are removed by the suspended blomass and that 

attached to the roots and substrates by biodegradation with the required oxygen 

for aerobic processes being supplied from the atmosphere by diffUSion or by 

oxygen leakage through the roots In the rhlzosphere (Cooper et a/ 1996) The 

complete aerobic biodegradation of an organic pollutant (represented as a simple 

sugar) by heterotrophic bacteria can be summarised by the follOWing reaction 

+ equation 11 

Anaerobic degradation IS a multi-stage process which occurs In the absence of 

dissolved oxygen and IS not as fast as aerobic degradation Anaerobic degradation 

predominates In any system With a high organic loading and where oxygen IS a 

limiting element (Cooper et a/ 1996) Facultative or obligate anaerobic 

heterotrophic bacteria are responsible for the processes which can be summarised 

by the follOWing equations 

= equation 12 

= equatIOn 1 3 

= + equation 14 

equation 1 5 

+ + equation 1 6 

+ + equation 1 7 

The initial products formed In the anaerobic degradation In most flooded sedlments 

are acetic aCid (equation 1 2) lactiC aCid (equation 1 3) alcohols (equation 1 4) 

and carbon diOXide and water (equation 1 5) Sulphate redUCing bacteria which are 

strictly anaerobic and methane forming bacteria (equations 1 6 and 1 7) depend on 

a complex consortium of fermentatlve bacteria to utilise the product of the first 

stage degradation for their metabolic activities Decomposition of organic matter 

and carbon recycling In wetlands IS strongly Influenced by the sulphate redUCing 

and methane forming bacteria (Vymazal 1995) Whilst the aCid forming bacteria 

are qUite adaptable to their environment the over-production of aCid could 

completely halt the activities of the more sensitive methane-formers which only 

operate optlmally In the pH range, 6 5 to 7 5 Over-production of aCid by the aCld-
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formers rapidly reduces the pH, stops the action of the other group of bactena 

present and results In the formation of odorous compounds 

• Suspended solids 

Settleable suspended solids are removed from wetlands through sedimentation 

and filtration dunng the prolonged hydraulic residence time which IS common to 

most wetlands The non-settling colloidal solids are partially removed through a 

combination of bactena growth and adsorption onto other surfaces of plants 

suspended solids or the bottom sediment Bactenal growth results In the microbial 

decay of some of the particles and the eventual settling of others (Stowell et a/ 

1980) 

• Nitrogen 

Studies have suggested that the major removal mechanisms for nitrogen are 

nltnficatlon and denltnficatlon Other processes such as plant uptake, volatlllsatlon 

(common In wetland systems With free flowing macrophytes) ammonification and 

matnx adsorption also contnbute to nitrogen removal In wetland systems 

(I) Nitrification and Denltnficatlon 

Nitrification IS a chemo-autotrophic process which Involves sequential OXidation of 

ammonium to nitrate via nitrite With the energy being used for the synthesIs of new 

cells (Vymazal 1998) The two step OXidation process of ammonium IS 

summansed as 

NH/ + 1502 = equation 1 8 

= N03 equation 1 9 

= equation 1 10 

The first stage of the process (equation 1 8) IS beheved to be mediated by a group 

of bacteria known as Nttrososplra (N bnensls) So far Nttrosovlbno (N temus) 

Nltrosococucus (N mtrosus) and Nttrosomonas (N europaea) have all been 

Identified Hauck (1984) summarised the sequential stages of the conversion of 

ammonia to nitrite as follows 

The intermediate products hydroxyl-amine nitroxyl and mtro-hydroxyl-amlne are 

Involved In the electron transfer at each OXidation stage 
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The second stage (equation 1 9) involving oXidation of nltnte to nitrate IS mediated 

by facultative chemotrophs which are capable of generating energy for growth from 

organic matter In addition to nitrate Some of them are able to grow In the absence 

of oxygen The group of bactena In this category are called Nltrobacter 

Nltnficatlon IS Influenced by a number of factors including temperature pH oxygen 

availability concentration of ammoniacal nitrogen and the microbial population 

The minimum temperatures for the growth of Nltrosomonas and Nltrobacter are 

5°C and 4°C respectively ApprOXimately 4 3 mg of oxygen IS needed for the 

complete oXidation of 1 mg of ammoniacal nitrogen to nitrate (Cooper et al 1996) 

Denltnficatlon IS the bactena mediated reduction of nitrate to molecular nitrogen In 

a system depleted of oxygen It IS an Irreversible bactenal process In which oXides 

of nitrogen serve as terminal electron acceptors, In place of oxygen, for respiratory 

electron transport the electron donor In most cases IS an organic substrate 

Denltnfylng bactena utilise the energy generated, In the form of ATP to support 

respiration (Hauck 1984) The entire process can be summansed as 

= 6 H20 equation 1 11 

There IS eVidence from pure culture studies that denltnficatlon can occur In the 

presence of oxygen This explains the reduction of nitrate observed In waterlogged 

sOils before the complete depletion of dissolved oxygen has occurred (Laanbroek, 

1990) 

There are 17 commonly reported genera of bactena mostly chemotrophs which 

are believed to have demonstrated denltnfylng capabilities Pseudomonas 

Aeromonas and Vlbno are the most widely reported genera In aquatic 

environments Other less common genera which have been reported are 

Achromobacter Aerobacter Alcaligenes Azosptnllum, Brevlbactenum 

Flavobactenum Spmllum and Thlobaclllus 

Denltnficatlon IS mediated almost exclusively by facultative anaerobiC bactena that 

utilise oXidised nitrogen In place of oxygen for respiration under anoxIc conditions 

These bactena are also capable of utilising oxygen for respiration under aerobic 

conditions, an ability that allows denltnficatlon to progress at a significant rate soon 

after the system becomes anoxIc without any changes In the onglnal microbial 

population (Hauck 1984) 

19 



Factors that affect the rate of denltnfication In a system are temperature, pH, 

absence of oxygen presence of denltnfylng bactena sOil type organic matter and 

the nature of the overlYing substrate The presence of dissolved oxygen In the 

system actually suppresses the production of enzymes required for denltnficatlon 

to occur (Cooper et al 1996) Denltnficatlon proceeds at a very slow rate at 

temperatures under 5°C with the actual process Itself resulting In an Increase In the 

pH of the system 

It IS generally believed that nltnficatlon and denltnficatlon occur simultaneously In 

flooded wetlands where the aerobic layer lies Immediately above the anaerobic 

layer or the aerobic rhlzosphere mlcrosltes are In contact With anaerobic substrate 

(Reddy and Patnck, 1984) The combination of these processes can be 

summansed as follows 

equation 1 12 

equation 1 13 

24 NH/ + 5 CeH120e + 48 O2 = 12 N2 + 30 CO2 + 66 H20 + 24 H+ 

equation 1 14 

(11) Plant uptake 

The net productivity, I e the growth rate, and the concentration of nutnent In plant 

tissue determines the potential rate of uptake by any given plant As a result 

deSirable charactenstics for an Ideal wetland plant are rapid growth rate, high 

tissue nutnent content and a high blomass per Unit area (DeBusk and Reddy 

1987) Water hyacinth (Elchhomla crasslpes) IS reported to have a very high 

uptake capacity I e the amount of blomass that can be harvested With an 

estimated value of 6000 kg N ha 1 a 1 Emergent macrophytes have uptake 

capacities ranging between 1000 and 2500 kg N ha 1 a 1 which IS lower than the 

water hyacinth but higher than the uptake capacity of 700 kg N ha 1 a 1 In 

submerged macrophytes (Bnx 1994 Vymazal 1995) 

The amount of nutnent that could possibly be harvested In plants used for 

treatment IS qUite insignificant when compared to the background nutnent levels of 

wastewaters particularly In wetlands charactensed by emergent macrophytes (Bnx 

1994) Average nitrogen removals under optimum conditions are reported to be 

between 10 and 16% (Gersberg et al 1985 Herskowltz 1986) With time a large 

amount of the nutnent Incorporated Into the plant tissues IS returned to the 

wastewater through decomposition unless the plants are harvested (Bnx, 1994) 
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(Ill) Ammonification 

The mlnerahzatlon of complex organic nitrogen compounds Into simpler Inorganic 

nitrogen compounds IS called ammonification The rate of ammonification In 

wetlands reduces with decreasing dissolved oxygen concentration In the transition 

from aerobic to anaerobic conditions Other factors that affect the rate of 

ammonification are temperature substrate structure NIP ratio available nutnent 

and the pH value (Reddy and Patnck 1984) Literature compilations suggest that 

the rate of ammonification doubles With every 10°C nse In temperature (Reddy et 

a/ 1974) The optimal pH range for ammonification IS between 6 5 and 8 5 

Ammonification however causes a decrease In pH level In well drained systems as 

a result of the accumulation of nitrate and hydrogen Ions This process IS 

uncommon In saturated systems as when the pH IS buffered around neutrahty 

(Patnck and Wyatt, 1964) 

(IV) Ammonia volatlhsatlon 

Volatlhsatlon IS one of the physical processes Involved In pollutant removal In 

wetlands It IS the conversion of pollutants In hqUld or sohd forms to the gaseous 

form I e vapour The most common pollutant lost In wetlands through volatlhsatlon 

IS ammonia which occurs under alkahne conditions Attainment of alkahne 

conditions In wetlands IS qUite rare and only occurs dunng alga blooms when the 

removal of ammonia from the water column IS assisted (Cooper et a/ 1996) 

OH equatIon 1 15 

Ammonia losses through volatlhsatlon occur when the pH In flooded SOils and 

sedlments nses to 9 3 This condition IS often created by algal and macrophyte 

photosynthesIs and Increases With decreasing concentrations of CO2 At lower pH 

values of Just below 8, losses are not as significant and below 7 5 ammonia losses 

become inSignificant (Reddy and Patnck 1984) On the whole the rate of ammonia 

volatlhsatlon IS controlled by the NH4 + concentration In the wetland, Wind velOCity 

nature and vanety of aquatic plants present the capacity of the wetland system to 

change the pH level dunng diurnal cycles and the temperature (Vymazal 1995) 

• Phosphorus 

Phosphorus can be found In three main forms In wastewaters orthophosphate 

dehydrated orthophosphate or poly-phosphate and organic phosphorus Removal 

often occurs through adsorption plant absorption complexatlon or precIpitation 

(Watson et a/ 1989) Studies have shown that sedlments of terrestnal ecosystems 

act as a better long term Sink for phosphorus than aquatic systems (Rlchardson 

1985) The most stable form of phosphorus found In sedlments IS the +5 OXidation 

state lower OXidation states are thermodynamically unstable No changes are 
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expenenced In the oXidation state of phosphorus dUring decomposItion of the 

organic form by microorganisms or biotic assimilation of the inorganic form 

(Llndsay 1979) 

The adsorption and retention of phosphorus In wetlands IS controlled by the 

interaction of redox potential pH value the presence of Fe AI Ca minerals and 

background phosphorus content of the sediment (Llndsay 1979, Faulkner and 

Rlchardson 1989 Rlchardson and Valthlyanathan, 1995) Removal of phosphate In 

a wetland IS largely dependent on the condition of the substrate Removal of 

inorganic phosphorus has been related to the high content of AI, Fe and Ca In 

sedlments or sOils It has also been shown to be dependent on the oxalate

extractable (amorphous) aluminium content of the sediment or sOil {Rlchardson 

1985} In aCidic systems removal IS through adsorption onto hydrous oXides or 

precIpitation as Insoluble phosphates of either Fe or AI At pH values higher than 7 

calcium phosphate IS a more likely end product {Quails and Rlchardson 1995} 

Flooding causes a reduction In redox potential and the transformation of crystalline 

minerals of AI and Fe to their amorphous forms The amorphous forms of both 

metals have larger numbers of singly-coordinated surface hydroxyl Ions hence a 

higher phosphorus sorption capacity than their crystalline counterparts {Patnck and 

Khalld 1974} There are also claims of ligand exchange reactions where 

phosphate displaces the water or hydroxyl from surfaces of hydrous oXides of AI 

and Fe Monodentate binuclear complexes within the coordination spheres of 

hydrous oXides of AI and Fe are formed In this process {Faulkner and Rlchardson 

1989} 

• Metals 

Metals In wastewater are either partlculate assOCiated or In solution the distribution 

between the two being determined by certain physlco-chemlcal processes, 

including sorption precIpitation complexatlon sedimentation erosion and diffusion 

Metal removal processes In wetlands Involve sedimentation filtration adsorption 

complexatlon precIpitation cation exchange plant uptake and mlcroblally

mediated reactions particularly oXidation {Watson et a/ 1989} Factors affecting 

the sediment-water partitioning of metals Include the flow/suspended solids ratio 

IOniC strength oXlclanoxlc conditions dissolved and partlculate organic content pH 

value organic and inorganic ligand concentrations and metal mobilisation by 

biochemically mediated processes 

{I} Adsorption and cation exchange 

Adsorption IS the binding of dissolved substances onto sites on plant or matnx 

surfaces The binding of posItively charged metal Ions to negatively charged sites 
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on the surface of the adsorption material IS referred to as cation exchange This 

exchange IS brought about by electrostatic forces which are dependent on a 

number of factors Cation exchange occurs when the electrostatic force of 

attraction of a particular site for a given metal Ion In solution IS higher than the 

eXisting binding force between the surface and the metal Ion residing on that 

surface The cation exchange capacity (CEC) of a given material IS a measure of 

the number of binding sites per given volume or mass (Cooper et al 1996) 

The CEC value of most macrophytes IS qUite high due the presence of the carboxyl 

function group (-COOH) In the humic aCids of plant cellular tissue CEC values 

have been shown to be the same In both live and dead wetland plant tissues Both 

adsorption of metal Ions and cation exchange are Influenced by the vegetation 

surface area (Vymazal et al 1998) 

(11) Mlcroblally mediated processes 

Two main types of bacteria commonly found In wetland sedlments, remove 

dissolved metals from wastewater as precIpitates The first group called metal

oXidising bacteria, are found In the aerobic zones and cause the precIpitation of 

metal oXides The other group of bacteria are the sulphur-reducing bacteria which 

are found In the anaerobic zones and are responsible for the precIpitation of metal 

sulphides (Vymazal et al 1998) 

Microbial precIpitation of Iron and manganese has been reported In wetlands Iron 

IS found In wetlands In ItS soluble more bloavallable form as ferrous Iron (Fe2
) 

The precIpitation of Iron as Fe3
+ IS achieved by a confined group of bacteria through 

alteration of pH value and Eh which eventually leads to the chemical oXidation of 

Fe2+ 

Another way Iron IS removed from wetlands IS through the activities of certain 

chemo-lIthotrophlc bacteria Thlobaclllus ferooxldans Sulfolobus spp and 

Galllonel/a spp are capable of oXidising Iron to form Insoluble oXides of Fe3+ Many 

studies have shown Thlobacll/us ferooxldans to be the most common Iron oXidising 

bacteria known to eXist In a variety of systems The process can be summarised as 

follows 

equation 1 17 

It IS believed that other metals Including nickel copper lead ZinC and gold follow 

the same oXidation pathways (Cooper et al 1996) The precIpitation of femc 
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oxyhydroxldes (and oxyhydroxldes of other transitional metals) IS brought about by 

the steep redox gradient created by the radial oxygenation of the rhlzosphere by 

the roots of the macrophytes In wetland systems The precIpitated Iron forms a 

plaque matnx on the plant roots which aids the adsorption and Immobilisation of 

other metals (Taylor and Crowder 1983, Llu et al 2004) and In some cases 

nutnents (Hupfer and Dollan 2003 Heal et al 2005) 

There are three known strains of sulphate reducing bacteria belonging to the 

genera Desulfovlbno Desulfotomaculum and Desulfuromonas (Zehnder and 

Zlnder 1980) They are classified Into two groups the first group, found In manne 

and fresh waters IS capable of oXidising organic compounds to fatty aCids The 

second group restncted to manne waters oXidise organic matter completely to 

carbon dioxide (Laanbroek 1990) These bactena remove pollutants from the 

water column by precIpitation of associated metals as sulphides under anaerobic 

conditions 

= equation 1 18 

+ = M5 (Insoluble metal sulphide) equation 1 19 

The actIVIties of sulphate reducing bactena produce hydrogen sulphide and 

bicarbonate which Increases the alkalinity of the system The hydrogen sulphide IS 

soon IOnised to sulphide (52) which forms precIpitates With a range of metals 

(Cooper et al 1996) The precIpitation of Insoluble metal sulphides IS of great 

potential In the treatment of contaminated water and as such has been receiving 

increasing attention In recent years The sulphides formed are less susceptible to 

resuspenslon 

1 2 6 Constructed versus natural wetlands 

Wetland hydrology IS one key factor that distinguishes natural wetlands from 

constructed wetlands Natural wetlands, particularly those In tropical regions, 

expenence a Wide range of hydrological changes and suffer from a number of 

operational limitations Constructed wetlands represent emerging ecotechnologlcal 

treatment systems which are deSigned to overcome the disadvantages of natural 

wetlands by better hydraulic control and management of the vegetative and other 

components of the system They are engineered systems deSigned to utilise the 

natural processes involving wetland vegetation substrate and their assOCiated 

microbial assemblages to assist In treating polluted water They can be bUilt with a 

greater degree of control and as such allow the establishment of expenmental 

treatment with well defined substrate composition, vegetation type, flow patterns 
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and hydraulic rates (Vymazal 1998) There IS also a great deal of flexibility with the 

site location SIZing water retention time and hydraulic pathways 

The first experimental scale constructed wetland was set up at the Max Planck 

Institute In 1952 (SeldeI1955) The original focus was on the ability of a wetland to 

remove nutrients from wastewater by plant uptake as a measure of the pollutant 

removal capability The first operational full scale constructed wetland was later 

bUilt In Othfresen Germany In 1974 for mUnicipal sewage treatment (Klckuth 1976) 

Today over three decades after the first operational constructed wetland was bUilt 

there are reported uses of constructed wetlands for the treatment of a variety of 

wastewater types Below IS a list of the documented usage of constructed wetlands 

1952-phenol waste water-Experimental (Seldel 1955) 

1956-dalry waste water-Experimental (Seldel 1976) 

1956-lIvestock wastewater-Experlmental (Seldel 1961) 

1973-textlle wastewater-Experlmental (Wldyanto 1975) 

1974-munlclpal sewage-Operational (Klckuth 1976) 

1975-011 refinery wastewaters-Operatlonal (Lltchfield and Schatz 1989) 

1975-photograhlc laboratory wastewaters-Experlmental (Wolverton and McDonald 

1976) 

1976-textlle mill wastewaters-Operatlonal (Klckuth 1976) 

1978-acld mine drainage-Experimental (Huntsman et al 1978) 

1981-heavy metals removal-Experimental (Gersberg et al 1985) 

1982-agncultural drainage effluents-Expenmental (Reddy et al 1982) 

1982-urban stormwater runoff-Operational (Sllverman, 1989) 

1983-pulp/paper mill wastewater-Expenmental (Thut 1989) 

1985-dlary wastewaters-Operatlonal (Bnx and Schlerup 1989) 

1987-thermally affected wastewater-Operatlonal (Allstock, 1989) 

1988-lIvestock wastewater-Operatlonal (Hammer 1989 Hammer, 1992) 

1989-agncultural runoff-Operational (Hlgglns et al 1993) 

1989-chlcken manure-Expenmental (Vymazal 1998) 

1991-hlghway runoff-Operational (Ellls etal 1994) 

1992-bakery wastewater-Operatlonal (Vymazal 1998) 

1994-abbatolr wastewater-Operatlonal (Vymazal 1998) 

1994-glycol contaminated runoff-Operational (Worrall 1995) 

1994-urban surface water outfalls-Operatlonal (Scholes et al 1995) 

1994-alrport runoff-Expenmental-(Chong et al 1999) 

1995-swlne lagoon wastewater-Operatlonal (Stone et al 2004) 

1996-dralnage from a cropland-Operatlon (Luckeydoo et al 2000) 
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1997-effluent from a natural gas compressor station-Operational (Johnson et a/ 

1999) 

1999- atrazlne In nursery lITIgation runoff-Operational (Runes H B 2003) 

2000-alrport runoff-Operational (Hlgglns and Maclean 2002) 

2001-partlally nitrified liqUid sWine manure-Experimental (Poach et a/ 2003) 

2001-treatment of airport runoff-Operational (Worrall et a/ 2002) 

1 2 7 Types of constructed wetlands 

There are three main classifications of constructed wetlands for wastewater 

treatment based on the root system of the dominant macrophytes 

• Free-floating macrophyte-based systems 

Free-floating macrophyte-based systems are made up of diverse types of plants 

ranging from those with well-developed submerged roots (e g Elchhorma 

crasslpes (water hyacinth) Plstla stratlotes (water lettuce) and Hydrocoty/e 

umbel/ate (pennywort» to tiny surface floating plants possessing little or no root 

system such as Duckweed (Lemna spp ) (Bnx and Schlerup, 1989) 

Water hyacinth can be used for the treatment of raw wastewater and primary 

effluent or for upgrading eXisting secondary treatment and advanced secondary or 

tertiary systems all depending on the organic loading Into the system (Reed et a/ 

1988) The well developed root structures trap suspended solids In the wastewater 

which eventually settles under gravity In qUiescent water beneath the plants The 

root structure also provides a huge surface area for attachment of microorganisms 

hence Increasing the potential for microbial decomposition of organic waste The 

ability of water hyaCinth to transport oxygen from foliage to the rhlzosphere enables 

the efficient removal of BOO and also provides the right conditions for microbial 

nitrification (Reed et a/ , 1988) 

Low temperatures, below 10°C greatly reduce the efficiency of the water hyacinth 

system and therefore ItS successful use IS restricted to tropical and subtropical 

regions of the world There are reports of successful use of such systems In 

greenhouses and outdoors dUring the summer In the Czech Republic (Vymazal 

1998) 

• Submerged macrophyte-based systems 

Submerged macrophyte-based systems are characterised by plants With entirely 

submerged photosynthetic tissues Mineral uptake In the plants IS often through the 

roots and shoots (Vymazal 1995) Light penetration IS Important to support plant 

photosynthetic activities In such systems They can only grow well In oxygenated 

waters and as such they are not efficient In the treatment of wastewaters With a 
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high level of readily biodegradable organic matter where anoxlclty IS possible (Bnx 

1994) 

There are also reports of other submerged macrophyte-based systems Elodea 

nuttal/II (waterweed) for polishing secondary treated wastewater (Bishop and 

Elghmy 1988) Egena densa (dense waterweed), Elodea canadensIs (waterweed) 

Ceratophyl/um demersum (coontall) Hydnl/a vertlcIl/ata (hydnlla) Cabomba 

carollmana (farnwort) Mynophyl/um heterophyl/um (water mllfoll) and Potamogeton 

spp (pondweeds) for wastewater treatment (McNabb 1976 Reed et aI, 1988) 

The presence of submerged macrophytes IS believed to deplete dissolved 

inorganic carbon In water and elevate dissolved oxygen concentrations, particularly 

dunng photosynthesIs This also Increases the pH value resulting In the chemical 

precIpitation of phosphorus the mineralization of organic matter and the 

volatlllsatlon of ammonia (Bnx 1994) 

• Rooted emergent macrophyte-based systems 

There are four broad clasSifications of systems With emergent plants depending on 

the water flow pattern through the system 

~ Surface flow systems 

~ Honzontal subsurface flow systems 

~ Vertical subsurface flow systems 

~ Hybnd systems I e combinations of the other systems 

(I) Surface flow systems 

Surface flow systems are charactensed by shallow water flOWing through channels 

or baSinS at low flow velOCIties With SOil or a Similar medium preventing seepage 

and at the same time supporting the emergent vegetation (Figure 1 2) The main 

features present In this kind of system ensure that plug flow conditions are 

maintained (Reed et al 1988) In mUnicipal treatment systems most of the solids 

are filtered and settled Within a short distance from the Inlet (Watson et al 1989) 

This IS due to the lowered flow velOCities and sheltenng of the water column from 

Wind Dissolved pollutants are sorbed by SOils, plant tissues and active microbial 

populatlons before entenng Into the overall mineral cycle of the ecosystem (Kadlec 

and Knight 1996) 

Surface flow systems have been In operation In the Netherlands for over 30 years 

Over a hundred systems are reportedly In use In North Amenca for water quality 

Improvement, one of which IS a 16000 ha system used for the treatment of 

agncultural wastewater In the south of Flonda (Kadlec and Knight 1996) 
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Figure 1 2 Diagrammatic representation of a Surface Flow Wetland (source 
OWDP, Onslte Wastewater Demonstration Project, 2002 
http IIwww cet nau edulProjectslWDP/) 

(11) HOrizontal subsurface flow systems 

In a hOrizontal subsurface flow system (HSF), the wastewater flow rate IS reduced 

as It passes through the porous substrate medium The flow proceeds In a 

hOrizontal manner until It reaches the outlet and then leaves the system through a 

level control arrangement (Figure 1 3) Microbial degradation filtration and 

sedimentation occur during the passage of the wastewater through the rhlzosphere 

The most common type of hOrizontal subsurface flow system In Europe IS the 

Reed Bed Treatment System (RBTS) adopted from the name of the macrophytes 

the common reed (I e Phragmltes australls), used (Vymazal, 1998) 

The aerobic and anaerobiC degradation of organic compounds In HSF systems IS 

mainly carned out below the water surface by resident media surface bacteria and 

those associated With the roots and rhizomes AnaerobiC degradation plays a key 

role In the decomposItion of organic pollutants In HSF systems because the oxygen 

transport capacity of the reeds IS insuffiCient to sustain aerobic degradation 

Insufficient oxygen supply IS another reason for Incomplete removal of nitrogen In 

HSF systems Because the common media used In most HSF systems do not 

contain large amounts of metals, such as Fe AI or Ca removal of phosphorus 

through ligand exchange reactions IS Inadequate 

Figure 1 3 Diagrammatic representation of a Horizontal Sub-surface Flow 
Wetland (Source OWDP, Onslte Wastewater Demonstration Project, 2002 
http IIwww cet nau edu/ProjectslWDPI) 
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(Ill) Vertical subsurface flow systems 

Vertical subsurface flow systems (VSF) have been m operation In Europe for well 

over 25 years They were often referred to as mfiltratlon fields' m The Netherlands 

The configuration of VSF systems can be similar to that employed m HSF systems, 

the difference IS the vertical flow of wastewater through the substrate Loadmg of 

wastewater mto the VSF system IS usually intermittent and dlscontmuous and not 

contmuous as m HSF systems The vegetative species utilized are usually the 

same as those utilized m hOrizontal flow systems 

Figure 1 4 Diagrammatic representation of a Vertical Sub-surface Flow 
Wetland (Source IRIDRA, 2005) 

Hydraulic retention times In VSF systems are usually short with the superficial top 

layer of sand lessening the velOCity of the flow This has been found to favour 

processes like denltrlficatlon and phosphorus removal m the system 

(IV) Hybrid flow systems 

Examples of hybnd flow systems Include a combination of honzontal subsurface 

flow and vertical subsurface flow systems arranged In a staged manner The 

honzontal flow beds are less aerobiC and are good for suspended solids removal 

and moderate BOO reductions In contrast the vertical flow beds are more aerobiC 

hence better for nltnficatlon and BOO removal The actual arrangement reqUired for 

a hybnd flow treatment plant depends on the skill of the deSigner m usmg the 

advantages of a particular system type to compensate for the disadvantages of the 

other Good examples of this technique are the treatment plants m Denmark 

(Johansen and Bnx 1996) and Poland (Clupa, 1996) where large honzontal-flow 

systems are followed by a vertical-flow stage In this set up nltnficatlon takes place 

m the vertical flow stage which IS at the end of the process sequence The 

wastewater can then be pumped back to the less aerobiC honzontal flow stage for 

denltnficatlon usmg the raw feed as the carbon source 
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1 2 8 Pollutant Removal Mechanisms in Constructed Wetlands 

Pollutant removal In constructed wetlands Involves a combination of physical 

chemical and biological processes Including sedimentation precIpitation 

adsorption and assimilation by plant tissue and microbial transformation Wetlands 

also serve as a sink for a number of pollutants and In some cases as a biological 

filter Many of these processes require further studies to provide a full 

understanding of the actual mechanisms Involved and the extent of pollutant 

removal 

• Physical processes 

Through gravitational settling, partlculate pollutants are removed from the water 

column by the sedimentation process ThiS process helps to clear the water of 

partlculate pollutants which would have hindered light penetration Into the water 

column It also aids In the removal of suspended solid associated BOO, nutnent 

microbial blomass and heavy metals Factors such as dense stands of reeds and 

reduction In flow rates reduction In turbulence or any wind generated waves have 

been shown In the past to aid sedimentation (Kadlec and Knight 1996) The 

pollutant removal abilities of wetlands have been linked with the sediment removal 

by the litter layers which trap pollutants as incoming wastewater enters at reduced 

flow rates (Bnx, 1994) 

• Chemical processes 

The two main chemical processes that aid pollutant removal In wetlands are 

specific adsorption and precIpitation of Insoluble compounds (Hemond and BenOlt 

1988) Specific adsorption IS the adherence of pollutant species or substances 

through chemical bonds resulting In the formation of stable chemical complexes 

Both Iron and aluminium oXides are known adsorption sites for phosphates and a 

host of heavy metals Clays are also good sites for ligand exchange and chelation 

A range of pollutants In the water column are further removed by IOniC hydrate 

adsorption of solids which IS then followed by sedimentation 

Phosphates and heavy metals In water columns are also precIpitated out of 

solution through the formation of Insoluble complexes with Iron aluminium or 

calCium all of which are abundant In wetland associated clay particles (Hemond 

and Benolt, 1988) Other Insoluble complexes can be precIpitated out of the water 

column as hydroxides carbonates and phosphates In most of these cases 

precIpitation of complexes IS followed by sedimentation Into the sediment sink 

where other transformations and/or conversions may take place 
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• Biological processes 

Wetland plants and mlcroorgamsms have been shown to store a range of 

pollutants Including heavy metals (Zhang et a/ 1998) and phosphorus and 

nitrogen (Bnx 1994 Jayaweera and Kastunarachchl 2004 Kuusemets and 

Lohmus 2005) Pollutants are removed from the sedlments by emergent plants 

from the water column by floating plants or from both by submerged plants (Barko 

and Smart, 1990) 

Pollutants are stored In different parts of the plants depending on the type of plant 

Submergent plants store most of the pollutants In roots and rhizomes which IS the 

same for emergent plants with smaller amounts stored In the leaves Plant uptake 

occurs more dunng penods of active growth Because of seasonal vanatlons, 

certain parts of the world, particularly the temperate regions do not have efficient 

pollutant uptake dUring the winter months The pollutants particularly nutrients and 

heavy metals bloaccumulated over the active growing season (summer and spring) 

are translocated from the leaves to the roots and rhizomes where they are stored 

for growth In the next season Most of the heavy metals however are moved from 

the root section and become Incorporated Into the sedlments over time (Kadlec and 

Knight, 1996) 

Unlike plant uptake which IS seasonal microbial activities are not necessarily 

reduced dUring winter months Most of the microbes remain In the system In 

association with appropriate attachment sites Very little has been done to assess 

the seasonal Impact of microbial populatlons on pollutant uptake accumulation or 

removal 

1 3 LAGOONS AND PONDS 

Lagoons and ponds are two broad claSSifications for man-made PitS or baSinS 

constructed In or on the ground surface With earthen dikes (or other man-made 

material) for water retention Lagoons and ponds have been used to treat different 

forms of wastewater ranging from stormwater runoff to industrial effluent They are 

mainly used for suspended solids BOO and nutrient removal although there are 

cases where they are also used for pathogen removal Natural stablllzatlon 

processes occur With the required oxygen coming through atmospheriC diffUSion 

photosynthetic and/or mechamcal sources In certain cases ponds are used as the 

only means of treatment pnor to discharge to receiving waters while In other cases 

they act as a storage faCIlity prior to treatment or discharge The role they play In 

surface runoff management determines their location size and to an extent the 

name by which they are deSignated Some of the types commonly used are 

discussed below 
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a) DetentIon and retention ponds 

The Increase In Impervious area due to urbanisation has made structures like 

detention and retention ponds a key feature In the successful management of 

Increasing surface runoff volumes The main role of detention ponds and retention 

ponds IS to control the water flow dUring storm events but they also Improve 

stormwater quality by detaining the stormwater to allow pollutants that are 

suspended In the runoff to settle out 

Detention ponds are designed to stay dry until a significant storm event occurs 

Retention ponds on the other hand, have a permanent pool of water Into which 

stormwater IS directed and treated before being washed out dUring subsequent 

storm events Detention ponds have been reported to be effective for the removal 

of pollutants such as nutrients faecal bacteria and heavy metals (Mallln et al 

2002) Enhanced treatment can be achieved by extending the retention time or 

through the use of aquatic plants around the pond (Figure 1 5) Examples of such 

applications are retention ponds located on the Surrey section of the London 

Orbital M25 motorway (Hares and Ward 1999) and the Ann McCrary pond In Burnt 

Mill creek watershed North Carolina (Mallln et al 2002) 

Rlprap 

Low Flow Drain for Pond Maintenance 
(should be designed 10 provide easy access and 10 
avoid clogging by trapped sedlmenls , 

Figure 1 5 TYPical layout of a retention pond (source Maryland Department 
of the Environment, 1986 http IIwww epa gov/owm/mtblwetdtnpn pdf) 

b) AerobIC ponds 

AerobiC ponds are mainly used for the primary treatment of soluble organic waste 

present In water They usually contain bacteria and algae In suspension under 

aerobiC conditions In certain aerobiC ponds the objective IS to Increase the algae 

population while In others the objective IS to Increase the dissolved oxygen levels 

The general operating depth In the former IS between 0 15 m and 0 45 m ThiS 

encourages the growth of rooted aquatic plants In the latter the operating depth IS 
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usually around 1 5 m and such ponds are usually equipped with pumps or surface 

aerators to achieve adequate mixing and an efficient oxygen supply 

c) AnaerobIc ponds 

Anaerobic ponds are used for the treatment of high strength wastewater (usually 

BOO greater than 500 mg/l) and for situations In which a high quality effluent IS not 

required They are generally deep around 9m to conserve heat and maintain 

anaerobic conditions The upper layer (surface zone) of the pond IS usually aerated 

through atmospheric diffusion with the rest of the pond being anaerobic Pollutant 

removal In anaerobic ponds IS carned out by a combination of anaerobic 

metabolism and precipitation, the aCid-forming bacteria being the dominant 

microorganisms In the system The release of odours dUring the reduction of 

sulphate compounds to hydrogen sulphide makes It Imperative that such systems 

are sited In remote locations 

d) FacultatIve ponds 

Facultative ponds operate through a combination of aerobic and anaerobic 

mechanisms and are very commonly used for the treatment of domestic waste and 

a variety of Industrial wastes They are made up of three zones containing different 

types of organisms (Figure 1 6) 

). The surface zone receives atmospheric oxygen by diffusion allOWing algae 

and bacteria to thrive symblotlcally Aerobic bacteria utilise the oxygen 

provided by the algae growing on the surface to oXidise soluble organics 

Yielding carbon dioxide The carbon dioxide IS then used by the algae as a 

carbon source 

). The aerobic-anaerobic zone In the middle of the pond contains facultative 

bacteria which convert waste through oXidisation 

). The anaerobic zone at the bottom of the pond IS where accumulated 

sludge and organics are converted by the anaerobic bacteria The products 

of thiS conversion CH4 CO2 and H2S are either oXidised by aerobic 

bacteria In the pond or released directly to the atmosphere 
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Surface regIOn 
015-045 m 

Aerobic-anaerobic regIOn 
Upto9m 

Anaerobic region 

Figure 1 6 Facultative pond strata, showing the three depth regions 

e) Aerated lagoons 

Aerated lagoons (also referred to as aerated ponds) are systems In which 

biodegradable organic matter IS broken down by aerobic processes with the 

necessary oxygen supplied by mechanical aeration The presence of mechanical 

aerators leads to a marked change In the ecology with replacement of algae 

associated with wastewater ponds and lagoons by a mixed heterotrophic bactenal 

community The operation of aerated lagoons exclude algae because the 

turbulence created by the aeration keeps the blomass suspended which In turn 

provides the turbidity that restncts penetration of any form of light that would 

encourage algal growth In the water column The turbulence IS also expected to 

assist the conveyance of oxygen at the surface to the lower layers and also to 

reduce thermal stratification 

Aerated lagoons are usually constructed with sloping walls lined with matenals 

such as bentonite clay asphalt synthetic membranes and concrete to prevent any 

form of infiltration The Inlet and outlet pipes are usually placed at diagonally 

opposite corners Badly positioned Inlet and outlet pipes could lead to the direct 

passage of untreated wastewater to the outlet section (I e short-cIrcUiting) 

especially If the outlet end of the pond IS located downwind Baffles are usually 

placed within the ponds to ensure that this does not occur The last factor the 

retention time vanes for different treatment facIlities depending on the type of 

wastewater being treated and the effluent quality requirement For most domesbc 

wastewater the retention time vanes from 3 to 6 days (Llu and Llptak 2000) 
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1 3 1 The ecology of lagoons and ponds 

The diverse growth environment found In ponds supports a diversity of 

microorganisms which are different from those observed In many other biological 

treatment processes Aerobic and anaerobic bactena as well as algae and some 

higher life forms such as protozoans rotlfers daphnla and Insect larvae have been 

reported to be present In lagoons and ponds 

1 3 1 1 Aerobic bactena 

Aerobic bactena found In lagoons and ponds are similar to those found In most 

treatment processes such as activated sludge The main functional groups 

found are 

> Single dispersed bacteria 

> Floc-forming bacteria 

> Fllamentous bactena 

These bactena function by utilising organic carbon I e BOO to produce carbon 

dioxide and new cells The single dispersed bactena are the most common of 

the three types found In wastewaters because they grow qUite well In ponds with 

high organic loadlngs and low dissolved oxygen They are qUite effective In BOO 

degradation Their dispersed nature however makes retention In the pond 

difficult as most of the blomass IS passed along In the effluent stream as part of 

the suspended solids loads Floc-forming bactena on the other hand grow In 

large aggregates which degrade BOO settling at the end of the process to Yield 

a low TSS (total suspended solid) effluent The pathway followed by aerobic 

bactena In the degradation of BOO has been explained earlier In thiS chapter 

Another group of aerobic bactena that has been reportedly found In lagoons are 

nltnfylng bacteria These are strict aerobes and are capable of oXidising 

ammonia via nltnte to nitrate The activities of thiS group have been fully 

discussed earlier In thiS chapter Aerobic bactena are effective In BOO removal 

over a Wide pH range (65-9 O) and at temperatures from 3-4°C to 60-70°C 

There IS however, a rapid decline In BOO removal performance If the 

temperature falls below 3-4°C 

1 3 1 2 AnaerobIc bactena 

Anaerobic bactena that are commonly found In lagoons are mainly Involved In 

methane formation (the aCid-forming and methane bacteria) and sulphate reduction 

(sulphate redUCing bactena) These process pathways have been explained earlier 

In thiS chapter Generally anaerobiC bactena are capable of hydrolysing proteins 

fats and polysaccharldes present In wastewater to smaller compounds like amino 

aCids, short-chain peptldes, fatty aCids, glycerol, and mono- and dlsacchandes 

35 



They are known to have a wider range of environmental tolerance to pH and 

temperature vanatlon compared to aerobiC bacteria 

Another group of anaerobic bacteria found In almost all lagoons and ponds are 

the photosynthetic anaerobic sulphur bacteria, generally grouped Into the red and 

green sulphur bacteria category and represented by about 28 genera (Ehrllch 

1991) They oXidise reduced sulphur containing compounds uSing light energy to 

Yield sulphur and sulphate The most common species are Chromatlum 

Thlocystls and Thlopedla which can grow In profusion and give a lagoon a pink 

or red colour Their presence IS most often an Indication of organic overloading 

and the occurrence of anaerobiC conditions In an Intended aerobiC system 

1313AIgae 

Algae are usually the providers of some of the oxygen required by bacteria for 

waste stablllsatlon There are three claSSifications of algae based on their 

chlorophyll type 

~ brown algae 

~ green algae 

~ red algae 

The prevailing growth conditions particularly temperature organic loading 

oxygen status, nutnent availability and predation pressures In a lagoon 

determine the predominant algal species at any given time A fourth group of 

algae called the blue-green algae are also found In lagoons They are slightly 

different from the first three because of their ability to fix atmospheriC nitrogen 

Blue green algae thrive In lagoons with poor supporting conditions such as high 

water temperature low light levels low nutrient availability (many fix nitrogen) 

and high predation pressure Common species that have been reportedly found 

In ponds are Aphanothece Mlcrocystls Oscll/atona and Anabaena 

Generally algae grow more effiCiently at warmer temperatures with longer 

detention times and when the inorganic minerals needed for growth are In 

excess Although the operation of certain systems like aerated lagoons and 

ponds does not encourage algal growth Within the system they are stili able to 

survive In such an environment 
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14 ENUMERATION,ISOLATION AND IDENTIFICATION OF 

MICROORGANISMS 

In nature the mIcrobIal populatlons do not segregate themselves by specIes they 

usually eXIst In a mIxture of several other cells The composItIon of every mIxture IS 

dependent on the nature of the envIronment to whIch It IS exposed Mlcroorganrsms 

thrive dIfferently In dIfferent envIronments and thIs to a large extent determInes 

whIch cells WIll be predomInant The accurate enumeratIon of any cell In a 

partIcular medIum depends on ItS culturablllty In the laboratory CertaIn bacteria 

especIally Gram-negatrve bacteria sometrmes enter a vIable but non-culturable 

(VBNC) state, dUring whIch they cease growing conventIonally whIlst retalnrng theIr 

eXIstence In thIS state, these cells are reduced In SIze, become OVOId and do not 

grow on standard laboratory medIa so that enumeratIon results become flawed 

ThIS phenomenon IS generally regarded as beIng analogous to sporulatIon whIch IS 

common In Gram-posItIve bacteria like Bacillus sub tIlls The emergence of thIS 

concept In the 1980s led to consIderable research Into the eXIstence and 

slgnrficance of such bacteria In the envIronment (Yokomaku et al 2000) 

It was Inrtrally reported that when cells loose theIr abIlity to grow on laboratory 

medIum they also forfeIt the abIlity to Incorporate substrates such as glucose 

(Barclna et al 1990) Results from tests conducted on V cho/erae and E coIl 

however show reduced substrate uptake and metabolic actIvItIes only and not a 

total cessatron for both cells In theIr VBNC state The uptake by V cho/erae 

Improved slgnrficantly after a temperature upshlft from 4°C to 30°C (Chowdhury et 

al 1994) whIch agrees wIth the findIngs of Nllsson et al (1991) In whIch V 

vulntficus was resuscItated after an Increase In temperature In another study 

Salmonella ententldls regained ItS culturablllty on addltron of nutrient (Roszak et al 

1984) whIch demonstrates that culturablllty can be regaIned On the other hand 

Pseudomonas flourescens became VBNC when the temperature was Increased 

from 23°C to 35°C and 37°C (Bunker et al 2004) and Bradyrhlzob/Um Japontcum 

exposed to elevated temperature In the soli also became VBNC (Kennedy and 

Wollum 1998) 

In a number of other studIes, freshwater and marine bacteria were found to enter 

the VBNC state under dIfferent condItIons (Xu et al 1982 Roszak et al 1984, 

Rolllns and Colwell 1986, Nllsson et aI, 1991) whIle they remained actIve 

Eschenchla coIl have also been shown to be capable of entering Into a VBNC state 

In response to adverse envIronmental condItIons (Xu et aI, 1982 Colwell et al 

1985 Roszak and Colwell et al 1987) There are further claIms that some Gram

negatIve bacteria loose there colony-formIng abIlity once InSIde the 5011 mIcrocosm 

e g Alca/tgene eutrophus (Pedersen and Jacobsen 1993) Pseudomonas 

flourescens (Blnnerup et aI, 1993 Troxler et al 1997) Flavobactenum sp 
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(Heljnen et al 1995) Salmonella typhlmunum (Troxler et al 1997) All these 

results suggest that abiotic stresses contribute to the entry of many cells Into the 

VBNC state Colwell et al (1985) reported that despite being In the VBNC state V 

cholerae remains potentially pathogenic It would appear from all these results that 

the VBNC state eXists as a response to stress The subjecting of culturable cells to 

prolonged starvation In a sterile laboratory microcosm has been shown to lead to 

cell count declines over time (Bogoslan and Bourneuf 2001) 

The Kogure s protocol IS one of several proposed to ascertain whether cells unable 

to grow on a routine culture media are viable It IS based on the assumption that 

viable cells can respond to the presence of a nutrient but do not necessarily form 

colonies on the plate The test IS performed uSing nalidiXIC aCid (at a standard 

concentration of 100 mg/l), which inhibits the growth and reproduction of both 

gram-positive and gram-negative bacteria, by blocking the bacterial DNA syntheSIS 

and interfering With cell diVISion The Viable cells usually enlarge Without diVISion 

distingUishing them from the non-Viable ones which Will remain small It IS not 

entirely certain that all Viable cells Will respond positively to this technique although 

there are reports that this IS the case (Bottomley and Maggard 1990 Heljnen et al 

1995 Troxler et al 1997) 

The entry of certain bacteria, particularly Gram-negative ones Into the VBNC state 

has an Important Implication for the understanding of the actual pathways followed 

In the degradation of pollutants such as glycol The need to Identify a medium that 

would sustain the growth of such cells during this state so as to conduct further 

tests cannot be over-emphaslsed The difficulty In obtaining such cells for more 

detailed tests (API biochemical tests and the Polymerase chain reaction PCR) 

makes It even more difficult to fully understand the microbial processes Involved In 

pollutant removal In systems made up of a large diversity of bacteria 

1 4 1 Enumeration of microorganisms 

The techniques employed for the enumeration of microorganisms In the 

environment fall Into two main categories direct and indirect methods The direct 

technique as the name suggests Involves actual counting of bacteria cells uSing a 

number technique It baSically equates Viability With culturablllty The conventional 

plate count method IS the most Widely used technique and has been In use for a 

long time In the applied microbiology field However this method has a few 

Inherent disadvantages The main disadvantage IS that results are not obtained 

Immediately as It takes at least 2 or 3 days before a realistic count can be made 

There IS also the problem of under-estimation of the population due to uneven 

distribution or the formation of clumps or chains Auty et al (2001) also claimed 

that oXldatlve killing of anaerobic bacteria such as BlfidobacterlUm dUring plating 
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could also result In an under-estimation of the actual population Colony counts 

tend to under-estimate the actual bactena diversity a case indicated by 

microscopIc counting of cells after Immunofluorescence (IF) staining (Bottomley 

and Maggard 1990) The spiral plate and petnfilm techniques are also popular and 

have both been In use for a long time Other more recent techniques are 

-Hydrophobic gnd membrane filtration (HGMF) 

-Direct staining mlcroscopy 

-Direct eplfluorescent filter technique (DEFT) 

-Mlcrocolony DEFT 

The indirect technique IS basically a means of enumeration based on the reaction 

of the microbial population It IS merely estimates a constituent or product of the 

microorganisms e g measurement of the utilisation of pyruvate or adenosine 

tnphosphate (ATP) by the cells Other methods that fall Into this category are-

-Llmulus amoebocyte lysate (LAL) 

-Radiometry 

-Flow cytometry 

-Gas chromatography 

-PyrolysIs 

-Turbidity 

-Catalase production 

The advantages and disadvantages of both techniques are listed below 

Table 1 4 The advantages and disadvantages of the direct and indirect 
method of enumeration of microorganisms 

Direct method Indirect method 

Advantages 

• Rapid • Accurate results 

• Minimal and Inexpensive • ReqUires only a small volume of 
equipment Innoculum 

• Immediate determination of cell 
morphologles 

Disadvantages 

• Counts all cells both dead and • ReqUires media and eqUipment 
hVlng • Accuracy depends on growth 

• The use of a small volume of and activity of microorganism 
sample magnifies Interference 

• Slow 

1 4 2 Isolation of Microorganisms 

In order to assess the morphological and biochemical attnbutes of a given 

microorganism the cells are usually separated Into pure cultures containing only 

one organism type represented by a discrete colony Colonies are the indiVidual, 
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macroscopIc vIsible mass of microbial growth on a solid medium For successful 

Isolation of a particular mlcroorganrsm the number of cells on the Innoculum IS 

reduced ensuring that that the individual cells are sufficiently far apart on the 

surface of the medium There are three technrques commonly used for the Isolation 

of discrete colOnies 

• Streak-plate technique 

This IS a rapid qualitative Isolation technrque which Involves the spreading of a 

loopful of culture over the surface of a sUitable agar plate By dOing thiS, 

millions of cells are spread over the surface of the solid medium With some 

individual cells deposited distinctly from the others The cells on the plate grow 

and reproduce forming Isolated colonres, some well separated from others 

These colonres usually serve as a good source for a pure culture 

• Spread-plate technique 

This technrque Involves the use of a sterile L-shaped bent rod to spread a 

previously diluted solution of mlcroorganrsms over a solid agar surface The 

solution IS left to absorb Into the agar before being Incubated at an appropriate 

temperature With the plates In Inverted positions Depending on the dilutions 

used, discrete colonres appear on the surface of the agar after between 1 and 

3 days 

• Pour-plate technique 

The pour-plate technrque requires the use of solution of mlcroorganrsms which 

are then diluted serially usually uSing a loop or pipette The diluted Innoculum 

IS transferred In a molten agar medium to a Petri dish where It IS mixed and 

allowed to SOlidify When the agar has solidified, the dishes are Inverted and 

Incubated at the appropriate temperature As for the spread-plate technrque 

discrete colonres are observed In the media after between 1 and 3 days 

depending on the nature of the mlcroorganrsm 

1 4 3 Identification of microorganisms 

The traditional methods of Identifying mlcroorganrsms are usually based on the 

morphological characteristics of the cells and antigen detection In recent years 

polymerase chain reactions (peR) and API-blochemlcal technrques have gained 

popularity both In the cllnrcal Industrial and environmental arenas There are also 

other automated Identification methods which have been developed The 

prerequIsite for all these methods IS the need to obtain a pure culture Some of the 

Identification techniques Widely used are listed below 
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• Vltek 

This technique was Initially Introduced as an automated system by BloMerleux In 

1976 It IS based on the detection of certain microbial growth In mlcrowells bUilt Into 

plastic cards which had previously been widely used for tests on urine Isolates The 

system IS an Integrated modular set-up consisting of a filler-sealer Unit reader 

Incubator computer and printer which may be Interfaced with other laboratory 

information management systems The Innoculum IS automatically transferred to 

the test cards before being Incubated at 35°C The underlYing principle of the 

deVice IS based on changes In the optical denSity which IS an Indication of the 

response of the Innoculum to the different antimicrobial susceptibility tests One 

major disadvantage of the deVice IS the time taken to Identify non-glucose 

fermenting Gram-negative baCilli Gram-posItive bacteria and yeast There are 

suggestions that further modifications are required for the Identification of some 

staphylococcus and streptococcus species (Colllns et a/ 1995) 

• API 

The API system consists of between 20 and 32 biochemical tests which are based 

on the average 29 to 32 tests believed to be reqUired for the reliable Identification 

of most bacteria strains The system comprises of a denSitometer Inoculator 

reader and data handler One unique feature of thiS technique IS the output Index 

produced which prOVides the user with culture Identification The Index also 

indicates If the Isolate IS typical or atypical compared With the base profile of the 

test species Different API striPS have been developed over the years for more 

closely related species Some of the common ones are -

~ API20E for the Identification of enteric bacteria 

~ APIStrep for the Identification of streptococcus bacteria 

~ APIStaph for the Identification of staphylococcus bacteria 

~ ID32staph which IS used for a more comprehenSive Identification of 

staphylococcus bacteria 

• 81010g 

The 81010g system IS a computer based system consisting of a manual 8-channel 

repeating plpettor, a turbldometer and a mlcroplate reader which IS made up of 96-

well mlcrotltre plates In which test organisms are Inoculated to assess their ability 

to reduce tetrazollum Violet to purple formazan Each well contains a carbon source 

which remains colourless along With the control well when not used by the test 

organism The resulting profile produced IS referred to as a metabolic fingerprint 

which IS then used to Identify the organism through the 81010g Gram-posItive or 

Gram-negative database Unknown profiles can be compared With both databases 

to create a user-defined file 

41 



• Cobas Bact 

This IS an automated system first Introduced for the susceptibility testing of 

nonfastldlous Gram-negative and Gram-positive bacteria The more recent version 

of the device IS made up of a disposable rotor With 16 peripheral cuvettes 

containing dehydrated biochemical substrates an Incubator a spectrophotometer 

reader and a computer module which IS used for interpretation and printing of 

results It IS qUite accurate In the determination of clinically Important Gram

negative rods but not so good With non-fermenting bacteria (Colllns et a/ 1995) 

• DNA Probe 

DNA probes are generally used to find specific pieces of DNA called target DNA In 

a test sample A DNA probe IS a short Single-stranded piece of DNA molecule that 

IS denatured by heating Into a single strand before been radioactively labelled With 

phosphorus The radioactive phosphorus IS bUilt Into the phosphate group of each 

nucleotide of the DNA This IS then Incorporated Into the backbone of the DNA 

strands through Incubation With a polymerase enzyme creating a short piece of 

radioactively labelled DNA With known sequence This DNA sequence IS then used 

to hybridise With any complementary nucleiC aCid strands In the mixture of other 

single stranded DNA molecules In the Innoculum The position of the hybridisation 

probe IS determined by creating an Image on a phosphorus sensitive screen, which 

IS similar to developing an x-ray Image There are several commercial DNA probes 

used both In clinical and environmental practices 

• PCR (Polymerase Chain Reaction) 

PCR technology IS the best-established DNA amplification technique and IS one 

of the most widely used techniques In molecular biology It IS a rapid 

inexpensive and simple means of prodUCing large numbers of copies of DNA 

molecules from a small source In a thermal cycler The components of the 

process are -

,.. A DNA template which contains the region of the DNA fragment to 

be amplified 

,.. Two primers which specify the front and end of the region to be 

amplified 

,.. Taq polymerase which copies the region to be amplified 

,.. Deoxynucleotldes-trlphosphate (dNTP) from which the Taq polymerase 

bUilds the new DNA 

,.. The buffer solution which provides the sUitable chemical environment for 

the DNA polymerase 
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PCR is based on the repetitive cycling of three main reactions which form the basis 

of the whole technique. The first of the three reactions is the denaturing of the 

double stranded DNA. This involves heating the DNA to temperatures as high as 

96°C to ensure that the strands melt and are denatured. The next stage of the 

process is the annealing phase which takes place at a lower temperature of 

between 40-65°C. A series of strong and weak ionic bonds are formed between the 

single stranded primers and templates that match, with the stronger bonds 

remaining stable for a longer period of time. During this period the polymerase 

attaches itself to the double stranded DNA (template and primer) and starts 

copying the template. This forms bases with strong ionic bonds which are not 

easily broken. The elongation stage is the last part of the overall reaction . It occurs 

at a temperature of around 72°C which is ideal for the polymerase. It is at this 

stage that the action of the polymerase kicks in as it extends fragments with strong 

ionic bonds which are already built into the base, forming DNA fragments of 

defined lengths. To visualise the DNA fragments formed, the PCR products are 

loaded onto an agarose gel (containing 0.8-4.0% ethidium bromide) using an 

appropriate molecular-weight marker and run through an electrophoresis unit. 

Under ultraviolet illumination, the size of the DNA fragments formed with the 

primers can be determined by comparing with the bands from the known 

molecular-weight markers on the ladder. The ladder is a mixture of fragments with 

known size to compare with the PCR fragments. The distance between each 

fragment on the ladder is usually represented logarithmically as show below. 
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Figure 1.7 DNA ladder markers with base pairs of different sizes (Koneman et 
al., 1997) 
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Several difficulties arise dUring the Identification of typical strains of 

microorganisms uSing most of the discussed techniques These problems arise 

when a typical strain or rare or newly described species does not match any of 

those held on the respective database This problem may be compounded when 

the strains are mls-Identlfied rather than unidentified and so there IS a need to be 

familiar with taxonomic reference texts and Journals that publish papers on new 

species There IS also a need to take adequate measures to aVOid contamination of 

the Innoculum as this could seriously Jeopardise the results 
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CHAPTER 2 SITE DESCRIPTION AND 

METHODOLOGY 

2 1 THE HEATHROW TREATMENT FACIL TV (HTF) 

The Heathrow treatment facIlity (HTF) IS an integration of wetlands and aeration 

ponds divided Into two parts, Mayfield Farm (Identified on the left hand side of 

Figure 2 1) and the Eastern Balancing Reservoir (shown diagrammatically on the 

nght hand side of Figure 2 1) It has been designed to treat high-strength ADF

enriched effluent which IS penodlcally washed off the surfaces of two of the 

airport s largest catchment areas The first of these IS the Southern Catchment 

which covers an estimated 290 ha land area (78% of which IS Impermeable) 

Incorporating Terminal 4 runways and cargo areas The second IS the Eastern 

Catchment covenng Terminals 1 2 and 3 maintenance areas and runways with 

an estimated surface area of 309 ha of which 80 % IS Impermeable 

RUNOFF FROM SOUTHERN 
CATCHMENT 

[ RUNOFF FROM EASTERN 
CATCHMENT 

ov. 

SUB-SURFACE 
REEDBEDS 

TRANSFER 
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POND 
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BOTTOM 
POND 

DIVERSION 
CHAMBER EASTERN BALANCING RESERVOIR 

FLOATING REEDBEDS 

MAYFIElD FARM SOUTHERN BALANCING RESERVOIR 

Figure 2 1 SchematiC flow diagram for the HTF 

2 1 1 Runoff from the Southern Catchment 

Surface runoff from the Southern Catchment With a BOO concentration above 40 

mg/l (the consent level allowed for direct discharge) IS diverted to the Mayfleld 

Farm part of the HTF, which IS located 2 km south of the airport BOO diversions to 

the treatment faCIlity are controlled automatically based on BOO readings recorded 

continuously by a BIOX analyser (Figure 2 2) located adjacent to the Mayfield Farm 
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diversion chamber. Other BiOX analysers are located at different positions within 

the Mayfield Farm treatment system (Table 2.1) to provide, in principle, real time 

BOO concentrations which can be used to determine the BOO removal 

performances of the different treatment components. The monitored BOO 

concentrations are also used to initiate water transfer between different 

components of the system. 

Figure 2.2: Photograph of a BiOX instrument showing the internal 
components and the read out panel 
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Table 2 1 Location and functions of the elox analysers within the Mayfield 
Farm treatment system 

BIOX Identification code Location Function 
Used to monlior the BOO concentrations In the 
runoff from the Southem Catchment The 

Mayfield Farm diversion decIsion to divert runoff from the Southern 
CK5 chamber Catchment to treatment IS based on a pre set 

threshold value of 40 mg/l at the diversion 
chamber BIOX analyser 

Pumping station outlet for the Used to mOnitor the BOO concentrations 
Mayfield Farm Reservoir CK6 Within the MFR for transfer to the Mayfield 
(MFR) Farm Balancing Pond (MFBP) 

Presently used to mOnitor the BOO 
CK7 Within the Mayfield Farm concentration within the MFBP It was Initially 

Balancing Pond (MFBP) designed to assess the BOO concentration of 
the mixture of the partially treated runoff from 
the MFR and the Floating Reed Bed system 
(FLRB) 
Used to monlior the BOO concentrations pnor 

CK8a Mayfield Farm return flow to discharge from the treatment system The 
ditch water IS re-diverted Into the MFR If the BOO 

remains above 40 mg/l 
Serves the purpose of providing continuous 
mformatlon on the treatment effiCiency 

Outlet of the Floating Reed 
CK8b Bed system (FLRB) Into the achieved by the floating reed beds relative to 

MFR 
the water quality arnvlng from the Eastern 
Reservoir ThiS BIOX IS 
operational 

BOO concentrations are generated by the BIOX analysers based on the activities 

of mlcro-organlsms present In a bloreactor Thousands of small plastiC nngs In the 

bloreactor provide a growth area for the blomass which IS In constant contact with 

the polluted water Before reaching the bloreactor, the wastewater IS diluted with 

oxygen-saturated dilution water by a gear pump located In the Instrument The 

continuous Inflow of the waste sample allows the blomass to adapt to the vanatlons 

In the wastewater In the same manner as the activated sludge system In a 

biological wastewater treatment plant ThiS water serves as a continuous source of 

organic matenal and nutnent for the sustenance of the blomass The respiration 

rate of the microorganisms IS automatically maintained at a constant level by a 

feedback loop that vanes the dilution ratio Increasing the concentration of the 

wastewater Increases the respiration rate, which In turn Increases the dilution rate 

At low BOO concentrations, the respiration rate falls and so does the dilution rate 

As the oxygen consumption In the bloreactor vanes the volume of wastewater 

pumped Into the chamber IS controlled so as to maintain a target rate of 3 mg/l O2 

consumption The required ratio of dilution water to wastewater sample IS used to 

determine the BOO 
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Polluted runoff with a BOO concentration above the consent level of 40 mg/I is 

directed to the Mayfield Farm Reservoir (MFR), an aerated storage reservoir with a 

holding capacity of 45,000 m3 (Figure 2.3) via three discharge pipes (Figure 2.4) . 

Primary treatment, in the form of biodegradation of organic contaminants, 

commences here supported by compressed air bubble-stream aeration. 

Figure 2.3: View of the MFR when approximately half full 

Figure 2.4: Discharge pipes delivering contaminated surface runoff to the 
MFR following operation of the diversion chamber 
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212 Runoff from the Eastern Catchment 

Runoff from the Eastern Catchment of the airport discharges Initially to the top 

pond at the Eastern Reservoir (ER) (Figure 2 1) This IS the first of three ponds 

which have an overall holding capacity of 227 000 m3 but only the middle pond IS 

equipped with surface aerators This pond IS diVided Into two sections by a floating 

fleXible butyl curtain with the function of separating the incoming water Into dirty' 

and clean' compartments according to the BOO concentration The fleXible butyl 

curtain enables the capacity of the dirty side to be maximised for winter storage 

(up to 109000 m3
) BOO concentrations of the airport runoff entenng the top pond 

are mOnitored for diverSion Into either 

(a) the clean side when the BOO IS less than 100 mg/lln the winter or less 

than 50 mg/l In the summer where It IS treated by aeration before discharge 

Into the River Crane via the bottom pond 

or 

(b) the 'dirty side when It IS more polluted (BOO higher than 100 mg/l In 

the winter or higher than 50 mgll In the summer) where It IS stored and 

aerated until the BOO concentration reduces to a threshold value of 170 

mg/l 

The diverSion and transfer of water IS based on the BOO concentrations registered 

by the BIOX analysers (discussed In Section 21 1) which are located at different 

POints within the ER (Table 2 2) 

Table 2 2 Location and functions of the BIOX analysers at the ER 

Used to control the dlstnbutlon of runoff 
CK1 Inlet discharge pipes to the ER between the dirty' and clean Sides of the 

reservoir 

CK2 At the ER transfer pumping station 
Used to mOnitor the BOO concentrations 
within reservoir 

CK4 Adjacent to the ER outfall channel 
Used to mOnitor the BOO concentrations at 
the outfall of the ER 

The onglnal plan was to transfer the pre-treated water from the dirty Side of the 

middle pond of the Eastern ReservOir through the eXisting fire main which runs 

around the airport pen meter to the Mayfield Farm treatment faCIlity a distance of 

approximately 3 km However this part of the overall Heathrow treatment scheme 

for surface runoff has not yet been put Into operation At the moment the water on 
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the 'dirty' side is been aerated and monitored for BOO before discharge into the 

River Crane via the bottom pond. 

2.1.3 Mayfield Farm treatment facility 

The transferred water from the ER would have been directed into two canals of 

rafted reed beds, each 10 m wide and approximately 500 m in circumference and 

covering a total surface area of 1.2 ha. These reedbeds have not been operational 

but modifications are currently being carried out to allow them to receive runoff 

from the Southern Catchment after treatment in the MFR. 

Currently, the partially treated runoff from the Southern Catchment is transferred 

from the MFR to the MFBP (Figure 2.5) . This provides further aeration within a 

holding capacity of 19,000 m3 using compressed air bubble-stream aeration. The 

MFBP was originally designed to receive partially treated water from both the 

Southern and Eastern Catchments for hydraulic balancing. The installed aeration 

system in the system is required to reduce the predicted maximum mixed BOO 

concentration of 110 mg/l to 108.1 mg/l (in 0.15 days at 6°C or 0.06 days at 20°C) 

before subsequent transfer to the Sub-Surface Flow Reedbed (SS F) system (Revitt 

et al., 2001). 

Figure 2.5: View along the length of the Mayfield Farm Balancing Pond; 
aerators not operational 

The SSF system is a network of twelve gravel filled reed beds of different sizes, 

planted with Phragmites australis (common reed) , with an estimated total surface 

area of 2.08 ha. Each bed is filled with gravel (10 mm sub-angular flint) to a depth 
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- - ------ - -- -- -- -

of 600 mm and contains hydraulically discrete cells, lined with an impermeable 

bentonite liner to prevent water loss or ingress to the reed beds. There are open 

water channels (Figure 2.6) measuring 20 m x 2 m at the front and end of the beds 

and between the cells of each bed. The front and end channels (Figure 2.7) are for 

distribution and collection of water flowing through the beds. The channels 

between the cells reduce the occurrence of channelisation and short-circuiting 

along the whole length of the beds. 

Figure 2.6: View across the sub-surface flow reed bed system showing the 
open water channels located between the beds 

Figure 2.7 View along an exit channel for the sub-surface flow reedbed 
system showing the outlet flow control mechanisms 
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22 MONITORING OF THE HEATHROW TREATMENT FACILITY (HTF) 
COMPONENTS 

The performances of the Individual components of the HTF have been momtored 

by following the monthly changes In the BOO levels and microbial populatlons In 

water samples collected from within the individual components of the treatment 

faCIlity The dissolved oxygen levels (~O) and temperatures of the water In each 

component were also determined m-situ each month (more frequently In the winter 

when there were Increased de-Icing and anti-Icing activities at the airport) (Table 

23) 

Table 2 3 Details of water sample collections for laboratory analyses from the 
different components of the HTF (m-sItu determmatlons of DO and 
temperature were also camed out on these dates) 

Date Eastern Reservoir Mayfield Farm 
Top Middle MFR MFBP Pond Pond 

290104 le le ./ ./ 

020204 le le ./ ./ 

060204 le le ./ ./ 

100204 le le ./ ./ 

130204 le le ./ ./ 

190204 le le ./ ./ 

270204 le le ./ ./ 

180304 le le ./ ./ 

250304 le le ./ ./ 

070404 ./ ./ ./ ./ 

210404 ./ ./ ./ ./ 

04 05 04 ./ ./ ./ ./ 

260504 ./ ./ ./ ./ 

150604 ./ ./ ./ ./ 

120704 ./ ./ ./ ./ 

180804 ./ ./ ./ ./ 

140904 ./ ./ ./ ./ 

181004 ./ ./ ./ ./ 

101104 ./ ./ ./ ./ 

221104 ./ ./ ./ ./ 

291104 ./ ./ ./ ./ 

131204 ./ ./ ./ ./ 

070105 ./ ./ ./ ./ 

210105 ./ ./ ./ ./ 

080205 ./ ./ ./ ./ 

160205 ./ ./ ./ ./ 

280205 ./ ./ ./ ./ 

070305 ./ ./ ./ ./ 

240305 ./ ./ .( ./ 

140405 ./ ./ ./ ./ 

290405 ./ ./ ./ ./ 

200505 ./ ./ ./ ./ 

150605 ./ ./ ./ ./ 

260805 ./ ./ ./ ./ 

280905 ./ ./ ./ ./ 

271005 ./ ./ ./ ./ 

231105 le le ./ ./ 

091205 ./ ./ ./ ./ 

100206 ./ ./ ./ ./ 

160306 ./ ./ ./ ./ 

270406 ./ ./ ./ ./ 

Key )( = tests not conducted at this site on this date 

./ = tests conducted at this site on this date 
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./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 
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./ 
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./ 

./ 

./ 

./ 

./ 

./ 

.( 

.( 

.( 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

./ 

.( 

./ 

FLRB EXIT 

le ./ 

le ./ 

le ./ 

le ./ 

le ./ 

le ./ 
le ./ 
le ./ 

le ./ 

le ./ 

le ./ 
le ./ 
le ./ 

le ./ 

le ./ 

le ./ 

le ./ 

le ./ 

le ./ 
le ./ 

le ./ 

le ./ 

le ./ 

le ./ 

le ./ 

le ./ 
le ./ 

le ./ 

le ./ 

le ./ 

le ./ 

le ./ 

le ./ 

le ./ 

le ./ 
le ./ 
./ ./ 
./ ./ 
./ ./ 
./ ./ 
./ ./ 



The nutnent levels and their Impact on bactena populatlons and BOO removals In 

the aerated ponds have also been mOnitored follOWing the commencement of a 

nutnent (nitrate In the form of calCium nitrate fertiliser and phosphate In the form of 

Tnple Phosphate fertiliser) dOSing regime on 12 November 2004 The 

performances of the system components particularly the MFR (which was further 

dosed with nitrate In December 2004 January February and March 2005) were 

assessed based on BOO removal and bactenal growth follOWing the addition of 

nutnent The nitrate and phosphate levels In the system were closely mOnitored to 

ensure that no detnmental environmental effects occurred through the discharge of 

nutnent nch effluent 

2 2 1 Sample collection and field measurements 

Water samples were collected from the different components of the treatment 

system uSing pre-washed plastic sample bottles Restncted access to the aerated 

ponds meant samples could only be collected from the corners and approximately 

halfway to the bottom of the ponds The collected water samples were stored In an 

Ice box for the Journey back to the laboratory and Immediately analysed In 

duplicates for the follOWing parameters 

• BOO 

BOO tests were carned out In duplicate on collected water samples by uSing an 

appropnate dilution ratio determined by the BOO reading given by the relevant 

BIOX analyser The dilution water was made up by dissolVing one sachet of HACH 

BOO Nutnent Buffer pillow In 3 litres of fully aerated demlnerallsed water Each 

sachet contains -

ammonium chlonde 

11 calCium chlonde 

III fernc chlonde 

IV magnesIUm sulphate 

v potassium phosphate 

VI sodium phosphate 

The DO content of the diluted sample was Immediately determined uSing a 

Checkmate CIBA Coming DO meter ® and the process repeated after Incubation 

at 20°C for five days In a sealed 250 ml BOO bottle The BOO of the sample was 

calculated from the difference between the DO readings and the dilution factor 

used 
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• Mlcro-organlsm counts 

Water samples (1 ml) collected from each component of the treatment system were 

diluted by factors of between 10 1 and 10-6 A sample (01 ml) from each senal 

dilution was then separately spread-plated onto the following media (contained In 

90 mm petn-cllshes)-

tryptiC soya agar (TSA-Oxold) - for bactena detection 

11 sabouraud's dextrose agar (SDA-Dlfco) - for fungi detection 

III glycerol yeast extract agar (GYEA-prepared from base compounds) -

for actlnomycetes detection 

Following Incubation at a constant temperature of 20°C for 5 days the colonies on 

each plate were counted uSing a Gallenkamp colony counter® After taking 

account of the dilution factor the counts were reported as colony forming Units per 

litre (CFU per litre) 

• Relevant chemical parameters 

Chemical tests were also conducted on the collected water samples to determine 

the concentrations of nitrate, phosphate ferrous Ions and total Iron The following 

tests were conducted uSing a HACH DR2000® spectrophotometer 

Cadmium reduction method for the determination of nitrate-nitrogen 

uSing commercial powder pillows This method IS based on the 

reduction of nitrates to nltntes by cadmium metal An intermediate 

dlazonlum salt IS formed when the nltnte Ion reacts with sulfanlllc aCid 

giVing an amber-coloured product 

The programmed number for high ranges of nitrate nitrogen (0 1 to 30 mg/I) 

was entered Into the HACH DR2000® spectrophotometer by pressing '355 

READ/ENTER and setting the wavelength to 500 nm A sample cell was filled 

with 25 ml of collected water sample and the contents of one NltraVer 5 nitrate 

reagent powder pillow were added The sample cell was shaken vigorously for 

one minute before allowing a reaction time of five minutes A second sample 

cell was filled with 25 ml of water sample to serve as the blank This was 

placed In the cell holder and the ZERO key pressed until the display read 0 0 

mg/I N N03 The blank was replaced with the prepared sample and the 

READ/ENTER key pressed to give the nitrate concentration In the water 

sample 

An Instrument accuracy check was carned out before the commencement of 

each senes of tests uSing five prepared nitrate concentrations (potassium 

nitrate KN03) (2 mg/I, 4 mg/I, 5mg/1 8 mg/I and 10 mg/I) 
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11 Orthophosphate method for determination of phosphate uSing 

commercial powder pillows This method IS based on the reaction of 

orthophosphate with molybdate In an aCid medium to produce a 

phosphomolybdate complex This complex IS reduced by ascorbic aCid 

(present In the commercial powder pillows) to give an Intense 

molybdenum blue colour 

The stored program number (490) for phosphate determination uSing the 

HACH DR2000® spectrophotometer was entered and the wavelength set to 

890 nm A sample cell was filled with 25 ml of collected water sample and the 

contents of one PhosVer phosphate powder pillow were added The sample 

cell was sWirled Immediately to achieve full mixing and a two-minute reaction 

time was allowed A second sample cell was filled with 25 ml of water sample 

to serve as the blank This was placed In the cell holder and the ZERO key 

pressed until the display read 0 0 mg/I polo The blank was then replaced with 

the prepared sample and the READ/ENTER key pressed to give the Po43-

concentration In the water sample 

An Instrument accuracy check was carned out before the commencement of 

each series of tests uSing four prepared phosphate concentrations (potassium 

dl-hydrogen phosphate KH2P04) (1 mg/I, 2 mg/I 3mg/1 and 4 mg/I) 

III 1, 10 phenanthrohne method for determination of ferrous Iron uSing 

commercial powder pillows In this technique, 1 10 phenanthrohne 

acts an indicator forming an orange colour with an Intensity 

proportional to the Iron concentration 

The stored program number (255) for ferrous Iron determination uSing the HACH 

DR2000® spectrophotometer was entered and the wavelength set to 510 nm A 

sample cell was filled with 25 ml of collected water sample and the contents of one 

ferrous Iron reagent powder pillow were added and SWirled to mix fully A three

minute reaction time was allowed A second sample cell was filled with 25 ml of 

water sample to serve as the blank This was placed In the cell holder and the 

ZERO key pressed until the display read 0 0 mg/I Fe2
+ The blank was then 

replaced With the prepared sample and the READ/ENTER key pressed to give the 

Fe2
+ concentration In the water sample 

An Instrument accuracy check was carned out before the commencement of each 

series of tests uSing five prepared concentrations of Fe2
+ Ions as ferrous sulphate 

(1 mg/I 2 mg/I 3mg/1 4 mg/I and 5 mg/I) 
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IV FerroVer method for determination of total Iron uSing commercial 

powder pillows The FerroVer reagent reacts with all soluble Iron and 

most Insoluble forms of Iron (Fe2+ and Fe3+) present In the water 

sample with 1 10 phenanthrollne serving as an indicator 

The stored program number (265) for total Iron determination uSing the HACH 

DR2000® spectrophotometer was entered and the wavelength set to 510 nm A 

sample cell was filled with 25 ml of collected water sample and the contents of one 

FerroVer Iron reagent powder pillow were added and sWirled to mix fully A three

minute reaction time was allowed A second sample cell was filled with 25 ml of 

water sample to serve as the blank This was placed In the cell holder and the 

ZERO key pressed until the display read 0 0 mg/I Fe FV The blank was then 

replaced with the prepared sample and the READ/ENTER key pressed to give the 

total Iron concentration In the water sample 

2 2 2 BIOX data analysIs 

Because the BIOX meters play an Important role In the efficient operation of the 

HTF It was necessary to validate the authenticity of the readings obtained 

Validation was also carned out to assess the BIOX Instrument performance when 

exposed to different levels and ranges of glycol Induced BOO as well as to vanable 

concentrations of other pollutants (e g ammonia hydrocarbons and nutrients) 

which may Influence the BIOX response A calibration protocol for each BIOX 

Instrument In the Heathrow treatment system was established by comparing the 

Instrument BOO readings with the corresponding laboratory BOOs values for water 

samples collected adjacent to each of the Instruments 

2 3 LABORATORY BASED STUDIES 

The laboratory based studies discussed In this section were designed to replicate 

the prevailing conditions at the treatment facIlity In a controlled environment and to 

assess the Impact of such conditions on the overall performance of the system 

2 3 1 Assessment of the Impact of iron on the biodegradation of glycol In 

aerated pond water samples 

Following the observation of an ochrous colouratlon In the water bodies at the 

Mayfield Farm side of the HTF In February 2003 and a repeat occurrence In 

February 2004 biodegradation tests were conducted on water samples collected 

from the MFR The depletion In dissolved oxygen (DO), which IS indicative of the 

biodegradation process was mOnitored with each experiment deSigned to 

investigate different aspects that could possibly hinder the biodegradation 

performance In the system Unless Indicated the experiments were conducted In 

BOO bottles which have been aCid-washed and left to dry before use Water 
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samples used In each experiment were prepared In duplicates with the content of 

the extra BOO bottle used to compensate for the volume loss dUring Immersion of 

the DO probe and the Fe2+/Fe3+ determination The DO concentration was 

determined uSing a Checkmate CIBA Cornlng DO meter® while the Fe2+/Fe3+ 

concentration was determined uSing the 1 10 phenanthrollne technique deSCribed 

previously (Section 2 2 1) Readings were obtained In duplicates to minimise 

experimental errors 

23 11 Impact of the Fe2+ IFe3+ eqUlllbnum on BOO removal In MFR water 

samples In enclosed systems at 2(fC 

ThiS experiment was deSigned to assess the Impact of the Fe2+/Fe3+ eqUIlibrium on 

BOO removal (In the form of Kllfrost, a form of glycol) In MFR water sample within 

an enclosed system An enclosed system was used to minimise the Influence of 

atmospheriC oxygen In the oXidation of Fe2+ ThiS was achieved by uSing sealed 

BOO bottles which were placed In an Incubator at a constant temperature of 20°C 

In the experiments with added BOO a concentration eqUivalent to 350 mg/l was 

produced by dissolVing 748 mg/l of propylene glycol (Kllfrost) In the water sample 

ThiS IS eqUivalent to the BOO concentration observed In the aerated ponds when 

the ochrous colouratlon was Initially observed The starting Fe2+ concentration 

(when present) was 3 mg/l (eqUivalent to the average Fe2+ levels recorded at the 

treatment faCIlity dUring the occurrence of the ochrous colouratlon see Chapter 4 

for more details) Four separate samples containing varying components as 

deSCribed below, were prepared In duplicates and fully saturated With air at the 

start of the experiment uSing a portable pump The compositions of the water 

samples were as follows 

Sample A Water/Glycol/Fe2+ (3 mg/l Fe2+ and 350 mg/l BOO) 

Sample B Water/Glycol (350 mg/l BOO) 

Sample C Water/Fe2+ (3 mg/l Fe2+) 

Sample 0 Water (Blank) 

The DO and the Fe2+ concentrations were mOnitored dally over a period of 3 days 

In all the water samples obtaining duplicate readings In each case 

23 1 2 Impact of the Fe2+IFe3+ equillbnum on BOO removal In MFR water 

samples With different background concentrations of Fe2+ In enclosed 

systems at 2(fC 

ThiS experiment was deSigned to assess the Impact of different initial 

concentrations of Fe2+ (ranging from 1 mg/l to 4 mg/l) on the biodegradation of 

glycol In aerated pond water samples ThiS experiment was expected to give an 
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Indication of the effect of varying Fe2+/Fe3+ concentrations on the performance of 

the system (In terms of BOO reduction) The compositions of the different systems 

were as follows 

Sample 1 1 mgll of Fe2+ In MFR water sample containing 350 mgll BOO 

Sample 2 2mgll of Fe2+ In MFR water sample containing 350 mgll BOO 

Sample 3 3mgll of Fe2+ In MFR water sample containing 350 mgll BOO 

Sample 4 4mgll of Fe2+ In MFR water sample containing 350 mgll BOO 

Initially all samples were fully saturated With air and then allowed to go anoxIc as 

the biodegradation of the glycol proceeded dUring incubation at 20°C On achieving 

anoxIc conditions after 8 days the samples were re-aerated to saturation and each 

transferred In Into sealed BOO bottles In duplicates which were returned to the 

Incubator The DO and Fe2+ concentrations were mOnitored dally (where feasible) 

over 7 days for each bottle 

2 3 1 3 Impact of BOO (350 mg/I) on the inter-conversion of Fe2+ and Fe3+ In 

MFR water samples containing 3 mg// of Fe2+ In enclosed systems at 200C for 

an extended penod of time 

This experiment was designed to assess the effect of a prolonged anoxIc phase on 

the inter-conversion of Fe2+and Fe3+ In aerated pond water samples with different 

components The prolonged anoxIc condition represented similar conditions to 

those at the MFR when the ochrous colouration was observed The composition of 

the water samples used were as follows 

Sample A 3 mgll of Fe2+ In MFR water sample containing 350 mgll BOO 

Sample B 3 mgll of Fe2+ In MFR water sample 

Duplicate samples of A and B were kept In an Incubator at 20°C whilst mOnitoring 

the DO and the conversion of Fe2+ to Fe3+ until Sample A became anoxIc The total 

conversion of Fe2+ to Fe3+ was adjudged to be at the pOint when the concentration 

of Fe2+ In Sample A was approximately zero The loss of water dUring the 

determination of Fe2+ concentrations and dUring the ImmerSion of the DO probe 

was compensated for by refilling with the content of an extra BOO bottle Following 

the total conversion of Fe2+ to Fe3+ and the complete depletion of the DO Sample 

A was re-aerated to saturation and then returned to the Incubator Thereafter the 

Fe2+/Fe3+ Inter-converslon was mOnitored by measuring the concentration of Fe2+ In 

the system (Sample A) along with the DO concentration This experiment was 

repeated uSing water samples containing 1000 mgll BOO (In the form of glycol) to 

assess the Impact of a higher BOO concentration on the Inter-converslon of 

Fe2+ and Fe3+ In aerated pond water samples 
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2 3 1 4 Impact of stirring a Fe3
+ precIpitate at a concentration of 3 mgll In 

MFR water samples with varying added components on the degradation 

processes In enclosed systems at room temperature 

This experiment was deSigned to test the Influence of the agitation of a Fe3+ 

precIpitate on the biodegradation of glycol In aerated pond water The systems 

were set up In duplicates as follows 

System 1 A continuously stirred system consisting of the MFR water sample 

dosed With 350 mg/l BOO and 3 mg/l Fe2+ 

System 2 A replica of System 1 to prOVide duplicate results 

System 3 A non-stirred MFR water sample system dosed With 350 mg/l BOO and 

3 mg/l Fe2+ 

System 4 A continuously stirred system of the MFR water sample dosed With 3 

mg/l Fe2+ only 

Each of the systems containing 3 mg/l Fe2+ was left exposed to the atmosphere 

until complete OXidation to Fe3+ had occurred Each solution was fully aerated and 

then glycol added to Systems 1, 2 and 3 (350mg/l as BOO) By adding the glycol 

directly to the Fe3+ any oxygen depletion due to biodegradation of glycol was not 

Influenced by the OXidation of Fe2+ to Fe3+ A magnetic stirrer was used for the 

agitation In Systems 1 and 2 The DO and Fe2+/Fe3+concentratlons were mOnitored 

over three days This experiment was repeated uSing a higher concentration of a 

Fe3+ precIpitate (10 mg/l) In order to assess the Impact of stirring a higher 

concentration of a Fe3+ precIpitate Within an enclosed system (BOO bottles) on the 

biodegradation process at room temperature 

2 3 2 Assessment of the biodegradation potential of water samples from 

Mayfield Farm and the Eastern ReservOir 

Laboratory tests were carried out to Investigate the biodegradation potential of 

water samples collected from the Eastern ReservOir (ER) and the three operating 

components of the Mayfield Farm treatment system I e the Main ReservOir (MFR) 

the Balancing Pond (MFBP) and the Sub-surface reedbeds (SSF) by mOnitoring 

the changes In the DO levels In each sample With time Water samples (In 

duplicates) from each component were Initially saturated With air at 6°C and 20°C 

and the DO concentrations determined before they were transferred to BOO bottles 

which had been pre-washed With aCid before use The DO concentration In each 

system was mOnitored dally (where feaSible) obtaining duplicate readings Water 

loss by Immersion of the DO probe was compensated by topping-up With the 

content of an extra BOO bottle for each sample 
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2 3 3 Assessment of the Impact of 5-methyl benzotrlazole (MeBT) on the 

biodegradation of glycol and blomass growth rates In water samples 

from the MFR 

The Impact of MeBT a corrosion Inhibitor present In ADF at a tYPical concentration 

of 1 % w/w (Grunden and Hernandez 2002) on the biodegradation potential of 

water samples collected from the MFR was assessed at SOC and 20°C All water 

samples were prepared In duplicates and Initially saturated with air The 

constituents of each sample were as follows 

Sample A MFR water sample (control) 

Sample B MFR water sample containing 350 mg/l BOO (In the form of glycol) 

Sample C MFR water sample containing 350 mg/l BOO and 1 % w/w of laboratory 

grade MeBT (eqUivalent to 748 mg/l based on 748 mg/l of glycol being eqUivalent 

to 350 mg/l BOO) 

The DO and blomass population (using the TSA plate count technique described 

previously In Section 2 2 1) In each sample was mOnitored and reported dally at 

SOC and 20°C, when feasible Loss of water through the Immersion of the DO probe 

was compensated by topping-up with the content of an extra BOO bottle 

2 3 4 Assessment of the Impact of nutnent addition on the biodegradation 

potential of aerated pond water samples 

Laboratory based experiments were conducted on aerated pond water samples 

collected from the Heathrow Treatment FaCIlity (HTF) to investigate the effect of 

the addition of various forms of nutrient on blomass growth and BOO removal In 

the system 

2 3 4 1 Impact of the addition of two different levels of nutrients (mtrate as 

KN03 and phosphate as KH2PO.,) on bacteria growth rates and BOO 

reductions In aerated pond water samples 

In this experiment the effects on bacteria growth rates and BOO reduction of two 

different levels of nutrients (nitrate as KN03 and phosphate as KH2P04) In aerated 

pond water samples were investigated Nitrate and phosphate salts were used at 

two different concentration levels referred to as high and moderate The high 

concentration level was based on a carbon (C) nitrogen (N) phosphorus (P) molar 

ratio of SO 5 1 being reqUired for the efficient mineralisation of organic compounds 

(McGahey and Bouwer 1992) With a BOO eqUivalent of 350 mg/l (In the form of 

propylene glycol Kllfrost) the eqUivalent nitrate and phosphate concentrations 

were 130 7 mg/l and 17 7 mg/l respectively The moderate concentration level was 
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set uSing the 50 mgll recommended levels for nitrate In dnnklng water as a 

gUideline (European standards for drinking water 1970) The equivalent moderate 

phosphate concentration based on the above ratio was of a 8 mg/l The water 

samples were Incubated at 20°C and mOnitored dally (where feasible) over 7 days 

for BOO concentrations and blomass population uSing the TSA plate count 

technique (details In Section 2 2 1) 

234 2 Impact of nutnent addItIon (moderate level) on BOO reduction In 

aerated pond water samples 

This experiment was designed to assess the Impact of the addition of nutrients In 

the form of nitrate and phosphate (KN03 and KH2P04) on BOO removal and 

bacteria growth rates In MFBP water samples at aOc and room temperature 

Aerated pond water samples were dosed with 

- 50 mg/l nitrate (as KN03), 

-a 8 mg/l phosphate (KH2P04) and 

- 350 mg/l BOO (748 mg/l of propylene glycol I e Kllfrost) 

The moderate nutnent levels (also referred to as the HTF recommended nutrient 

level) were used In this experiment as results from the prevIous experiment 

(Section 2 3 4 1) showed no marked difference In bactena growth rates associated 

with uSing higher nutnent levels The DO, BOO nitrate and phosphate levels and 

the bactena CFU counts were mOnitored over time In sealed BOO bottles (In 

duplicates) Water samples were aerated dally for five minutes (through plastic 

tubes passed through the lid of the BOO bottles) uSing a portable automated air 

pump set on a timer This was to prevent the development of anoxIc conditions In 

the sample bottles Water loss through the chemical analyses and the Immersion of 

the DO probe was compensated for by topping up with the contents of extra BOO 

bottles 

In later expenments conducted uSing the same procedure, an additional dose of 

350 mg/l BOO (In the form of glycol) was Introduced Into the water samples 7 days 

after the expenment commenced as tests results showed reductions In BOO 

concentrations In the system with time As the nutnent levels In the system fell a 

further additional BOO dose (eqUivalent to 350 mg/l) as well as a nutnent dose 

(nitrate 50 mg/l and phosphate a 8 mg/l) was Introduced Into the system on Day 

20 This was done to assess the Impact of the presence of additional nutnent and 

BOO on the performance of the system Full details of modifications to the different 

expenments are discussed In Section 5 3 1 of Chapter 5 (Expenments 1-5) 
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2 3 5 Assessment of BOO reduction In aerated pond water sample spiked 

with different concentrations of activated sludge 

The aim of this experiment was to investigate the role which a different and more 

diverse microbial consortium (present In the activated sludge) has on the BOO 

reductions In aerated pond water samples at 6°C and 20°C The compositions of 

the different water samples used were 

Sample A MFBP water sample dosed with 0 5% activated sludge and 350 0 mgll 

BOO 

Sample B MFBP water sample dosed with 1 0% activated sludge and 350 0 mgll 

BOO 

Sample C MFBP water sample dosed with 2 0% activated sludge and 350 0 mgll 

BOO 

Sample 0 MFBP water sample dosed with 5 0% activated sludge and 350 0 mgll 

BOO 

Sample E MFBP water sample dosed with 350 0 mgll BOO only (Control) 

Each of the systems was made up In duplicate and aerated dally for five minutes 

through plastic tubes passed through the cover of the sample bottles to prevent 

them from becoming anoxIc The BOO levels In each of the water samples at the 

start of the experiment and on Days 8 15 and 24 were measured Water losses to 

the BOO tests were compensated for by the content of an extra BOO bottle 

2 3 6 Assessment of BOO reduction In a river water sample dosed with 350 

mgll BOO In the form of glYcol and nutrient (50 mgll nitrate and 6 8 

mgll phosphate 

USing an Identical experimental set up to that described In Section 2 3 5 the BOO 

levels In water samples from the Pymmes Brook In North London dosed with 350 

mgll BOO In the form of glycol were mOnitored at 6°C The aim of the experiment 

was to ascertain If the Mayfleld Farm aerated ponds contained contaminants which 

were hindering the biodegradation of glycol In the collected water samples This 

experiment was also deSigned to assess the ability of the blomass population In the 

nver to degrade glycol The water sample was aerated dally for five minutes In a 

Similar manner to that descnbed In Sections 2 3 5 A control experiment uSing 

MFBP water Instead of Pymmes Brook water sample was set up for companson 

The components of the two systems (In duplicate) used are described below 

A river water sample dosed with 350 mgll BOO 50 mgll nitrate and 6 8 mgll 

phosphate 
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B aerated pond water sample dosed with 350 mg/l BOO 50 mg/l nitrate and 6 8 

mg/l phosphate 

The changes m BOO nutnents and bactena population concentrations were 

mOnitored on Days 0 4 7 11 15 20 and 27 of the expenment Water losses 

dunng the measurements were compensated for by the content of an extra bottle 

237 Assessment of BOO reduction In water samples collected from the 

Eastern ReservOir (ER) and different forms (filtered and un-filtered) 

water samples obtained from washing the roots of plants from the 

Mayfield Farm subsurface flow reed bed system (SSF) 

The BOO reductions m water samples collected from the ER and m filtered and 

unfiltered water samples obtamed by thoroughly washing (with stenle distilled water) 

the roots of plants from the SSF were mOnitored uSing Identical expenmental set 

ups to those discussed In the prevIous sections (Sections 2 3 5 and 2 3 6) The aim 

of the expenment was to assess the ability of the blomass population present In an 

environment different to the aerated ponds to degrade glycol Details of the 

different expenments conducted are discussed below 

23 7 1 Companson of the BOO reduction m filtered and un-filtered water 

samples obtained from the washmg of plants' roots from the SSF 

The BOO reductions m filtered and un-filtered water samples collected by 

thoroughly washing the roots of plants from the SSF With stenle distilled water were 

mOnitored The aim of the expenment was to establish If the unfiltered debns 

assOCiated With the roots and sedlments had any significant effect on the BOO 

reduction achieved In the SSF Water samples from washing the plant roots With 

stenle distilled water were collected In a beaker Dunng the washing process, the 

roots were shaken vigorously to assist the release of attached sediment and 

adsorbed matenals The resultant washings were divided mto two equal portions In 

two separate 250 ml COnical flask Debns dead roots and sedlments were removed 

from one half of the water sample by filtenng through a 1 00 ~m filter paper In order 

to assess the extent of the mfluence of the un-filtered matenal, both filtered and 

unfiltered water samples were subjected to further dilutions (1 100 and 1 1000) 

uSing stenle distilled water and dosed With 350 mg/l BOO m the form of glycol The 

components of the different system used are summansed below 

Ao Unfiltered water sample obtamed from root washings dosed With 350 mg/l 

BOO and the HTF recommended nutnent levels 

A1 1 In 100 dilution of unfiltered water sample from root washings dosed With 

350 mg/l BOO and the HTF recommended nutnent levels 
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A2 1 In 1000 dilution of unfiltered water sample from root washings dosed with 

350 mg/l BOO and the HTF recommended nutnent levels 

Ba Filtered water sample from root washings dosed with 350 mg/l BOO and 

the HTF recommended nutnent levels 

B1 1 In 100 dilution of filtered water sample from root washings dosed with 

350 mg/l BOO and the HTF recommended nutnent levels 

B2 1 In 1000 dilution of filtered water sample from root washings dosed with 

350 mg/l BOO and the HTF recommended nutnent levels 

The filtered and un-filtered water samples were aerated dally for five minutes uSing 

a portable automated pumping device to prevent them from becoming anoxIc The 

BOO levels and the blomass populatlons were mOnitored In both samples on Days 

0,7, 14 and 21 of the expenment 

23 8 Assessment of BOO reductions in sterile distilled water samples 

Inoculated with the different bactena strains from the Mayfield Farm 

aerated ponds. Eastern Reservoir and the Mayfield Farm Sub-surface 

reed bed system 

The different bactena strains observed In the course of the biodegradation 

experiments descnbed so far were Isolated uSing the streak-plate technique 

(Sections 1 4 1 and 2 2 1) From a mixture of colOnies cultured on TSA plates, a 

total of 3 bactena strains from the Mayfleld Farm aerated ponds (MFR and MFBP) 

and 13 bactena from the root washings of plants from the Mayfleld Farm Sub

surface reed bed systems (SSF) were Isolated as pure colOnies from the water 

samples These colonies were differentiated by their sizes colours and shapes 

(more details In Chapter 7) The different expenments discussed In the sections 

that follow were conducted uSing these Isolated strains 

2 3 8 1 The Impact of two different nutTlent levels on the bacteria growth 

rates and BOO removal potentlals m steTlle dlstJlled water by bacteTla 

strams Isolated from the Mayfleld Farm aerated ponds and the Sub· 

surface reedbed system 

This expenment Involves the 3 different strains of bactena which were Isolated from 

the Mayfield Farm aerated ponds water samples uSing cultured laboratory media 

The effects of two nutnent levels the moderate nutnent levels used above (Section 

2 3 4 2) and those provided by minimum medium on the biodegradation process 

were investigated The composition of the minimum medium was 

- 70 g/l K2HP04 

- 2 0 g/l KH2P04 
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- 1 0 g/l (NH4hS04 

- 0 5 g/l sodium cltrate 

- 0 1 g/l MgS04 

- 3 0 ml of at trace element solution made up of 

- 30 0 mg/l H3B03 

- 20 0 mg/l CoCI2 6H20 

- 10 0 mg/l ZnS04 7H20 

- 3 0 mg/l MnCI2 4H20 

- 3 0 mg/l NaMo04 2H20 

- 2 0 mg/l NICI2 6H20 6H20 

- 0 79 mg/l CuCI2 6H20 

The aim of this experiment was to assess the ability of the each of the strains to 

remove BOO (In the form of glycol) In sterile distilled water samples One pure 

colony of each strain was Isolated from the respective laboratory media uSing a 

sterilised loop before Inoculating 100 ml of sterile distilled water samples The 

water samples were then dosed with 350 mg/l BOO (In the form of glycol) and two 

different nutrient levels (minimum medium and the moderate nutrient levels 50 

mg/l nitrate and 68 mg/l phosphate) These samples were prepared In triplicate 

and placed In a shaking Incubator at 20°C to prevent the water samples from gOing 

anoxIc The BOO concentrations and blomass populatlons In the samples were 

mOnitored obtaining duplicate readings where feasible Water losses from the test 

samples dUring the BOO analyses and blomass mOnitoring were compensated for 

by topping with the contents of extra bottles 

This experiment was repeated uSing a combination of the first two bacteria strains 

a third strain Isolated from the diversion chamber and a combination of all 3 

Isolates The entire procedure was repeated In a follow-up experiment uSing a 

lower BOO concentration of 50 mg/l In order to compare the performance of the 

strains In the presence of lower BOO concentrations Details of other modifications 

to each experiment are discussed In Section 571 (Experiments 1-4) Identical 

experiments were carned out uSing systems containing another 13 bacteria strains 

Isolated from the SSF alone and In combination with the first 3 Isolates uSing only 

the moderate nutrient levels (50 mg/l nitrate and 6 8 mg/l phosphate) In sterile 

distilled water samples dosed with 350 mg/l BOO In the form of glycol (Experiment 

5 In Section 571) 
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23 8 2 Investigation of the slgmflcance of sedlments on BOD reduction m a 
water sample moculated wIth Isolated bacteria strams from the 

washmg of SSF plant roots 

The experiment was deSigned to investigate why the rapid BOO reductions 

recorded In the water samples collected from plant root washings were not 

repeated In systems Inoculated with bacteria Isolates from the SSF The 

expenment also alms to assess the possible role played by the partlculate 

materials present In the system The BOO reduction In a sterile water sample 

(containing 350 mgll BOO In the form of glycol) Inoculated with all 13 bactena 

strains Isolated from the roots of plants from the SSF were mOnitored In systems 

containing 100 mg of sterilised sedlments also obtained from the SSF The 

sterilisation was carned out uSing the autoclave which IS Ideally capable of 

destrOYing reSident microorganisms In the sedlments which might Interfere with the 

performance of the Inoculated strains The components of the systems used are 

summansed below 

Sample A-sterile water sample dosed with 350 mgll BOO and the HTF 

recommended nutnent levels containing sterile sedlments and placed In a shaking 

Incubator 

Sample B-stenle water sample dosed with 350 mgll BOO and the HTF 

recommended nutrient levels with no sedlments and placed In the shaking 

Incubator-control expenment 

Sample C-sterlle water sample dosed with 350 mgll BOO and the HTF 

recommended nutrient levels containing stenle sedlments with regular aeration 

through a pump 

Sample D-sterlle water sample dosed with 350 mgll BOO and the HTF 

recommended nutnent levels with no sedlments uSing regular aeration through a 

pump-control expenment 

The BOO concentration In the water was mOnitored In a shaking Incubator (to 

ensure that the water samples do not become anoxIc) at 20°C obtaining duplicate 

readings on days 0,5, 12 19 and 23 

2 3 9 Assessment of the role of SSF plant root exudates on BOO reduction 

In sterile distilled water sample 

In thiS expenment the pOSSible role played by the presence of root exudates 

(mixtures of complex sugars vitamins amino aCids pUrlnes nucleosldes 

inorganic Ions, gaseous molecules, enzymes and root border cells) on the BOO 

reduction In sterile distilled water sample dosed with 350 mgll BOO (In the form of 

glycol) were investigated Plant roots from the SSF were thoroughly washed with 
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stenle distilled water to remove all associated sedlments For root exudate 

collection the washed roots of plants from the SSF were left to photosyntheslse In 

2000 ml of stenle delonlsed water In a beaker for 7 days before dosing with 350 

mg/l BOO In the form of glycol Half (1000 ml) of the water sample was poured Into 

another beaker and then autoclaved (to kill off any living microorganisms present) 

Both water samples (autoclaved and non-autoclaved) were then further subdivided 

Into 500 mlln separate beakers, each with one portion being Inoculated with the 13 

strains of bactena and the other not Inoculated The composItions of the resulting 

water samples were as follows 

Sample A Un-stenllsed water sample (non-autoclaved) dosed with 350 mg/l 

BOO and Inoculated with 13 strains 

Sample B Un-stenllsed water sample (non-autoclaved) dosed with 350 mg/l 

BOO only 

Sample C Stenllsed water sample (autoclaved) dosed with 350 mg/l BOO 

and Inoculated with 13 strains 

Sample 0 Stenlised water sample (autoclaved) dosed with 350 mg/l BOO 

only 

Each system was placed In a shaking Incubator at 20°C and the BOO levels 

mOnitored over time, obtaining duplicate values on Days 0 5 7 and 14 

2 3 10 Enumeration of bacteria. fungi and actlnomycetes In the washings of 

sedlments and plant roots from the SSF and an assessment of their 

ability to reduce BOO In water samples dosed With glycol 

In order to Identify the blomass population responsible for the rapid BOO 

reductions recorded In systems associated With the roots and sedlments from the 

SSF the presence of bactena, fungi and actlnomycetes In different water samples 

were observed uSing the respective nutnent media (see details In Section 221) 

Different washing techmque Intensltles were used In order to compare the degree 

of microbial attachments and associated diversity Stenle distilled water was used 

for the washing In each case The different techniques used are summansed below 

Sample 1 Light washing of the roots of plants from the SSF ThiS was achieved 

by gently running 100 ml of stenle distilled water over the plant roots 

from the SSF 

Sample 2 Vigorous washing of the roots of plants from SSF The plant roots from 

the SSF were washed and shaken vigorously In 200 ml of stenle 

distilled water to release any attached sediment or substance 
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Sample 3 Half of Sample 2 (100 ml) was filtered uSing a 100 IJm filter paper to 

exclude associated solids 

Sample 4 100 ml of stenle distilled gently run over approximately 100 mg of 

sedlments collected from the SSF 

Sample 5 About 100 mg of sedlments from the SSF vigorously washed In 200 ml 

of stenle distilled water 

Sample 6 Half of Sample 5 (100 ml) was filtered uSing a 100 IJm filter paper to 

exclude associated solids 

2 3 10 1 Assessment of the abIlIty of aI/ the Isolated mlcroorgamsms to 

reduce BOD In stenle dlstll/ed water samples dosed wIth BOD (In the 

form of glycol) and nutnent (50 mg/I nitrate and 6 8 mgl/ phosphate) 

In thiS expenment the biodegradation abilities of the 3 fungi and 2 actlnomycetes 

strains along With the 13 bactena strains Isolated from the roots and sedlments 

from the SSF through vigorous washing (as descnbed In Section 2310) were 

investigated The aim of the expenment was to Investigate the ability of these 

Isolates to remove BOO In the form of glycol In stenle distilled water samples In 

systems Similar to the ones already descnbed (section 237) stenle distilled water 

samples containing 350 mg/l BOO (In the form of glycol) were Inoculated With the 

pure strains of the Isolates which were pre-washed In sterile distilled water to 

exclude any external medium 25ml of each solution was then placed In a shaking 

Incubator at 20°C In duplicates The BOO levels In the water samples were then 

mOnitored In each of these samples obtaining duplicate readings on Days 0 5 7, 

14 and 21 The compositions investigated In terms of the different strains were 

Sample 1 sterilised water sample dosed With 350 mg/l BOO and containing 

all 3 fungi strains 

Sample 2 sterilised water sample dosed With 350 mg/l BOO and containing 

all actlnomycetes strains 

Sample 3 sterilised water sample dosed With 350 mg/l BOO and containing 

all actlnomycetes and fungi strains 

Sample 4 sterilised water sample dosed With 350 mg/l BOO and containing a 

consortium of all bacteria strains from the aerated ponds and the plants roots 

from the SSF as well as the all fungi and actlnomycetes from the roots and 

sedlments from the SSF (including the 13 bacteria strains Initially Isolated from 

the plant roots the 3 fungi and 2 actlnomycetes strains) 

24 PILOT SCALE VERTICAL FLOW REEDBED COLUMN EXPERIMENT 

These experiments were deSigned to Simulate the removal processes prevalent 

Within the Heathrow treatment faCIlity (HTF) wetlands but under controlled dOSing 
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conditions . Eight small scale vertical flow systems were designed and constructed 

to assess the variations in BOO removal during the exposure of planted columns 

and substrate only columns to different de-icant, nutrient and ferrous iron dosing 

regimes . Each column was 0.75 m high, with outer and inner diameters of 0.18 m 

and 0.14 m respectively and an overall holding capacity of 6.5 litres (Figure 2.8) . 

The columns were filled with gravel substrate collected from the upper, middle and 

lower layers of one of the beds at the Mayfield Farm sub-surface flow reed bed 

system (SSF) on 20 August 2004 and transferred in the same order to the columns. 

One carefully collected Phragmites plant from the SSF, was planted in each of four 

columns while the remaining four were filled with gravel substrate only. 

Figure 2,8 Vertical column used in the pilot scale vertical flow reed bed 
experiments 

The columns were conditioned by filling each initially with 5 litres of Mayfield Farm 

aerated pond water. The water was left standing in each column for up to 5 days 

before draining the columns through the outlet pipes located at different depths 

(Figure 2.8) . The columns were then refilled with aerated pond water and the 

above procedure repeated for three weeks. This was to allow the plants to adapt to 

their new environment and encourage the root structures to develop within the 

substrate column. Each column was then fed in batches with 5 litres of Mayfield 
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Farm aerated pond water from overhead containers containing the different 

components hsted In Table 2 4 The responses of the columns to different dosing 

regimes were followed by monrtorlng the concentrations of BOO nutrients and Iron 

as well as the bacteria populatlons at different depths In the columns along with the 

temperatures at Intervals of 7 and 21 days after the commencement of each test 

100 ml water samples were collected In sample bottles from the different depths of 

each column on Days 7 and 21 and the respectrve laboratory tests conducted 

uSing the different technrques described earlier In Sectron 22 1 Inrtral results 

showed that there were no marked differences In the values obtained for these 

parameters at the different depths of the columns As a result subsequent sample 

collectrons focused on the use of the outlet pipe at the bottom of the columns 

Table 2 4 The different dosing solutions used for the planted and substrate
only columns In the pilot scale vertical flow reed bed experiment 

Column 
components Constituents of dOSing solution 

Planted 350 mgll BOO (as Kllfrost) In Mayfield Farm aerated pond water 
spiked With 50 mgll of nitrate (as KN03) and 6 8 mgll of 
phosphate (as KH2P04) to assess the Impact of nutnent addition 

Substrata-only on the BOO removal capaCities In the columns 
350 mgll BOO In Mayfield Farm aerated pond water spiked With 3 

Planted m~ Fe2+ (as FeS04) to Investigate the Impact of the presence of 
Fe +lFe3+ equlllbnum reactions on BOO removal to ascertain to 
what extent the high concentrations of Iron observed In the 
reed bed system particularly In the outlet channel affect ItS 

Substrata-only performance 

Planted 

BOO and additive-free Mayfield Farm aerated pond water to 
Substrate only serve as a control 

Planted 
350 mgll BOO In Mayfield Farm aerated pond water to assess 

Substrate only 
the BOO removal capacities In the columns planted and 
substrata-only when free of any additional nutnent and Iron 

The vertical flow reed bed experiments were repeated seven times between 

September 2004 and September 2005 (Table 25) to represent the condltrons 

prevalent at different trmes of the year and to record any seasonal variations In 

BOO reductrons In the columns The columns were re-condltroned With addltlve

free Mayfleld Farm aerated pond water for at least a week before the 

commencement of each new experimental run The water In each column was then 

released through the outlet pipes of the columns ThiS was to ensure that the effect 
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of any resIdual constItuents (BOO nrtrate phosphate or Iron) from a prevIous test 

were mlnrmlsed wIth respect to the new test 

Table 2 5 Identification of the dates and duratlons of the 7 pilot scale vertical 
flow reed bed column experiments 

Expenments 

A 

B 

C 

o 
E 

F 

G 

Start and Flnrsh date 

20 September 2004 to 11 October 2004 

25 October 2004 to 15 November 2004 

29 November 2004 to 20 December 2004 

25 January 2005 to 15 February 2005 

25 May 2005 to 15 June 2005 

28 June 2005 to 19 July 2005 

2 September 2005 to 23 September 2005 

2 5 IDENTIFICATION OF MICROORGANISMS FROM THE DIFFERENT 
COMPONENTS OF THE HEATHROW TREATMENT FACILITY (HTF) 

The successful operatIon of the HTF depends on the eXIstence and Ideally the 

enhancement of the mIcrobIal consortIum In the system, whIch IS capable of 

effectIve BOO reductIon The maIn aIm of the expenments descnbed In thIs sectIon 

IS to establish the IdentIty of the specIes capable of dOIng thIs USing the streak

plate technrque already descrrbed (SectIon 1 4 2) bacterra fungI and 

actlnomycetes from the dIfferent parts of the HTF were Isolated uSIng the TSA, 

SDA and GYEA agar medIa respectrvely DIfferent bIochemIcal tests were 

conducted on each of the 13 dIfferent bactena straIns from the plant roots and 

another 3 Isolated from the aerated ponds and the dIverSIon chamber PCR 

(Polymerase chaIn reactIon) analyses were also carned out on all these bactena 

along wIth the actlnomycetes and fungI Isolated from the SSF plant roots 

Gram Staining 

The Gram-staining test was used to separate the bactena cells Into two broad 

groups (Gram-posItIve and Gram-negatrve) based on the chemIcal and physIcal 

propertIes of theIr cell walls A black-blue or purple colour IndIcates that the test 

organrsm IS Gram-posItIve whIle a pInk colour IS an IndIcatIon that the organrsm IS 

Gram-negatIve The Gram-stalnrng tests were performed on pure colonres of 

bactena straIns Isolated from the aerated ponds and those from the roots of plants 

and sedlments from the SSF The test whIch IS In four parts Involves the use of 

certaIn dyes to make a bactenal cell stand out agaInst ItS background 

The test colony was pIcked from the TSA culture plate uSing a stenllsed loop ThIs 

was then smeared In a drop of stenle water on to a stenle slide The suspensIon 
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produced was dned and fixed on the stenle slide by passing the slide over a 

Bunsen burner flame Care was taken not to hold the slide too long over the flame 

The reagents used to perform the test were 

» Crystal Violet solution (the Pnmary Stain) 

» Iodine solution (the Mordant) 

» Decolonzer (ethanol) 

» Safranln (the Counterstain) 

» Distilled water 

The test was conducted by performing the follOWing steps 

Step 1 

The slide containing the bactena colony was placed on a clean slide holder over 

the Sink and flooded completely With the crystal Violet solution After allOWing to 

stand for about 60 seconds the slide was washed With stenle distilled water for 5 

seconds 

Step 2 

Immediately after washing With stenle distilled water the specimen was flooded 

With the Iodine solution and left to stand for about one minute before washing With 

water for 5 seconds and Immediately proceeding to step 3 

Step 3 

At thiS stage the decolounser ethanol was added to the specimen In a dropwlse 

manner until the blue-Violet colour was no longer emitted from the specimen, 

leaVing a dull blue-Violet mark on the slide ThiS step was somewhat subjective 

because adding too much decolounser could result In a false Gram-negative result 

and not uSing enough may Yield a false Gram-positive result 

Step 4 

The fourth and final step Involved flooding the slide With Safranln before allOWing It 

to stand for about one minute to allow the bactena to Incorporate the reagent The 

Gram-positive cells are able to Incorporate little or no counter-stain (Safranln) and 

remain blue-Violet In appearance while the Gram-negative bactena take on the pink 

colour of the Safranln Any excess dye was removed from the slide by nnslng With 

water for 5 seconds before drying carefully With filter paper and then viewing under 

the microscope 
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2 5 1 API biochemical test 

The next stage of Identification tests carned out on the bactena Isolates were the 

API biochemical tests The tests are a combination of between 20 and 32 different 

biochemical tests used for the Identification of most bactena strains selected as 

colonies from the surface of solid nutnent agar Four different API tests kits were 

used In this study Each test kit IS made up of a plastic stnp containing mlcrotubes 

with different substrates a reaction plastic case with a lid and different test 

reagents In each case the stnp of mlcrotubes containing different substrates were 

Inoculated with the bactenal suspension (obtained by suspending a reasonably 

Sized colony In 1 ml stenle distilled water) and then Incubated at the specified 

temperature (between 25-30°C) The stnps were placed on incubation boxes (tray 

and lid) with honey-combed wells containing stenle distilled water to keep the 

reaction box mOist whilst In the Incubator Dunng Incubation the metabolic 

activities of the added bactena Yield colours either spontaneously or after the 

addition of a reagent Table 2 6 IS a summary of the tests conducted In each of the 

four tests used The response of each test and the Implication (positive or negative) 

IS also shown The output Index generated by the Individual reactions In each test 

IS recorded on the reaction slip prOVided With the kit The profile created IS used to 

match the respective reference database to prOVide an Identification of the bactena 

species 
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TESTS 

ON PG 

ADH 

LDC 

ODC 

CIT 

HzS 

URE 

TDA 

IND 

VP 

GEL 

GLU 

MAN 

INO 

SOR 

RHA 

SAC 

MEL 

N03 

N02 

PAL 

RAF 

XLY 

MDG 

NAG 

Table 2 6 The reading table for the different API biochemical tests showing 
the Implications of the results of each test 

RESULTS 
SUBSTRATES REACTIONS AND 

ENZYMES 

NEGATIVE 
Ortho-nltro 
phenyl B D Beta-galactosldase Colourless 

galactopyranoslde 

Arginine Arginine dlhydrolase Yellow 

Lysine Lysine decarboxylase Yellow 

Ornithine Ornithine Yellow decarboxylase 

Sodium cltrate Cltrate utrllsatlon Pale green/yellow 

Sodium H2S production Colourless/grey thiosulphate 

Urea Urease Yellow 

Tryptophane Tryptophane Yellow deamlnase 

Tryptophane Indole production Yellow then 
colourless 

Sodium pyruvate Acetoin production Colourless 

No diffuSion of Kohn s gelatin Gelatrnase black pigment 

Glucose Fermentation/oxidation Bluelblue-
~reen*lRed** 

Mannitol Fermentation/oxidation Bluelblue 
~reen*/Red-

Inositol Fermentatron/oxldatlon Bluelblue-green 

Sorbitol Fermentation/oxidation Bluelblue-green 

Rhamnose Fermentation/oxidation Bluelblue-green 

Sucrose Fermentation/oxidation Bluelblue-
green*/Red** 

Melibiose Fermentation/oxidation Bluelblue 
green*/Red** 

GLUtube N02 production and Yellow reduction to N2 
B naphthyl Alkaline phosphate Yellow*/colourless** phosphate 

D raffinose ACidification Red 

D xylose ACidification Red 

Methyl-aD ACidification Red glucopyranoslde 
N-acetyl ACidification Red Qlucosamlne 

• 
•• 

colour response of moculum to API20E test 

colour response to APIStaph test 

* •• colour response to APIStrep test 
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Table 2 6 (continued) The reading table for the different API biochemical tests 
showing the implications of the results of each test 

TESTS 

HIP 

ESC 

PYRA 

aGAL 

BGUR 

BGAL 

LAP 

RIB 

INU 

AMD 

GLYG 

CEL 

NAG 

TUR 

MOB 

McC 

OFF 

OFO 

FRU 

MNE 

MAL 

LAC 

TRE 

XLT 

AMY 

ARA 

OX 

• 
•• 
••• 

REACTIONS AND RESULTS 
SUBSTRATES ENZYMES 

NEGATIVE 

Hlppunc aCid HydrolysIs Colourless 

Escuhn fernc HydrolysIS Colourless cltrate 

Pyroglutamlc aCId Arylamldase Colourless/pale 
orange 

aGaladopyranosl aGaladosldase Colourless de 

Glucuronic Glucuronidase Colourless/pale 
orallSle 

BGaladopyranosl BGaladosldase Colourless/pale 
de orallSle 

Leucine- L Aminopeptidase Colourless/pale 
naphthylamlde orange 

D ribose ACidification Red 

Inulin ACidification Red 

Starch ACidification Red 

Glycogen ACidification Red 

D-celloblose Fermentation Red 

N acetyl Fermentation Red glucosamlne 

D turanose Fermentation Red 

APIMmedlum Motility Non motile 

McConkey Growth Absence medium 

Fermentation 
Glucose under mineral 011 Green 

and OXidation In air 

D frudose ACidification Red 

D mannose ACidification Red 

O-maltose ACidification Red 

D-Iadose ACidification Red 

D trehalose ACidification Red 

Xylrtol ACidification Red 

Amygdalin Fermentatlon/oxld Bluelblue-green atlon 

Arabinose Fermentation/oxld Bluelblue-green atlon 

On filter paper Cytochrome Colourless OXidase 

colour response of moculum to API20E test 

colour response to APIStaph test 

colour response to APIStrep test 
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Black 

Black 

Orange 

Violet 

Blue 

Violet 

orange 

Yellow 

Yellow 

Yellow 

Yellow 

Yellow 

Yellow 

Yellow 

Motile 

Presence 

Yellow 

Yellow 

Yellow 

Yellow 

Yellow 

Yellow 

Yellow 

Yellow 

Yellow 

Violet 
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2 5 2 Polymerase Chain Reaction (PCR) 

The PCR technique was used to confirm the group to which the Isolates used In 

this study belong through the use of the commercially available universal pnmers 

shown In Table 2 7 

Table 2 7 Genus specific universal primers used for the detection of the 
different Isolates 

Target 

Pseudomonas 

Staphylococcus 

Specific 

Enterococcus 

Specific 

Actlnomycetes 

Fungi 

Pnmer forward and reverse sequence 

5 -GACGGGTGAGTAA TGCCTA-3 

5 -CACTGGTGTTCCTTCCTATA-3 

5 -GGCCGTGTTGAACGTGGTCAAATCA-3 

5 -TIACCA TTTCAGTACCTTCTGGTAA-3 

5 -TACTGACAAACCA TTCATGATG-3 

5 - AACTTCGTCACCAACGCGAAC-3 

5 -GGATGAGCCCGCGGCCTA-3 

5'-CCGCGGCTGCTGGCACGTA-3 

5 - GGAAGTAAAAGTCGTAACAAGG-3 

5 - TCCTCCGCTTA TTGA TA TGC-3 

nd not defined by the manufacturer 

2 5 2 1 Colony PCR Protocol 

Size (bp) 

618 

370 

110 

nd 

333 

Reasonably sized colOnies of bactena and actlnomycetes Isolates were chosen 

from the surface of the respective solid agar plate uSing a stenllsed loop which was 

then suspended In 100 IJI double-cllstllled stenle water In the case of fungi 

approximately 25 mg of fungal element was obtained from the SDA plates and then 

suspended In 100 IJI double-distilled stenle water These were thoroughly mixed on 

a vortex before they were used for PCR Pure colOnies of Pseudomonas puttda 

Enterococcus faecal,s Staphylococcus aureus Streptomyces and Fonsecaea sp 

were also resuspended In 100 IJI double-dlstllled stenle water to be used as 

positive controls The amplification of the targeted DNA was conducted uSing 25 IJI 

reaction volumes each containing the follOWing 

-1 0 IJI of colony suspension 

-2 51J1 of PCR buffer solution (200 mM Tns-HCI 25 ml EDTA 05% wtlvol sodium 

dodecyl sulphate and 250 mM NaCI) 

-0 31J1 of deoxynbonucleotlde tnphosphate (dNTP) solution 
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-2 5 IJI of MgCI2 solution 

-1 0 IJI of the first part of the reference pnmer template 

-1 0 IJI of the other part of the reference primer template 

-0 2 IJI of Taq polymerase 

-16 51J1 of sterile double distilled water 

The PCR was performed uSing a Thermal Cycler a laboratory device In which the 

DNA amplification IS carned out ThiS device contains a thermal block with holes In 

which the tubes containing the PCR reaction mixtures are Inserted The 

temperature of thiS block IS raised and lowered In discrete pre-programmed steps 

The hot bonnet a heated plate that presses against the lids of the reaction tubes 

prevents condensation of water from the reaction mixtures to the inside of the lids 

The following program sequence was used to conduct the PCR reaction 

~ 95°C for 5 minutes (denatUring) 

~ 30 cycles consisting of 

-95°C for 40 seconds 

-55°C for 40 seconds and 

_72°C for 1 minute (annealing), 

~ 72°C for 10 minutes (elongation) after which the reaction was left on hold 

at 4°C overnight 

After thermal cycling 5 0 IJI of the amplified product was subjected to 

electrophoresIs uSing 2 0% agarose gel containing 1 0% ethldlum bromide and the 

loading dye along with the 100 bp ladder In the electrophoresIs chamber for 45 

minutes at 100 volts Two gels were run simultaneously In order to accommodate 

all the PCR products Each gel was made up of 3 rows of 16 wells In which the 

PCR products were Inoculated The gels were then visualised uSing UV light before 

the Images were captured on photographic plates The sizes of the DNA fragments 

formed with the primers were determined by comparing the observed bands with 

those from the 100 bp molecular-weight markers on the ladder 
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CHAPTER 3 AN ASSESSMENT OF THE PERFORMANCE 
OF THE HEATHROW TREATMENT FACILITY 

The measurement of the BOO levels temperature DO nitrate and phosphate 

concentrations and blomass populatlons for the different components of the HTF 

(Heathrow Treatment FacIlity) between January 2004 and April 2006 have been used 

to assess the overall performance of the system The seasonal variations m these key 

parameters and their Implications for the performance of the system are discussed m 

this chapter The authenticity of the BIOX meters IS also assessed by comparing 

laboratory BOO results with the field-based readmgs registered by these devices 

31 VARIATIONS IN TEMPERATURE, BOO CONCENTRATIONS AND DO 

LEVELS IN THE INDIVIDUAL COMPONENTS OF THE HTF 

3 1 1 DIscussion of trends observed In each component 

The Mayfleld Farm Mam Reservoir (MFR) 

The results of routine laboratory BOO tests conducted on water samples collected from 

the MFR between January 2004 and April 2006 are shown m Figure 3 1 along with the 

m-situ temperature and DO levels for the water dUring each ViSit Laboratory BOO 

results showed that the BOO level m the MFR Immediately after the de-Icmg events m 

January 2004 was 2950 mg/l (Figure 31) The DO concentration m the MFR dUring 

the 2 February 2004 VISit was 1 4 mg/l which mcreased throughout February reachmg 

94 mg/l by 27 February 2004 BOO levels In the MFR remamed well above 200 0 mg/l 

for most of February apart from two occasions (10 and 27 February) when they fell to 

850 mg/l and 925 mg/l respectively The average temperature dUring the month of 

February was 7 8±2 2°C In March 2004 with the average temperature at 7 9±1 O°C 

the BOO level remamed fairly constant with values of 255 0 mg/l and 267 5 mg/l being 

recorded on the 18 and 27 March followed by a gradual fall to 190 0 mg/l towards the 

end of April 2004 when the average temperature had risen to 11 4±2 7°C Comcldmg 

with the average temperature rlsmg to 15 7±4 3°C dUring May 2004 the BOO level m 

the MFR had fallen dramatically to 64 0 mg/l and remamed low throughout the entire 

summer The DO level m the MFR also remamed relatively low for most of the summer 

because the aerators m the system were not fully operational until November when an 

Immediate rise to 10 0 mg/l was observed on 10 November 2004 (Figure 3 1) 
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Figure 3 1 Variations In BOO concentrations, DO levels and temperature in the 
MFR between January 2004 and April 2006 

Dunng the winter of 2004-2005 de-ICing activities did not commence at Heathrow until 

late February 2005 after which the BOO level In the MFR reached the elevated value 

of 610 0 mg/l on 28 February 2005 (Figure 3 1) Unlike the prevIous winter when the 

DO remained relatively high In the MFR due to continuous aeration intermittent 

aeration between February and Apnl 2005 and a malfunction In the aeration system 

later In Apnl (observed dUring the 29 April VISit) meant the DO level In the MFR 

remained zero for most of this period (Figure 3 1) The average temperature recorded 

In February 2005 (5 8±1 5°e) was lower than that for the corresponding month of the 

prevIous winter (7 8± 22°C) The BOO level on the next VISit (7 March 2005) had fallen 

to 330 0 mg/l before reaching 67 5 mgll 17 days later due to what appears to have 

been a direct effect of dilution from incoming runoff with a lower BOO concentration 

The BOO level subsequently rose to 3150 mg/l by mid-April 2005 before failing to 

140 0 mg/l towards the end of the same month The average temperature In April 2005 

was 14 8±2 8°e and as the water temperature rose the BOO levels In the MFR 

remained low Into the summer of 2005 

The BOO level In the MFR follOWing the first de-ICing event of the 2005/2006 winter In 

December 2005 was 171 Omg/l With the water temperature stablhsed close to 5 sOe 

throughout the winter penod the BOO level Increased to 290 7 mg/l In February 2006 

nSlng even further to 365 0 mg/l 16 March 2006 As With prevIous seasons the BOO 

level fell to 1250 mg/l by Apnl 2006 as the temperature Increased to 15 5°e The DO 

79 



levels recorded In the MFR dUring the VISitS to the HTF In the months prior to the winter 

of 2005/2006 were not particularly stable The highest DO (9 5 mg/l) was recorded on 

23 November 2005 Although the DO In the MFR was zero on 9 December 2005 (the 

first VISit after the de-Icing event of the 2005/2006 winter) continuous aeration 

throughout thiS period had a positive Impact as the levels Increased to 7 1 mg/l and 8 1 

mg/l dUring the following ViSitS on 10 February and 16 March 2006 respectively (Figure 

3 1) By 27 April 2006 a malfunction In the aerator system resulted In the DO level In 

the water drop ping to 0 20 mg/l 

The Mayf,eld Farm Balancmg Pond (MFBP) 

The BOO level In the MFBP dUring the first routine VISit to the HTF on 29 January 2004 

was 5 0 mg/l before higher values of 125 0 mg/l 352 5 mg/l 82 5 mg/l 242 5 mg/l 

2175 mg/l and 2600 mg/l were recorded on the 2 6 10 13 19 and 27 February 

2004 respectively (Figure 3 2) The BOO levels remained high dUring March and most 

of April, dropping to 900 mg/l dUring sampling on 21 April 2004 and 390 mg/l on 4 

May 2004 (Figure 3 2) 
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Figure 3 2 Variations In BOO concentrations, DO levels and temperature In the 
MFBP between January 2004 and April 2006 

Within the same period the average temperature Increased gradually from 7 8±2 2°C 

In February to 7 9±1 1°C In March 11 4±2 7°C In April and 15 8±4 3°C In May (Figure 

3 2) The MFBP always demonstrated a positive supply of DO between January 2004 

and February 2005 with the lowest recorded level being 2 0 mg/l on 4 May 2004 All 

through thiS period there was no recorded incidence of prolonged shut down of the 
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aerators apart from durrng the summer of 2004 The DO level soon peaked at 108 

mgll when the aerators were put on In November 2004 failing gradually Into the winter 

with the arrival of high organic load from the MFR (Figure 3 2) By Apnl 2005 the DO 

level In the MFBP was zero dunng the two VISitS (14 and 29 Apnl) and later In the 

month of May (Figure 3 2) With contrnuous aeration rn the MFBP the DO observed 

dunng subsequent ViSitS rn June 2005 and up until March 2006 was relatively high 

with a mrnlmum value of 4 2 mgll Due to the problems encountered with the aeration 

system In Apnl 2006 the DO In the MFBP dropped sharply to 0 6 mg/I 

As for the MFR the BOO level In the MFBP stayed low throughout the summer 

autumn and early wrnter periods with a rising trend commencrng at the end of February 

2005 as the average temperature dropped to 5 O±O 6°C (Figure 3 2) Followrng the 

major de-Icrng event In February 2005 the BOO levels rn the MFBP rose progressively 

as determined dunng the routine ViSitS to 3100 mgll by mld-Apnl 2005 The arrival of 

higher BOO load In the MFBP also cOincided with a fall In the average DO level from 

10 2±1 5 mgll In February to 4 3±0 1 mgll In March before reaching zero dUring the 

VISitS rn April and May 2005 The average temperature during thiS period Increased 

gradually from 8 1±4 6°C In March to 148±2 8°C In Apnl (Figure 32) Subsequent 

VISitS Indicated a reduction In BOO to tYPical background summer values less than 50 0 

mgll The repeated winter peak BOO values commenced on 9 December 2005 with the 

fallrng 11mb havrng been detected commencrng on 27 Apnl 2006 (Figure 3 2) 

The outlet of the Sub Surface Flow Reedbed System (SSF) 

The BOO level recorded at the outlet of the SSF on 29 January 2004 was low at 26 3 

mgll but on subsequent VISitS the BOO concentrations were 113 8 mg/I 176 3 mgll 

80 0 mgll and 136 3 mgll on 2 6 10 and 13 February 2004 (Figure 3 3) The average 

temperature recorded dUring thiS period was 9 2±0 aOe The highest recorded BOO 

value dUring sprrng 2004 was 187 5 mgll on 7 April 2004 (Figure 3 3) The DO levels at 

the rnlet of the SSF rn the months Immediately after the de-Icrng activities rn January 

were generally high with a maximum concentration of 11 3 mgll durrng the 5 March 

2004 VISit to the HTF (Figure 3 3) In contrast the DO levels at the outlet dUring each 

VISit wlthrn the same period were generally low with the DO level of 45 mgll recorded 

rn early February 2004 berng by far the highest recorded (Figure 3 4) 
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Figure 3 3 Variations in BOO concentrations, DO levels and temperature at the 
outlet of the SSF between January 2004 and April 2006 
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Figure 3 4 Comparison of the DO levels and temperature at the Inlet and outlet of 
the SSF between January 2004 and April 2006 

DUring the 7 March 2005 VISit to the HTF the BOO level m the SSF 205 0 mgll was the 

first major mcrease followmg the background BOO concentrations which were 
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maintained throughout the June 2004 to February 2005 penod Dunng this penod the 

temperature dropped from 249°C recorded on the 15 June 2004 VISit to an average of 

5 8+1 5°C dunng the three VISitS In February 2005 (Figure 3 3) The subsequent BOO 

levels recorded later In March and In Apnl although lower did not reduce slgmflcantly 

until May 2005 when the BOO level In the SSF had fallen to 15 0 mgll as the 

temperature rose to 153°C (Figure 3 3) 

Over the summer 2004 penod the DO levels In the mlet and outlet channels remained 

above zero until 7 and 24 March 2005 when the DO concentrations measured at the 

outlet were 0 6 mgll and 0 3 mgll respectively (Figure 3 3) The situation Improved 

dunng the summer 2005 months although the DO recorded at the outlet never rose 

above the 5 5 mgll recorded dunng the 9 December 2005 VISit (Figure 3 4) After the 

de-Icmg activities of the 2005/2006 winter the BOO level m the SSF dunng the 10 

February 2006 VISit was 250 8 mgll reaching a maximum level of 388 0 mgll by mld

March 2006 The final BOO level recorded In the SSF In Apnl 2006 was 132 5 mgll as 

the temperature rose from 55°C recorded m February and March to 155°C In Apnl 

2006 (Figure 3 3) 

The Eastern Reservoir (ER) 

Due to the difficulties m gain 109 access to all parts of the Eastern Reservoir only the 

results from the middle pond will be discussed In this chapter The laboratory BOO 

analYSIS did not commence until Apnl 2004 while m-situ DO level determmatlon started 

In November 2004 The BOO level recorded for the 7 Apnl 2004 ViSit was 132 5 mgll 

which was lower than the BOO levels In the different components of the Mayfield Farm 

(I e MFR MFBP and the SSF) at the same time Dunng the next VISit on 21 Apnl 2004 

the background BOO level of 10 0 mgll was much lower than the levels recorded at 

Mayfield Farm The temperature had also Increased from 95°C recorded early m Apnl 

to 133°C on 21 Apnl2004 (Figure 3 5) The BOO levels recorded remained low for all 

subsequent VISitS until after the de-Icing activities of the 2004/2005 winter when 

maximum BOO levels for the ER of 160 0 mgll and 180 0 mgll were recorded on 14 

and 29 Apnl 2005 respectively The correspond 109 temperatures dunng these VISitS 

were 128°C and 168°C respectively (Figure 35) By the next ViSit m late May 2005 

the BOO level m the ER had decreased to 25 0 mgll and subsequently remamed low 

until the 9 December 2005 VISit The highest observed BOO concentration dunng this 

period was 174 0 mgll In mid-March 2006 and this had dropped to Just 5 0 mgll by 27 

Apnl 2006 as the temperature Increased from 55°C to 155°C (Figure 3 5) 
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Figure 3 5 Variations In BOO concentrations, DO levels and temperature at the 
ER (middle pond) between April 2004 and April 2006 

The DO levels In the ER clearly mirror the Inverse trends of BOO concentrations with 

the Initial high values rapidly decreasing follOWing the delclng actIVIties In late February 

2005 with DO at or near zero until the end of April 2005 The Situation subsequently 

Improved dUring the summer months with the DO staYing well above zero until the next 

de-Icing event In December 2005 when very low levels were again recorded (Figure 

3 5) 

3 1 2 Deductions from the trends observed in BOO and DO levels 

There IS clearly a seasonal pattern In the variation of the BOO levels In all four 

components of the HTF High BOO levels are observed over the winter months 

follOWing de-Icing activIties at the airport whereas lower BOO levels are recorded In 

spring as the temperature Increases The elevated BOO levels recorded dUring the 

winter months are an Indication of the Influx of ADF laden runoff Into the system 

During the first winter of thiS study (2003/2004) the average BOO level recorded In the 

MFR between late January and early February 2004 was 275 0±18 0 mg/l Although 

the aerators In the MFR were on the presence of a high organic load appeared to 

have produced a Significant drop In DO with levels of 1 4 mg/l and 1 7 mg/l being 

observed on 29 January and 2 February 2004 respectively Apart from the 10 and 27 

February 2004 VISitS when lower BOO levels of 85 0 mg/l and 92 5 mg/l respectively 

were recorded In the MFR The average BOO level In the MFR dUring thiS winter was 

230 8±30 9 mg/l and lasted until late April 2004 While the two occasions on which 

lower BOO levels were recorded may indicate how much removal has occurred Within 
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the system It could also be a direct effect of dilution resulting from the Influx of a large 

volume of less polluted runoff 

The high BOO levels In the MFBP between February and early April 2004 were a direct 

result of the transfers from the MFR The continuous transfer results In the Initial BOO 

level of 50 mg/I In late January 2004 increasing to 1250 mg/I on 2 February 2004 

before reaching 3525 mg/14 days later The consistently high BOO levels recorded In 

the MFBP during winter 2003/2004 highlight the inability of the MFR to effectIVely 

remove the incoming BOO before transfer Into the MFBP Despite the high average 

DO concentrations (8 2±2 5 mg/I) eXisting dUring this period In the MFBP there were 

no signs of any significant BOO reductions The average temperature dUring this 

period was 7 8±2 2°C With both the MFR and MFBP not performing as effectively as 

would be expected dUring the winter period, the SSF was continually exposed to BOO 

levels higher than the 1100 mg/I level It was designed to handle There were only two 

occasions dUring the 2003/2004 winter/spring (10 February and 21 April 2004) when 

the recorded BOO concentration In the MFBP was below this level Prolonged 

exposure of the SSF to high organic loads In the winter place a demand on the DO and 

the absence of any aeration within the SSF resulted In an inability of the DO levels In 

the water channels within the SSF to recover from zero or near zero levels throughout 

the winter months 

In a study conducted between February and August 2004 the DO levels were 

monitored along one of the cells of the SSF as shown In Figure 3 6 Each cell 

Incorporates 4 plant beds and 5 open water channels with additional channels located 

before and after each bed making a total of 7 open water channels Figure 3 6 shows 

a schematic representation of an Individual cell with tabulated DO levels within the 

water channels on different sampling dates The effect of continuous exposure of the 

SSF cells to high organic loads IS clearly shown In Figure 3 6 The drop In DO levels 

across the first bed IS eVident with the Influx of high BOO load from 15 February 2004 

until 7 April 2004 After thiS date the Incoming BOO loads starts to decrease and the 

DO drop becomes less exaggerated The DO concentration In one of the Inner open 

water channels (labelled channel c) was zero on 19 February and for most of the 

following winter period as the system was continually exposed to high organic loads 

The rapid depletion of the DO In the cells IS In Itself an indication of the active 

microbial actIVIties Within the bed resulting In a high utilisation of DO and InfluenCing 

the efficlencles of the follOWing wetland cells The prolonged discharge of high BOO 

loads from the aerated ponds thus contributes to the development of anoxIc conditions 

In the 2nd 3rd and 4th beds and hence an absence of aerobic biodegradation McGahey 
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and Bouwer (1992) have Implicated InsuffiCient DO caused by high organic loads In 

the Incomplete biodegradation of glycols observed In sealed batch microcosms The 

situation at the HTF could be rectified by the direct aeration of the relevant 

intermediate channels enabling aerobiC biodegradation to continue throughout the 

entire length of each reed bed Although the anaerobiC biodegradation of glycol-based 

Type I ADFs has been reported by Schoenberg et al (2001) the optimal temperature 

of 35°C at which thiS occurs IS much higher than the tYPical winter temperature of 

6 5±0 7°C recorded In the SSF 

The high BOO level (610 0 mg/l) recorded In the MFR on 28 February 2005 IS an 

Indication of the Influx magnitude of polluted water that can result from the delclng 

activities at the airport The lower BOO levels recorded In the MFBP and SSF during 

the same VISit indicate that no transfers had been Initiated from the MFR For most of 

the 2004/2005 winter season the aerated ponds (MFR and MFBP) acted as the 

holding POints for the incoming runoff so as not to expose the SSF to high organic 

loads The subsequent higher BOO levels observed In the MFBP between March and 

April 2005 are an Indication of transfers from the MFR Although the high BOO levels 

perSisted In the MFR and MFBP for most of the winter the 67 5 mgll BOO level 

recorded In the MFR on the 24 March 2005 VISit suggests that the holding technique 

employed In the aerated ponds was effective There IS also a pOSSibility that the 

reduction recorded IS partly due to the Influx of less polluted water Into the MFR as ItS 

Initial content was transferred Into the MFBP 

Figure 36 Variations In DO levels within the SSF bed between 15 February and 12 
August 2004 
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Dunng the 2005/2006 winter period high BOO levels were recorded In the MFR MFBP 

and the SSF on the 9 December VISit suggesting that water from delclng activities had 

been transferred throughout the system The BOO level recorded at the eXit of the SSF 

(139 7 mgll) IS an Indication that this part of the treatment system has been exposed to 

high organic loads from the aerated ponds The higher BOO levels recorded In the 

MFR and MFBP later In the winter (February and March 2006) IS again directly 

reflected In the high BOO levels recorded at the outlet of the SSF Although the 

continuous aeration of ponds In the months prior to the winter sustained the DO levels 

In the MFR and MFBP for most of the 2005/2006 winter the high BOO levels recorded 

at the eXit to the SSF and the crltlca"y low DO levels recorded within the SSF channels 

suggest that the performance of the SSF was again hampered by ItS exposure to high 

organrc loads It stili remains unclear why the high DO level recorded In both ponds 

was not sufficient to assist reduction of the BOO levels due to biodegradation 

In a" three winters covered In this study the peak BOO level recorded In the MFR was 

much higher than the levels recorded In the ER DUring the 2003/2004 winter the 

highest BOO level recorded In the ER was 132 5 mgll compared to 207 5 mgll and 205 

mgll recorded In the MFR and MFBP respectively during the same VISit The BOO 

level In the ER later dropped to 10 0 mgll during the next VISit (two weeks later) The 

925% BOO reduction achieved within this time IS better than the 84% and 561% 

reductions recorded In the MFR and MFBP respectively In the fo"owlng winter 

(2004/2005) the 180 0 mgll BOO level recorded In the ER on 29 April 2005 was we" 

below the peak value of 610 0 mgll recorded In the MFR on 2 February 2005 The 

BOO level In the ER dUring the 2 February VISit was 45 0 mgll The trend remained the 

same dUring the 2005/2006 winter with the highest BOO level recorded In the ER 

(1740 mgll) being much lower than the 3650 mgll and 3760 mgll values recorded In 

the MFR and MFBP respectIVely on 16 March 2006 By the next VISit on 27 April 2006 

(6 weeks later) the BOO level In the ER had fallen to 50 mgll (eqUivalent to a 97 1% 

reduction) The BOO levels In the MFR and MFBP fell to 1250 mgll and 1400 mgll 

respectively (eqUivalent to 65 8% and 62 8% BOO reduction respectively) within the 

same period 

The higher peak BOO levels recorded dunng the winter In the MFR and MFBP 

compared to the ER could be a result of the more frequent use of ADF at Southern 

catchment from which the MFR receives polluted water With an estimated 80% of the 

ADFs applied to an aircraft ending up on airport surfaces either through overspray or 

drip page (0 Con nor and Douglas 1993) and another 15-20% lost dUring taxIIng and 

takeoff (Ga"agher 1998) a large proportion of the ADF makes It way Into the 
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stormwater delivered to the treatment facIlity The high composition of ADF In the 

water also means that the water IS composed of a high proportion of the additives 

associated with ADFs most of which are reported to have Inhibitory effects on 

microbial activities (Cancllla et al 2003) This may contribute to the poor 

performances recorded In the MFR and MFBP There are also indications that the 

presence of vegetation around the sides of the ER could have created a more natural 

state In the system encouraging more efficient microbial activities and consequently 

higher BOO reductions Detailed microbial analysIs of the different components of the 

HTF showed that some of the bacteria Isolates found In the SSF (which has a high 

potential for rapid BOO reduction) were also found In the ER (more details In Chapters 

5 and 7) 

The performance of the MFR although not as effective as expected IS consistent with 

observations at the Dane County Regional Airport where delays of up to three months 

following de-Icing activities have been noted for any Significant BOO reduction to occur 

(Gallagher 1998) The BOO decrease was normally associated with April when the 

temperature was warm enough to support continuous microbial activIties In the water 

In a pilot scale study In which a dual-tank bloreactor was used for the treatment of 

water collected from the delclng pads of the Dane County Regional Airport the BOO 

level In the treatment system was found to drop from over 1000 mg/l to less than 50 

mg/l over a period 3 days when the operating temperature was maintained at 30°C 

(Gallagher 1998) While this demonstrates that an Increase In temperature will 

enhance BOO reduction In the MFR and MFBP the inability of both ponds to hold the 

total volume of stormwater generated dUring the winter and the high energy cost that 

would be Involved In the operation of such a heated system make this Impracticable 

Therefore the emphasIs In this study IS shifted to other possible factors which may 

contribute to the effective reduction of incoming elevated BOO levels 

32 VARIATION IN NITRATE AND PHOSPHATE CONCENTRATIONS IN THE 

COMPONENTS OF THE HTF 

Based on the results of a series of laboratory experiments conducted to assess the 

benefit of nutrient addition to BOO removal In aerated pond water samples (see 

Chapter 5) a nutnent dosing regime commenced at the Mayfield Farm aerated ponds 

(MFR and MFBP) In November 2004 Pnor to this the nutnent levels In the HTF had 

not been mOnitored until June 2004 In the MFBP and September 2004 In the rest of 

the system The objectIVe nutnent concentrations In the MFR were set at 50 mg/l for 

nitrate (11 3 mg NIL) and 6 8 mgll for phosphate (2 26 mg P/L) In order to prevent the 
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discharge of nitrate levels which could be harmful to the receiving water Although 

nitrates and phosphates are essential In microbial metabohc processes, elevated 

nutnent levels In the water could lead to eutrophlcatlon ThiS situation promotes 

excessive algal growth which reduces the amount of sunhght available to water 

organisms having a serious Impact on aquatic ecosystems (Painting et a/ 2007) The 

excessIVe growth of algae Increases the competition for the available inorganic 

compounds such as CO2 NH/ N03 and PO/- and other food sources 

The nutnent levels used are based on a nitrogen (N) phosphorus (P) molar ratio of 5 1 

adapted from the onglnal 60 5 1 carbon (C) N P molar ratio which IS required for the 

complete mlnerahsatlon of organic compounds (McGahey and Bouwer 1992) The 

nitrate based fertiliser used was calcium nitrate while superphosphate was used as the 

phosphate source The follOWing calculations are based on nutnent additions to the 

MFR (45000 m3
) followed by circulation around FLRB (the floating reedbeds system) 

and then Into MFBP 

• Required Nltrate-N uSing Ca (N03)z (Calcium Nitrate fertiliser) 

CalCium nitrate contains 15 5% N by weight 

-Based on the nltrate-N level of 1 24 mg/l In the MFBP In September 2004 10 06 mg 

NIL would be required to Increase the nltrate-N level to 11 3 mgll 

-10 06 mg NIL In 45 000 m3 = 453 kg N = 2923 kg calCium nitrate 

-ApproXimate cost of calCium nitrate In 1993 = £11 80 I 50 kg 

-At thiS pnce the cost of raising the nitrate level In MFR to 50 mg/l (11 3 mg NIL) 

would be £690 

• Required Phosphate-P Ca3 (P04)z (Triple Superphosphate fertiliser) 

Tnple Superphosphate contains 20 0% P by weight 

-Based on the phosphate-P level of 0 20 mg/l In the MFBP In September 2004 2 06 

mg P/L would be required to Increase the phosphate-P level to 2 26 mgll 

-2 06 mg P/L In 45 000 m3 = 92 7 kg P = 464 kg superphosphate 

-ApprOXimate cost of superphosphate In 1993 = £3 94 I 40 kg 

-At thiS pnce the cost of raising the phosphate level In the MFR to 6 8 mg/l (226 mg 

P/L) would 

be £46 

The plan was to commence nutnent dOSing gradually prior to a de-ICing event In order 

to increasing the levels of nitrate and phosphate within the MFR to 10 00 mg/l (2 26 mg 

NIL) and 1 35 mg/L (0 45 mg P/L) These levels Will be diluted as the water passes 

through the system (FLRB MFBP and the SSF) and with subsequent dOSing the 
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nutrient levels IS expected to reach the maximum calculated levels (50 mg/l for nitrate 

and 6 8 mgll for phosphate) It IS also expected that blomass growth would be 

enhanced dUring retained time within the system The resulting dilution should ensure 

no detrimental effects are caused by the nutrient levels associated with the discharged 

water After the nutrient dosing the treatment system would be operated In the 

recycling mode and the nitrate and phosphate levels (as well as BOO) would be 

monitored at the outlet position to determine when release of treated water was 

appropriate 

The dosing regime commenced on 12 November 2004 uSing the above calculations as 

a gUide for nutnent addition The insolubility of the phosphate fertiliser posed an 

operational difficulty and as such only nitrate dosing was carned out dunng the 

subsequent nutnent additions on 14 January 4 February and 25 February 2005 The 

trends observed across the system following the commencement of the nutnent dosing 

regime are discussed In the sections that follow 

3 2 1 DiSCUSSion of observed trends In the different treatment components 

Following the commencement of the nutnent dosing regime on 12 November 2004 the 

concentration of nitrate In the MFBP Increased rapidly from an average background 

level of 3 86±2 67 mg/l recorded In the months pnor to the commencement of the 

nutnent dosing (between 15 June and 10 November 2004) to 1595 mg/l during the 22 

November 2004 ViSit (Figure 3 7) Although an Initial Increase In the concentration of 

nitrate from 1 70 mg/l to 9 75 mg/l had been recorded between 18 October and 10 

November 2004 In the MFR the 7 53 mg/l recorded on 22 November was an Increase 

from the average background level of 5 12±4 16 mg/l pnor to the nutnent dosing 

(Figure 38) The concentration of phosphate In the MFBP also Increased from the 

average background level (0 37±0 16 mg/l) before nutnent dosing to 095 mgll 

recorded on 22 November 2004 (Figure 37) There was no Increase recorded In the 

concentration of phosphate In the MFR as the average phosphate level (0 39±0 18 

mg/l) before dosing was higher than the 0 21 mgll recorded on 22 November 2004 

(Figure 3 8) While the background nitrate concentration In the SSF Increased from 

2 29±2 03 mg/l recorded In the ViSitS pnor to nutnent dosing In the MFR and MFBP to 

5 32 mg/l on 22 November 2004 the phosphate concentration actually dropped from 

the average background concentration of 0 31±0 21 mg/l to 0 11 mg/l on the same VISit 

(Figure 3 9) 

Prior to the commencement of nutnent dosing the concentrations of nitrate In the MFR 

(5 12±4 16 mg/l) and MFBP (3 86±2 67 mg/l) were lower than the 1063 mg/l value 
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observed In the ER (FIgure 3 10) On the first VISIt after nutnent dosing commenced In 

the MFR and the MFBP the concentration of mtrate recorded In the ER (1240 mg/l) 

remaIned hIgher than the 7 53 mg/l recorded In the MFR but lower than the 15 95 mg/l 

In the MFBP (FIgure 3 10) DUring the same VISIt the phosphate concentratIon In the 

ER (0 35 mg/l) was also hIgher than the level observed In the MFR (0 21 mg/l) but 

lower than the 0 95 mg/l observed In the MFBP (FIgure 3 10) Prior to thIs time the 

average background levels of phosphate In the MFR (0 39±0 18 mg/I) and MFBP 

(0 37±0 16 mg/l) were hIgher than the 020 mg/l recorded In the ER (FIgure 3 10) The 

average concentratIons of the nutrients mtrate and phosphate observed In the 

dIfferent components of the HTF together wIth the mInimum and maxImum levels 

observed throughout thIs study are summarised In Table 1 AppendIx 3A 
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Figure 3 7 Variations In nitrate and phosphate concentrations In the MFBP 
between June 2004 and April 2006 
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between November 2004 and April 2006 

3 2 2 Deductions from observed trends 

Based on the results observed from mOnltonng the nutnent levels m the MFR and 

MFBP before and after the commencement of the nutnent dosmg regime the 

application of nutnent mcreased the background concentration of nutnents In the MFR 

and MFBP Immediately after dOSing (apart from phosphates In the MFR) The effect of 

the nutnent addition was also eVident m the mcrease recorded In nitrate concentrations 

at the outlet of the SSF The mcreases observed m the average background 

concentrations of nitrate m the MFR and MFBP from 5 12±4 16 mg/l and 3 86±267 

mg/l to 8 06±2 47 mg/l and 9 70± 4 78 mg/l respectively In the Winter months 

Immediately after dosmg commenced (22 November 2004 to 14 Apnl 2005) clearly 

demonstrate the Impact of nutnent addition The eqUivalent mcreases m phosphate 

concentrations (0 39±0 18 mg/l to 0 42±0 44 mg/I and o 37±0 16 mg/l to 0 46±0 41 

mg/l m the MFR and MFBP respectively) over the same penod further highlight this 

The nutnent levels observed m the ER on the other hand suggest there are pOSSible 

nutnent contnbutlons from the surface runoff arrIVmg from the Eastern catchment of the 

airport where most of the mamtenance activities at Heathrow airport are camed out 

Some of the pollutants generated from these actIVIties are Oils SOils and resldues from 

cleaning products which are likely to contam nitrates and phosphates Phosphate 
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compounds are key Ingredients In detergents used for washing aircraft Surface runoff 

from agricultural landscapes (emploYing nitrate and phosphate fertilisers) IS another 

likely source of the nutrients detected In the ER The higher average background 

nitrate concentrations observed In the ER over the autumn/wlnter months (10 9B±3 46) 

compared to the levels observed over the spring/summer months (9 16±1 11) agree 

with the claims of Harnson et al (1996) that the solubility of nitrate compounds makes 

them more easily available In water flowing over agricultural sOils particularly In the 

autumn/wlnter months 

Due to the nutrient applications to the MFR and MFBP In November 2004 It was 

difficult to tell If there were any nutrient contributions from surface runoff during the 

subsequent months Although there were occasional peaks In nitrate concentrations In 

both the MFR and MFBP In the months after the nutrient dosing commenced the 

concentrations of nitrate observed In the MFR on 16 March 2006 (20 BO mg/I) and 27 

April 2006 (17 2B mg/I) are Indications that there are also contributions from incoming 

runoff dUring the winter months In contrast the close association of phosphates with 

sOil particles makes them less detectable In surface waters and as such It IS difficult to 

ascertain how much IS contributed by the surface runoff The higher concentration of 

phosphates observed In the ER (0 64±0 27 mg/I) over the summer compared to the 

o 24±0 OB mg/I In the winter agrees with the claim that sedlments washouts dUring high 

surface flow particularly In the autumn and winter Increases the levels dUring the 

spring/summer months (Frank and Reay 2006) There were no seasonal trends 

recorded In the MFR The highest level recorded In March 2005 (1 61 mg/I) occurred 

after a series of three dosing events (14 January 4 February and 25 February 2005) 

making It difficult to tell If this Increase was caused by the resuspenslon of phosphates 

accumulated sedlments In the preceding months 

The average nutrient levels observed at the outlet to the SSF (6 6B±4 BO mg/I for 

nitrate and 0 2B±0 25 mg/I for phosphate) after the nutrient dosing commenced 

Indicate that the concentrations of the nutnents In the water leaving the system were 

well below the 50 00 mg/I and 6 BO mg/I targets set for nitrate and phosphate 

respectIVely In other to avoid any detnmental effect on receiving waters once released 

from the system The results observed also showed that the concentrations of 

phosphate attained In the MFR (021 mg/I) and MFBP (095 mg/I) were below the 

target (1 35 mg/I) set for the system before the delclng events (see Section 32) The 

situation was the same for the level of nitrate In the MFR as the 7 53 mg/I recorded on 

22 November 2004 was below the 1000 mg/I target, although this may be a result of 
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dilution caused by the arrival of nutnent-deficlent runoff In contrast the 1595 mg/l 

level recorded In the MFBP on the same VISit was In excess of the nitrate target The 

average nutrient levels recorded In the MFR and MFBP after the commencement of 

delclng activities at the airport In late February 2005 were below the 50 0 mg/l and 3 38 

mgll target set for nitrate and phosphate respectively even after subsequent dosing on 

14 January 4 February and 25 February 2005 Based on the average BOO levels In 

the MFR and MFBP In the winter months Immediately after the delclng events (313 5 

mg/l and 2400 mg/l In February and April 2005 respectively) the average nitrate 

concentrations of 8 OS±2 47 mg/l and 9 70±4 78 mgll and the average phosphate 

levels of 0 42±0 44 mg/l and 0 4S±0 41 mgll In the MFR and MFBP respectively are 

well below the SO 5 1 C N P ratio required for effectIVe mineralisation of the BOO as 

recommended by McGahey and Bouwer (1992) The effect of the nutrient addition on 

the performance of the system and the blomass population IS discussed later In this 

chapter 

33 VARIATION IN BIOMASS POPULATION THE COMPONENTS OF THE HTF 

The main aim of commencing a nutrient dosing regime In the MFR and MFBP on 12 

November 2004 was to assess the Impact of nutnent addition on the bacteria 

populatlons In the aerated ponds Initial laboratory studies had shown Increases In 

bacteria populatlons from 107 to 1010 CFU per litre on addition of nutrient with 

eVidence of utilisation of the nutrient (see Section 5 3 In Chapter 5) This was a further 

reason for Initiating a nutrient dosing regime at the HTF FollOWing dosing the blomass 

populatlons In water samples collected from different components of the HTF were 

monitored In the laboratory uSing three different media 

- Tryptic soya agar (TSA-Oxold) for detection of bacteria 

- Sabouraud s dextrose agar (SDA-Dlfco) for detection of fungi 

- Glycerol yeast extract agar (GYEA-prepared from base compounds) for 

detection of actlnomycetes 

Full details of the relevant experimental procedures have been discussed In Section 

2 3 1 of Chapter 2 

While the Initial tests (29 January 2004 to 19 February 2004) showed moderately high 

levels of bacteria In the water samples from the MFR and MFBP the populatlons of 

actlnomycetes and fungi were more or less negligible (1 CFU/ml) hence only results 
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from enumeration tests conducted uSing TSA are referred to as the blomass 

populatlons In this chapter The blomass populatlons recorded In each component of 

the HTF between January 2004 and April 2006 are shown In Figure 3 9 

3 3 1 DIscussion of trends recorded In the different components 

Durrng the first VISit to the HTF on 29 January 2004 the blomass population In the 

MFBP was 1 75 x 108 CFUlI Increasing to 600 X 108 CFUlI by the next VISit on 2 

February 2004 (Figure 3 11) Although a gradual drop In the bacterra population was 

observed In the MFBP towards Aprrl 2004 the average population throughout the 

winter months (until Aprrl) was around 107 CFUlI The situation was similar In the MFR 

With the blomass level recorded during 2 February 2004 VISit being 1 38 x 109 CFU/I 

The bacteria population had fallen to 1 30 X 107 CFUlI by the next VISit on 10 February 

2004 reaching 2 50 x 107 CFUlI on 21 Aprrl 2004 When sampling started at the ER In 

Aprrl 2004 the Initial blomass population observed was 300 x 106 CFUlI which IS 

lower than the levels observed In both the MFR and MFBP durrng the same perrod 
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After the commencement of the nutrient dosing regime In November 2004 no 

Immediate Increases were recorded In blomass populatlons until 7 January 2005 when 

the levels were 1 03 x 108 CFU/I 5 15 x 108 CFU/I and 1 62 x 108 CFU/I In the MFR 

MFBP and SSF respectively DUring the same VISit the blomass population In the ER 

(which had not been dosed With any nutrient) was lower at 8 20 x 106 CFu/1 (Figure 

3 11) By 16 February 2005 the blomass population In the MFR had reached 2 30 x 

1010 CFU/I finally dropping to 770 X 107 CFU/I and 330 x 107 CFU/I on 10 February 

and 16 March 2006 respectively (Figure 311) The maximum level recorded In the 

MFBP Immediately after nutrient dosing was 1 55 x 109 CFU/I (on 16 February 2005) 

although higher levels of 2 49 x 109 CFU/I on 28 September 2005 and 330 x 109 CFU/I 

on 27 April 2006 were attained (Figure 3 11) The average blomass populatlons 

average bacteria population In the MFR MFBP and SSF before and after the nutrient 

dosing commenced on 12 November are compared With the levels observed In the ER 

over the same period In Table 2 AppendiX 3A 

3 3 2 Deductions from trends observed 

Based on results of the laboratory tests conducted on water samples collected from 

the MFR MFBP SSF and ER there are no definite seasonal trends In blomass 

populatlons In any of the components of the HTF The average blomass populatlons In 

the MFR during the winter months were not particularly different from the levels 

observed In the summer The average blomass population In the MFR was 2 55 x 108 

CFU/I dUring the 2003/2004 winter while In the follOWing summer months It was 1 55 x 

108 CFU/I The situations In the MFBP and SSF were shghtly different as the average 

blomass levels fell In both components from winter levels of 1 38 x 108 CFU/I and 1 53 

x 108 CFU/I to 1 55 x 107 CFU/I and 3 42 x 107 CFU/I respectively This suggests that 

the glycol-laden runoff from the airport does not exert an obvIous adverse effect on the 

blomass population as earher speculated This also agrees with findings from Chong et 

al (1999) In which It was shown that most wetland plants and mlcro-organlsms are not 

adversely affected by exposure to high pollutant loads similar to those found In airport 

runoff 

The higher blomass counts recorded In water samples collected from both the MFR 

and MFBP In the months after the nutrient dosing commenced (Table 3 2) suggests 

that nutrient addition enhances blomass growth In the aerated ponds The average 

blomass level In the MFR was 2 37 x 109 CFU/I an Increase from the prevIous average 

level of around 1 92 x 108 CFU/I (Table 3 2) With further nutrient dosing of the MFR on 

14 January 4 February and 25 February 2005 the bacteria level Increased reaching 
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1010 CFUII once dUring the winter (16 February 2005) and later In the summer (15 

June 2005) The average blomass level for the remaining of the summer was 1 82 x 

109 CFUII 

Although there was an Increase In average blomass population In the MFBP after the 

nutrient dosing commenced It IS not clear why the overall Increase over the winter that 

followed was not as significant as recorded In the MFR The average blomass level In 

the MFBP over the 2004/2005 winter (Immediately after the nutrient dosing 

commenced) was 6 22 x 108 CFUII compared to the 5 11 x 109 CFUII recorded In the 

MFR The presence of nutrient In the MFBP appears to have contributed to the 

maintenance of the average blomass population of 6 69 x 108 CFu/1 over the following 

spring and summer months The population In the MFR over the same period dropped 

slightly to 1 82 x 109 CFUII Although no nutrient addition was carned out at the ER the 

blomass population recorded In the water was comparatively high This IS consistent 

With the high nitrate and phosphate levels recorded In the ER The average blomass 

population over the 2004/2005 winter months was 6 3 x 108 CFUII increasing to 1 09 x 

109 CFUII over the summer months 

The low nutrient levels observed In the MFR and MFBP between December 2005 and 

February 2006 (Figures 3 7 and 3 8 appear to have had an adverse Impact on the 

blomass populatlons In both ponds as the levels In the MFR fell to 7 70 x 107 CFUII In 

February and 3 30 x 107 
In March 2006 This was further highlighted In the MFBP and 

SSF With the blomass populatlons dropping to 107 CFUIlIn both umts dUring the same 

period However the effect of Increased nutrient levels on the blomass population was 

demonstrated by Increases recorded In all umts towards the end of April 2006 (3 89 x 

109 CFUII and 330 x 109 CFUII In the MFR and MFBP respectively and 1 30 x 108 
In 

the SSF) which followed the occurrence of elevated levels of mtrate In the system 

dUring 16 March 2006 VISit The Impact of the blomass population on BOO reduction 

recorded In the system IS discussed later In the chapter 

3 4 THE EFFECT OF NUTRIENT ADDITION, TEMPERATURE AND 00 LEVELS 

ON BOO REDUCTION AND BIOMASS POPULATION IN THE MAYFIELD 

FARM AERATED PONDS 

The commencement of a nutrient dosing regime at the Mayfield Farm In November 

2004 was based on recommendations arising from results obtained from laboratory 

experiments (See Chapter 5 for full details) The overall aim of the nutrient addition 

was to Increase the background microbial population In the aerated ponds by 
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achieving the nght balance between the available carbon source and the added 

nutnent In the form of nitrate and phosphate The objective was to achieve the 

maximum biodegradation of glycol Safferman et a/ (2002) had shown that a slow

release fertilizer containing nitrogen and phosphorus provides the macronutnent 

required for the biodegradation of organic pollutants In stormwater onglnatlng from 

airports Initial laboratory tests In thiS study showed eVidence of nutnent utilisation 

particularly nitrate In the aerated pond water samples The utilisation of phosphate 

was moderate and considerably lower than that for nitrate The BOO exerted by glycol 

was found to be more effiCiently removed when a plentiful supply of nitrate was 

available There were also clear signs that the addition of nutnent Increased the 

blomass population Details of the results obtained In these tests are discussed In 

Chapter 5 

A key site operational Issue that was addressed In more detail after the first year of 

study was the aeration process In the system Initially the aerators were operated only 

after the Influx of polluted water Into the system FollOWing a series of consultations It 

was suggested that the aerators In the two ponds (MFR and MFBP) should operate on 

a continuous baSIS for at least two months pnor to the first delclng event Results from 

routine site mOnltonng showed that thiS was effective as the DO In the ponds remained 

fairly high before the arnval of the first high organic load (Figures 3 1 and 3 2) The DO 

levels In the MFR and MFBP late In November 2004 were 12 2 mg/l and 12 0 mg/l 

failing to 9 2 mg/l and 10 1 mg/l later In January 2005 These high levels were 

maintained more effiCiently In the MFBP as the DO remained as high as 10 9 mg/l 

even after the delclng event late In February 2005 The effects of these factors on the 

BOO reduction In the system together With the blomass population are discussed In 

thiS section 

3 4 1 Effect of nutrient addition on BOO reduction and blomass populatlons in 

the MFR and MFBP 

The addition of nutnent to the MFR and MFBP was not as straightforward In practice 

as It was on the laboratory scale Whilst It was crUCial to maintain the nght balance 

between the organic load and the added nutnent It was also Important to keep the 

nutnent concentrations below the consent nitrate and phosphate level for discharge 

Into receiving water so as to aVOid eutrophlcatlon (see full details In section 3 2 2) With 

thiS In mind the dOSing of both aerated ponds was carned out In a controlled manner 

(see prevIous calculations) The Impact of dOSing on the average nutnent levels In the 

ponds was Immediate with Increases being observed In the weeks Immediately 
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following the first dosing event on 12 November 2004 Prror to this the average nrtrate 

concentrations In the MFR and MFBP were 2 80±1 56 mgll and 2 95±1 63 mgll The 

average background levels of nrtrate between November and December 2004 were 

897±1 22 mg/l and 12 74±3 82 mg/I respectively In the MFR and MFBP Within the 

same perrod the average phosphate concentration Increased only slightly from 

o 40±0 17 mg/l to 0 59±0 30 mg/l In the MFBP The average phosphate level In the 

MFR pnor to the dosing was higher at 0 43±0 23 mg/l compared to 0 28±0 08 mg/l 

recorded In the weeks Immediately after the dosing (between November and 

December 2004) A companson of the average blomass levels In the MFR and MFBP 

before and after the commencement of the nutnent addition showed Increases from 

1 92 x 10B CFu/l and 844 x 107 CFu/l to 2 37 X 109 CFU/I and 6 03 x 10B CFU/lln the 

MR and BP respectively (Table 2 Appendix 3A) 

While the Increased levels of nutrrents appear to have enhanced the blomass growth In 

the aerated ponds the inconsistency In operation technrques at the HTF makes It 

difficult to ascertain If the Improved BOO reduction recorded In the ponds In the 

2004/2005 winter was a direct result of the Increased nutnent levels Following the 

application of nutnent to the MFR and MFBP In November 2004 the BOO level In the 

MFR fell gradually from a peak level of 610 0 mg/l In late February (after the delclng 

event) to 315 0 mg/lln mid Apnl 2005 eventually reaching 1400 mg/l towards the end 

of May 2005 This IS equivalent to an initial reduction of 48 4% over a 6 week penod 

and an overall reduction of 77 1 % over a total of 10 weeks Dunng the same penod 

the blomass population was stable at 1 20 x 10B CFu/l which represented a decrease 

from the value of 1 56 x 109 CFu/l recorded late In February A subsequent slight 

Increase was observed towards the end of May 2005 with a final level of 1 85 x 10B 

CFU/I When part of the partially treated water was eventually transferred from the 

MFR In March 2005 the peak BOO level recorded In the MFBP on 14 Apnl 2005 was 

3100 mg/l At this time the blomass population was 590 x 10B CFU/I Subsequently 

the blomass population Increased reaching 1 23 x 109 CFU/I by the next VISit on 29 

Apnl 2005 (two weeks later) and the BOO level In the MFBP dropped to 245 0 mg/l 

reaching 117 5 mg/l In 5 weeks (towards the end of May 2005) equivalent to a BOO 

reduction of 62 1 % 

In the prevIous winter (pnor to the commencement of the nutrrent dosing regime) the 

peak BOO level recorded In the MFR In late January 2004 (after delclng event) when 

monrtorrng started was 295 0 mg/I and the blomass population was 1 38 x 109 CFu/l 

SIX weeks after this only 13 6% of the BOO had been removed and the blomass level 
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had fallen to 270 X 107 CFUlI In total It took over 12 weeks for the BOO level to be 

reduced significantly to 64 0 mg/l by the first week of May 2004 representing a BOO 

reduction of 78 3% The blomass level In the MFR In May 2004 was 2 35 x 108 CFUlI 

The peak BOO level recorded In the MFBP was 3525 mg/l In early February 2004 

(after the transfer of pre-treated dirty water that arnved In the MFR late In January 

2004) and the blomass population was 6 00 x 108 CFU/I It also took about 12 weeks 

for the BOO level to drop considerably to 90 0 mg/l a level which IS Ideal for transfer 

Into the SSF for further treatment However unlike the MFR where the blomass 

population remained around 108 CFU/I the blomass population In the MFBP after the 

12 week penod fell to 6 00 x 108 CFUlI 

While It IS eVident that the BOO reduction attained In the MFR and MFBP dunng the 

2004/2005 winter was better than that recorded In the 2003/2004 winter It IS Important 

to state that the operational procedures for the aerated ponds dunng the two occasions 

were very different Dunng the 2004/2005 winter the MFR and MFBP were operated 

Independently of each other for most of the winter The nutnent dOSing was carned out 

separately In the different aerated ponds With no transfer Initiated either remotely or 

manually at the start of the winter ThiS IS very different from the manner In which the 

system was operated dunng the 2003/2004 winter when the waters from the aerated 

ponds were being re-circulated round the entire system until the BOO level was low 

enough for discharge With the water moving through the system In the 2003/2004 

winter the BOO In the aerated ponds remained consistently above 250 0 mgll for most 

of the winter before shOWing signs of reduction In late Apnl 2004 ThiS also cOincided 

With the disappearance of the ochrous coloration which had developed across the 

entire system when the re-clrculatlng of the water commenced There were 

suggestions at the time that the presence of the ochrous coloration was responsible for 

the Inability of the system to reduce the organic load Laboratory tests later showed 

thiS was not the case Details of the results of tests conducted to Investigate the Impact 

of the presence of the Fe2
+ IFe3

+ equlllbnum on BOO reduction are discussed In 

Chapter 4 

The performance of the system during the winter of 2006 further highlights the role 

elevated pond nutnent levels on the BOO reductions The high nutnent levels recorded 

In both ponds pnor to the winter particularly between September and November 2005 

and later between March and Apnl 2006 had an Immediate Impact on the blomass 

population The blomass populatlons remained at around 108 CFUlI and 107 CFU/I In 

the MFR and MFBP respectively between September and December 2005 before 
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increasing to higher levels of 109 CFU/I In both Units as the nutrient levels Increased In 

March and April 2006 The blomass populatlons had Initially fallen to 3 30 x 107 CFu/1 

and 2 70 x 107 CFU/I In March 2006 In the MFR and MFBP after the nutrient levels 

dropped between December 2005 and February 2006 The BOO levels In the MFR 

and MFBP dropped from peak levels of 3650 mg/l and 3760 mg/l to 1250 mg/l to 

1400 mg/l respectively within this period This IS eqUivalent to BOO reductions of 

65 8% and 62 8% In the MFR and MFBP respectively within SIX weeks This IS 

comparable with the BOO reductions achieved within SIX weeks of de ICing activities In 

the prevIous year when nutrient dosing was first employed 

The operation of the system dUring the 2005/2006 winter was a combination of the 

techniques used In the two prevIous winters The first flush of polluted water was 

stored and treated In the MFR before transfer was initiated Into the MFBP The 

capacity of the two aerated ponds was not sufficient to retain the high volume of water 

arriving at the facIlity over the 2005/2006 winter and hence It was necessary to transfer 

polluted water Into the SSF With the performance of the SSF being Jeopardised by the 

rapid reduction In DO levels In the front-end beds the system had to be operated In a 

re-clrculatlng mode until the BOO was adequately removed towards the end of April 

2006 As for the 2003/2004 winter the commencement of water re-clrculatlon 

cOincided with the development of an ochrous coloration throughout the system which 

eventually disappeared In late April when the BOO dropped The actual source of the 

ochrous coloration IS not known but a series of possibilities and the relationship with 

BOO levels In aerated pond water samples are discussed In Chapter 4 

3 4 2 Effect of DO levels and temperature on BOO reduction and blomass 

population 

Although the successful operation of an aerated treatment system IS believed to be 

highly dependent on an efficient aeration system the relatively high DO levels 

recorded In both the MFR and MFBP dUring the 2003/2004 winter failed to achieve an 

efficient BOO reduction In the ponds The average DO levels In the MFR and MFBP 

over a SIX week period (between late January and mid-March 2004) were 6 8±3 6 mgll 

and 82±2 5 mg/l respectively and yet only 136% and 149 % of the BOO In the MFR 

and MFBP were removed dUring that period It took over 12 weeks for the BOO to be 

removed efficiently despite the corresponding average DO levels being 6 3±3 5 mg/l 

and 7 6±3 0 mg/l In the MFR and MFBP respectively DUring the 2004/2005 winter 

the DO levels In both the MFR and MFBP reached zero due to a mechanical fault In 

the aeration system In spite of this better BOO reductions were achieved taking 6 
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weeks to attain 484% reduction and about 10 weeks to reach 77 1% reduction In the 

MFR In the MFBP 62 1 % BOO reduction was attained between mid-April and the 

third week In May 2005 even though the DO level was zero throughout this period In 

the winter of 2005/2006 DO levels In the MFR and MFBP fell from 8 1 mgll and 9 0 

mgll to 0 2 mgll and 0 6 mgll respectIVely between mid-March and late Apnl 2006 and 

yet the BOO reductions attained within this period were 65 8 % and 62 8 % 

respectIVely 

There are indications that the depletion of the DO levels In the MFR and MFBP IS 

associated with the reduction In the BOO levels recorded In both ponds between mld

March and late April 2006 The decomposition of organic matter has been consistently 

shown to be associated with a decline In DO levels (McCartney et al 2003) The 

observation In the MFR and MFBP IS consistent with results obtained from the Dane 

County Regional Airport pilot-scale dual-tank bloremedlatlon system The average DO 

level In the system was 0 43±0 21 mgll dUring the 3 day period In which 71 4% of the 

BOO was reduced (Gallagher 1998) Strong-Gunderson et al (1995) uSing 

respirometry data also reported high DO consumption dUring the biodegradation of a 

mixture of delclng products including propylene glycol by a consortium of bacteria All 

these systems suggest there IS an Inverse relationship between DO levels and the 

BOO concentrations under conditions In which intrinSIC biodegradation IS occurring 

indicating that microbes deplete the DO dUring the biodegradation processes On the 

other hand the non-utilisation of the DO In the system dUring the 2003/2004 winter IS 

reflected In the high DO levels maintained throughout the winter and the prolonged 

period for which the BOO levels In the ponds remained high Due to the mechanical 

fault experienced with the aeration system In the MFR and MFBP dUring the 

2004/2005 winter It IS ImpOSSible to ascertain If the rapid depletion In DO between 

February and April 2005 was due to biodegradation 

The results show the expected indications that the increasing temperature during the 

early spring contributes to the BOO reduction typically recorded at this time AerobiC 

degradation of glycols IS claimed to be temperature dependent (Kent et al 1999) In a 

study of water samples from four different rivers Evans and Davld (1974) reported 

100% BOO reduction In all water samples Within 3 days at 20°C compared to less than 

20% reduction In two of the four samples In over 14 days at 4°C Results from 

laboratory experiments conducted uSing aerated pond water samples have shown 

more efficient BOO reduction In water samples at higher temperatures (details In 

Chapter 5) Predictions from the HTF pilot scale study had shown Improved BOO 
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reductions In the different components as the temperature Increased from 6°C to 20°C 

(Revltt et aI, 2001) During the 2003/2004 winter no significant BOO reduction was 

recorded In the MFR and MFBP between late January and early Apnl 2004 when the 

average temperature was 8 0±1 8°C By late Apnl 2004 when the temperature had 

Increased to 133°C the BOO In the MFR and MFBP had fallen by 356% and 744% 

respectIVely This pattern was repeated dunng the follOWing winter when no significant 

reduction In the BOO level was recorded between mid-February and most of March 

2005 (average temperature 4 9±0 5°C) The first sign of any BOO reduction was In 

April when the temperature had nsen to 12 aOc By the third week In May 2005 with 

the temperature nSlng further to 153°C the overall BOO reductions attained In the 

MFR and MFBP were 771% and 530% respectively In the follOWing winter 

(2005/2006) the overall BOO reductions In the MFR and MFBP reached 65 8 % and 

62 8 % respectIVely as the temperature Increased from an average winter level of 

5 8±0 6°C to 155°C on 27 Apnl 2006 

3 4 3 Relationships between BOO concentrations and the blomass populatlons 

In the MFR and MFBP 

Amongst the factors that Influence microbial viability none are as directly related to the 

population size as inorganic nutnent and organic carbon availability (Shane 1999) 

While the Impact of nutnent addition IS reflected In the blomass Increases recorded In 

the MFR and MFBP It IS difficult to establish the exact relationship between the BOO 

concentrations and the blomass populatlons In both ponds (MFR and MFBP) Dunng 

the 2003/2004 winter the presence of a high BOO load between 29 January 2004 and 

25 March 2004 corresponded to an Initial decrease In blomass population from 1 38 x 

109 CFUII to 1 30 x 107 CFUII In the MFR While the Initial decrease In blomass 

population could be a result of the shock effect caused by the sudden introduction of 

the high organic load the average blomass population of around 107 CFUII throughout 

the winter and the eventual Increase to 235 X 108 CFUII as the BOO level dropped 

from 207 5 mgll to 64 0 mgll between 7 April 2004 and 4 May 2004 could be an 

Indication of the utilisation of the organic load for growth and sustenance This IS 

consistent with claims by Shane (1999) that indigenous microbes use ambient 

Inorganic nutrients and organic carbon to proliferate and maintain their cell tissues 

which IS consequently reflected In an Increase In population A similar trend was 

observed In the MFBP The arnval of a high organic load on 6 February 2004 resulted 

In a decrease In the observed blomass population from 1 75 x 108 CFUII to 9 10 x 106 

CFUII on 19 February 2004 before stabiliSing at around 107 CFUII until early April 

2004 However unlike the MFR the blomass population In the MFBP dropped further 
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to 6 00 x 106 CFUII as the BOO concentration dropped to 39 0 mg/l While this appears 

to contradict the expected trend the lower population recorded may be an indication of 

the lack of substantial organic load to support microbial population 

In the 2004/2005 winter the arrival of the first high organic load (represented by a 

BOO concentration of 610 0 mg/l) Into the MFR on 28 February 2005 was followed by 

a decrease In blomass population from 230 x 1010 CFu/1 to 845 X 108 CFu/1 as the 

BOO was Initially reduced to 67 5 mg/l on 24 March 2005 Following a further Increase 

the BOO fell from 3150 mg/l to 625 mg/l (between 14 Apnl 2005 and 15 June 2005 

and the blomass population Increased from 1 20 x 108 CFu/1 to 1 00 X 1010 CFU/I) The 

Initial trend In the MFBP was similar With a drop In blomass population from 5 90 x 108 

CFu/1 to 5 60 x 107 CFu/1 when the BOO level Increased from 50 0 mg/l on 28 

February 2005 to 270 0 mg/l on 24 March 2005 As the BOO level Increased further to 

3100 mg/I on 14 Apnl 2005 the blomass population Increased to 1 50 X 108 CFU/I 

Increasing even further to 1 23 X 109 CFu/1 as the BOO level dropped to 1175 mg/l on 

20 May 2005 suggesting that the Initial decline In blomass population In the presence 

of high BOO was a response to the shock effect By 15 June 2005 when the BOO level 

In the MFBP had gone down to 5 0 mg/l a decline was recorded In blomass 

population reaching an average of around 107 CFu/1 In the summer/autumn as the 

BOO concentration remained low While a decline In blomass population (from 108 

CFU/I to 107 CFU/I) was observed In the MFR between November 2005 and February 

2006 as the BOO concentration Increased from 25 65 mg/l to 290 7 mg/l the Increase 

In BOO concentration In the MFBP (from 34 2 mg/l to 302 0 mg/l) was followed by a 

corresponding Increase In blomass population from 2 50 x 107 CFU/I to 1 20 x 108 

CFU/I 

In all three winters the Initial introduction of high organic load (high BOO levels) 

appears to cause a decrease In the blomass population of the ponds Although the 

responses of the blomass population beyond the Initial Increase In BOO level vaned 

widely In both systems there are indications that the subsequent Increase In blomass 

population IS a result of the utilisation of the organic load In the ponds In the next 

section the statistical relationships between the blomass populatlons and other factors 

already discussed on the BOO concentrations In the ponds are explored 
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3 4 4 Statistical analysis of the effects of the blomass population. temperature. 

DO and nutrient levels on the BOO concentration In the aerated ponds 

Initial statistical analyses of the Identified parameters In the aerated ponds between 

January 2004 and April 2006 showed no definite relationships with the BOO 

concentration Figures 1 and 2 Appendix 3B are matrix scatter-plots for all the 

parameters mOnitored In the MFR and MFBP dUring this period In Figure 1 none of 

the parameters appear to show any relationships With the BOO concentrations (for all 

three winters) In the MFR hence no detailed hnear regression analYSIS was conducted 

Temperature and DO levels showed the most tendency to correlate With BOO 

concentrations In the MFR With P values of p < 0 038 and p < 0 039 respectively The 

R-squared value for the relationship was however low at 27 8% which Imphes that the 

variation In BOO levels In the MFR are explained by changes In the temperature and 

DO levels less than 30 0 % of the time between January 2004 and April 2006 

The situation In the MFBP was shghtly different With Figure 2 showing that the DO level 

and temperature appear to have a better relationship With BOO levels Linear 

regression analYSIS showed that both parameters were shghtly more correlated With 

the BOO levels In the MFBP than In the MFR With a p value of p < 0 005 The blomass 

population In the MFBP also showed a good correlation with the BOO level at p < 0 02 

With a R-squared value of 53 35% 

35 COMPARISON OF THE LABORATORY BOO CONCENTRATIONS WITH 

BIOX BOO LEVELS RECORDED DURING ROUTINE SITE VISITS TO THE 

DIFFERENT COMPONENTS OF THE TREATMENT SYSTEM 

Due to the crucial role played by the BIOX analysers In Initiating water transfer 

between the different components of the system, based on pre-determlned BOO 

levels It was considered Important to estabhsh the accuracy of these devices The 

recorded BOO levels were compared With the laboratory BOO results for water 

samples collected from the corresponding components of the HTF The aim was to 

ascertain how well the BOO readings registered by each BIOX analyser agree With the 

measured (laboratory) BOO concentrations The BOO levels from the comparative 

studies of the Mayfield Farm Diversion Chamber (DC) the Mayfield Farm Main 

Reservoir (MFR) and BalanCing Pond (MFBP) and the eXit channel of the system are 

summarised In the Tables that follow In each section 
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3 5 1 The Mayfield Farm Diversion Chamber (DC) 

Under Ideal operating conditions runoff from the Southern Catchment With a BOO 

concentration above 40 0 mgll IS diverted Into the MFR This IS Initiated by the BOO 

concentration registered by the BIOX deVice located adjacent to the DC at the 

entrance to the Mayfield Farm section of the HTF The laboratory BOO concentrations 

In water samples collected from the DC were compared With the BOO level registered 

by the BIOX dUring ViSitS between 21 April 2004 and 27 April 2006 Due to frequent 

operational faults With the BIOX analysers comparative BOO studies could only be 

conducted at the DC on 17 occasions and the results are summarised In Table 32 

Although there are clearly differences between the BOO levels recorded In the 

laboratory test and those registered by the BIOX the Increasing (attributed to the 

arrival of high organic load In the winter) or decreaSing BOO trend In the water IS 

detected by both systems There are no indications from the results that the BIOX 

analyser at the DC IS unable to register BOO levels above 40 0 mgll which IS the 

trigger level for Initiating the transfer of polluted water Into the treatment system 

According to the laboratory tests the BOO concentrations arriving at the DC were 

observed to be higher than the 40 0 mgll mark on five occasions but only three of 

these gave readings thiS level on the BIOX There are no indications from the 

laboratory BOO concentrations obtained for the water samples on the other two 

occasions that the failure of the deVice would have had severe consequence on the 

receiving water when discharged The results also show that the BIOX at the DC IS 

unlikely to Initiate unnecessary diverSion of water as there was no Single record of the 

BIOX analyser reglstenng a BOO level above 40 0 mgll when the laboratory tests 

showed otherwise I e the BIOX Instrument tended to read consistently lower (Table 3 

Appendix 3A) 

3 5 2 The Mayfield Farm Main ReservOir (MR) and Balancing Pond (BP) 

The diverted water from the Southern Catchment IS stored and treated In the MFR 

before being transferred Into the MFBP ThiS transfer IS Initiated by the BOO reading 

registered by the BIOX analyser at the outfall of the MFR Transfer from the MFBP to 

the SSF IS Initiated Similarly The laboratory BOO concentrations and the 

corresponding BOO levels recorded by the BIOX analyser at the MFR and the MFBP 

between March 2004 and April 2006 are compared In Table 4 Appendix 1 Between 

March 2004 and late April 2006 the BIOX analyser adjacent to the MFR recorded a 

wide range of BOO concentrations The lowest level registered was 10 0 mgll on 26 

May 2004 while the highest level (1060 0 mgll) was recorded on 25 March 2004 (Table 

3 4) The corresponding laboratory BOO values on these two occasions were 9 5 mgll 
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and 267 5 mg/l the latter being considerably lower than the BIOX value The results 

also show that the BOO levels recorded by the BIOX device were higher than the 

laboratory values 67 8% of the time with the results being Identical on only two 

occasions (Table 4 AppendIX 3A) Of the four winter readings taken between March 

2004 and April 2004 the laboratory BOO level was higher than the BIOX reading only 

on one occasion (7 April 2004) DUring the follOWing winter periods the BOO levels 

recorded by the BIOX were higher on three of the five measurements made between 

February 2005 and April 2005 and on two of the four measurements made between 

December 2005 and April 2006 Although the BOO levels recorded by the device 

during the summer were mostly higher than the laboratory BOO concentrations the 

differences observed were not as significant as observed In the winter 

The highest reading recorded by the BIOX adjacent to the MFBP between March 2004 

and April 2006 was 5050 mg/l (on 10 February 2006) The corresponding laboratory 

BOO concentration was 302 0 mg/l (Table 4 Appendix 3A) The lowest BOO readmg 

recorded by the device was 7 0 mg/l with a corresponding laboratory BOO 

concentration of 11 0 mg/l The BOO levels recorded by the BIOX at the MFBP were 

higher than the laboratory levels for 60 0% of the measurements results shows that 

the BOO levels In the latter were higher on three of the four measurements made In 

March and April 2005 However the BIOX BOO readings were higher than the 

laboratory BOO values once dUring the four measurements In March and April 2004 

and twice dUring the four measurements between December 2005 and April 2006 The 

BIOX BOO readings dUring the summer were generally higher than the levels recorded 

In the laboratory 

3 5 3 The Mayfield Farm eXit channel 

Treated water from the SSF leaves the HTF through the exit channel which IS 

equipped with a BIOX analyser The BOO level registered by the device at this pOint 

determines the fate of the treated water either to be discharged or re-circulated This 

IS arguably the most Important BIOX analyser at the Mayfield Farm section of the HTF 

as the release of water above the consent level of 40 mg/l BOO could have serious 

consequences for the receiving water It also serves as a measure of the overall 

performance of the treatment system The laboratory BOO values and the BOO levels 

registered by the BIOX at the eXit channel between 4 May 2004 and 27 April 2006 are 

summarised In Table 5 Appendix 3A 

Both the laboratory BOO concentrations and the levels registered by the BIOX 

throughout the mOnitoring period were as expected lower than those observed In the 
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other parts of the HTF Because of the lower recorded BOO values tYPically below 

40 0 mg/l the differences In BOO levels determined by the two methods were not as 

significant as recorded In the MFR and MFBP particularly In the winter The BOO 

levels registered by the BIOX were higher than the laboratory BOO levels for 51 9% of 

the entire mOnitoring period Unlike the other BIOX analysers the BOO levels 

registered by the BIOX adjacent to the exit channel were lower than the laboratory 

BOO measurements made for most of the winter months (Table 5 AppendiX 3A) 

Between February 2005 and April 2005 the laboratory BOO measurements were 

higher In three of five measurements made In all but one of the measurements taken 

between December 2005 and April 2006 and on two occasions between 4 May 2004 

and 9 December 2005 DUring the May 2004 measurement the BOO level registered 

by the BIOX was 26 5 mg/I while laboratory tests showed a concentration of 45 0 mg/l 

With the BOO at this concentration, It IS unlikely that the discharged water would pose 

any significant adverse effect to the receiving water For the December 2005 

measurement the laboratory BOO concentration was 1250 mg/l while the BIOX 

reading was 19 0 mg/l The Implication of this IS the pOSSible discharge of water above 

the set consent of 40 0 mg/l It IS not clear how long the water was discharged at this 

level but this occurrence could have been responsible for problems With DO levels 

which developed downstream later that winter There were newspaper reports at the 

time of the fouling of the local stream downstream of the HTF caused by the pOSSible 

discharge of polluted water from the treatment system 

3 5 4 Implications of the results obtained from the comparative study of the 

BIOX BOO levels and the laboratorv BOO result and the laboratorv BOO 

results 

Statistical analYSIS of the BOO data obtained from the comparatIVe study conducted 

between the readings of the BIOX analysers and laboratory BOD5 results shows there 

IS a positive correlation However the differences In the BOO results from the two 

techniques become generally more pronounced dUring the winter months as the Influx 

of high organic load Into the system Increases ThiS suggests that the accuracy of the 

BIOX device IS adversely affected by high BOO levels dUring the winter ThiS was 

highlighted for the MFR when the BIOX registered a BOO value of 1060 0 mg/l against 

a laboratory measurement of 267 5 mg/l on 25 March 2004 The anomaly In the BIOX 

was also shown In the MFBP on 7 March 2005 when It recorded 39 1 mg/I against a 

laboratory measurement of 250 0 mg/I Even the BIOX device at eXit channel, which 

was generally exposed to lower BOO levels showed signs of malfunction on 9 
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December 2005 when It registered a BOO level of 190 mg/l against a laboratory 

measured level of 125 0 mg/l 

It IS not entirely clear why there IS a disparity between the BIOX BOO readings and the 

laboratory measured levels particularly dUring the winter There IS however a possibility 

that the high volume of water diverted Into the system dUring winter event Increases 

the bUild-up of solids In the device which would Inevitably affect the accuracy of the 

device At the high flow rates there IS likelihood that the microorganisms In the BIOX 

are unable to maintain the required ratio of dilution water to wastewater sample In 

order to accurately determine the BOO (see Section 2 1 1 of Chapter 2) DUring the 

pre-commlsslonlng tests conducted on the BIOX analysers the blockage of the suction 

pump responsible for the transfer of water Into the device was found to lead to erratic 

and un-reliable outputs Rectifying this problem often required dismantling the whole 

device this was laborious and could take several hours As a result a rigorous 

maintenance regime was put In place by the operators It IS not clear from the results 

obtained If this has been particularly successful as faults were stili reported In the 

devices during routine site VISitS particularly during the winter The higher reliability of 

the BIOX device at lower BOO levels IS clearly an advantage at the Diversion Chamber 

(DC) because It means there IS less possibility of water below the consent BOO level of 

40 0 mg/l level being unnecessarily diverted Into the system giving room for the 

storage and treatment of more polluted water In the MFR This IS also the case at the 

exit channel where the ability of the device to register lower BOO levels means the 

discharge of water below the consent level (40 mgll) would be effectively Initiated 

Statistically, the performance of the BIOX analyser at the DC (In comparison to 

laboratory BOO determlnatlons) IS the best with a correlation value of 0 92 The 

performance of the BIOX at the eXit of the system was also Impressive with a 

correlation value of 0 86 The correlations between the BOO levels recorded by the 

BIOX and the laboratory measured BOO levels for the MFR and MFBP were 0 76 and 

o 80 respectIVely The p-values for these correlations were all significant at p < 0 005 

Although thiS suggests there IS a good degree of agreement between the laboratory 

measured BOO levels and the BIOX BOO readings the differences recorded during 

routine ViSitS to the site clearly show that the devices were not reliable dUring winter 

events Consequently the unrellablllty of a device at higher BOO levels would 

adversely affect transfers Within the system particularly between the aerated ponds 

(MFR and MFBP) and from the MFBP to the SSF making It Impossible to truly assess 

the performance of each unit of the entire system 
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CHAPTER 4 ASSESSMENT OF THE IMPACT OF 
IRON ON THE BIODEGRADATION OF 
GLYCOL 

Following the observation of a pronounced reddish brown colouratlon (later found 

to be caused by the presence of femc Iron, Fe3+) In the Mayfleld Farm aerated 

ponds dunng February 2003 a senes of expenments were conducted to assess 

the Impact of the presence of Iron on the biodegradation performance of the 

system The reddish brown coloration remained for about eight weeks and 

simultaneously the BOO concentrations In the aerated ponds recorded by the BIOX 

analysers were StatiC at around 350 mgll for the entire penod (February to mld-Apnl 

2003) Laboratory analysIs of grab samples collected In March 2003 showed lower 

BOO values «100 mgll) although COD values were elevated (400-500 mgll) Initial 

tests carned out In March 2003 also showed the concentration of total dissolved 

Iron In the aerated ponds to be 2 6 mgll predominantly In the form of Fe3
+ The 

source of the Iron compounds remains unknown although a number of possibilities 

have been proposed These Include Ingress of Iron contaminated groundwater via 

the underground pipes transporting runoff from the airport contributions from 

matenals (e g gravel substrate, brick gablons) within the treatment system and 

runoff denved sources from the airport surfaces The estimations of the large 

amount of Iron In the entire treatment system were however not supportive of any 

of these theones 

These estimates were based on the assumption that the overall Fe loading within 

the treatment system was composed of three main Fe phases, soluble Fe Fe 

associated to sedlments and Fe deposited In the basal sediment There was the 

possibility that the estimated level of Fe deposited In the basal sediment when 

determined In June 2003 could have given nse to an over-estimation of the total 

Iron In the system as It had previously eXisted as solublelJnsoluble Fe In March 

2003 However any over-estimation was believed to have been compensated for 

by the under-estimation In two other parts of the system, the return flow ditch 

where It was not possible to determine the Fe loading and the Sub-surface flow 

reed beds (SS F) In which there was a predominance of soluble ferrous Ions In most 

of the cells when samples were collected for analyses In March 2003 

Estimation of Iron loadmg m the aerated ponds (MFR and MFBP) and the 
Sub-surface flow reedbeds (SSF) 

1 The Mayfleld Farm Main ReservOir (MFR) 

a) Total dIssolved Fe 

The concentration of total dissolved Fe In the MFR In March 2003 was 2 6 mgll 

With the water level In the reservoir at 75% of ItS total capacity of 45 000 m3 thiS 

was eqUivalent to 33 750 m3 giving a total weight of dissolved Fe of 87 8 kg 
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bJ Total suspended solid associated Fe 

The concentration of total suspended solids In the MFR In March 2003 was 18 5 

mg/l The total weight In 33 750 m3 (75% of the full capacity) was 624 4 kg The 

concentration of Fe In dry solids collected from the Sides of the reservoir In June 

2003 which was likely to have been Initially present as suspended solids (SS) was 

determined as 79.230 mg/kg Hence the weight of Fe attached to the SS In the 

MFR was calculated as 624 4 x 79 230 = 49 5 kg 

C) Fe In basal sediment 

From the sample of basal sediment collected from the MFR on 15 July 2003, the 

top 10 mm of the sediment was Identified as the part containing most of the Fe Of 

this a section measuring 60 mm x 70 mm x 10 mm weighed 6207 g which IS 

equivalent to a density of 1 478 kg/m3 The surface area of the sediment was 

estimated to occupy 6,800 m2 (I e 80 m x 85 m the dimension of the MFR) 

Volume of the Fe containing layer = 6,800 x 0 01 = 68 m3 

Weight of the Fe containing layer = 68 x 1 48 = 100 5 kg 

Concentration of Fe In the surface sediment In June 2003 = 23 440 mg/kg 

Total weight of Fe In basal sediment = 100 5 x 23 440 = 2 36 kg 

Total estimated weight of Fe In the MFR = 87 8 + 49 5 + 2 36 = 139 7 kg 

2 The Mayfleld Farm BalanCing Pond (MFBP) 

a) Total dissolved Fe 

The concentration of total dissolved Fe In the MFBP In March 2003 was 0 021 mg/l 

The total weight of dissolved Fe In the water at the time (the MFBP was 60% full 

which IS eqUivalent to 11 400 m3
) was estimated as 0 24 kg 

b) Total suspended solid associated Fe 

In March 2003, the concentration of SS In the MFBP was 12 5 mg/l The total 

weight In 11 400 m3 water was calculated as 1425 kg Assuming the concentration 

of Fe In the dry solids collected from the Sides of the MFR (79 230 mg/kg) IS 

appropriate to estimate the concentration of SS In the MFBP the weight of Fe 

attached to the SS In the MFBP = 142 5 x 79 230 = 11 3 kg 

C) Fe In basal sediment 

The surface area of the basal sediment was estimated as 5400 m2 (180 m x 30 m) 

Volume of the Fe containing layer = 5,400 x 0 01 = 54 m3 

Weight of the Fe containing layer = 54 x 1 48 = 79 8 kg 
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USing the concentration of the Fe In the surface sediment (June 2003) obtained 

from the sides of the MFR (23 440 mg/kg) to estimate the concentration of Fe In 

the basal sediment of the MFBP the weight of Fe In the basal sediment = 79 8 x 

23 440 = 1 87 kg 

Total estimated weight of Fe In the MFBP = 0 24 + 11 3 + 1 87 = 134 kg 

3 Sub-surface flow reed beds (SSF) 

The total surface area of the SSF = 2 08 ha = 20 800 m2 

Depth of the beds IS 0 6 m and approximately a third of the whole volume Within the 

SSF was occupied by water giVing a volume of 4 000 m3 

There IS approximately 600 m of open water channels In the SSF each 1 m wide 

With a depth of 0 6 m each the overall water volume occupied = 360 m3 

Therefore, the total water volume Within the SSF = 4000 + 360 = 4360 m3 

Front-end SSF cells 

12 of the total 58 cells Within the SSF are considered to be associated With the 

front-end of the system which were characterised by high soluble Fe 

concentrations In March 2003 

a) Total dissolved Fe 

The concentration of total dissolved Fe In the front-end of the SSF In March 2003 

was 3 7 mgll 

ThiS IS contained In 12/58 x 360 = 745m3 of water 

Therefore the total weight of dissolved Fe In the front-end part of the SSF = 0 28 

m 

b) Partlculate associated Fe 

DUring sampling In March 2003, the high water level In SSF made It Impossible to 

retrieve any SS for estimation Therefore the SS concentration In the MFBP (125 

mg/l) which transfers directly to the SSF has been used 

745m3 of water containing SS at a concentration of 12 5 mgll gives a total 

sediment weight of 0 93 kg 

USing the same Fe sediment concentrations as In the MFBP I e 79 230 mg/kg 

the estimated weight of Fe In the solids In the front-end of the SSF would be 74 2 x 

79230 = 5 9 kg 
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Non-front-end SSF cells 

a) Total dissolved Fe 

The concentration of total dissolved Fe In the non-front-end of the SSF In March 

2003 was 0 026 mgll 

This IS contained In (46/58 x 360) + 4000 = 4,285 5 m3 of water 

Therefore the total weight of dissolved Fe In the non-front-end part of the SSF = 

011 kg 

b) Partlculate associated Fe 

4 285 5 m3 of water containing SS at 12 5 mgll gives a total sediment weight of 

536 kg 

Assuming an Fe sediment concentration of 79,230 mg/kg (as above), the estimated 

weight of Fe In the solids In the non-front-end of the SSF was 4 285 5 x 79 230 = 

3395 kg 

Total estimated weight of Fe In the SSF = 0 28 + 5 9 + 0 11 + 339 5 = 345 8 kg 

Neglecting the return flow ditch the total estimated weight of Fe In all three 

components (MFR MFBP and SSF) = 498 9 kg 

Groundwater which was Identified as one possible source of Fe Influx Into the 

system was estimated to have a potential Fe contnbutlon of up to 3 mgll The 

volume of water required to produce the estimated load of 498 9 kg would be 

166,300 m3
, such a contribution IS not feasible given that the combined capacity of 

the three storage/treatment Units at the Mayfleld Farm IS 68 360 m3 

Consecutive analyses of filtered water samples collected from the substrate area of 

the SSF exhibited BOO concentrations above 200mgll with realistic COD 

concentrations of >300 mgll By mid-April 2003 the reddish-brown colouratlon 

within the water bodies had disappeared leaving reddish-brown stainS on the sides 

of the aerated ponds and the substrate region of the reedbeds as the only 

remaining eVidence Almost Immediately the BIOX analysers registered a 

significant drop In BOO The most obvIous conclusion at the time was that the 

sudden disappearance of the brown colouratlon (due to Fe3+) observed In the 

aerated ponds and the consequent drop In BOO registered by the BIOX meters 

were linked 

Laboratory experiments were conducted on water samples taken from the aerated 

ponds to investigate the Impact of the eXistence of an Fe2
+ / Fe3

+ aqueous 

equIlibrium on the biodegradation performance of a treatment system Involving 
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aeration ponds The results are discussed In this chapter Realistic attempts have 

been made to recreate the conditions eXisting In the aerated ponds In terms of 

BOO levels (through the addition of commerCially available propylene glycol trade 

name Kllfrost) oxygen supply Iron concentrations (through the addition of hydrated 

ferrous sulphate FeS04 7H20) turbulence and temperature The Impacts of 

different BOO levels have also been assessed In terms of how these affect the 

OXidation/reduction of Iron complexes In the system The latter part of this chapter 

discusses the effect that stirring through the generation of turbulence In the system 

Will have on the biodegradation of glycols 

41 IMPACT OF BOO (350 mg/l) ON THE FORMATION OF Fe3
+ IN 

MAYFIELD FARM AERATED POND WATER SAMPLES IN ENCLOSED 
SYSTEMS AT 20°C 

This expenment was conducted to assess the Impact of the presence of BOO In 

the form of glycol on the Fe2+/Fe3+ equlllbnum In aerated pond water samples This 

was done by companng the rate of OXidation of Fe2+ to Fe3+ In water samples With 

and Without glycol The Initial dose of Fe2+ In the water sample was set at 3 mg/I as 

more recent tests showed this to be a typical level found In the aerated ponds 

Details of the expenment are discussed In Section 2 3 1 1 of Chapter 2 The 

degradation of glycol (indicated by the depletion In DO concentrations) In water 

samples Initially containing Fe2+ was also mOnitored after the water samples were 

fully saturated With air at the onset of the experiment The compositions of the 

water samples used are summansed below 

System A Pond water/Glycol/Fe2+ (350 mg/I BOO and 3 mg/I Fe2+) 

System B Pond water/Glycol (350 mg/I BOO) 

System C Pond water/Fe2+ (3 mg/I Fe2+) 

System 0 Pond water (Blank) 

The results obtained from tests extending over a penod of 8 days are summansed 

In Appendix 4A, Table 1 Figure 4 1 shows the percentage conversion of Fe2+ to 

Fe3
+ In samples A and C over the same penod 

4 1 1 DIscussion of trends observed In the experiment 

DO depletion was recorded In each of the four systems but With greater decreases 

In samples A and B possibly as a consequence of the biodegradation of the added 

glycol which was not present In samples C and 0 The trends In DO depletion In 

Samples A and B are somewhat Similar the only difference being the sharp drop In 

DO between Days 2 and 3 (3 70 mg/I to 1 30 mg/l) In sample B (Table 4 1) Both 

systems became anoxIc by Day 6 Although these observations are indicative of 
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biodegradation activities In the water samples, the DO depletions recorded are not 

as rapid as those observed by Gallagher (1998) In which complete DO depletion 

was achieved within 2-3 days dUring the biodegradation of glycol at 20°C The 

higher DO depletion rates observed In Samples A and B compared to C suggest 

that the added BOO and not the oXidation of Fe2+ to Fe3+ places more demand on 

the DO The utilisation of DO to convert Fe2+ to Fe3+ IS however Indicated from a 

comparison of the behavIours of Samples C and 0 (both not containing additional 

BOO) This probably also explains the higher intermediate DO depletion rate 

observed In sample A compared to Sample B although It IS unclear, at this pOint 

what the exact Impact of Fe2+/Fe3+ IS on the biodegradation of glycol 
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Figure 4 1 Temporal changes m the percentage conversion of Fe2
+ to Fe3

+ m 
an aerated pond water sample dosed mltlally with 3 mg/l Fe2

+ 

The conversion rate of Fe2
+ to Fe3

+ In sample A was slightly higher than In sample 

C (Figure 4 1) On Day 3, 86 7% of the Fe2
+ had been converted to Fe3

+ compared 

to 83 3% In Sample C The difference became more slgmficant by Day 6 with 

99 0% (near complete conversion) In sample A compared to 92 0% In sample C At 

this pOint Sample A was anoxIc and as a consequence a subsequent small 

reduction In Fe3
+ concentration from 2 98 mg/l to 2 95 mg/l was recorded This 

Indicates the potential for the reduction of Fe3+ to Fe2+ under anoxIc conditions With 

a pOSSibility of further reduction If this condition IS prolonged Such a phenomenon 

was reported by Ehrenrelch and Wlddel (1994) In their study of Iron-rich sedlments 

The concentration of Fe3
+ continued to Increase In Sample C after Day 6 towards a 

100% conversion rate due to the continued presence of DO In this solution 
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42 IMPACT OF BOD (350 mgll) ON THE FORMATION OF Fe3
+ IN THE 

MAYFIELD FARM AERATED POND WATER SAMPLES WITH 
DIFFERENT BACKGROUND CONCENTRATIONS OF Fe2

+ IN 
ENCLOSED SYSTEMS AT 20°C 

The DO levels and Fe3+ concentrations In four systems containing different starting 

concentrations of Fe2+ (ranging from 1 mg/l to 4 mg/l) were mOnitored to assess the 

Impact of different concentrations of Fe2+/Fe3+ on the biodegradation of glycol In 

aerated pond water samples (see also Section 2 3 1 2 of Chapter 2) The results 

obtained from these tests are reported In Table 2 Appendix 4A The temporal 

relationships between the DO and the Fe3+ concentrations are shown In Figures 

4 2-4 5 In these diagrams Days 0-8 represent the Initial biodegradation to anoxIc 

conditions followed by re-aeration at Day 8 and then further biodegradation through 

to Day 19 Systems 1 2, 3 and 4 were dosed with 1, 2 3 and 4 mgll of Fe2+ 

respectively and all contained 350 mgll BOO In the form of glycol Each system 

was allowed to go anoxIc as the biodegradation of the glycol proceeded dunng 

Incubation at 20°C All four samples were re-aerated on Day 8 (prevIous 

expenments had suggested total conversion of Fe2+ to Fe3+ and the development 

of anoxIc conditions occur within 8 days) 

4 2 1 DIscussion of trends observed In the experiment 

The highest drop In DO concentration upon re-aeration on Day 8 was recorded In 

System 4 dropping to 0 8 mg/l and then 0 2 mgll on Days 9 and 10 respectively 

(Table 3 Appendix 4A) A rapid fall In DO In the first 24 hours after re-aeration was 

also observed In the other three systems By Day 10, 48 hours after re-aeration 

the DO levels were 0 7 mgll 0 4 mgll and 0 35 mgll for Systems 1 2 and 3 

respectively suggesting a higher utilisation/depletion rate of dissolved oxygen With 

Increasing concentrations of Fe3+ under Similar conditions All four systems became 

completely anoxIc by Day 11 (Table 2 Appendix 4A) 

There were marked Increases In Fe3+ concentrations follOWing re-aeration on Day 8 

In all four systems ImplYing that the OXidation of Fe2+ to Fe3+ re-commenced 

follOWing this process and Increasing Fe3+ concentrations continued until Day 12 In 

Systems 3 and 4 (Table 4 2 and Figures 4 4 and 4 5) The highest Increase In Fe3+ 

concentration follOWing re-aeration was In System 4, increasing from 1 29 mg/l to 

351 mg/l between Days 9 and 10 before reaching a maximum concentration of 

3 93 mgll (representing a conversion of 98 3% of the onglnal Fe2+ concentration) 

on Day 12 A Similar pattern was repeated In System 3 With the Fe3
+ concentration 

increasing from 1 31 mg/l on Day 9 to 2 71 mgll on Day 10 reaching a maximum 

concentration of 2 77 mgll (representing a conversion of 92 3% of the onglnal Fe2
+ 

concentration) by Day 12 
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+ In 

an aerated pond water sample 

There were no decreases observed In the concentrations of Fe3
+ In both Systems 3 

and 4 dUring the first day of the anoxIc stage (Day 11) but subsequent decrease 
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did occur The concentration of Fe3+ In System 3 dropped from 2 71 mgll (92 0% 

conversion) to 208 mg/I (690% conversion) on Day 15 (4 days Into the 

commencement of the second anoxIc stage) The overall conversion recorded by 

Day 19 (8 days Into the commencement of the second anoxIc stage) was 957% 

(Table 2 Appendix 4A) The Fe3+ concentration In System 4 dropped from 393 

mg/I to 2 83 mg/I In the same period of the anoxIc phase corresponding to a 

reduction from 98 3% to 70 8% In the conversion of Fe3+ to Fe2+ with a complete 

regeneration of Fe2+ by Day 19 (Table 2 Appendix 4A) 

In System 2 the maximum Fe3+ concentration attained was 1 87 mg/I (representing 

a conversion of 93 5% of the Original Fe2+ concentration) on Day 11 The reduction 

of Fe3+ to Fe2+ commenced In System 2 dUring the first day of the anoxIc phase 

reaching 1 54 mg/I ThiS decrease continued gradually so that by Day 15 (4 days 

Into the anoxIc phase) only 200% of the produced Fe3+ remained The overall Fe3+ 

to Fe2+ conversion by Day 19 was 92 0% The only Increase In Fe3+ concentration 

recorded In System 1 follOWing re-aeration was between Days 9 and 10 With an 

Increase In Fe3+ concentration from 0 68 mg/I to 0 97 mg/I (97 0% of the onglnal 

Fe2+ concentration) The reduction of Fe3+ commenced on Day 11 reaching 72 0% 

Fe3+ to Fe2+ conversion on Day 15 and 100 0% by Day 19 There IS a need to 

investigate the effect of a prolonged anoxIc phase on the Fe3+/Fe2+ concentrations 

and the next expenment has been deSigned to investigate thiS as well as the role of 

BOO 

With all four systems becoming anoxIc 3 days after re-aeration (Day 11), It appears 

the reduction of Fe3+ to Fe2+ commences once the maximum Fe3+ concentration IS 

attained (Figures 4 2-4 5) The responses of Systems 3 and 4 to the prevailing 

anoxIc conditions (indicated by the reduction of Fe3+ to Fe2+) which was not as 

rapid as observed In System 1 suggests that the OXidation/reduction equlllbnum 

depends on the concentration of Fe2+/Fe3+ In the system In both systems, the 

higher concentration of Fe2+ Initially present appears to serve as a potential for Fe3+ 

formation even after the systems became anoxIc 

43 IMPACT OF BOD (350 mg/l) ON THE INTER-CONVERSION OF Fe2
+ 

AND Fe3
+ IN AERATED POND WATER SAMPLES CONTAINING 3 mg/l 

OF Fe2
+ IN ENCLOSED SYSTEMS AT 20°C FOR AN EXTENDED 

PERIOD OF TIME 

The DO and Fe3+ concentrations In two enclosed systems were mOnitored over a 

extended penod of time to assess the effect of a prolonged anoxIc phase on the 

Inter-converslon of Fe2+ and Fe3+ In aerated pond water samples With different 
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components Details of the expenments are In Section 2 3 1 3 of Chapter 2 The 

components of the two water samples were as follows, 

Sample A 3 mg/l of Fe2+ In MFR water sample dosed with 350 mg/l BOO 

Sample B 3 mg/l of Fe2+ In MFR aerated pond water sample 

Sample A was re-aerated after It became completely anoxIc on Day 10 and the 

Fe2+/Fe3+ inter-conversion was momtored throughout the 17-day expenment The 

DO and Fe3+ concentrations observed In both systems are reported In Table 4 3 

The relationships between these trends are shown In Figure 4 6 

4 3 1 Discussion of trends observed In the expenment 

The vanatlons observed dunng the prolonged momtonng of the DO and the Fe3+ 

concentrations In Samples A and B resemble the trends observed In the previously 

descnbed expenments The DO In Sample A was completely utilised within 8 days 

haVing dropped from an Imtlal level of 6 4 mg/l AnOXIC conditions could have been 

established pnor to thiS as no readings were available for Days 5-7 Sample A was 

re-aerated on Day 10 and the DO level subsequently fell from 5 7 mg/l to 2 3 mg/l 

In the follOWing 24 hours The second anoxIc stage was achieved Within 4 days of 

re-aeration During the first 8 days of the expenment, only 36 8% of the DO In 

Sample B was used up as the concentration decreased to 43 mg/I from an Imtlal 

level of 6 8 mg/l The DO subsequently remained fairly constant With a final value 

(after 17 days) of 3 6 mg/l 

The complete depletion of the DO In Sample A on two occasions IS clearly due to 

the presence of the additional biochemical demand exerted by the presence of 

glycol and thiS did not appear to be hindered by the presence of Fe2+/Fe3+ The 

reasons for the different rates of achievement of the first and second anoxIc states 

are not Immediately clear From Figure 4 6, It can be seen that dunng the second 

decrease In DO (follOWing re-aeration) the Fe2+/Fe3+ ratio IS predominantly In 

favour of Fe3+ (98% to 94% of total Fe content dunng Days 10 to 14) In the 

development of the first anoxIc stage (Days 0 to 8), the Fe2+ IS undergOing 

OXidation and the Fe3+ composition vanes from 0-97% Hence It IS tempting to 

hypotheSise that It IS the presence of soluble Fe2+ Ions compared to the 

precIpitated Fe3+ Ions that IS more likely to reduce the rate of biodegradation and 

therefore the rate of dissolved oxygen utilisation However, an added factor Will be 

the pOSSible Increases over time In the active microbial populatlons enabling a 

more rapid biodegradation dunng the formation of the second anoxIc phase 

Ehrenrelch and Wlddel (1994) have reported the ennchment of anoxygemc 

phototrophic bactena uSing ferrous Iron as the sole electron donor for 

photosynthesIs In anoxIc sedlments In Sample B there IS never a complete loss 
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of DO and that which does occur IS concentrated dUring the first 4 days of the 

experiment and IS used to support the oXidation of Fe2+ to Fe3+ (70 6% conversion 

at Day 4) for which the rate subsequently decreases (Figure 4 6) 
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Figure 4 6 Temporal changes In DO and Fe3
+ concentrations for 3mg/l Fe2

+ in 
an aerated pond water sample with and without glycol (BOO 350mg/l) 
Incubated at 20°C 

The Initial Fe2+ conversion rates were higher In Sample A compared to Sample B 

with a 71 3% conversion rate after 1 day which slows down as the system reaches 

a maximum Fe3+ concentration of 2 96 mg/l (98 6% conversion of the total Fe2+) on 

Day 11 (a day after re-aeration and two days after the system became anoxIc) 

After attaining maximum conversion to Fe3+, the concentration of the oXidised form 

dropped gradually as the system became anoxIc again resulting In 32 6% of the 

Fe3+ being reduced to Fe2+ In 6 days Figure 4 6 shows that the rate of reduction of 

Fe3+ to Fe2+ under anoxIc conditions IS slower than the rate of oXidation of Fe2+ to 

Fe3+ dUring the same time Interval However thiS effect was not so obVIOUS In the 

other experiments The concentrations of Fe2+and Fe3+ observed throughout thiS 

experiment give a clearer picture of what happens to the Fe2+/Fe3+ eqUilibrium In 

OXIC and anoxIc environments Both experiments indicate that there IS a lag phase 

for the commencement of the reduction of Fe3+ to Fe2+ after the establishment of 

prolonged anoxIc conditions 
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44 IMPACT OF STIRRING A Fe3
+ PRECIPITATE AT A CONCENTRATION 

OF 3 mg/l IN AERATED POND WATER SAMPLES (WITH VARYING 
COMPONENTS) ON THE DEGRADATION PROCESSES IN ENCLOSED 
SYSTEMS AT ROOM TEMPERATURE 

The DO concentrations In four different systems were mOnitored to assess the 

Influence of a constantly mixed Fe3
+ precIpitate on the biodegradation of glycol In 

aerated pond water samples at room temperature (see Section 231 4 of Chapter 

2 for experimental details) The components of the four systems used were as 

follows 

System 1 A continuously stirred system consisting of the aerated MFR water 

sample dosed with 350 mg/l BOO and 3 mg/l Fe2
+ 

System 2 A replica of System 1 to provide duplicate results 

System 3 A non-stirred aerated MFR water sample system dosed with 350 mgll 

BOO and 3 mg/l Fe2
+ 

System 4 A continuously stirred system consisting of the aerated MFR water 

sample dosed with 3 mg/l Fe2
+ only 

Each of the pond water samples was dosed with 3 mg/l Fe2
+ and then left exposed 

to the atmosphere for 8 days (by which time prevIous experiments have shown that 

the oXidation would have produced maximum Fe3+ concentrations) Each solution 

was fully aerated and then 350mg/l BOO In the form of glycol was added to 

Systems 1 2 and 3 By adding the glycol directly to the Fe3
+ any oxygen depletion 

due to biodegradation of glycol was not Influenced by the oXidation of Fe2
+ to Fe3

+ 

The dally variations In DO concentrations for all four systems after the Introduction 

of glycolmto 3 of the water samples are shown In Figure 4 7 

6.------------------------------------------------. 

5 

-+- System 1 --System 2 --System 3 ....... System 4 

Commencement of anOXIc 
stage for the stmed systems 
(containing 350mg/l BOO as 
glycol) 

Anoxic stage starts 
for the non-sbrred 
system (containing 

7~D) 

O~----------~----------~--------~~----------~ 
o 2 

Time days 
3 4 

Figure 4 7 Effect of stirring a Fe3
+ preCipitate (approximately 3 mg/l) on the 

depletion of dissolved oxygen in enclosed systems at room temperature after 
the addition of BOO 
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4 4 1 Discussion of trends observed In the expenment 

A rapid depletion of the DO (In the water samples) occurred within System 1 

reaching zero DO In Just two days after the addition of BOO (Figure 4 7) The DO 

levels In the non-stirred comparable system reached zero on Day 3 The slightly 

higher DO depletions observed over the first 2 days In the continuously stirred 

systems suggest that the turbulence created by the stlmng may have some effect 

on the biodegradation process In the system There IS a possibility that the stlrnng 

process ensures a fully mixed system which enhances the bloactlvlty of 

microorganisms attached to the Fe3
+ floes In the water sample Suzukl et a/ (2003) 

In a study of pollutant removal In two forms of bloreactors recorded higher 

biodegradation rates In a more turbulent alr-sparged system compared to the 

rotating biological contactors In the absence of stlrnng the Fe3
+ flocs (precIpitates) 

can more efficiently settle out (flocculatlon technique used In water treatment) 

carrying the microbes with them so that their effectiveness IS reduced However, 

these effects are not consistent with the short-term study of the second stage 

biodegradation In this expenment Therefore, It IS unclear from the levels of Fe3
+ 

precIpitate used In this expenment whether Significant numbers of microorganisms 

were available to have a Significant Impact on biodegradation under stirred and 

non-stirred conditions A higher level of Fe3
+ IS used In the next expenment 

45 IMPACT OF STIRING A Fe3
+ PRECIPITATE (AT A CONCENTRATION 

OF 10 mg/l) IN AERATED POND WATER SAMPLES ON THE 
BIODEGRADATION PROCESSES IN ENCLOSED SYSTEMS AT ROOM 
TEMPERATURE 

The DO levels In four fully saturated enclosed systems containing varying 

components were mOnitored over SIX days to assess the Impact of stlrnng a higher 

concentration of Fe3
+ precIpitate (10 mg/l hydrated femc chlonde, FeCh 6H20) on 

the biodegradation of glycol at room temperature The experimental set-up IS the 

same as desCribed In the prevIous section Full experimental details are prOVided In 

Section 2 3 14 The components of each system were as desCribed below 

System 1 A continuously stirred system containing aerated pond water sample 

dosed With 350 mg/l BOO and 10 mg/l Fe3
+ 

System 2 A non-stirred system containing aerated pond water sample With 10 mg/l 

Fe3+ 

System 3 A continuously stirred system containing aerated pond water sample 

dosed With 350 mg/l BOO 

System 4 A continuously stirred system containing aerated pond water sample 

With 10 mg/l Fe3
+ 
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The trends In DO concentrations observed for the different systems are Illustrated 

In Figure 4 8 Figures 4 9 and 4 10 compare the results from this experiment with 

those from prevIous experiments 

--System 1 

0 2 

---- System 2 --System 3 ---- System 4 

Both systems WIthout any added BOO 
(containing 10mg/l Fe3+) show slower 
rates of DO depletion 

,~ Nostlmng 

Stirred system :;jj,'A!kl~ ~ ~ ~ ~ ~ ~ I 
350mg/l BOO and 10mg/l .... a! ~ ~ ~. 

.-""teaches zero DO a day after ""'" Stirred 
system Without Fe3 

"'" , 

" 

3 4 5 6 

Time days 

7 

Fig 4 8 Temporal changes in DO concentrations In aerated pond water 
samples due to the presence of a precipitate of Fe3

+ (10 mgll) under different 
controlling conditions 

,o.---------------------------------------------------------------~ 

---- GlycoIIFe3+IstJmllJ (3rro'I) 

deprethil(llS higher 
350mg/l BOO + 10mgll Fe3+ sample 

/ 
It took the 10mg/l Fe3+ mple to reach zero a day 
later than observed In the 11 Fe3+ sample 

Time days 

Fig 4 9 Companson of the dissolved oxygen variations for stirred aerated 
pond water samples containing glycol and different concentrations of Fe3

+ 
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Fig 4 10 Companson of the DO variations for stirred aerated pond water 
samples contammg different concentrations of Fe3

+ 

4 5 1 DIscussion of trends observed In the experiment 

The trends In DO depletion observed for the four systems tend to fall Into two 

patterns, depending on the presence or absence of added BOO (Figure 4 8) The 

highest rate of DO depletion was observed In System 3 WIth a 40 2% drop In the 

first 24 hours (from 100 mg/l to 6 1 mg/l) before failing to zero In Just two days The 

DO depletion rate In System 1 was Inrtlally slower but Increased by Day 2 With a 

decrease from 7 9 mg/l to 4 4 mg/l AnOXIC conditions were established by Day 3 

(Figure 4 8) The complete depletion of DO In Systems 1 and 3 confirms the fact 

that the added glycol has a slgnrficant role to play In the process and IS consistent 

With the results from prevIous expenments where the systems contalnrng glycol 

attained the anoxIc state most rapidly Trends In the dissolved oxygen depletion In 

Systems 1 and 3 (Figure 4 8) suggest that the presence of a Fe3
+ preCIpitate In 

System 1 may be responsible for the overall slightly slower rate observed 

The complete depletion In DO observed In System 4 (becoming anoxIc after SIX 

days) was unexpected given the absence of any added BOO However It confirms 

the presence of organrc matenal Within the MFR water sample and the 

susceptibility of thiS to decay via the reSident microbes The relatively higher DO 

depletion rates observed In System 4 compared to System 2 and the results from 

the prevIous expenment Indicate that stlrrrng assists the blo-degradatlon process 

Companson of the DO depletion rates for the 10 mg/l Fe3
+ and the 3 mg/l Fe3

+ 

water samples which are both continuously stirred and contain 350mg/l added 
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BOO (Figure 4 9) shows that the lower Fe3+ concentration enables a total 

depletion of the dissolved oxygen to be achieved by Day 2 (dropping from 56 mg/l 

to zero DO) In the same time period the system containing 10 mg/l Fe3+ showed a 

DO reduction from 8 8 mg/l to 4 4 mg/l attaining anoxIc condition after three days 

(Figure 4 9) The DO depletion rates were also higher In the stirred system 

containing 3 mg/l Fe3+ compared to the stirred system containing 10 mg/l Fe3+ In 

the absence of any added BOO (Figure 4 10) The Initial 1 day drop In the former 

was 64 8% (5 4 mg/l to 1 9 mg/l) compared to only 9 2% (9 8 mg/l to 8 9 mg/l) In 

the 10 mg/l Fe3+ water sample Neither solution had reached anoxlclty under the 

test conditions but by Day 3 the 3 mg/l Fe3+ sample had used up 81 5% of the 

available DO compared to 41 8% In the 10 mg/l Fe3+ sample The results Indicate 

that Increased concentrations of a Fe3+ precIpitate may have a restricting Influence 

on the biodegradation process but as shown In System 4 (Figure 4 8) an Fe3+ 

concentration of 10 mg/l IS not suffiCient to completely Inhibit microbial activities 

even when minimal quantities of biodegradable material are available 

46 INVESTIGATION OF THE IMPACT OF BOO (1000 mg/l) ON THE 
FORMATION OF Fe3

+ IN AERATED POND WATER SAMPLES IN 
ENCLOSED SYSTEMS AT 20°C 

The DO and Fe3+ concentrations In two systems were mOnitored to assess the 

Impact of higher BOO concentrations on the Fe2+/Fe3+ EqUlllbna In aerated pond 

water samples Details of the experiment have been discussed In Section 2 3 1 1 of 

Chapter 2 The components of the two systems were as follows 

Sample A Aerated pond water sample dosed With 1000 mg/l BOO and 3 mg/l Fe2+ 

Sample B Aerated pond water sample With 3 mg/l Fe2+ 

The trends followed by both samples With respect to Fe3+ and DO concentrations 

are shown In Table 4, AppendiX 4A These results are compared With those from 

the prevIous expenments In Figure 4 11 
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Fe3+ concentration . . .----.... 
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... 

Very sharp 'fa!! In DO for the 1000mg/l 
BOO system If~comes anoxIc Just 
after two days as F 3+ continues to 
Increase at a very si rate 

TIme days 

Fe3+ concentration for 1000iii9~D 
water sample attains maximum 
concentration of 2 17mg/l after 8days w le 
Fe3+ concentration continues to Increase 
for the 350mgll above (at a slow rate) 
before failing after attaining a maximum 
concentration of 2 96mgll 

Fig 411 Temporal changes In Fe3
+ and DO concentrations for 3mg/l of Fe2

+ 

aerated pond water samples With 350mgn and 1000mg/l BOO 

4 6 1 DISCUSSion of trends observed In the experiment 

The trends observed In Fe3
+ and dissolved oxygen concentrations In Sample A 

(Table 4, AppendiX 4A) are Similar to those observed In water samples With added 

BOO In prevIous experiments The initial one day fall In DO In Sample A was 

31 3% before becoming anoxIc after three days The DO depletion In Sample B 

was much slower With an average dally drop of approximately 6% over the 11 day 

mOnitoring period as the DO fell from 6 3 mg/l to 2 2 mg/l 

Initial OXidation rates of Fe2
+ to Fe3+ In both systems were higher than at any other 

pOInt In the experiment (Table 4 AppendiX 4A) and there was more effiCient 

OXidation In the presence of glycol The OXidation process appeared to continue In 

Sample B whilst It ceased In Sample A on Day 8 five days after It became anoxIc 

ThiS IS a trend that has been demonstrated In previously mOnitored systems When 

thiS trend IS compared to the results for a solution containing 350 mg/l BOO (Figure 

4 11) It IS clear that a lower Fe2
+ IFe3+ conversion was ultimately obtained In the 

1000mg/l BOO sample Similarly the anoxIc phase In the 350 mg/l BOO system 

commenced 3 days later than In the 1000 mg/l BOO system (Figure 4 11) The 

eXistence of a lag time dUring the maintained anoxIc phase before reduction of Fe3
+ 

back to Fe2
+ was once again observed 
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47 DEDUCTIONS FROM ALL THE TESTS CONDUCTED 

Based on the depletion In dissolved oxygen (indicative of active biodegradation) 

observed In all the experiments reported In this Chapter It IS clear that the 

presence of Fe2+/Fe3+ does not adversely affect the biodegradation process In the 

aerated ponds While the results show that a higher concentration of Fe3+ 

precIpitate (10 mg/I) (Section 45) reduces the DO depletion rate more significantly 

than a lower Fe3+ concentration (3 mg/I) (Section 4 4) there are no indications that 

the Fe3+ levels observed dUring the winter event (February/March 2003) In the 

different treatment Units of the Mayfield Farm were sufficient to put the 

performance of the entire system at risk 

The ease of oXidation of Fe2+ to Fe3+ to give the associated reddish brown 

colouratlon under different conditions and for different levels of Fe2+ has been 

indicated clearly (Section 4 2) Results from the visual observation of the laboratory 

experiments have shown that the intensity of this colouratlon IS dependent on the 

concentration of Fe3+ In the system Similar trends observed In both the DO and 

Fe2+/Fe3+ concentrations under different experimental conditions (including variable 

BOO concentrations [Section 4 6]) suggest that both processes (DO depletion and 

oXidation of Fe2+ to Fe3+) are Independent of one another The prevailing redox 

conditions In the system have been shown to play a key role In the Fe2+/Fe3+ 

equIlibrium The results provided by the experiments In Sections 4 1 4 2 and 4 6 all 

show the reduction of Fe3+ to Fe2+ as the system becomes and stay anoxIc Visual 

observation of water samples In each case shows a connection between the 

reduction process and the disappearance of the reddish brown colouratlon This 

offers a tentative explanation for the observations In the different components of 

the HTF after the winters of 2003/2004 and 2005/2006 (see Chapter 3 for more 

details) 
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CHAPTERS THE BIODEGRADATION EXPERIMENTS 

The results of laboratory studies conducted to assess the biodegradation potential 

of water samples from the Heathrow Treatment FaCIlity (HTF) are reported and 

discussed In this chapter These experiments were designed to replicate the 

different prevailing conditions at the HTF uSing controlled environments to assess 

the Impact of Imposed conditions on the biodegradation of glycol which IS reflected 

In the BOO reductions recorded The Impacts of different levels of nutrient sources 

on BOO reductions In different water samples are also reported Further 

biodegradation experiments conducted uSing Isolates from the HTF are also 

discussed 

5 1 ASSESSMENT OF THE BIODEGRADATION POTENTIAL OF WATER 
SAMPLES FROM THE HTF 

FollOWing the estimation of the microbial populatlons In the different components 

of the HTF (see details In Chapter 3), It IS Important to assess the biodegradation 

potential of these microorganisms and hence estimate the overall BOO reduction 

potential of the HTF In order to assess the potential for the biodegradation of 

glycol by these microorganisms the changes In the dissolved oxygen (~O) 

concentrations In additive-free water samples collected from four different 

components of the HTF were mOnitored at two different temperatures 6°C and 

20°C While the lower temperature was chosen to replicate the conditions In the 

water dUring the winter, the higher temperature would assess the effect of 

increasing the temperature on the biodegradation process Water samples used 

for these experiments were collected from the follOWing parts of the treatment 

system dUring the 10 February 2004 VISit 

MFR Mayfleld Farm Main reservoir 

MFBP Mayfleld Farm balanCing pond 

SSF Mayfield Farm subsurface flow reed bed system 

ER Eastern reservoir 

Theoretically the depletion of DO In water samples can be expressed 

exponentlally as -

Where 

C = Final concentration of dissolved oxygen 

Co = Initial concentration of dissolved oxygen 

t = Time (days) 

k = Biodegradation rate constant (day 1) 
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Assuming a constant blomass population In the water samples the biodegradation 

rate constant k has been determined for each system at aOe and 20°C Figures 

5 1 to 5 4 Illustrate how thiS has been achieved for oxygen saturated water 

samples from each of the four treatment system components USing the nearest-fit 

exponential plots the curves derived from the DO depletion recorded In the 

systems are shown below The deViations of the recorded trends from the 

exponential curves can be attributed to the natural state of the water samples 

used for these experiments 
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Figure 5 1 Comparison of the changes In DO concentrations for the water 
samples from the MFR at 6°C and 20 GC 
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Figure 5 2 Comparison of the changes In DO concentrations for the water 
samples from the MFBP at 6GC and 20 GC 
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Figure 5 3 Comparison of the changes In DO concentrations for the water 
samples from the SSF at SOC and 20°C 
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Figure 5 4 ComparISon of the changes In DO concentrations for the water 
samples from the ER at SoC and 20°C 

Denvatlon of the biodegradatIon rate In the water samples 
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The exponential decay equations denved for the different water samples at both 

temperatures In (Table 1, Appendix 5A) correspond to the predicted exponential 

decrease In DO which IS expressed In equation 5 2 The biodegradation rate 

constant (k) was not obtained directly from the respective exponential equations 

which are based on the actual expenmental plots 

Where Ct = DO concentration after time t 

Co= Initial DO concentration 

equation 5 2 

Cu = Ultimate DO concentration (indicative of equlllbnum DO 

concentration reached after prolonged biodegradation) 

USing the exponential decay equation established for MFR at 6°C the DO 

concentration after any time (Ct) can determined by substituting a value for t Into 

the Equation 5 1 

Hence for t = 5 days 

Then Ct = Cs = 90 e-O 0867 x s 

Cs = 9 0 e-0 4335 

Cs = 5 83 mg/l 

If the initial DO concentration (Co) has decreased by 90 0% of ItS onglnal value to 

reach Cu (as seen In Figures 5 1 to 54) the latter will have a value of 0 1 Co I e 0 9 

mg/l The time It takes to attain this concentration In the water sample can be 

calculated uSing Equation 5 2, where C. = Cs and t = 5 days the biodegradation 

rate can be determined as 

583-090 
e Sk = 

900-090 

e Sk = 0 6086 k = 0 099 day 1 

Determination of the potential BOD reductIon in the water sample 

The reduction In the amount of biodegradable matenal associated with the water 

samples by the microbial activities can be calculated from the biodegradation rates 

uSing Equation 53 
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Where 

equation 53 

BOOt = Biochemical oxygen demand (BOO) after time t In days 

Lu = ultimate oxygen demand 

k = biodegradation rate (day 1) 

t = time In days 

The fraction of the Initial BOO concentration removed In any given water sample 

relative to the ultimate value after time t can be expressed as 

BOOt equation 54 

The reduction In BOO concentration In the MFR water sample at 6°C after a day (t 

= 1) uSing equation 5 4 IS 

BOOt = 1 - e-kt = 1 - e 0099 x 1 = 1 - 0 9048 

= 0 0952 (9 52%) 

The time taken for half (50%) of the ultimate BOO to be removed (T1I2) can be 

determined uSing the above expression where 

05 = BOOt = 1 _ e-010XT1/2 

05= 1_e-010xt05 

e-O O99 xT1/2= 0 5 

- 0099 T1/2 = - 0 6932 

T112 = 7 0 days 

USing the same approach for the other water samples the denved values for 

biodegradation rates and predicted times to remove 50% of the onglnal BOO were 

also obtained (Table 2, AppendiX 5A) 

5 1 1 DIscussion of trends observed In the different water samples 

There was eVidence of utilisation of the DO In all four water samples within the first 

twenty-four hours of the expenment at both temperatures The highest drop In the 

DO concentration was recorded In the MFBP water sample at 20°C failing from 9 4 

mg/l to 2 1 mg/l (Figure 5 2) The drop In DO concentration In the MFR within the 

same penod was from 9 0 mg/l to 2 85 mg/l (Figure 5 1) The DO In the MFR and 
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MFBP was completely depleted by Day 2 of the experiment at 20°C At the same 

temperature the DO concentration In the SSF dropped from a 4 mg/l to 4 3 mg/l In 

the first 24 hours and then to 0 4 mg/l on Day 2 before becoming completely 

depleted 3 days after the experiment started (Figure 5 3) In the ER water sample 

the DO dropped from 9 S mg/l to a 4 mg/l In the first 24 hours and continued to 

decrease slowly throughout the experiment reaching S 0 mg/l after 7 days at 20°C 

(Figure 54) As expected the rate of DO utilisation In the water samples at SoC 

was not as rapid as that recorded at 20°C The depletion In DO concentration over 

the 7 days of the experiment was more noticeable In the MFBP and SSF where 

the DO concentration dropped from 9 4 mg/l to 3 S5 mg/l and a 4 mg/l to 2 7 mg/l 

respectively Within the same penod the DO concentration In the MFR dropped 

from 9 0 mg/l to 5 3 mg/l As observed at 20°C the DO depletion rate In the water 

samples from the ER was the slowest with the DO concentration dropping from 

9 Smg/l to only a 0 mg/lln 7 days (Figure 5 4) 

Comparison of the biodegradation rates In all water samples indicates that the SSF 

had the highest biodegradation potential at SoC with a biodegradation decay rate 

of 0 239 day 1 With 50 0 % depletion In DO concentration In 2 9 days (AppendiX 5A 

Table 2) The lowest biodegradation rate (0043 day 1) at SoC was recorded In the 

ER taking 17 3 days for half of the background BOO concentration to be removed 

The biodegradation rates at 20°C In the MFR MFBP and SSF were similar with 

values of 0 440 day 1 0 442 day 1 and 0 443 day 1, respectively It took 

approximately 1 S days for the removal of 50% of the Initial BOO concentration 

The biodegradation rate of 0 091 day 1 calculated for the ER at 20°C was the 

lowest recorded at 20°C In all the systems and It was comparable with the rates 

observed In the MFR and MFBP at the lower temperature of SoC 

5 1 2 Deductions from experiments conducted 

The decreases In DO concentrations recorded In all the water samples with time 

demonstrate clearly that all the components of the HTF had the potential for 

biodegradation The higher biodegradation rates observed at 20°C are consistent 

with the findings of Revltt et a/ (2002) In which Increases In the biodegradation 

rates were observed In dosed water samples collected from airport surfaces when 

the temperature was Increased from 1°C to aOc This emphasises the role 

temperature plays In microbial biodegradation At SOC the SSF demonstrated the 

greatest potential for biodegradation with a rate of 0 239 day 1, which IS higher than 

the 0 Oa1 day 1 reported by Revltt et a/ (2002) for airport paved surface water 

samples dosed with different types of ADF at a slightly higher temperature of aOc 

The results obtained for the SSF water sample at SOC confirms the presence of 
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active microbial processes In the system and IS consistent with the observations of 

rapid DO depletion In the front-bed of the SSF system at the HTF (see Chapter 3) 

The complete depletion of the DO In the MFR, MFBP and SSF at 20°C within 2-3 

days IS consistent which the observation of Gallagher (1998) In which the DO In a 

bloreactor designed for the treatment of airport runoff was completely used up 

within 2 days The biodegradation rates of 0099 day 1 and 0 181 day 1 observed In 

the water samples from the MFR and MFBP respectively at SoC are also 

comparable with the rates (0 073 day 1 and 0081 day 1) observed In water samples 

from airport paved surface between 4°C and 8°C, respectively (Revltt et al , 2002) 

The time taken (S 9 days for the MFR and 3 9 days for the MFBP) to achieve a 

potential 500% reduction In the BOO concentration IS however inconsistent with 

the observations at the HTF, where It has been shown that between SIX and ten 

weeks are required for any considerable BOO reduction In the aerated ponds This 

IS In contrast to the performance of the ER In which a 98 3% BOO reduction was 

recorded over approximately 35 days dUring the 2004/2005 winter The BOO 

reduction over 14 days dUring the follOWing winter (2005/200S) was 925% (see 

Chapter 3) It IS however unclear at this stage why the biodegradation rates 

recorded In the ER at both SoC and 20°C are lower than those recorded In the rest 

of the system 

It IS not clear why the higher biodegradation rates observed In water samples from 

the MFR and MFBP are not replicated on the field There have been suggestions 

that the recalCitrant nature of some of the components present In ADF products 

may be responsible Methyl benzotrlazole (MeBT) for example, has been shown to 

be inhibitory to microbial processes (Cancllla et al 2003) In the next section the 

results of experiments carned out to investigate the effect of MeBT on the 

biodegradation of the propylene glycol based ADF (Kllfrost) In MFR water samples 

are discussed 

5 2 ASSESSMENT OF THE IMPACT OF 5-METHYL BENZOTRIAZOLE (MeBT) 
ON THE BIODEGRADATION DECAY RATES OF AERATED POND WATER 
SAMPLES 

Methyl benzotrlazole has been Implicated In the lowering of biodegradation 

potentlals In ADF polluted water samples (Cancllla et al 2003, Corsl et al 2003) 

The Impact of 5-methyl benzotrlazole (MeBT) a weak hydrophobic organic aCid 

which complexes strongly with many metals on the biodegradation rates In water 

samples from the MFR was assessed by mOnitoring the DO depletion rates at 20°C 

and SoC (see details of experiment In Section 2 3 3 of Chapter 2) The components 

of the different water samples used In the expenments were 
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A MFR water sample (control) 

B MFR water sample dosed with 350 mgll BOO as Kllfrost 

C MFR water sample dosed with 350 mgll BOO as Kllfrost and 7 48 mgll MeBT 

(equivalent to the 1% concentration (w/w) typically formulated In ADF) 

The DO depletion In the water samples was mOnitored over time and the 

exponential plots matched to the DO depletion trends In each system are shown In 

Figures 5 5 to 5 7 
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Figure 5 5 Comparison of the changes In DO concentrations for the water 
samples from the MFR (control) at SOC and 20°C 
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Figure 5 6 Comparison of the changes In DO concentrations for the water 
samples from the MFR dosed with 350 mg/l BOO as Kllfrost at 6°C and 20°C 
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Figure 5 7 Comparison of the changes In DO concentrations for the water 
samples from the MFR dosed with 350 mg/l BOO as Kllfrost and 7 48 mg/l 
MeBT at 6°C and 20°C 

USing the approaches described In the prevIous section, the biodegradation rate 

BOO fraction removed after one day and the time taken to remove half of the BOO 

In the different systems at SoC and 20°C were also calculated (Table 3 Appendix 

5A) 

5 2 1 DIscussion of trends observed In the different water samples 

The highest rates of depletion In DO concentrations were observed In Sample B 

with complete depletion being achieved on Days 2 and 3 at 20°C and SoC 

respectively (Figure 5 S) The biodegradation rates 1 093 day 1 at 20°C and 1 081 

day 1 at SoC, are higher than the rates recorded In MFR water samples In the 

prevIous experiment (Section 5 1) The reduction In DO concentration In the control 

(Sample A) was gradual with the system at 20°C shOWing a higher depletion rate 

reaching 33 mg/l after 3 days compared to 75 mg/l at SoC (Figure 55) The 

biodegradation rate of 0 093 day 1 obtained at SoC IS comparable to the 0 099 day 1 

rate observed In the additive-free water sample collected from the MFR In the 

experiments discussed In Section 5 1 Although the reduction In DO concentration 

In Sample C (dosed with MeBT) was not as rapid as recorded for Sample B the 

rate observed was faster than that observed for the control particularly at SoC with 
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a potential to attain 50 0% BOO reduction In 2 8 days (2 1 days at 20°C) despite 

the presence of MeBT In the water sample (Figure 5 7) 

522 Deductions from experiments conducted 

Based on the biodegradation rates recorded In Sample C (containing MeBT and 

Kllfrost) there are no Indications that the presence of MeBT adversely affects the 

biodegradation of propylene glycol (Kllfrost) Although the biodegradation rates 

recorded In Sample C (contalnmg MeBT and Kllfrost) are lower than those 

recorded In Sample B (dosed with Kllfrost only) at 6°C and 20°C, there are no 

indications from the estimated time taken for the removal of half of the BOO 

concentration In the water sample (2 8 days at 6°C and 2 1 days at 20°C) that the 

presence of MeBT adversely affected the biodegradation of the added glycol ThiS 

clearly contradicts the claims of Wu et al (1998) that MeBT inhibits microbial 

biodegradation The rates attained In the water sample are also higher than 

previously reported for the biodegradation of commercial propylene glycol (Kllfrost) 

on airport paved surfaces 0 073 day 1 at 4°C and 0 081 day 1 at 8°C (Revltt et al 

2002) The biodegradation rate at 6°C (0247 day 1) IS also higher than the rate 

recorded by McVlcker et al (1998) (0091 day 1) for ethylene ethylene/diethylene 

glycol (Konsln) at a higher temperature of 8°C 

Studies of the role of MeBT conducted to date have focused mainly on ItS tOXICity 

effects on organisms (Fisher et al 1995 Hartwell et aI, 1995 Cancllla et al 1997 

Cancllla et al 1998 Cornell et al 1998, Wu et al 1998 Plllard et al 2000) An 

additional experiment was therefore conducted to assess the Impact of the 

presence of MeBT on bacterial growth rates In MFR water samples at 6°C Three 

samples (A, B and C) containing the components previously descnbed showed an 

Initial decrease In blomass population In the first 24 hours (Figure 5 8) The highest 

subsequent blomass count of 1 80 x 108 recorded after 6 days was In the water 

dosed With MeBT The fall In blomass population In the first 24 hours In Sample C 

represents only a slight drop from the Initial count of 2 35 x 108 CFU/lltre compared 

to drop In population to 107 CFU In Samples A and B (Figure 5 8) The higher final 

blomass population recorded suggests that the presence of MeBT In the MFR 

water sample does not have any long term detrimental effect on the bacteria 

growth rates ThiS IS consistent With results from the HTF where there was no 

Indication of any adverse effects due to the AOF laden polluted water on the 

blomass population Chong et a/ (1998) In a pilot scale study, also recorded no 

adverse effects of airport runoff on the microbial populatlons In an experimental 

reed bed system 
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Figure 5 8 Changes In blomass population CFU/I observed at 6°C In MFR 
water samples dosed with different components 

The blomass populatlons recorded In the water samples (generally above 107 

CFu/l) and the utilisation of DO suggests that the MFR and MFBP contain 

microbial populatlons with a potential for the biodegradation of glycol (In terms of 

the population present and not necessanly with respect to the species present) 

Although there are no indications from the results obtained from field samples that 

the aerated ponds do not support a sufficiently large microbial population (see 

details In Chapter 3) there are possibilities that they are hampered by the absence 

of essential components such as nutnents In the next section the effect of the 

addition of nutnent (nitrate and phosphate) on microbial BOO reduction In MFR 

water samples IS assessed 

53 IMPACT OF THE ADDITION OF NUTRIENTS (NITRATE AS KN03 AND 
PHOSPHATE AS KH2P04)ON BACTERIA GROWTH RATES AND BOO 
REDUCTIONS IN AERATED POND WATER SAMPLES 

Due to the low BOO reductions recorded Within the Mayfield Farm aerated ponds 

(MFR and MFBP) (see Chapter 3) particularly dUring the winter months a number 

of options were considered regarding how to Improve the biodegradation 

performance of the aerated ponds One of these options was supplementing the 

nutnent levels In the ponds with additional nitrogen (N) In the form of nitrate and 

phosphorus (P), In the form of phosphate The phosphorus reqUirement for 

blomass growth IS one-fifth that of nitrogen WhiCh, In turn IS one-twelfth of the 

amount of carbon present on a mass baSIS (McGahey and Bouwer, 1992) A 
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typical Mayfield Farm water sample with a BOO of 350 mg/l contains 748 mg/l of 

propylene glycol (Kllfrost) which can be equated to the corresponding mass of 

carbon 

1 mole (76 g) of propylene glycol contains 36 9 of carbon 

o 748 g (748 mg) of propylene glycol will contain 

36 x 0 748/76 = 0 354 g of carbon 

N (1/12th of carbon) = 0 03 g (30 mg/l) eqUivalent to 130 7 mgll as nitrate 

P (1/5th of nitrogen) = 0 006 g (6 mg/l) equivalent 17 7 mg/l as phosphate 

The average concentrations of nitrate and phosphate In the MFR pnor to the 

commencement of the nutnent dosing regime were 4 30 mg/l and 0 39 mg/l, 

respectively (see details In Chapter 3) The levels In the MFBP were 3 40 mg/l 

nitrate and 0 44 mg/l phosphate These levels were therefore well below the 

required Nand P levels for optimal blomass growth and mineralisation of glycol 

particularly at the concentrations recorded In the winter months 

An initial comparative study conducted uSing the above calculated nutnent levels 

and lower concentrations of 50 mg/l for nitrate (11 3 mg Nil) and 6 8 mg/l for 

phosphate (2 26 mg P/I) I e maintaining the N P mass ratio of 5 1 showed that 

there was no marked difference In the Impact on blomass growth Consequently, 

the objective concentrations were set at the lower values beanng In mind the need 

not to produce nitrate levels which could be harmful to the receiving water If 

discharged at the dosed level USing water samples collected from the Mayfield 

Farm aerated ponds the BOO removal nutnent utilization and blomass growth 

were mOnitored In biodegradation experiments The experiments were designed to 

allow for 5 a minute supply of dissolved oxygen every twenty-four hours In order to 

prevent the development of anaerobic or near-anaerobic conditions (see details In 

Section 2 3 4 of Chapter 2) Results from each of these experiments are discussed 

In the sections that follOW 

5 3 1 Discussion of the trends observed in the different expenments 

Expenments 1- 5 were designed to assess the Impact of the addition of nutnents In 

the form of nitrate and phosphate on BOO removal and bactena growth rates In 

MFBP water samples at 6°C and 20°C as specified In the different experiments 

Details of the expenmental designs have been discussed In Section 2342 of 

Chapter 2 
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Expenment1 

In the first biodegradation expenment conducted In August 2004 a significant drop 

In BOO level was recorded In the water sample within the first 4 days of the 

experiment The BOO concentration fell from 350 0 mg/l to 35 0 mg/l (Figure 5 5) 

The BOO concentration after 7 days was however higher at 66 0 mg/l Beyond Day 

7 BOO levels In the water sample remained fairly constant at around 50 0 mg/l 

with a final concentration of 52 0 mg/l after 23 days (Figure 5 9) There were signs 

of rapid nitrate utilisation with 55 7% reduction within the first 4 days The final 

nitrate concentration after 23 days was 5 54 mg/l (Figure 5 9) representing an 

overall reduction of 88 9% 
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Figure 5 9 Temporal variations In BOO, nitrate, phosphate and bacteria CFU 
levels In aerated pond water samples at 6°C 

The utilisation of phosphate In the system was relatively moderate and 

conSiderably lower than that recorded for nitrate The concentration of phosphate 

decreased from 6 80 mg/l to 6 36 mg/l In the first 4 days and reached 4 68 mg/l 

after 23 days (an overall reduction of 31 2%) The blomass population was fairly 

constant at 108 CFU per litre before nSlng to a maximum concentration of 1 9 x 

1010 CFU per litre on Day 9 The final blomass population after 23 days was 3 50 x 

109 CFU per litre (Figure 5 9) 

Expenment2 

In the second expenment, which was a modification of the first additional doses of 

350mg/l BOO were re-Introduced on Days 7 and 20 while more nutrients (50 mg/l 

nitrate and 68 mg/l phosphate) were also added on Day 20 This was done to 

assess the Impact of the presence of additional nutrient and BOO on the 

performance of the system The trend In BOO reduction recorded In the early 
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stages was similar to that observed In the first experiment The BOO dropped to 

275 mg/l over the first 4 days (Figure 510) representing a 921% reduction There 

was however a marginal Increase In the BOO concentration In the system on Day 7, 

reaching a final concentration of 32 5 mg/l (Figure 5 10) 
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Figure 510 Temporal vanatlons In BOO concentrations, bacteria colony 
forming umts and nitrate levels In aerated pond water samples at 6°C 

The BOO reduction recorded In the system after re-doslng With 350mg/l BOO on 

Day 7 was not as rapid as Initially recorded The BOO concentration on Day 12 

was 227 0 mg/l representing a reduction of 35 1 % compared to over 90 0% 

recorded dunng the same period In the first phase (Figure 510) The BOO 

reduction achieved by Day 19 12 days after re-dOSing was 850% At this stage 

there had been a complete utilisation of nitrate but the level of phosphate In the 

system stili remained at 4 50 mg/l, representing a fall of only 33 8% from the 

Original concentration of 680 mg/l (Figure 510) The more efficient utilisation of 

nitrate compared to phosphate was consistent With the results of the prevIous 

experiment 

There was a further decline In BOO reduction rate dUring the final stages of the 

experiment (beyond Day 20) The BOO level on Day 26, 6 days after the re-dOSing 

was 182 5 mg/l which represented a 50 7% reduction The utilisation of nitrate 

dUring the same stage of the experiment was rapid With 99 6% of the nitrate being 
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used up within 3 days following the second addition The utilisation of phosphate 

stili remained low while the final blomass population was 374 x 109 CFU per litre 

(Figure 510) which represents a 933% Increase over the 26 days of the 

experiment 

Expenment3 

Two different sources of BOO glycol (System A) and clearway (System B) were 

used In Experiment 3 This was done to compare the BOO reduction observed In a 

water sample containing a carbon source (clearway) other than the one used In the 

experiments conducted so far Additional BOO and nutrient were Introduced Into 

both systems on Day 7 The BOO reductions observed at the onset In both 

systems were not as rapid as recorded In the first two experiments The BOO level 

In System A fell from 4050 mg/l to 150 mg/lln 5 days before reaching 800 mg/l 

after 7 days (Figure 5 11) which represented a reduction of 80 2% Although the 

Initial drop In BOO concentration In System B 4100 mg/l to 2100 mg/l (Figure 

512) was less pronounced than In System A the BOO reduction after 7 days 

(800%) was close to the level attained In System A (80 2%) Within the same period 

The BOO concentration In System A dropped to 295 0 mg/l by Day 12 5 days after 

re-doslng With 350 0 mg/l BOO and eventually to a final concentration of 167 5 mg/l 

after a further 10 days (Figure 5 11) The situation In System B was qUite different 

There were no further reductions recorded In BOO levels after the re-dOSing With 

BOO on Day 7 The final BOO concentration for the remaining 16 days of the 

experiment was consistent at 370 0 mg/l (Figure 512) 
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Again, the utilisation of nutrient particularly nitrate was rapid The nitrate 

concentration reached within the first 7 days was lower In System A (7 53 mgll) 

than In System B (1905 mg/l) (Figures 511 and 512) The levels on Day 12 5 

days after re-dosing with nutrients were also lower In System A (1551 mgll) 

compared to System B (24 50 mg/l) There was complete utilisation of nitrate In 

System A after 26 days while the reSidual concentration In System B was 5 76 mg/l 

Phosphate utilisation was slightly higher In System A with the concentration 

decreaSing from 6 80 mg/l to 3 20 mg/l In the first 7 days and then remaining at 

5 70 mg/l until Day 26 after re-dosing on Day 7 (Figure 5 11) Initially the 

concentration of phosphate In System B fell to 5 72 mg/l on Day 7 followed by 

fluctuations dUring the rest of the experiment before reaching a final concentration 

of 6 60 mg/l on Day 26 (Figure 5 12) 

The blomass levels In both systems rose Significantly from 30 x 107 CFU per litre 

to 1 12 X 1010 CFU per litre and 113 x 1010 CFU per litre In Systems A and B 

respectively within the first 7 days of each experiment (Figures 5 11 and 5 12) 

Further Increases were observed In both systems Immediately after re-doslng on 

Day 7 with a maximum level of 455 x 1011 CFU per litre being reached In System 

B (Figure 5 12) There were however declines In blomass population In both 

systems after 19 days with the populatlons decreaSing to 3 40 x 109 CFU per litre 

and 4 35 x 1010 CFU per litre In Systems A and B respectively (Figures 5 11 and 

512) 
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Expenment4 

Unlike the prevIous experiments It took up to 14 days for any noticeable BOO 

reduction to be recorded In the system Consequently the system was not re

dosed with BOO or nutrients The initial BOO concentration at the start of the 

expenment was 4420 mg/l It remained as high 4000 mg/l Into Day 12 of the 

expenment before failing to 3000 mg/l on Day 14 (Figure 513) The BOO 

reduction beyond Day 14 was however more rapid decreasing to 1100 mg/l by 

Day 21 (Figure 5 13) The utilisation of nitrate In this experiment was considerably 

less rapid compared to the prevIous experiments where complete utilisation 

occurred within 7 days The concentration of nitrate after 7 days was 2481 mgll 

decreasing further to 886 mg/l by Day 21 (Figure 513) The utilisation of 

phosphate on the other hand Improved significantly with a final concentration of 

251 mg/l after 21 days representing a 631% reduction which was the highest 

recorded In all the experiments so far As with prevIous experiments the blomass 

population Increased from an Initial level of 50 x 107 CFU per litre to 2 10 X 1011 

CFU per litre Within 12 days reaching 223 x 10 11 CFU per litre after 21 days 

(Figure 5 13) 
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Figure 5 13 Temporal variations In BOO, nitrate, phosphate and bacteria CFU 
in aerated pond water samples at 6°C 

Expenment5 

Following the poor performance recorded In the water samples In Experiment 4 

the BOO reduction at a higher temperature of 20°C was mOnitored uSing glycol as 

the only BOO source The experimental set up used IS the same as with the 
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prevIous expenment (Expenment 4) with no introduction of either BOO or nutnent 

In the course of the experiment Another expenment was set up alongside at 6°C In 

other to compare the BOO reduction at the different temperatures Initial results 

showed better BOO reduction at 20°C with a decrease In the BOO concentration 

from 405 5 mgll to 287 5 mgll (29 1%) after 8 days At 6°C on the other hand the 

BOO level within the same penod remained at 405 5 mgll (Figure 5 14) The most 

Significant reduction In BOO at 6°C occurred between Days 8 and 15 dunng which 

803% of the BOO was removed In 7 days (Figure 514) There was complete 

utilisation of nitrate by Day 5 at 20°C and Day 8 at 6°C (Figure 514) There was an 

overall Increase In the blomass population at both temperatures With an Increase In 

the Initial level of 1 55 x 109 CFU per litre to 8 9 x 1010 CFU per litre and 1 30 x 1011 

CFU per litre In 23 days at 6°C and 20°C respectively (Figure 514) 

In a repeat expenment carned out uSing the same set up the BOO reductions at 

both temperatures were high (although not as high as recorded In Expenments 1 2 

and 3) There were initial decreases In BOO concentrations Within the first 9 days 

of the expenment from 400 0 mgll to 280 0 mgll (300%) and 1575 mgll (606%) at 

6°C and 20°C respectively The final BOO concentration after 23 days at 6°C was 

131 3 mgll (672%) compared to a much lower value of 225 mgll (944%) at 20°C 

(Figure 5 15) 
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Figure 5 15 Temporal variations In BOO, nitrate, phosphate and bacteria CFU 
in aerated pond water samples at SOC and 20°C 

The trends observed In the blomass growth and nutrient utilisation (Figure 5 15) 

are not significantly different from those observed In the other expenments The 

blomass population In both systems Increased from an Initial concentration of 1 23 

x 109 CFU per litre to 2 54 X 1010 CFU per litre and 1 71 x 1010 CFU per litre Within 

5 days failing slightly to 8 65 x 109 CFU per litre at 6°C and increasing to 7 44 X 

1010 CFU per litre at 20°C after 15 days (Figure 5 15) While the overall phosphate 

utilisation at 20°C after 23 days (74 75%) was higher than the 26 11% observed at 

6°C, nitrate utilisation was better at the lower temperature (81 85% compared to 

7666 %) Within the same period (Figure 515) 

5 3 2 Deductions from Experiments 1. 2. 3. 4 and 5 

The rapid BOO reduction recorded In the first 5 days of the first three 

biodegradation expenments particularly Expenments 1 and 2, and the rate of 

Increase In blomass population In all the experiments, suggest that the addition of 

nutrient enhances BOO reduction In the aerated pond water samples There were 

however some inconsistencies recorded In BOO reductions In subsequent 

experiments particularly In Experiments 4 and 5 where up to 14 days were 

required for any marked reductions In BOO concentrations to be recorded The 

90 0% and 92 1 % BOO reductions observed Within 4 days In Experiments 1 and 2 

are consistent With the high biodegradation rates Initially observed In the MFR 

water samples dosed With 350 mgll Kllfrost when 50 0% BOO reduction was 

recorded In 0 6 days at 6°C (Table 5 3) The biodegradation rates of 0 581 day 1 

and 0 642 day 1 recorded In Experiment 1 and the first stage of Experiment 2 (using 

Equation 5 2) respectively although lower than the 1 081 day 1 recorded In Section 

149 



5 2 at 6°C are desirable operationally as they exceed the actual BOO reductions 

recorded In the aerated ponds In practice (details In Chapter 3) The lower 

biodegradation rates observed In the second and third stages of Expenment 2 

(0 091 day 1 and 0 162 day 1 respectively) despite increasing nutrient utilisation 

and blomass growth, suggest that the continuous exposure of the system to high 

organic loads had an effect on the BOO reduction potential achieved with time 

The relative lower biodegradation rate (0233 day 1) observed In the first stage of 

Experiment 3 although Impressive IS a decline In performance from the first two 

experiments (0581 day 1 and 0642 day \ respectively) The decreased 

biodegradation activity may be an indication of a change In the microbial population 

contained In the MFR water samples used In the experiment McCartney et a/ 

(2003) have reported that microbial populatlons vary frequently In aquatic 

environments With changing temperature and nutrient availability The lower 

biodegradation rate of 0 054 day 1 recorded dUring the second phase of Experiment 

3 supports the Initial claim that the shock caused by further exposure of the system 

to further organic loads reduces the potential for biodegradation ThiS IS further 

highlighted by the performance of the second system In Expenment 3 (dosed With 

Clearway) The final biodegradation rate of 0 003 day 1 recorded In the later stages 

of the experiment IS much lower than the Initial 0 233 day 1 recorded Within the first 

7 days of the same system It IS not clear why the rapid BOO reduction observed In 

the early expenments were not repeated In subsequent tests (Expenments 4 and 

5) The biodegradation rates recorded In both experiments 0 022 day 1 and 0 041 

day 1 at 6°C although lower than those observed In first three experiments are 

consistent With levels recorded on airport paved surfaces at 1°C (Revltt et a/ 

2002) Even at a higher temperature of 20°C the biodegradation rates recorded In 

Experiment 5 (0073 day 1 and 0 112 day 1) were stili lower than the tYPical rates 

observed In MFR water samples at a Similar temperature 

The benefits of nutrient addition were demonstrated repeatedly In all the 

experiments by the Increase In background blomass population from around 107 

CFU per litre to 1010 CFU per litre Within the first 7 days In most cases which IS 

consistent With claims by Tate and Terry (1980) that nutrient enrichment Increases 

blomass population Although the utilisation of the nutrient appears to aid the 

biodegradation processes In the first three experiments there was no eVidence of 

thiS In the later experiments It remains unclear why no rapid BOO reduction was 

recorded In the later expenments (Experiments 4 and 5) despite an Increase In 

blomass population There are Indications from the BOO results that the consortia 

responsible for the rapid reductions Initially recorded were lacking from the water 

samples used In the later stages ThiS would explain why the Increase In blomass 
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population In the water sample had no significant effect on the BOO reduction This 

observation IS consistent with observations at the MFR and MFBP where despite 

the presence of a large blomass population adequate BOO reductions were not 

recorded (see details In Chapter 3) The Isolation of only two dominant strains of 

bacteria In the MFR and MFBP (see details In Chapter 7) IS a contrast to the 

diverse microbial population reported In marine and lake water systems by Scala 

and Kerkhof (2000) and Jlang et a/ (2006), respectively In the next section 

results from tests conducted to investigate the Impact that a varied bacteria 

population could have on BOO reductions In aerated water samples are discussed 

54 ASSESSMENT OF BOD REDUCTIONS IN AERATED POND WATER 
SAMPLES SPIKED WITH DIFFERENT LEVELS OF ACTIVATED SLUDGE 

FollOWing the inconsistencies and delays recorded In the BOO reductions In 

several biodegradation experiments the Impact of a different and more diverse 

microbial consortium on BOO reductions In aerated pond water samples was 

investigated uSing activated sludge systems (see details In Section 235 of 

Chapter 2) SWltzenbaum et a/ (2001) have suggested that the activated sludge 

system represents a biological technique which IS capable of the effective 

treatment of airport runoff In thiS experiment aerated pond water samples were 

dosed with different levels of activated sludge as desCribed below 

A MFBP water sample dosed with 0 5% activated sludge and 350 0 mg/l BOO 

B MFBP water sample dosed with 1 0% activated sludge and 350 0 mg/l BOO 

C MFBP water sample dosed with 2 0% activated sludge and 350 0 mg/l BOO 

o MFBP water sample dosed with 5 0% activated sludge and 350 0 mg/l BOO 

E MFBP water sample dosed with 350 0 mg/l BOO only (control) 

The trends In BOO reductions, mOnitored at 6°C and 20°C are shown In Figures 

5 16 and 5 17 respectively 

5 4 1 Discussion of the Trends observed In the different experiments 

The highest BOO reduction recorded In the first 8 days at 6°C was In 0 with a 

38 1 % reduction eqUivalent to a drop from 621 3 mg/l (high BOO value due to the 

presence of 5 0% activated sludge) to 3848 mg/l (438%) (Figure 5 16) The BOO 

reduction In C dUring the same period was 24 4% (from 464 5 mg/l to 351 0 mg/l) 

and 17 7% In B (from 412 3 mg/l to 339 2 mg/l) The BOO reduction In A was least 

(33 %) with a decrease from 3861 mg/l to 3734 mg/lln 8 days The final BOO 

reduction In 0 was 77 1% after 24 days (Figure 516) with a final BOO 

concentration of 142 5 mg/l (the lowest level recorded In the experiment) The final 
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BOO reductions In A Band C were 32 1 % (final BOO concentration of 262 Omgll), 

468% (final BOO concentration of 2195 mgll) and 546% (final BOO concentration 

of 2109 mg/), respectively (516) 

There were Improvements In the BOO reductions within the first 8 days In the water 

samples at 20°C The highest BOO reduction of 43 8% was recorded In 0 (Figure 

517) with a drop In initial concentration from 621 3 mgll to 349 1 mgll The BOO 

reduction within the same period In C was 34 0 % (failing from 464 5 mgll to 306 4 

mgll) The BOO reduction In A (03%) was marginally lower than the 1 1 % 

reduction recorded In the control (E) There were further BOO reductions In all 

water samples by Day 15 The highest BOO reduction of 84 8% was recorded In 0 

followed by C (72 4%), A (43 1%) and the control (278%) (Figure 5 17) The final 

BOO reductions after 24 days In A, C and 0 were 54 2%, 73 6% and 84 9% 

respectively with the control unchanged at 27 8% 
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Figure 516 Percentage BOO reductions In aerated pond water samples 
dosed with different levels of activated sludge at 6°C 
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Figure 517 Percentage BOO reductions In aerated pond water samples 
dosed with different levels of activated sludge at 20°C 

5 4 2 Deductions from experiments conducted 

The mOnitored BOD reductions In water samples spiked with activated sludge were 

not as rapid as expected given Its diverse microbial species composition (Smalla et 

a/ 1998 Tanaka et a/ 2003) and established BOD reduction rates of over 90 0% 

within 6-7 days In an activated sludge system (Llu et a/ 2000) The overall 

performance at 6°C was slightly better than observed In the later biodegradation 

experiments conducted uSing MFR water samples (Experiments 4 and 5) The 

calculated biodegradation rates recorded were 0022 day 1 0031 day 1 and 0063 

day 1 In systems B C and D respectively These levels are comparable with the 

o 022 day 1 and 0 041 day 1 values recorded In the MFR water samples at the 

same temperature Although the biodegradation rates recorded In C and D at 20°C 

(0 053 day 1 and 0 073 day 1, respectively) were better than recorded at 6°C they 

were lower than the rates Initially observed In the first three experiments conducted 

uSing the MFR water samples ThiS Implies that the consortia of bacteria present In 

the activated sludge are unable to degrade glycol In aerated pond water samples 

as rapidly as Initially thought In the next section results of tests conducted to 

assess the ability of the consortia of bacteria present In river water samples to 

biodegrade glycol are discussed ThiS would also help ascertain If the poor 

biodegradation recorded so far IS In anyway related to the characteristics of the 

aerated pond water used 
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55 ASSESSMENT OF BOO REDUCTIONS IN RIVER WATER SAMPLES 
DOSED WITH BOO (IN THE FORM OF GLYCOL) AND NUTRIENT 
(NITRATE AND PHOSPHATE) 

These expenments were conducted to assess the Impact of a different microbial 

consortium on BOO reduction In a system dosed with BOO In the form of glycol at 

6°C The changes In BOO and blomass concentrations In water samples collected 

from the Pymmes Brook In North London dosed with 350 mg/l BOO In the form of 

glycol was mOnitored A control experiment was also set up uSing a MFBP water 

sample to compare the BOO reductions In both systems (see Section 2 3 6 of 

Chapter 2 for more details) The components of the two systems used In this 

experiment are described below 

A river water sample dosed with 350 mg/l BOO 50 mg/l nitrate and 6 8 mg/l 

phosphate 

B aerated pond water sample dosed with 350 mg/l BOO, 50 mg/l nitrate and 6 8 

mg/l phosphate 

The changes In BOO, nutrient and bacteria population concentrations are 

summarised In Figure 5 18 

5 5 1 DIscussion of the trends observed In the different expenments 

Although the BOO reduction In A appears to be marginally better the overall trend 

In both systems were the same (Figure 5 18) While there were no signs of any 

BOO reduction In B before Day 15 the BOO concentration In A by Day 15 had 

dropped from 442 0 mg/l to 381 0 mg/l equivalent to a 13 8% reduction This was 

followed by a rapid BOO reduction phase dUring which the BOO concentration In A 

dropped to 1285 mg/l (709%) In 5 days (between Days 15 and 20) before 

reaching a final concentration of 998 mg/l (77 4%) after 27 days (Figure 518) The 

final BOO reduction In the control (B) was 75 1%, with the BOO failing from 4160 

mg/l to 103 8 mg/l In 27 days (Figure 5 18) The utilisation of nutrient In B was not 

particularly rapid compared to the trends observed In expenments In A The 

concentration of nitrate In the system fell by 78 9% after a slow start, dropping from 

an Initial concentration of 58 40 mg/l to 12 32 mg/l compared to 10 19 mg/l In B 

(Figure 5 18) The utilisation of phosphate In Sample A was unusually high 

dropping to 1 32 mg/l (83 8% reduction) after 20 days before attaining a final 

concentration of 2 03 mg/l after 27 days Although the final concentration In B (0 18 

mg/l) was lower the trends In both systems were Similar 
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Figure 518 Temporal changes In BOO, nitrate, phosphate and bactena CFU 
concentrations In aerated pond and river water samples at SoC 

Unlike prevIous biodegradation expenments, there were no Increases In blomass 

populatlons In the river water sample (A) In fact the converse was true with 

population Initially failing from 140 x 109 CFU per litre to 530 X 108 CFU per litre 

after 7 days before reaching a final level of 1 00 x 108 CFU per litre after 27 days 

(Figure 5 18) The blomass population In B on the otherhand Increased significantly 

from the Initial level of 6 70 x 107 CFU per litre to 4 9 x 109 CFU per litre after 7 

days before dropping to 4 8 x 108 CFU per litre after 27 days which stili represents 

an Increase from the starting population (Figure 5 18) ThiS IS consistent With the 

observation In all aerated pond water samples 

5 5 2 Deductions from expenments conducted 

The lower rate of utilisation of the added nitrate and the response of the microbial 

population In terms of negative growth particularly In the first 7 days of the 

experiment for the river water sample IS an indication of a shock effect on the 

microbial population Based on the results obtained from thiS test, there IS no 

marked difference In the overall BOO reductions recorded In the river water sample 

when compared to the performances recorded In prevIous experiments (which 

have been very variable) The calculated biodegradation rate of 0 063 day 1 at 6°C 

IS Identical to the rate recorded In the MFR water sample dosed With 5 0% 

activated sludge ThiS IS also comparable With the rate observed In the control 

expenment (0056 day 1) and generally falls Within the same range as the rest of 

the water samples used In the later expenments (Experiments 4 and 5) at 6°C 
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56 ASSESSMENT OF BOO REDUCTIONS IN WATER SAMPLES COLLECTED 
FROM THE EASTERN RESRVOIR (ER) AND FROM WASHING OF PLANT 
ROOTS FROM THE MAYFIELD FARM SUB-SURFACE FLOW REEDBED 
(SSF) 

To compliment the biodegradation expenments conducted uSing microbial 

commUnities from outside the HTF a further senes of tests were carned out uSing 

water samples from different components of the treatment system namely the ER 

and the SSF Results from mOnltonng the performance of the HTF suggest the 

presence of active microbial populatlons In both Units which are capable of rapid 

BOO reduction (see details In Chapter 3) The BOO concentrations and the 

blomass population In water samples from the ER and from the washings (using 

stenle distilled water) of the roots of plants from the SSF were mOnitored at 6°C 

and 20°C The water samples were Initially dosed with 350 mg/l BOO In the form of 

Kllfrost (propylene glycol) 500 mg/l nitrate and 68 mg/l phosphate (see full 

expenmental details In Chapter 2) The results obtained are shown In Figures 5 19 

and 520 

5 6 1 DISCUSSion of the trends observed In the different experiments 

The BOO reductions In the water samples prepared from SSF plant root washings 

were higher than recorded In the more recent biodegradation expenments 

conducted uSing MFR water samples (In which the average BOO reduction was 

barely up to 10 0% In the first 5 days of the expenment particularly at 20°C) The 

BOO concentrations In the plant root washings water sample fell from an Initial 

concentration of 4150 mgll to 2625 mg/l (equivalent to 3675% BOO reduction) 

and 2700 mg/l (equivalent to 34 9% BOO reduction) at 20°C and 6°C, respectively 

In the first 5 days (Figure 5 19) There were further reductions In BOO 

concentrations beyond Day 5 reaching 1575 mg/l (62 1%) at 20°C and 2150 mg/l 

(48 2%) at 6°C on Day 14 The final concentrations of 625 mg/l (84 9%) and 1300 

mg/l (68 7%) were attained at 20°C and 6°C respectively after 21 days 

The blomass populatlons at both temperatures Increased gradually throughout the 

expenment from an Initial concentration of 7 82 x 108 CFU per litre to 1 10 x 109 

CFU per litre and 3 35 x 109 CFU per htre after 7 days at 6°C and 20°C, 

respectively There were further Increases to 304 X 1010 CFU per litre and 1 25 x 

1010 CFU per htre after 21 days at 6°C and 20°C, respectively (Figure 519) It IS 

not clear why the final bactenal blomass population after 21 days at 6°C was higher 

than recorded at 20°C A similar trend In BOO reduction was observed In the dosed 

ER water sample With the BOO concentration after 5 days at 20°C dropping from 

445 0 mg/l to 282 5 mg/l (365%) compared to 350 0 mg/l (21 4%) at 6°C (Figure 

520) 
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Figure 5.19 Temporal changes in BOO and bacteria CFU concentrations in 
dosed water samples collected by washing the roots of plants from the SSF 
at SOC and 20°C 

There were further BOO reductions in both systems to 157.5 mg/l (64.6%) and 

217.5 mg/l (51 .2%) at 20°C and 6°C, respectively by Day 7 (Figure 5.20). The final 

BOO concentrations after 21 days were 42.5 mg/l (90.5% reduction) and 165.0 

mg/l (62.9%) at 20°C and 6°C, respectively. The biomass populations increased at 

both temperatures from an initial level of 1.01 x 108 CFU per litre to 1.04 x 1010 

CFU per litre and 7.70 x 109 CFU per litre after 21 days at 6°C and 20°C, 

respectively (Figure 5.20), although it is not clear why the increase observed after 7 

days was higher at 6°C. 
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5 6 2 Deductions from experiments conducted 

The high BOO reductions recorded at the early stages (within the first 5 days) In 

the root washings sample and the ER water sample are an Indication of the 

pOSSible presence of a microbial consortium capable of rapid glycol degradation 

This characteristic has been lacking In most of the more recent systems explored 

so far (Experiments 4 and 5 aerated pond water samples dosed with activated 

sludge and the river water systems) apart from the aerated pond water samples 

used at the early stages of this work (Experiments 1, 2 and 3) The biodegradation 

rates of 0 094 day 1 and 0 091 day 1 calculated for the SSF root washings at 20°C 

and 6°C suggest that temperature does not affect the microbial activities In the root 

system In contrast the Significance of temperature was further demonstrated by 

the higher biodegradation rate recorded for the ER water sample at 20°C (0 094 

day 1) compared to the value (0 052 day 1) at 6°C 

The BOO reductions recorded for the root washings and the ER water samples 

within the first 5 days at 6°C (349% and 21 3% respectively) are higher than the 

average BOO reduction of 3 1 ±4 1 % attained In the aerated ponds water samples 

and the 0 5% BOO reduction achieved In the river water samples (Figure 5 21) 

Between Days 7-9, the BOO reductions recorded In the root washings and the ER 

water samples stili remained higher than recorded In the rest of the systems (apart 

from Experiments 1 2 and 3 which showed good biodegradation) with values of 

511% and 355% respectively compared to the average level of 8 9% and 209% 

In the aerated pond and activated sludge systems (Figure 521) Although the BOO 

reductions attained between 14-17 days In the ER water sample (528%) and the root 

washings (482%) were both higher than the nver water sample (138%) and the 

average levels In the aerated pond (38 4±32 0) and the activated sludge systems 

(44 5±16 1%) the BOO reductions (66 1%) attained In L (aerated pond water sample 

dosed with 50% activated sludge) and E (aerated pond expenment conducted In 

February/March 2005) were better than recorded In the ER and root washings water 

samples (Figure 5 21) The average BOO reduction of 71 3±6 7% recorded In the 

aerated pond water sample between Days 20-24 at 6°C was higher than the levels 

attained In both the root washings system (687%) and the ER water sample (629%) 

(Figure 521) Despite the overall higher BOO reductions attained In the ER and root 

washings water samples at the early stages of the expenments (Days 3-5 and 7-9) the 

later trends In BOO reductions suggests that retention time IS less benefiCial (In terms of 

BOO reduction) to both systems at 6°C 
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The performance of the ER and the root washings systems at 20°C were similar to the 

trends recorded at 6°C The BOO reductions Within the first 5 days In the ER and the 

root washings systems were 36 9% and 36 5% (Figure 5 22) compared to an average 

BOO reduction of 6 9±6 3% recorded In the aerated pond water samples Although 

slight Improvements were recorded In the aerated pond systems after Day 7 the 

average BOO reduction attained (366±21 3%) was lower than the 646% and 669% 

recorded In the ER and the root washings systems respectively (Figure 5 22) The 

average BOO reduction In the activated sludge system Within the same penod was 

26 0±22 8% The role of retention time was further highlighted after 14 days as the 

average BOO reductions In the aerated pond water samples (71 5±230%) was only 

marginally lower than attained In the ER (71 9%) and higher than recorded In the root 

washings (620%) at 20°C (Figure 522) ThiS trend continued Into the later stages of 

the expenments as the average BOO reduction recorded In the aerated pond water 

samples (86 1 ±7 3%) was marginally better than recorded In the root washings (84 9%) 

and only lower than attained In the ER water sample (90 4%) The comparable average 

BOO reduction In the activated sludge systems was 70 9±15 5% 

There are indications that the different trends In BOO reductions recorded particularly In 

the aerated ponds when compared to the ER and root washing water samples IS due to 

the varying nature of the dominant microbial population In each system It therefore 

becomes Imperative to Identify the microbial populatlons assoCIated With each 

component In order to establish a better understanding of the BOO removing potential 

of the entire system Details of the microbial Isolation techniques and the different 

biochemical tests conducted on the different Isolates from the treatment system are 

discussed In Chapter 7 In the next section the results of biodegradation tests 

conducted uSing some of these Isolates are discussed 
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57 ASSESSMENT OF BOD REDUCTIONS IN STERILE DISTILLED WATER 
SAMPLES INNOCULATED WITH THE DIFFERENT BACTERIA STRAINS 
FROM THE AERATED PONDS, EASTERN RESERVOIR AND THE ROOTS 
OF PLANTS FROM THE MAYFIELD FARM SUB-SURFACE FLOW 
REEDBED SYSTEM 

FollOWing the Isolation of the different bactenal strains from the different 

components of the HTF the biodegradation potentlals of these strains suspended 

In sterilised distilled water dosed with 350 mgll BOO were assessed The origin and 

description of the different bacterial strains used In the different experiments have 

been summarised In Table 4 Appendix 5A (see Chapter 2 for the Isolation 

techniques used) Two different nutnent levels (the recommended 50 mgll nitrate 

and 6 8 mgll phosphate nutrient levels used dUring the nutnent dosing regime at 

the HTF) and minimum medium levels (represents a higher concentration of nitrate 

and phosphate see details In Chapter 2) were used In tests conducted to assess 

the Impact of the nutnent level on blomass growth and BOO reduction The 

minimum medium nutnent level was used In order to assess the effect of the 

presence of a higher and more diverse nutnent source has on the performance of 

the bactenal strains 

The Initial tests carned out showed that the presence of glycol and the different 

nutrient levels had no adverse effects on the growth of these bactena strains ThiS 

IS consistent with the findings of Chong et al (1999), In which no adverse Impacts 

to the blomass population were observed follOWing exposure to varying 

concentrations of glycol In surface runoff from the Heathrow airport Experiments 

were also conducted with a lower BOO dosed concentration of 50 mgll compared 

to the normal 350 mg/l to determine If an optimal BOO concentration range eXists 

for microbial performance Unless specified all water samples were kept In a 

shaking Incubator at 20°C (see Chapter 2 for full details of the expenment) The 

results of the individual expenments are descnbed below 

5 7 1 DISCUSSion of the trends observed In the different experiments 

ExpenmentA 

The BOO concentrations and growth rates of bactena Strain 1 mOnitored In 

sterilised distilled water samples dosed With 350 mgll BOO and two different 

nutrient levels (minimum medium level (A) and the HTF recommended nutrient 

level (B» at 20°C are shown In Figure 5 23 The mOnitoring system was deSigned 

to enable the biodegradation and bacterial growth trends over the short term to be 

assessed 
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Figure 5.23 Temporal changes in BOO and biomass concentrations in 
sterilised distilled water dosed with 350 mg/l BOO containing two different 
nutrient levels and inoculated with Strain 1 at 200 e 

No significant BOO reduction was recorded in either of the two systems until 

between 6 and 13 days, when the BOO reductions in both systems were 

approximately 60.0%, due to a decrease from the initial 360.0 mgll to 142.0 mg/l 

(Figure 5.23). The biomass growth in the minimum medium sample (A) was higher 

than recorded in the HTF recommended nutrient sample (B) . The growth rate in the 

former was rapid with an initial increase from 2.8 x 106 CFU per litre to 4,94 x 108 

CFU per litre in 36 hours, before reaching a maximum concentration of 1.30 x 1010 

CFU per litre in 6 days. The highest level attained within the same period in B was 

3.20 x 10B CFU per litre from an initial population of 2.00 x 106 CFU per litre (Figure 

5.23). 

Experiment B 

In the second experiment, the BOO reductions in sterilised distilled water samples 

inoculated solely with either Strain 1 (System A) or Strain 2 (System B) or a 

combination of both strains (System C), dosed with the HTF recommended nutrient 

level at 20°C were monitored. The objective of this experiment was to compare the 

BOO reduction and biomass population changes in systems containing either of the 

two strains with that containing both strains. The BOO and biomass levels recorded 

are shown in Figure 5.24. 
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Figure 5.24 Temporal changes in BOO and biomass concentrations in 
sterilised distilled water dosed with 350 mgll BOO and inoculated with Strain 
1 or Strain 2 or both at 20°C 

There were no signs of any BOD reductions in all three systems until after Day 12, 

when the BOD concentration in A dropped from 356.0 mg/l to 233.8 mg/l. The BOD 

concentrations in Band C were slightly lower at 213.3 mg/l and 219.4 mg/I , 

respectively (Figure 5.24) . These concentrations are equivalent to BOD reductions 

of 35.9%,41.5% and 39.9% and biodegradation rates of 0.041 dai1
, 0.050 dai1 

and 0.043 dai1
, in A, Band C respectively, The final BOD concentrations recorded 

in the three systems after 25 days were 196.8 mg/l (46.0% BOD reduction) in A, 

111.3 mg/I (69.5% BOD reduction) in Band 88.3 mg/l (75.8% reduction) in C. 

There were increases in the biomass populations of A and B within the first 5 days 

before a gradual fall in populations was observed as the test continued (Figure 

5.24). In contrast, there was an initial decline in the population of C over the first 12 

days of the experiment before a slight increase was recorded during the closing 

stages of the experiment (Figure 5.24) . 

Experiment C 

In this experiment, tests were carried out on a third isolate, Strain 3, found in water 

samples taken from the diversion chamber at the Mayfield Farm treatment system, 

prior to entry into the MFR The changes in BOD concentrations and biomass 

populations with time are shown in Figure 5.25. 
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Improved BOO reductions were observed In this expenment compared to 

Expenments A and B with an Initial drop In BOO concentration from 415 0 mg/l to 

2975 mgll In the first 12 days (Figure 525) ThiS IS eqUivalent to a biodegradation 

rate of 0030 day 1 The final BOO concentration after 21 days was 2167 mgll 

representing a total reduction of 478% There was an Initial Increase In blomass 

population from 52 x 1010 CFU per htre to 2 3 X 1011 CFU per htre after 12 days 

The final blomass population after 21 days was 32 x 10 11 CFU per htre (Figure 

525) 

ExpenmentD 

In thiS expenment a lower BOO level of 50 mgll was used In systems Inoculated 

with Strain 1 (System A) or Strain 2 (System B) or a combination of the two strains 

(System C) (full expenmental details In Chapter 2) The BOO concentrations In 

Systems A, Band C after 5 days were 45 6 mgll (20 0% BOO reduction), 48 5 mgll 

(149% BOO reduction) and 42 8 mgll (24 9% BOO reduction) respectively (Figure 

5 26) The biodegradation rates recorded In Systems A, Band C were 0 052 day 1 

o 030 day 1 and 0 061 day 1 respectively It took up to 15 days for there to be any 

substantial decrease In the BOO concentrations In all three systems The BOO 

level attained In System C (171 mgll representing a 700% BOO reduction) was 

the lowest of all three systems after 15 days (Figure 526) The BOO levels In 

Systems A and B Within the same period were 22 8 mgll (60 0% reduction) and 

314 mgll (45 0%) respectively 
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Figure 5.26 Temporal changes in BOO and biomass concentrations in 
sterilised distilled water dosed with 50 mg/l BOO and inoculated with strain 1 
or strain 2 or both at 20°C 

The biomass growth in all three systems was gradual, increasing from an initial 

level of 2.30 x 10B CFU per litre to 2.75 x 109 CFU per litre in System A; 2.70 x 10B 

CFU per litre to 3.90 x 109 CFU per litre in System Band 5.80 x 10B CFU per litre to 

1.80 x 109 CFU per litre in System C after 5 days (Figure 5.26). There were 

declines in all systems on Day 10, System A recording the largest drop as the 

biomass population fell to 1.03 x 10B CFU per litre (Figure 5.26). The equivalent 

levels in Systems Band C were 1.02 x 109 CFU per litre and 1.71 x 109 CFU per 

litre (Figure 5.26). As observed in Experiment 2, the biomass population reached in 

System C (2.70 x 109 CFU per litre) was higher than observed in the other two 

systems (Figure 5.26). 

Experiment E 

In experiment E, each of the 13 isolates (A-M) obtained from the ER and the roots 

of plants from the SSF were assessed for their ability to reduce 350.0 mg/l BOO, in 

the form of glycol, in sterile distilled water samples at 20°C. The HTF 

recommended nutrient levels for nitrate and phosphate were also added (see 

Chapter 2 for details of the experiment). The BOO reductions at different stages of 

the experiment were monitored and the percentage reductions are is shown in 

Figures 5.27-5.30, which also show the results for the combined isolates (referred 

to as 'ALL') 
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As for most of the prevIous biodegradation experiments In which bacteria Isolates 

have been used no significant BOO reductions were observed within the first 5 

days (Figure 5 27) Isolate E recorded the highest indiVidual BOO reduction (37 5%) 

after 7 days (Figure 5 28) The BOO reductions for the other indiVidual Isolates 

apart from B (294%) were below 200% The combined Isolate experiment 

demonstrated a BOO reduction of 23 8% within the same period Increasing to 

338% after 14 days (Figure 529) and 344% after 21 days (Figure 5 30) ThiS was 

outperformed by Isolate E which attained an overall BOO reduction of 40 0% over 

21 days (after an Initial dip to 325% on Day 14) The final BOO In those systems 

containing Isolates B Hand K were the only other systems that recorded BOO 

reductions above 20 0% by the end of the test (Figure 5 30) 

All 14 systems, apart from Isolate J, recorded Increases In the blomass populatlons 

dUring the first 5 days (Figure 531) The blomass level In the system Inoculated 

with Isolate J dropped from 8 90 x 106 CFU per htre to 1 00 x 105 CFU per htre over 

5 days rising to 1 00 X 107 CFU per htre after 7 days before finishing at 1 00 x 106 

CFU per htre after 21 days (Figure 531) Within the same period the highest 

blomass Increase was recorded by Isolate E increasing to 203 X 1010 CFU per htre 

In 5 days from the Initial level of 2 00 x 106 CFU per litre before eventually falhng to 

420 X 108 CFU per litre after 21 days (Figure 531) The lowest blomass count 

recorded In any system was In Isolate D where there was a decline In population 

from 8 30 x 107 CFU per litre to 7 00 x 104 CFU per litre between Days 5 and 7 

(Figure 5 31) 
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Figure 5 27 The percentage BOO reductions attained by the different Isolates 
after Day 5 In sterilised distilled water dosed with 350 mg/l BOO and nutrients 
at 20°C 
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Figure 5 28 The percentage BOO reductions attained by the different Isolates 
after Day 7 m sterilised distilled water dosed with 350 mg/l BOO and nutnents 
at 20°C 
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Figure 5 29 The percentage BOO reductions attamed by the different Isolates 
after Day 14 In sterilised distilled water dosed with 350 mg/l BOO and 
nutrients at 20°C 
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after Day 21 in sterilised distilled water dosed with 350 mg/l BOO and 
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Figure 5.31 Temporal changes biomass populations in sterilised distilled 
water dosed with 350 mg/l BOO and inoculated with the different bacteria 
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5 7 2 Deductions from experiments conducted on isolates 

There are no indications from the BOO reductions observed In Experiment A that 

the presence of a higher nutnent level (I e minimum medium) has any Significant 

Impact on BOO reduction In the system Although the higher nutrient levels In the 

minimum medium compared to the HTF recommended nutrient levels enhanced 

the blomass population In Experiment A the BOO reductions recorded In both 

systems were Identical Although the rate of BOO reductions observed In all the 

three systems In Experiment B were lower than observed In Experiment A the final 

BOO reductions achieved between Days 20 and 24 suggest that retention time 

plays a diSCriminating role In InfluenCing the overall performance of the different 

strains 

The biodegradation rate recorded by Strain 2 (0 050 day 1) and the 0 043 day 1 

recorded by Strain 1 and a combination of both strains IS comparable to the rates 

recorded In the later expenments (Experiments 4 and 5) conducted uSing MFR 

water samples at the same temperature (20°C) In Experiment 0 where a lower 

BOO concentration (50 mg/l) was used the biodegradation rates of 0 052 day 1 

o 030 day 1 and 0 OS1 day 1 recorded In Systems A Band C respectively are 

comparable With the rates observed when higher starting BOO concentrations were 

used This suggests that the rate of BOO reduction In the water samples IS not 

dependent on the Initial BOO concentration 

The trends observed In all four experiments involVing the two strains from the 

Mayfield Farm aerated pond suggest that a lag phase eXists before the 

commencement of any conSiderable degradation of glycol It IS not clear what 

exactly IS responsible for the eXistence of this lag phase but the performance of 

most of the strains Isolated from the water samples collected from washing the root 

of plants from the SSF system also showed this trend In Experiment E The highest 

BOO reduction rate was observed for Strain E and the biodegradation rate (0 072 

day 1) was closest to the 0 094 day 1 and 0 091 day 1 value calculated for the SSF 

root washings sample at 20°C and SOC (Section 5 6) The biodegradation rate 

recorded In the system containing all the Isolates (0040 day 1) IS lower than thiS 

value and IS only comparable to the tYPical rates recorded by the Individual strains 

from the MFR A comparison of the BOO reductions produced by all the different 

Isolated bacteria strains shows that BOO reductions dUring the early stages 

(between Days 3 and 5) of the experiments were typically below 10 0% The only 

exceptions were for Experiment 0 where the combination of Strains 1 and 2 

produced a BOO reduction of 24 9% Within 5 days and the indiVidual strains 

achieved BOO reductions of 200% and 149% for Strains 1 and 2, respectively 
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The highest level of BOO reduction (375%) recorded between Days 7 and 9 was 

by Strain E followed by the 29 4% recorded by Strain B DUring the later stages of 

the experiments between Days 14 and 17 the BOO reduction In systems 

containing the two Isolates from the MFR (Strains 1 and 2) outperformed those 

from the ER and the SSF roots The highest BOO reduction (700%) was by the 

combination of Strains 1 and 2 used In Expenment 0 This was followed by the 

60 4% reduction recorded by Strain 1 In Experiment A The highest BOO reduction 

achieved by Isolates from the roots within the same penod was 33 8% In the 

system containing all the Isolates The highest BOO reduction recorded between 

Days 20 and 25 was the 75 8% attained In Experiment B In the system containing 

Strains 1 and 2 ThiS IS considerably higher than the highest BOO reduction of 

40 0% attained by Isolate E (from the roots) The BOO reduction for the system 

containing all Isolates from the roots within the same penod was 34 4% compared 

to the 68 7% (at 6°C) and 849% (at 20°C) reduction recorded at the same stage In 

the root washings water sample (Section 5 6) from which all the strains had been 

Isolated 

The Inability of the Isolates from the root to perform as effiCiently as they did In the 

water samples collected from the roots pnor to Isolation suggests there are factors 

beSides the presence of these bactena Isolates contributing to the overall BOO 

reduction recorded In the system There are possibilities that the laboratory Isolated 

strains of bacteria used In the biodegradation tests which represent only a small 

proportion of the entire population, do not fully constitute the consortium that IS 

responsible for the rapid degradation Initially recorded Staleyand Konopka (1978) 

Bottomley and Maggard (1989) Kell et a/ (1998) and Ollver (2005) have all 

reported that a higher percentage of the microbial population that eXists In 

environmental samples may not be culturable on laboratory prepared media 

Lehman et a/ (2001) also reported microbial composltlonal differences In 

subsurface water systems which differed according to the carbon source utilization 

between those attached to solid substrates and unattached community In the next 

section the role sedlments In BOO reduction In the water samples IS investigated 

58 COMPARISON OF THE BOD REDUCTION IN FILTERED AND 
UNFIL TERED WATER SAMPLES FROM THE ROOT WASHINGS OF 
PLANTS FROM THE SUB-SURFACE FLOW REED BED SYSTEM (SSF) 

The aim of the experiments discussed In thiS section was to assess some of the 

pOSSible factors affecting bactena activities In terms of BOO reduction In water 

samples obtained from washing the roots of plants from the SSF The roles of 

sedlments and other associated solids In BOO reduction In the water sample 

collected from the washing of SSF plant roots have been investigated by 

companng the BOO removals In filtered and unfiltered water samples Full 
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experimental details have been discussed in Chapter 2. The water samples were 

diluted serially, using 1 in 100 and 1 in 1000 dilutions in order to compare the BOO 

reduction in systems with varying sediment and associated solids composition . 

Each sample was then dosed with 350 mg/l BOO, in the form of glycol, and the 

HTF recommended nutrient levels. The components of the different systems used 

are summarised below 

Ao Unfiltered water sample obtained from root washings dosed with 350 mg/I 

BOO and the HTF recommended nutrient levels 

A1 1 in 100 dilution of unfiltered water sample from root washings dosed with 

350 mg/I BOO and the HTF recommended nutrient levels 

A2 1 in 1000 dilution of unfiltered water sample from root washings dosed with 

350 mg/I BOO and the HTF recommended nutrient levels 

Bo Filtered water sample from root washings dosed with 350 mg/I BOO and 

the HTF recommended nutrient levels 

B1 1 in 100 dilution of filtered water sample from root washings dosed with 

350 mg/I BOO and the HTF recommended nutrient levels 

B2 1 in 1000 dilution of filtered water sample from root washings dosed with 

350 mg/I BOO and the HTF recommended nutrient levels 

The temporal changes in BOO concentrations and biomass populations in all 6 

systems were monitored at 20°C. The results obtained are shown in Figures 5.32 

and 5.33. 
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Figure 5.32 Temporal changes in the BOO concentrations and the biomass 
populations in the different dilutions of unfiltered water samples 
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Figure 5.33 Temporal changes in the BOO concentrations and the biomass 
populations in the different dilutions of filtered water samples 

5.8.1 Discussion of the trends observed in the experiments 

Rapid BOO reductions were recorded in all 6 water samples within the first 7 days 

of the experiment with typical BOO reductions of over 60.0%. The lowest initial 

BOO reduction (63.6%) was recorded in A2 with the BOO level dropping from 350.0 

mg/l to 127.5 mg/l (Figure 5,32). The highest comparable BOO reduction (75.7%) 

was observed for B1 with the BOO concentration falling from 340.0 mg/l to 82.5 

mgll (Figure 5.33). Further BOO reductions were recorded in all systems by Day 14 

such that the lowest BOO concentration (40.0 mg/l) was found in A1, representing a 

88.6% BOO reduction (Figure 5.32) . The BOO concentration in Ao was the highest 

at that point (87.5 mg/l) , equivalent to a BOO reduction of 74.6%. The BOO 

concentration in all the systems continued to decrease up to Day 21 with a final 

average BOO level of 22.1 mg/l being attained (Figures 5.32 and 5.33). 

Increases were recorded in the biomass populations in all but one (Ao) of the 6 

systems within the first 7 days of the experiment (Figures 5.32 and 5.33). The 

highest increase was recorded in B2, where the biomass population rose from 6.3 x 

107 CFU per litre to 1.2 x 1010 CFU per litre in 7 days before reaching a maximum 

concentration of 3.2 x 1012 CFU per litre on Day 21 (Figure 5.33). There was a 

steady but gradual fall in bacteria population in system Ao, dropping from an initial 

concentration of 4.0 x 1010 CFU per litre to 6.8 x 107 CFU per litre over 21 days 

(Figure 5.32) 
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5.8.2 Deductions from the experiments conducted 

The higher average BOO reduction of 73.1:!:.7.8% observed in the filtered water 

sample within the first 7 days compared to 69.1:!:.7.1% (Figure 5.34) in the 

unfiltered water sample within the same period suggests there are no benefits 

associated with the presence of solids in the water sample. The unfiltered systems 

were however slightly more efficient in the closing stages of the experiments with 

average final BOO reductions of 95.0:!:.1 .3% compared to 92 .3:!:.7.8% (Figure 5.34) 

for the filtered systems. There are indications that the presence of debris, dead 

roots and organic sediments may have contributed to the slightly higher BOO 

concentrations initially recorded within the first 7 days in the unfiltered systems. 

The higher biodegradation rates recorded in these systems (0.192 dai1 and 0.170 

day-1 in the filtered and unfiltered water samples, respectively) compared with the 

0.094 dai1 value initially recorded in water samples from the roots (Section 5.6) is 

an indication of the presence of a more active microbial population. However, 

microbial analysis showed no difference in the diversity of the culturable bacteria 

(details in Chapter 7). 

The increases in biomass populations observed in most of the systems despite the 

decreasing BOO levels suggest that the components of the root washings, filtered 

or unfiltered, can support biomass growth in either of the two systems. In the next 

section results from tests conducted to assess the influence of the presence of 

autoclaved sediments and debris from the SSF on the performance of the bacteria 

population isolated from the roots in a sterile environment are discussed. 
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Figure 5.34 Average BOO reductions in unfiltered and filtered water samples 
with different levels of associated sediments 
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5.9 ASSESSMENT OF THE SIGNIFICANCE OF SEDIMENTS IN BOO 
REDUCTION IN WATER SAMPLES INNOCULATED WITH ISOLATES 
FROM THE ROOTS OF PLANTS FROM SSF 

The main aim of this experiment was to assess the impact the presence of 

sediments from the SSF have on the performance (BOO reduction) of the bacteria 

strains obtained from the roots of plants from the SSF. This was done by 

monitoring the BOO reductions in four separate water samples dosed with 350.0 

mg/I BOO and the HTF recommended nutrient levels for nitrate and phosphate 

(see details of the experiment in Chapter 2). Each sample was then inoculated with 

the 13 isolates from the roots of the SSF. Sterile distilled water was used in the 

experiment to exclude the influence of any other microbial population other than 

those introduced into the systems. The other components of the different systems 

are as follows: 

A-containing sterile sediments and placed in a shaking incubator (undisturbed 

sediments) 

B-control experiment (i.e. no sediments) placed in the shaking incubator 

C-containing sterile sediments and with regular aeration using a pump (disturbed 

sediments) 

O-control experiment (i.e. no sediments) with regular aeration using a pump 

Sterile sediments were used in A and C to exclude any interference that could be 

caused by the presence of a microbial population other than the ones the systems 

were inoculated with . The BOO and biomass levels in both systems at 20°C were 

monitored and the results obtained are summarised in Figure 5.35. 

'a, 
E 
0 
0 
Ol 

400.0 -,-------------------------, 1.0E+13 

350.0 

300.0 

250.0 

200.0 

150.0 

100.0 

50.0 

DayO 

=A. CFU per litre 

.. . .. A. BOO {mgA} 

Day 5 

= B. CFU per litre 

--B. BOO (mgA) 

Day 12 

1.0E+12 

1.0E+ll 

1.0E+l0 

1.0E+09 

1.0E+OB 

1.0E+07 

1.0E+06 

1.0E+05 

""""--1-'----"-'-"<.0<.. ....... -+ 1.0E+04 

Day 19 

C2'ZZl C. CFU per litre 

- +- . C. BOO (mgA) 

Day 23 

= 0 . CFU per litre 

- D. BOO (mgA) 

~ 
iD 
Cl. 

::J 
LL. 
() 

Figure 5.35 Temporal changes in BOO levels and the biomass populations in 
water samples with and without sterilised sediments, inoculated with the 13 
isolates 
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5 9 1 DIscussion of the trends observed In the experiments 

There were signs of BOD reduction In all four systems within the first 5 days The 

highest reduction (261%) was recorded for A with the Initial BOD level dropping 

from 355 0 mgll to 262 5 mgll (Figure 5 35) The BOD concentrations In Band D 

fell from an Initial concentration of 360 0 mgll to 285 0 mgll (208%) and 290 0 mgll 

(194%) respectively within the same penod (Figure 535) The worst performance 

over the first 5 days was demonstrated by C (83%), with the BOD concentration 

dropping from 355 0 mgll to only 325 5 mgll Further BOD reductions were 

recorded In all the systems with the BOD concentrations In both A and C reaching 

35 0 mgll representing a 90 1 % reduction after 19 days The final BOD levels In B 

and D were 150 0 mgll (58 3%) and 77 5 mgll (78 5%) respectively after 23 days 

(Figure 5 35) All four systems recorded blomass growth over the first 5 days with 

the final blomass population reaching a maximum of 1 0 x 1012 CFU per litre In A 

after 23 days from an Initial level of 1 0 x 101 (Figure 5 35) The lowest final 

blomass count was recorded In C reaching 1 0 X 1010 CFU per litre from 1 0 X 101 

CFU per litre 

5 9 2 Deductions from the experiments conducted 

The higher BOD reductions of 89 4% and 90 1% recorded after 23 days In A and C 

(the two systems with stenle sedlments) compared to 58 3% and 78 5% In Band D 

respectively are an indication of the long term benefit of the presence of sedlments 

In the system The lower average BOD reductions (18 7±7 5%) recorded In the 

systems Inoculated with the bactena Isolates with or without sedlments In the early 

stages of the expenment compared to the average levels attained In the filtered 

and unfiltered system (73 1±7 8% and 69 1±7 8% respectively) (Section 58) 

suggests that the stenle systems lack several forms of nutnent and dead cells, 

which have been shown to support microbial metabolic activities (Chard et a/ , 

2001 Fan et a/ 1997 Marschner 1995) 

The rhlzosphere IS also known to contain plant-denved organic compounds called 

exudates which are made up of low molecular weight organic aCids such as lactic 

acetic butync, oxalic tartanc SUCCiniC, glutanc maleic propIonic and valenc aCids 

(Young et a/, 1998) These aCids play a key role In making nutnents like P and 

metals like Fe readily available for microorganisms present In the rhlzosphere 

(Munch et a/ 2006) They also contain mixtures of complex sugars vitamins 

amino aCids punnes nucleosldes, inorganic Ions gaseous molecules enzymes 

and root border cells (Dakora et a/ 2002) which serve as substrates for microbial 

metabolism and intermediates for blogeochemlcal reactions Results of tests 

conducted to assess the effect of the presence of root exudate on BOD reduction 

In water samples Inoculated With the 13 bactena Isolates are descnbed In the next 

section 
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5.10 ASSESSMENT OF THE ROLE OF ROOT EXUDATES ON THE BOO 
REDUCTION IN WATER SAMPLE COLLECTED BY WASHING ROOTS 
OF PLANTS FROM THE SSF 

In order to ascertain whether or not the presence of root exudates affects the BOO 

reduction in a water sample dosed with BOO in the form of Kilfrost, plant roots were 

washed thoroughly and then suspended in sterile distilled water for 7 days after 

which the resulting water sample was separated into four different portions to 

prepare the following samples: 

A. Sterile distilled water (containing root exudates) inoculated with the 13 

isolates and dosed with 350 mg/l BOO and the HTF recommended nutrient 

levels for nitrate and phosphate 

B. Sterile distilled water (containing root exudates) dosed with 350 mg/l BOO 

and the HTF recommended nutrient levels for nitrate and phosphate 

C. Autoclaved sterile distilled water (containing root exudates) inoculated with 

the 13 isolates and dosed with 350 mg/l BOO and the HTF recommended 

nutrient levels for nitrate and phosphate 

O. Autoclaved sterile distilled water (containing root exudates) dosed with 350 

mg/l BOO and the HTF recommended nutrient levels for nitrate and 

phosphate 

Full details of the experiment have been discussed in Chapter 2. The variations in 

BOO and biomass levels in each of the four systems are shown in Figure 5.36 
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Figure 5.36 Temporal changes in BOO levels and the biomass population in 
water samples containing root exudates 
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5 10 1 Discussion of the trends observed in the experiments 

The BOD reductions recorded m all four samples were rapid particularly m Systems 

A and B where the BOD concentration dropped from 352 5 mgll to 40 0 mgll 

(887%) and 600 mgll (830%) respectively m the first 5 days of the experiment 

(Figure 5 36) The comparable reductions m BOD concentrations In the other two 

systems were also high failing to 925 mgll (73 8%) and 1575 mgll (553%) In C 

and D respectively (Figure 5 36) By Day 14, the BOO concentrations had fallen to 

250 mg/l (929%) 275 mgll (92 2%) 425 mgll (87 9%) and 500 mg/l (858%) m 

A B C and D respectively Both Systems Band D which were not moculated with 

any of the 13 Isolates were found to contain blomass populatlons of 1 4 x 107 CFU 

per litre and 6 5 x 106 CFU per litre respectively (Figure 5 36) These levels were 

comparable with the populatlons detected In A (2 9 x 107 CFU per litre) and C (24 

x 106 CFU per litre) which were orlgmally moculated with the 13 Isolates There 

were noticeable mcreases m blomass populatlons In all four systems after Day 5 

reaching levels of 2 5 x 109 CFU per litre m A 5 7 x 109 CFU per litre In B 5 8 X 

1010 CFU per litre In C and 80 x 1010 CFU per litre In D At the end of the 

experiment (14 days) the blomass levels m A B C and D were 4 0 x 106 CFU per 

litre, 6 9 x 106 CFU per litre 4 1 x 106 CFU per litre and 2 4 x 106 CFU per litre 

respectively (Figure 5 36) 

5 10 2 Deductions from the experiments conducted 

The high BOD reductions recorded m all four systems within the first 5 days of the 

experiment are an Indication that the components of roots exudates enhance the 

biodegradation process The biodegradation rates recorded In A Band C (O 443 

day 1, 0 351 day 1 and 0 270 day 1, respectively) are comparable with the rates 

Inrtlally recorded m the neat water sample from the SSF (0443 day 1) and the high 

rates recorded In the first two biodegradation experiments conducted usmg aerated 

pond water samples (0 581 day 1 and 0 642 day 1) The rate observed In System D 

(O 164 day 1) though not Inoculated with any of the Isolates IS comparable with the 

rates observed m the filtered/unfiltered water samples from the SSF (O 192 day 1 

and 0170 day 1) The slightly higher BOD reduction recorded within 5 days In A 

(887%) compared to B (829%) suggests that the presence of the Isolates m A 

benefited the system The BOD reduction In B IS clearly an Indication of the 

presence of an active microbial population which IS possibly due to the presence of 

the root exudates 

The BOD reductions observed In C and D (73 8% and 55 3% respectively) within 

the first 5 days of the experiment although lower than observed In A and Bare 

high enough to suggest the eXistence of an active microbial population despite 

autoclavmg both samples The detection of a diverse microbial population m Band 

D, Increasing from the start of the expenment at 1 4 x 107 CFU per litre and 65 x 
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106 CFU per litre to 57 X 109 and 80 x 1010 CFU per litre respectively within 5 

days of starting the experiment, supports the claim of the eXistence of active 

microbial populatlons In both systems Further analysIs of the microbial population 

In all four systems showed that they also support fungi and actlnomycetes species 

which may have contributed to the observed BOO reductions Although the growth 

of fungi (separately and In coexistence With other bacteria species) has been 

reported In litter associated With Phragmltes the speCific role played during 

biodegradation IS unclear (Romani et al 2006) Actlnomycetes on the other hand 

have been Identified as one of the groups of microorganisms that form part of the 

microbial community responsible for nutrient recycling In natural systems such as 

would be found In roots (McCarthy 1987) Details of the biodegradation 

experiments conducted uSing these species are discussed In Section 5 11 

The advantage prOVided by the presence of the 13 Isolates In the water samples 

are further highlighted by the higher BOO reduction of 73 8% recorded In C 

(autoclaved sample Inoculated With 13 Isolates) after 5 days compared to 55 3 % 

attained In 0 Within the same period A comparison of the BOO reduction In C With 

a similar system In Section 5 7 where sterile distilled water was Inoculated With the 

same 13 Isolates shows that the root exudates present In C enhance BOO 

reduction The high BOO reductions In C and 0 despite autoclavlng suggest that 

autoclavlng could have broken down some of the complex components of the root 

exudates Into smaller more usable Units ThiS In combination With the dead bacteria 

cells encourages rapid blomass growth hence the BOO reductions recorded The 

survival of these species In the autoclave IS supported by claims that certain 

microorganisms like Pseudomonas aerugmosa (commonly found around the 

rhlzosphere) can form blofilms which make them resistant to antibacterial 

treatments or attacks (Walker et al 2004) 

511 ASSESSMENT OF THE BIODEGRADATION POTENTIAL OF FUNGI 
AND ACTINOMYTES OBTAINED FROM ROOT WASHINGS 

FollOWing the detection of fungi and actlnomycetes species In water samples 

collected from washing of the roots of plants from the SSF appropriate techniques 

were used to Isolate these different species (details In Chapter 2) Table 55 IS a 

summary of the different Isolates shapes and their origin The abilities of the 

indiVidual Isolates as well as In combination With other Isolates were assessed In 

sterile water samples dosed With 350 mg/l BOO and the HTF recommended 

nutrient levels for nitrate and phosphate ThiS allows a comparison of the BOO 

reduction achieved With those of the prevIous systems In which bacterial Isolates 

have been used The different systems were placed In a shaking Incubator at 20°C 
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(see Chapter 2 for a full description of the experiment) and the BOO levels in each 

system monitored after inoculation with the following isolates (more details in Table 

5, Appendix 5A): 

- Fungi F1 

- Fungi F2 

- Fungi F3 

- Actinomycetes A 1 

- Actinomycetes A2 

- Isolate F/A 

- All Fungi (i.e. F1 + F2 + F3 + F/A) 

- All Actinomycetes (i.e. A1 + A2 + F/A) 

- All Fungi and Actinomycetes (i.e. F1 + F2 + F3 + A1 + A2 + F/A) 

- All Fungi, Actinomycetes and the 13 bacteria isolates from the plant roots 

The temporal changes in BOO concentrations for the different experiments are 

shown in the figures that follow. 
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Figure 5.37 Changes in BOO levels in systems inoculated with different 
individual fungi isolates 
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Figure 5.38 Changes in BOO levels in systems inoculated with different 
actinomycetes isolates 
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Figure 5.39 Changes in BOO levels in systems inoculated with different 
combinations of all the isolates 

5.11.1 Discussion of the trends observed in the experiments 

The initial decreases in BOO concentrations in all 10 systems were quite slow with 

the highest drop over the first 5 days (from 355.0 mgll to 332.5 mg/I (6.3%)) 

recorded in the system inoculated with all the fungi isolates (Figure 5.39) . This is 
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equivalent to a biodegradation rate of 0 022 day 1 The lowest BOO reduction 

(37%) from 3550 mgll to 342 5 mgll) was observed for F1 (biodegradation rate of 

0007 day 1) Throughout the expenment, no substantial reduction was recorded In 

any of the systems apart from that containing all the bactena Isolates (including 

Strains 1 2 and 3) the actinomycete and fungi Isolates The BOO level In thiS 

system fell to 232 5 mgll by Day 14 and 230 0 mgll by Day 21 (Figure 5 39), 

equivalent to BOO reductions of 34 5% and 35 2% respectively 

5 11 2 Deductions from the expenments conducted 

Although the biodegradation of organic matter by fungi (Field et a/ 1992 Bennet 

et al 2002 Hamman 2004 Wohl and McArthur 2004 Romani et a/ 2006) and 

actlnomycetes (McCarthy, 1987, Wohl and McArthur, 2004) has been reported the 

performances of the systems containing both types of microorganisms showed no 

indication of effective BOO reduction under the stenle conditions created In thiS 

expenment The slightly better performance recorded In the fully combined system 

containing all bactena, fungi and actlnomycetes Isolates demonstrates the 

advantage created by a diverse consortia even though such a system lacks the 

Initial rapid BOO reduction recorded In any of the water samples collected by 

washing the roots The 0 040 day 1 biodegradation rate recorded In thiS system IS 

Identical with the rates recorded In the stenle system made up of all the bactena 

strains Isolated from the roots There are Indications from these results that despite 

the presence of the culturable bactena fungi and actlnomycetes strains factors 

responsible for the rapid BOO reduction recorded In the water samples containing 

root exudates are lacking In these systems Although It IS not entirely clear what 

exactly these factors are there have been reports that the Interaction of bactena

fungl-actlnomycetes In systems where effective decompOSItion has occurred are 

faCIlitated by the presence of plant-denved eaSily utilisable carbon sources and 

indUCible extracellular enzymes (McCarthy 1987) 

5 12 IMPLICATIONS OF BOO RESULTS IN ALL THE BIODEGRADATION 
EXPERIMENTS 

The BOO reductions recorded In the different biodegradation expenments 

discussed In the prevIous sections clearly show that all the systems demonstrate a 

potential for the biodegradation of glycol While some of the systems particularly 

stenle systems Inoculated with the different Isolates (bactena actlnomycetes and 

fungi) performed poorly the BOO reductions recorded In systems assOCiated with 

the SSF plant roots were generally higher The BOO reductions attained by the 

individual Isolates at different stages of the expenments (Days 3-5 7-9 14-17 and 

21-25) are shown In Figures 540a-d The comparable BOO reductions In systems 

containing different combinations of the Isolates are also shown In Figures 5 41 a-d 
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The different combinations of Isolates used In the systems are represented as 

follows 

AA All bactena Isolates 

BB Bacteria Isolates 1 and 2 

CC All fungi Isolates 

DD All actlnomycetes Isolates 

EE All fungi and actlnomycetes Isolates 

FF All fungi actlnomycetes and bacteria Isolates 

GG All fungi, actlnomycetes and bacteria Isolates with sterile sedlments 

HH All fungi, actlnomycetes and bacteria Isolates with root exudates 

II All fungi actlnomycetesand bacteria Isolates with autoclaved root exudates 

In the figures that follow (Figures 5 42a-d) the comparable BOO reductions 

recorded dUring the same penod for all the non-stenle field samples used are also 

shown The different samples have been represented as follows 

JJ Filtered root washings 

KK Un-filtered root washings 

LL Distilled water sample containing root exudates 

MM Distilled water sample containing autoclaved root exudates 

NN Aerated ponds (MFBP) water samples 

00 Aerated ponds (MFBP) water samples spiked with activated sludge 

pp River water sample 

QQ Eastern reservoir water sample 

The BOO reduction recorded by the Individual Isolates In sterile systems (stenle 

distilled water dosed with BOO and nutnents) was generally low with the highest 

attained within the first 3-5 days being 6 3% (bactena Isolate G) This was followed 

by fungi Isolate F2 (5 6%) bactena Isolates J (5 0%) and F3 (4 9%) (Figure 540a) 

The comparable BOO reductions within the same penod In stenle systems 

containing different combinations of the bacteria actlnomycetes or fungi Isolates 

were equally poor The highest BOO reduction attained (63%) In the system 

containing all the fungi Isolates was Identical to the reduction achieved by bacteria 

Isolate G (Figure 5 40a) The significance of sediment was highlighted by the BOO 

reduction (255%) attained In the system containing all the Isolates In the presence 

of sterile sedlments The comparable BOO reduction In the same system without 

the stenle sedlments was 0 0% (Figure 5 41a) 

The BOO reductions In the systems containing root exudates which were 

Inoculated With the different Isolates were even much higher than recorded In any 
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of the systems containing a combination of different Isolates used with or without 

stenle sedlments The BOO reductions In the systems containing all the Isolates m 

the presence of root exudates (88 7%) and autoclaved root exudates (73 8%) were 

by far the highest attained within the first 3-5 days (Figure 5 41 a) The comparable 

BOO reductions In the other non-stenle systems (Figure 5 42a) were 0 5% (nver 

water sample) 36 5% (eastern reservoir water sample) and 36 9% (root washmgs 

water sample) Although the average BOO reduction recorded m the aerated ponds 

(6 9±6 3%) was also lower than recorded In the root exudates systems the BOO 

reductions Initially recorded In the pond water samples In the first two expenments 

(90 0% and 92 1 % respectively) were higher (Section 5 3) 

Further BOO reductions were attained In the stenle systems moculated with 

mdlvldual Isolates after 7-9 days the highest was by Isolates B (294%) and E 

(375%) (Figure 540b) The average BOO reduction attained after 7-9 days m the 

systems moculated with the different Individual Isolates was 6 1±1 3% The highest 

BOO reduction attamed by any combination of the different Isolates was 23 8% In 

the stenle distilled water sample containing all the bactena Isolates (Figure 5 41 b) 

This was higher than the BOO reductron (199%) recorded m the same system In 

the presence of stenle sedlments (5 41b) 

The BOO reductions attained In systems containing the Isolates In the presence of 

root exudates (91 5% and 84 4%) were much higher than attamed m the stenle 

distilled water sample with or without sedlments (542b) The comparable BOO 

reductions m the non stenle systems from which these Isolates were obtained 

(36 6% In aerated pond water sample, 64 6% In eastern reservoir water sample 

69 1 % m filtered root washmgs and 73 1 % In un-filtered root washmgs water 

samples) were lower than observed for the root exudates systems The stenllsed 

water samples moculated with all the Isolates In the presence of root exudates 

contrnued to outperform the rest of the systems The 92 9% and 87 9% BOO 

reductrons attained In the stenle and autoclaved water samples containing root 

exudates after 14-17 days were Significantly higher than the 34 5% recorded In the 

same system without root exudates (Figure 541c) The highest BOO reduction by 

any Individual Isolate within the same penod was by E (32 5%) (Figure 540c) 

which was actually a drop m the level attamed between Days 7-9 
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Figure 5 41 (a-d) Comparison of the BOO reductions In sterile water samples 
Inoculated with different combinations of bacteria, actlnomycetes and fungi 
Isolates 

186 



Significant Improvements were observed In the rest of the non stenle systems 

between Days 14-17 with the aerated pond system recording an average BOO 

reduction of 71 5±23 0% The comparable BOO reduction In the aerated pond 

water samples dosed with activated sludge was 66 8±21 4% (Figure 542c) 

Further BOO reductions were also recorded In both the filtered and un-filtered root 

washings between Days 14-17 with the average BOO reductions reaching 

82 O±O 8% and 80 1±7 4% respectively The BOO reduction In the nver water 

sample remained low at 13 8% (Figure 5 42c) 

In the closing stages of the experiments (Days 21-25) the BOO reductions In 

sterile systems Inoculated with Individual Isolates remained generally low the 

highest attained was by bacterial Isolate 2 (41 5%) This was closely followed the 

BOO reductions attained by E (40 0%) and 3 (398%) (Figure 540d) The closest 

comparable BOO reduction In systems with a combination of the Isolates was 

recorded by Isolates 1 and 2 (399%) The BOO reduction In the sterile systems 

containing all the Isolates was 35 2% (Figure 541 d) The benefit of sediment to the 

Isolates was once again demonstrated as the BOO reduction In the system 

containing all Isolates In the presence of sterile sedlments reached 48 9% (Figure 

5 41 d) Further BOO reductions were recorded In the non-stenle systems the 

highest (95 0±1 3%) was recorded In the un-filtered root washings water sample 

(Figure 5 42d) 

The inability of the consortium of Isolated bacteria fungi and actlnomycetes 

Isolates used In this study to efficiently remove the BOO In the water samples 

despite the high BOO reduction recorded In the natural systems they were Isolated 

from suggests that they merely constitute a part of the entire consortium This IS 

consistent with the claim that only a small proportion of the total microbial 

population In environmental samples IS culturable on laboratory prepared media 

(Staley and Konopka, 1978 Bottomley and Maggard, 1989 Kell 1998 Ollver, 

2005) Because some of these microorganisms are culture-specific and as such 

are non-culturable through conventional laboratory techniques (Szewzyk et a/ 

2006) there IS a need to use a variety of growth media In order to Isolate and 

Identify the consortia of microorganisms responsible for the efficient BOO reduction 

recorded In the presence of roots and root extracts The consistently high BOO 

reduction recorded In the systems containing root exudates (and those associated 

With plant roots) highlights the role of vegetation In the providing the right synergy 

required for adequate BOO removal In the system 
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Figure 5 42 (a-d) Comparison of the BOO reductions In various systems 
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CHAPTER 6 THE VERTICAL FLOW COLUMN PILOT 
SCALE STUDY 

Despite the presence of active microbial degradation In the Sub-surface flow 

reed beds (SSF) at the Mayfield Farm (demonstrated by the rapid depletion of the 

dissolved oxygen half-way through the first set of reed bed cells) the BOO levels 

recorded at the eXit of the system remained higher than the consent level (400 

mg/l) particularly In the winter (details In Chapter 3) A series of tests were 

conducted on pilot scale vertical flow reed bed systems to assess the conditions 

that could affect the performance of the SSF (details In Chapter 2) The Impact of 

the addition of nutrient on the BOO reduction In the columns was investigated by 

comparing the BOO reductions In planted and substrate-only columns containing 

nitrate In the form of KN03 and phosphate as KH2P04 with nutrient-free planted 

and substrate-only columns The Impact of the presence of the Fe2+/Fe3+ 

equIlibrium on BOO reduction In the columns was also Investigated by mOnitoring 

the BOO reduction In planted and sUbstrate-only columns with and without the 

Fe2+/Fe3+ Ions In the Initial form of FeS04 Details of the experiments and the dOSing 

used have been discussed earlier In Chapter 2 The temporal changes In BOO 

nitrate and phosphate levels, Iron concentrations DO levels and the average 

temperature In all the columns fed with aerated water samples from the Mayfield 

Farm Balancing pond (MFBP) were mOnitored 7 and 21 days after dOSing with the 

different solutions as described In Table 6 1 A total of 7 sets of experiments were 

conducted between August 2004 and September 2005 to assess the Impact of 

seasonal changes on the BOO removal process (Table 1 Appendix 6A) 

Initially water samples for analysIs were collected from three different heights 

within the experimental columns (top middle and bottom) uSing the specially 

Installed taps However no significant differences In the BOO reductions were 

observed for samples collected at the different depths Consequently, water 

samples were only collected from the outlet pipe at the bottom of each column In 

the remaining experiments The results obtained from the control columns, which 

have been fed with additive-free MFBP water samples confirmed the presence of 

active microbial processes within the planted and substrate-only columns as the 

background BOO concentration In both columns reduced from 35 0 mg/l to 32 5 

mgll and 27 5 mgll after 7 days and finally to 10 0 mg/l and 7 5 mg/l respectively 

after 21 days The effects of each of the added components (nutnent and ferrous 

Ions) on BOO reductions In the rest of the columns are reported and discussed In 

the following sections In particular the Influences of retention time and whether 

the column was planted or not are assessed 
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Table 6 1 Details of dosing solutions applied to both planted and substrate
only columns 

Dosmg agent Planted column Substrate-only column 

MFBP water only ./ ./ 

(control) (control) 

MFBP water sample 
dosed With 350 mg/l BOO ./ ./ 

(m the form of glycol) (Section 6 1/63) (Section 6 216 4) 

MFBP water sample 
dosed With 350 mg/l BOO 
(m the form of glycol) 6 8 ./ ./ 

mg/l phosphate (In the (Section 6 1) (Section 6 2) 
form of KH2P04) and 50 
mg/l nitrate (In the form of 
KN03) 

MFBP water sample 
dosed With 350 mg/l BOO 
(m the form of glycol) and ./ ./ 

3 mg/l Fe2
+ (m the form of (Section 6 3) (Section 64) 

FeS047H2O) 

./ Indicates that the respective dosing agent IS discussed In the speCified section 

6 1 EFFECT OF NUTRIENT ON BOO REMOVAL IN PLANTED COLUMNS 

6 1 1 Trends observed In the different experiments 

Based on the BOO concentration measurements m the columns the percentage 

BOO reduction m Expenment A after 7 days m the nutnent-dosed column was 

97 1 % compared to 51 2% m the nutnent-free column (Figure 6 1) However, the 

differences m BOO reductions became mSlgnlficant by day 21 when the BOO 

removal percentage In the nutnent free column rose to 94 8% compared to 934% 

m the nutnent dosed column (Figure 6 2) Expenment A was conducted between 

August and September 2004 when the average temperature m the columns over 

21 days was 20 5±0 2°C Rapid utilisation of nutnent was also recorded m the 

nutnent-dosed column 81 5% for nitrate and 91 2% for phosphate m 7 days 

(Tables 2 and 3 Appendix 6A) There were however Increases m both the nitrate 

and phosphate concentrations m the columns between days 7 and 21 (925 mg/l to 

11 80 mg/l and 0 60 mg/l to 1 20 mgll respectively) After the maximum column 

retention time the DO concentration was 0 20 mg/l m the nutnent-dosed column 

and zero m the nutnent-free planted column (Table 4 AppendiX 6A) 
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Figure 6.1 Comparison of BOO reductions after 7 days in the nutrient-dosed 
and nutrient-free planted columns at different times of the year 

BOO reductions during the first 7 days of Experiment B in both the nutrient-dosed 

and the nutrient-free columns were high at 81 .0% and 72.1 %, respectively (Figure 

6.1). There were further BOO reductions after 21 days with the columns recording 

final BOO removal percentages of 95.4% and 94.0%, respectively (Figure 6.2). The 

nutrient utilisation over 21 days was also high reaching 100% for nitrate and 94.1 % 

for phosphate (Tables 2 and 3, Appendix 6A). The DO levels recorded in both 

columns after 21 days were zero (Table 4, Appendix 6A) and the average 

temperature throughout the experiment was 15.9±4.0°C. 
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Figure 6.2 Comparison of BOO reductions after 21 days in the nutrient-dosed 
and nutrient-free planted columns at different times of the year 
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The BOO reductIons In Experrment C rn both the nutrrent-dosed planted and the 

nutrrent-free planted columns were lower than prevIously recorded In the first two 

experrments The Inltral BOO reductIon observed In the nutrrent-free column (55 7%) 

was hIgher than the 40 7% attarned rn the nutrrent-dosed column (FIgure 6 1) As 

for the second experrment there were further although less pronounced 

reductIons In BOO after 21 days wIth the overall removal rn the nutrrent-free 

column rrslng to 66 4% but only to 47 9% rn the nutrrent- dosed column (FIgure 6 2) 

Nutrrent utlllsatron after 21 days In the nutrrent-dosed column remaIned hIgh wIth 

values of 79 6% for nitrate and 98 8% for phosphate (Tables 2 and 3 AppendIx 6A) 

The DO was effectIvely used up In both columns wIth 0 50 mg/I remaIning In the 

basal water from the nutrrent-dosed column and 020 mg/I from the nutrrent-free 

column after 21 days (Table 4 AppendIx 6A) The average temperature rn the 

columns throughout the experrment was 8 0±2 8°C, whIch IS representatIve of the 

tIme of the year (November/December) durrng whIch thIS experrment was 

conducted 

Further InitIal declines In percentage BOO reductIons In both columns were 

observed In Experrment 0 Wlthrn the first 7 days BOO reductIons recorded In the 

nutrrent-dosed and nutrrent-free planted columns were 28 6% and 24 3% (FIgure 

61) rrslng to 686% and 607% respectIvely after 21 days (FIgure 62) Overall 

nitrate utIlisatIon In the nutrrent-dosed column (71 6%) was slightly lower than 

observed In prevIous experrments In contrast wIth the 97 6% reductIon for 

phosphate (Tables 2 and 3, AppendIx 6A) The DO levels rn both columns were 

completely depleted after 7 days (Table 4 AppendIx 6A) The average temperature 

In the columns was 6 5±3 5°C over the 21 day wInter perrod 

Improvements rn BOO reductIons (68 6% and 62 1 % wIthIn the InitIal 7 days rn the 

nutrrent dosed and nutrrent free columns respectIvely) were observed In the 

columns durrng Experrment E (FIgure 61) Further BOO reductIons to 954% In the 

nutrrent-dosed column and 96 1 % In the nutrrent-free column (FIgure 6 2) occurred 

by Day 21 The average temperature In the columns over the 21-day perrod was 

17 6±0 6°C There was complete utIlisatIon of nitrate In the nutrrent-dosed planted 

column after 7 days wIth only 7 6% of the added phosphate remaIning after 21 

days (Tables 2 and 3 AppendIx 6A) At the end of the experrment the DO 

concentratIons In both columns were low (0 8 mg/I In the nutrrent-dosed column 

and 0 7 mg/I rn the nutrrent-free column) (Table 4 AppendIx 6A) 

The average temperature In the columns durrng Experrment F rose sharply to 

26 7±2 6°C BOO reductIons rn the nutrrent-dosed planted column and the nutrrent

free column after 7 days were sImIlar at 88 6% and 87 1 % respectIvely (FIgure 
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61) Increased reductions to 974% and 983% respectively occurred In both 

columns after 21 days (Figure 6 2) Over the duration of the expenment 79 4% of 

the applied phosphate was utilised and there was complete utilisation of nitrate In 

the nutnent-dosed column (Tables 2 and 3, Appendix 6A) Final DO levels of 1 2 

mg/l In the nutnent-dosed column and 1 0 mg/l In the nutnent-free column were 

recorded (Table 4 Appendix 6A) 

In Expenment G the initial BOO reductions were also high with values of 90 7% 

and 80 7% In the nutnent-free column (Figure 6 1) Further reductions to 95 7% 

and 928% respectively were recorded after 21 days (Figure 62) There was 

efficient utilisation of both nutnents (960% for phosphate and 100% for nitrate) 

(Tables 2 and 3 Appendix 6A) The average temperature In the columns 

throughout the expenment was 22 9±6 6°C and anoxIc conditions were recorded In 

the water eluting from the bottom of both columns after 7 days (Table 4, Appendix 

6A) 

6 1 2 Discussion of trends observed in the different experiments 

The results from the seven completed expenments Indicate that the addition of 

nutnents (nitrate and phosphate) to the planted columns enhances applied BOO 

reductions within the first 7 days There IS however no clear eVidence of any 

significant long-term Impact (beyond 7 days) of the addition of nutnents on the 

BOO removal In the planted columns The Initial average BOO removal after 7 days 

for the nutnent-dosed planted column was 70 8±26 5% compared to 61 9±21 1 % In 

the nutnent-free planted column The overall average BOO removal percentages 

after 21 days were however slightly higher In the nutnent-free column (86 2±15 6%) 

compared to the nutnent dosed column (84 8±19 2%) A distinct benefit of nutnent 

addition In the summer months was demonstrated by an average BOO removal 

over 7 days of 85 2±10 9% for the relevant expenments (Experiments A B, E, F 

and G) Such rapid BOO reductions In the planted columns dunng this pen od may 

be attnbuted to the fact that the tests were conducted between July and November 

which corresponds to the growing season for Phragmltes australls (Olggs et al 

1999) The comparable BOO reductions In the nutnent-free column produced an 

average removal efficiency of 70 7±14 4% 

Performances of the planted columns dunng the winter months were lower than 

observed In the summer The average BOO reduction after 7 days was 34 6±8 6% 

(Expenments C and D) In the nutnent-dosed planted column with a Slightly higher 

value of 40 0±22 2% In the nutnent-free planted column, nSlng to 58 2±14 7% and 

636±40% respectively after 21 days There IS a possibility that higher BOO levels 

were measured In the nutnent-dosed planted column due to contnbutlons from 
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decaYing leaves and shoots (nch In nutrient accumulated over time) dUring the 

winter months This would result In lower overall BOO reduction which was further 

highlighted by the higher overall BOO reduction of 75 4±10 6% recorded after 21 

days In the nutrlent-dosed substrate-only column (Section 6 2) when compared to 

the 58 2±14 7% recorded In the nutrient-dosed planted column The overall BOO 

reductions In the nutrient-free columns planted and substrate-only, were 

equivalent (63 6±4 0% and 63 6±20 2% respectively) 

The reduction In DO concentrations recorded In the columns In the different 

experiments (Table 4 AppendiX 6A) IS an indication of the presence of active 

utilisation of DO for BOO reduction All systems, regardless of the time of the year, 

recorded almost complete depletion of DO by Day 21 suggesting that seasonallty 

does not affect the utilisation of DO In the columns There IS also no eVidence from 

the results that the presence of the roots In the planted columns benefited the 

system by prOViding additional oxygen 

Nutrient utilisation was effiCient In all the experiments The overall average 

utlllsatlons of phosphate and nitrate over 21 days were 91 5±7 6% and 89 7±13 1 %, 

respectively ThiS IS consistent With previously reported uptake values of up to 

99 0% for phosphate and 98 0% for nitrate by wetland plants (Spleles and Mltsch 

2000) The average nitrate utilisation was higher over the summer months 

(95 3±10 6%) compared to 75 6±5 6% recorded over the WInter months The high 

nitrate consumption observed In the summer IS most likely the consequence of high 

biological activity and high nitrogen requirement for growth Phosphate utilisation 

on the other hand was higher dUring the colder weather at 98 2±0 8% compared to 

88 9±7 5% dUring the summer months, the reverse of the trend In nitrate uptake 

ThiS IS consistent With the findings of McCartney et a/ (2003) In which low 

phosphate concentration were attributed to high level of biological activity In 

matunng reed bed systems dUring the winter 

It IS not clear why the measured nitrate and phosphate concentrations after 21 

days were higher than those recorded after 7 days In some of the experiments 

(Experiments A and 0 for nitrate Experiments ABO and F for phosphates) It IS 

probable that the high utilisation rates observed In the columns are attributable to 

the high level of biological activity Statistical analyses however showed no strong 

correlation between nutrient utilisation and BOO reductions In the columns 
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6 2 EFFECT OF NUTRIENT ON BOO REMOVAL IN SUBSTRATE-ONL Y 

COLUMNS 

6 2 1 Trends observed in the different expenments 

The BOO reduction In the nutrient-dosed column of Experiment A after 7 days was 

63 3% compared to 51 4% In the nutrient-free column (Figure 6 3) There were 

further reductions to 75 7% and 77 1% respectively after 21 days (Figure 6 4) The 

nutrient utilisation over 21 days was also high 88 2% for nitrate and 866% for 

phosphate (Tables 2 and 3, Appendix 6A) The DO level recorded In both columns 

after 21 days was zero (Table 4, Appendix 6A) 

In Experiment B, the trend In BOO reductions were similar but higher with values 

after 7 days of 83 4% In the nutrient-dosed column and 72 2% In the nutrient-free 

column (Figure 6 3) There were further reductions to 91 4% and 90 6%, 

respectively after 21 days (Figure 64) There was efficient utilisation of the 

nutrients (992% for nitrate and 863% for phosphate) over the 21-day duration of 

the expenment (Tables 2 and 3 Appendix 6A) The DO In both columns was 

completely used up over the same penod (Table 4 Appendix 6A) 

BOO reductions within the first 7 days of Expenment C were lower than observed 

In Expenments A and B (the same trend was observed for the planted columns) 

with measured values of 47 9% In the nutnent-dosed column and 40 7% In the 

nutnent-free column (Figure 63) The overall BOO reduction after 21 days In the 

nutnent-dosed column was enhanced to 67 9% compared to a percentage 

Increment of only 8 5% In the nutnent-free column (Figure 6 4) Nutnent utilisation 

over the duration of the experiment was high 80 5% for nitrate and 95 6% for 

phosphate (Tables 2 and 3 Appendix 6A) The DO was also effectively used up In 

both the nutrlent-dosed and nutrient-free columns reaching minima of 0 4 mg/l and 

02 mg/l respectively, after 21 days (Table 4 Appendix 6A) 

The BOO reduction after 7 days In the nutnent-free column of Experiment 0 was 

the lowest measured and considerably less (329%) than the 51 4% observed for 

the nutrlent-dosed column (Figure 6 3) There were substantial Improvements In 

BOO reductions In both columns after 21 days reaching 829% In the nutrlent

dosed column and 77 9% In the nutrient-free column (Figure 6 4) The utilisation of 

phosphate after 21 days was higher (941%) than that for nitrate (71 6 %) (Tables 2 

and 3 Appendix 6A) The DO was completely used up In both columns after 7 days 

(Table 4 Appendix 6A) 
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Figure 6.3 Comparison of BOO reductions after 7 days in the nutrient-dosed 
and nutrient-free substrate-only columns at different times of the year 
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Figure 6.4 Comparison of BOO reductions after 21 days in the nutrient-dosed 
and nutrient-free substrate-only columns at different times of the year 

Experiment E was the only experiment in which , after 7 days, the BOO reduction in 

the nutrient-free column was greater (77.1 %) than that recorded in the nutrient

dosed column (66.4%) (Figure 6.3). However, this trend was reversed after 21 

days with a higher BOO reduction in the nutrient-dosed column (92.5%) compared 

to the nutrient-free column (90.0%) (Figure 6.4). There was complete utilisation of 
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nitrate In the nutnent-dosed column and only 13 2% of the added phosphate was 

unused after 21 days (Tables 2 and 3 Appendix 6A) The DO In both columns was 

effectively used over the 21 days of the expenment, reaching 07 mg/l In the 

nutnent-dosed column and 0 8 mg/l In the nutnent-free column (Table 4, Appendix 

6A) 

BOO reductions In Expenment F In both columns after 7 days were the same 

(864%) (Figure 63) The overall BOO reductions after 21 days were 947% and 

92 0% In the nutnent-dosed and nutnent-free columns respectively (Figure 64) 

There was complete utilisation of the added nitrate after 21 days In the nutnent

dosed column while only 163% of the phosphate remained unused over the same 

penod (Tables 2 and 3 AppendiX 6A) DO levels In both columns were the same 

(1 3 mg/l) after 21 days (Table 4, AppendiX 6A) 

The BOO values measured dunng Expenment G followed the general observed 

pattern with 7 day reductions being higher In the nutnent-dosed column (879%) 

than recorded In the nutnent-free column (857%) (Figure 63) and being followed 

by further BOO reductions to 91 4% and 900% respectively after 21 days (Figure 

64) As with the two prevIous expenments, there was complete utilisation of nitrate 

In the nutnent-dosed column after 21 days Only 61% of the added phosphate 

remained after the same penod (Tables 2 and 3 AppendiX 6A) The DO In both 

columns was completely used up after 21 days (Table 4, AppendiX 6A) 

6 2 2 DIscussion of trends observed In the different experiments 

The results from the seven expenments show that the addition of nutnent to the 

substrate-only column enhances BOO reductions The average BOO reduction 

after 7 days In the nutnent-dosed column was 69 5±16 6% compared to 

63 8±21 9% In the nutnent-free substrate-only column, nSlng to 85 2±10 2% and 

81 O± 153% respectively after 21 days The average BOO reduction recorded In 

the nutrlent-dosed column after 7 days In the summer (Expenments A B, E, F and 

G) was only slightly higher (77 5±11 7%) than observed In the nutnent-free column 

(74 6±14 3%) Comparable BOO reductions after 21 days were 89 2±7 63% and 

87 9±6 1 % respectively Although the average BOO reductions recorded after the 

first 7 days In both columns In the winter (Experiments C and D) were lower 

(49 6±2 5% and 36 8±5 6% In the nutnent-dosed and nutnent-free columns 

respectively) than those observed In the summer the overall BOO reductions of 

75 4±10 6% recorded after 21 days In the nutnent-dosed column compared to 

65 6±20 2% In nutnent-free column further demonstrates the long term benefit of 

nutnent addition While the BOO reductions achieved after 21 days In the columns 

(nutnent-dosed and nutnent-free) In the summer are similar, (89 2±7 63% and 
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879±6 1%), the greater difference In BOO reductions between both columns In the 

winter (75 4±10 6% and 65 6±20 2%) over the same exposure penod highlights the 

role that nutrient addition can play In the winter months 

There was efficient utilisation of added nutrients 91 4±11 6% and 89 5±4 8% for 

nitrate and phosphate, respectively after 21 days The average utilisation of nitrate 

after 21 days was higher In the summer (97 5±5 2%) compared to the winter 

(76 1±6 3%) The average phosphate utilisation was however higher In the winter 

(95 2±0 5%) compared to 87 3±3 4% recorded In the summer This IS consistent 

With reported values for the nutrient-dosed planted column (section 61 2), 

suggesting temperature has an Influence on nutrient removal In the columns It IS 

not clear why there was an Increase In nitrate level recorded between days 7 and 

21 In Expenment 0 Statistically no strong correlations were found between 

nutrient utilisation and BOO reductions In the substrate-only column 

63 EFFECT OF Fe2+/Fe3+ EQUILIBRIUM ON BOO REMOVAL IN PLANTED 

COLUMNS 

6 3 1 Trends observed In the different expenments 

In Expenment A, the BOO reduction achieved after 7 days In the Iron-dosed 

column was higher (571%) than recorded In the Iron-free column (51 2%) (Figure 

65) The overall BOO reduction after 21 days In the Iron-free column was however 

substantially higher at 94 8% compared to 87 1 % In the Iron-dosed column (Figure 

66) The DO levels In both columns were completely depleted over 21 days (Table 

5 Appendix 6A) The Fe2
+ concentration In the water sample collected from the 

column after 21 days was higher (4 22 mgll) than the 3 00 mgll concentration In the 

feed stream at the start of the experiment (Table 6 Appendix 6A) 

Compared to Experiment A, there were Improvements In the BOO reductions 

recorded In both columns after 7 days of Expenment B (81 7% and 72 1%) (Figure 

65) rising to 965% and 940% after 21 days In the Iron-dosed and Iron-free 

columns, respectively (Figure 6 6) The DO concentrations In both columns after 21 

days were zero (Table 5 Appendix 6A) and over the same period the Fe2
+ 

concentration at the base of the Iron-dosed column was 310 mgll (Table 6 

Appendix 6A) 

In Experiment C the BOO reduction after 7 days In the Iron-dosed column was 

lower (40 7%) than the 55 7% value achieved In the Iron-free column (Figure 6 5) 

The difference however became insignificant after 21 days as the BOO reduction In 

both columns rose to 664% (Figure 6 6) The DO levels In both columns were low 
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after 21 days 0 3 mg/l In the Iron-dosed column and 0 2 mg/l In the Iron-free 

column The concentration of Fe2
+ In a water sample collected from the base of the 

column after 21 days had Increased to 4 75 mg/l (Table 6, Appendix 6A) 
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Figure 6 5 Comparison of BOO reductions after 7 days In the iron-dosed and 
Iron-free planted columns at different times of the year 
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Figure 6 6 Companson of BOO reductions after 21 days In the Iron-dosed and 
Iron-free planted columns at different times of the year 
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The BOO reductions after 7 days of Experiment 0 In both the Iron-dosed and Iron

free columns were much lower than for all experiments at 28 6% and 24 3% 

respectively (Figure 65) There were Significant Improvements In BOO reductions 

after 21 days with the Iron-dosed column recording a higher level of 67 1 % 

compared to 60 7% achieved In the Iron-free column (Figure 6 6) The DO In both 

columns was completely depleted earlier on In the test I e day 7 (Table 5, 

Appendix 6A) In thiS experiment the final Fe2+ concentration after 21 days In the 

column was 1 77 mg/l (Table 6, Appendix 6A) 

In Experiment E the BOO reductions after 7 days were Similar with values of 

62 1 % In the Iron-free column and 59 3% In the Iron-dosed column (Figure 6 5) 

ThiS pattern was maintained after 21 days as the overall BOO reductions Increased 

to 96 1% and 943% respectively (Figure 66) The DO levels after 21 days were 

o 7 mg/l and 1 2 mg/lln the Iron-free and Iron-dosed columns, respectively (Table 5 

AppendiX 6A) The concentration of Fe2+ In the column after 21 days (6 40 mg/l) 

was substantially higher than the Initial concentration of 3 00 mg/l In the water 

sample fed Into the column (Table 6 AppendiX 6A) BOO reductions In the columns 

after 7 days of Experiment F were the highest of all the experiments at thiS stage 

with values of 88 6% and 87 1 % In the Iron-dosed and Iron-free columns 

respectively (Figure 65) Subsequent Increased BOO reductions after 21 days 

were to 98 0% and 98 2%, respectively (Figure 6 6) The DO concentration after 21 

days was 1 2 mg/l In the Iron-dosed column and 1 0 mg/l In the Iron-free column 

The concentration of Fe2+ In the column at the end of the experiment was 2 74 mg/l 

The Initial BOO reduction dUring the first 7 days of Experiment G was 82 9% In the 

Iron-dosed column and 80 7% In the Iron-free column (Figure 6 5) There were 

further Increases In BOO reductions to 921% and 929% respectively after 21 

days (Figure 6 6) The DO In both columns had been completely depleted within 

the Initial 7 -day period The concentration of Fe2+ In the column at the end of the 

experiment showed little overall change at 3 25 mg/l 

6 3 2 DIscussion of trends observed In the different experiments 

There are indications from the results of the seven experiments that the presence 

of Fe2+/Fe3+ does not have an adverse effect on BOO reductions In the planted 

column There was no substantial difference In the average BOO reductions In the 

Iron-free column (62 7±22 8%) and Iron-dosed column (61 9±21 1%) after 7 days 

The overall BOO reductions achieved after 21 days were also almost Identical at 

86 0±13 6% In the lron-dosed and 86 2±15 6% In the Iron-free columns 

In the winter months, the average BOO reduction achieved In the Iron-dosed 

column after 7 days was lower (36 6±8 6%) than recorded In the Iron-free column 
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(40 0±22 2%) The overall average BOO reduction after 21 days In colder 

conditions was however higher (66 8±0 5%) compared with 63 6±41% attained In 

the Iron-free column There were also no signs of any hindrance to BOO reductions 

In the Iron-dosed planted column In the summer The average BOO reduction 

within the first 7 days In the Iron-dosed column was 73 9±14 6% compared to 

70 7±14 4% achieved In the Iron-free column The overall BOO reductions after 21 

days In both columns were enhanced to high values of 93 7±4 3% In the Iron-dosed 

column and 95 2±2 1 % In the Iron-free column which IS consistent with the findings 

of Heal et al (2005) Llu et al (2004) and Zhang et al (1999) all of whom reported 

that Iron had no adverse Impact on pollutant uptake In wetland plants In a related 

study of 44 different wetland plant species by Snowden and Wheeler (1995) there 

were no reports of any adverse effects on plant growth despite the occurrence of 

an ochrous precIpitate (probably hydrated femc hydroxide) and a pale yellow solid 

(possibly femc phosphate) on the roots of the plants Statistical analyses showed 

that the presence or absence of Iron In the planted columns had no significant 

effect on BOO removal 

64 EFFECT OF Fe2+/Fe3+ EQUILIBRIUM ON BOO REMOVAL IN 

SUBSTRATE-ONLY COLUMNS 

6 4 1 Trends observed in the different experiments 

The Initial BOO reduction within the first 7 days of Expenment A was higher In the 

Iron-dosed column (69 0%) compared to the Iron-free column (51 4%) (Figure 6 7) 

There were further reductions to 84 3% and 77 1 % respectively after 21 days 

(Figure 6 8) The DO In both columns was completely utilised after 21 days (Table 

5, AppendiX 6A) and the final Fe2
+ concentration In the Iron-dosed column was 0 54 

mg/l Initial Fe2
+ concentration was 3 10 mg/l (Table 6 AppendiX 6A) 

In Expenment B the Initial BOO reduction after 7 days was 83 6% In the Iron-dosed 

column and 72 2% In the Iron-free column (Figure 6 7) increasing to 87 6% and 

906% respectively after 21 days (Figure 68) The DO levels In both columns 

after 21 days were zero (Table 5, AppendiX 6A) while the Fe2
+ concentration In the 

Iron-dosed column after the same retention time was 2 10 mg/l an Increase from 

the 0 09 mg/l Initially recorded on Day 7 

The BOO reduction achieved after 7 days of Expenment C was higher In the Iron

dosed column (54 3%) than recorded In the Iron-free column (407%) (Figure 6 7) 

ThiS pattern was maintained after 21 days but With only small Increases In the 

reduction levels to 57 9% and 49 2% (Figure 6 8) The DO In both columns was 

effectively utilised, reaching a consistent concentration of 02 mg/l over 21 days 
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(Table 6 6) The initial Fe2
+ concentration In the Iron-dosed column was 2 40 mg/l 

after 7 days increasing to 3 90 mg/l by Day 21 (Table 6 Appendix 6A) 
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Figure 6 7 Comparison of BOO reductions after 7 days In the iron-dosed and 
Iron-free substrate-only columns at different times of the year 

Further declines were recorded In the BOO reductions In both columns Within the 

first 7 days of Experiment 0 With values of 32 9% In the Iron-free column and 

35 7% In the Iron-dosed column (Figure 6 7) The BOO reductions however 

Increased substantially to 72 0% and 77 9% respectively after 21 days (Figure 6 8) 

The DO levels In both columns decreased rapidly and anoxIc conditions had been 

established after 7 days The concentration of Fe2
+ In the Iron-dosed column on 

Day 7 was unusually high (1260 mg/l) dropping remarkably to 200 mg/l after 21 

days (Table 7 Appendix 6A) 

There was a marked Improvement In BOO reductions achieved In both columns 

Within the first 7 days of Experiment E The Initial BOO reductions In the Iron-free 

and Iron-dosed columns were 77 1 % and 72 1 % (Figure 6 7) increasing to 90 0% 

and 904%, respectively after 21 days (Figure 68) The DO concentrations after 

21 days were 0 80 mg/l In the Iron-free column and 0 60 mg/l In the Iron-dosed 

column The Fe2
+ concentration at the base of the Iron-dosed column was 9 52 mg/l 

at the completion of thiS experiment 
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Figure 6 8 Comparison of BOO reductions after 21 days In the Iron-dosed 
and Iron-free substrate-only columns at different times of the year 

In Expenment F the Initial BOO reductions In both columns, within the first 7 days 

were high at 87 1 % and 86 4% In the Iron-dosed and Iron-free columns 

respectively (Figure 67) The overall BOO reductions after 21 days were 934% 

and 92 0%, respectively (Figure 6 8) The DO levels after 21 days were 1 00 mg/l 

In the Iron-dosed column and 1 30 mg/l In the Iron-free column After the same 

treatment penod the Fe2+ concentration In the Iron-dosed column was 5 38 mg/l 

The BOO reduction achieved In both columns after the first 7 days of Expenment G 

was the same (857%) (Figure 67) The overall BOO reduction after 21 days was 

91 4% In the Iron-dosed column and 90 0% In the Iron-free column (Figure 6 8) 

The DO In both columns was completely depleted after 7 days (Table 5, Appendix 

6A) The concentration of Fe2+ In the column after the same penod was 2 15 mg/l 

(Table 6 Appendix 6A) 

6 4 2 DISCUSSion of trends observed In the different expenments 

The results obtained from of all seven expenments suggest that the addition of 

Fe2+ and hence the presence of Fe2+/Fe3+ eqUlllbnum reactions has no adverse 

effect on BOO reductions In the substrate-only column The overall average BOO 

reduction for the Iron-dosed substrate-only column In the first 7 days was 

69 7±19 0% compared to 63 8±21 9% In the Iron-free column There were further 

Increases In the average reductions to 82 4±13 0% and 81 0±15 3% respectively 

after 21 days A Similar trend In favour of the Iron-dosed column was observed In 

the BOO reductions achieved In both columns In the summer and winter seasons 

The Initial average BOO reduction after the first 7 days In the Iron-dosed column In 
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the winter was 45 0±13 1 % compared to 36 8±5 6% In the Iron-free column 

Further Increases In BOO reductions to 64 9±10 0% and 63 6±20 2% were 

achieved after 21 days, respectively In the summer the Initial average BOO 

reduction after 7 days In the Iron-dosed column was 79 5±8 3% compared to 

74 6±14 3 In the Iron-free column Increasing to 89 4±3 6 and 87 9±6 1%, 

respectively after 21 days 

The BOO reductions achieved In the Iron-dosed substrate-only column show that 

wetland substrates play a significant role In overall BOO reduction The varying 

concentration of Fe2
+ observed In all the expenments IS an indication that the 

abiotic reduction/oxidation along With other pollutant removal processes like 

sedimentation adsorption precIpitation volatlllsatlon and microbial activities 

associated With the wetland systems occur Within a substrate-only system The 

difference In BOO reductions achieved In the Iron-dosed planted and substrate-only 

columns will be discussed later In thiS chapter Statistical analyses showed that the 

presence or absence of Iron In the column had no Significant effect on BOO 

reduction 

65 EFFECT OF RETENTION TIMES ON BOO REDUCTIONS IN PLANTED 

AND SUBSTRATE-ONL Y COLUMNS 

Enhanced BOO reductions over the 21 day penod compared With the 7 day penod 

were recorded In all columns dunng all of the expenments (Figures 6 9 6 10 6 11 

and 612) In the nutnent-dosed and nutrient-free planted columns the average 

BOO reduction Increased from 70 75±27 99% and 61 90±24 72% on Day 7 to 

84 83±22 05% and 86 19±17 84% on Day 21 respectively (Figure 69) A Similar 

trend was observed In the nutnent-dosed and nutnent-free substrate-only columns 

The BOO reduction Increased from 69 54±18 82% and 63 79±25 78% on Day 7 to 

85 21±11 03% and 80 98±17 97% on Day 21 In the nutnent-dosed and nutnent

free columns respectively (Figure 6 10) The Increases In BOO reductions In the 

Iron-dosed and Iron-free planted columns were from 62 67±25 98% and 

61 90±2472% on Day 7 to 85 98±15 98% and 8619±17 84% on Day 21 

respectively (Figure 6 11) The BOO reduction Increased from 6967±21 93% and 

63 79±25 78% on Day 7 to 82 43±15 55% and 80 98±17 97% on Day 21 In the 

Iron-dosed and Iron-free substrate-only columns (612) 

204 



120"1 

c: 
0 1001 

"fl 
:::l 

"t:J 

~ 80"1 
0 

- r-- ....-~ 
r-

0 
III 

.---f--

Q) 60"1 en r- ,..........., r I---
tU -c: 

~ 40"1 Q) r--- r-
a. 

20"Ao - I---

00/ 

7-days Nutnent-dosed 21 days Nutnent-dooed 7-days Nutnent free planted 21-days Nutneot free 
planted column planted column column planted column 
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lOO"A> 

c: 
0 
"fl Sool :::l 
"t:J 

~ 
0 
0 
III 6()O1 r- -
Q) 
en 
j! 
c: 

~ 4oo1 
Q) 

r- -
a. 

2oo1 r- -

ooAo 
7-days Nutneot-dosed 21-days Nutnent-dosed 7-days Nutneot free 21-days Nutnent free 
subSlIate-only colmnn substrate-ooly colmnn substrate-only column substrale-ooly column 

Figure 610 The average BOO reductions In nutrlent-dosed and nutrient-free 
substrate-only columns on days 7 and 21 

205 



100"/ 

C 
0 

U 80"/ 
:::J 
"0 
~ 
0 
0 60"/ m 
Q) 
0) 

S c 

~ 
Q) 
a.. 

C 
0 
ti 
:::J 
"0 
~ 
0 
0 m 
Q) 

40" ... 

20"/ 

7-days Iron-dosed planted 21 days Iron-dosed planted 7-days Iron free planted 21-days Iron free planted 
column column column column 

Figure 6 11 The average BOO reductions In Iron-dosed and iron-free planted 
columns on days 7 and 21 

100'/ 

80"/ 

60"/ 

0) 

s 
C 

~ 
Q) 
a.. 

40"/ 

20"/ 

0"/ 
7-days Iron-dosed 21-days Iron-dosed 7-<1ays Iron free substrale- 21-days Iron free 

substrale-only column substrate-only column only column substrate-only column 

Figure 6 12 The average BOO reductions In Iron-dosed and Iron-free 
substrate-only columns on days 7 and 21 

Generally, the Increase In BOO reduction between Days 7 and 21 was slightly 

more eVident In the planted columns with an average further BOO reduction of 

20 6±11 2% The corresponding value achieved In the substrate-only columns over 
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the same penod was 15 2±11 6% The benefit of a longer column retention time 

becomes even more eVident m the winter There were further BOO reductions of 

26 4±16 8% and 24 1±19 0% In the 14 day period between Days 7 and 21 of the 

experiments In the planted and substrate-only columns, respectively The 

correspondmg values for the summer experiments were 18 2±9 7% m the planted 

columns and 11 6±6 5% m the substrate-only columns In general BOO reductions 

achieved between Days 7 and 21 were higher m the wmter (25 3±6 5%) than m the 

summer (14 9±7 4%) Statistical analyses showed that retention time had a 

significant effect on BOO reductions m both the planted and substrate only columns 

(p < 0 0001) 

66 SEASONAL VARIATIONS IN BOD REDUCTIONS IN PLANTED AND 

SUBSTRATE-ONL Y COLUMNS 

Of the 7 experiments conducted Expenments A B E F and G were carned out 

dunng summer months while the remaining two (Expenments C and D) were 

conducted dunng the wmter All the columns planted and substrate-only exhibited 

a typical seasonal trend m BOO reductions with higher reductions m the summer 

(Figures 613 to 616) In general the overall average BOO reduction m the 

columns after 21 days m the summer was higher (91 8±5 1) than achieved m wmter 

(63 9±8 7) The highest BOO reduction recorded m the planted columns m the 

summer was m the nutnent-dosed planted column 85 2±1 0 9% wlthm the first 7 

days (Figure 613) Increasing to 95 5±1 4% after 21 days (Figure 614) The 

average BOO reductions In the same column over the winter were 34 6±8 6% 

(Figure 613) after 7 days and 58 2±14 7% (Figure 614) after 21 days The best 

performance m the winter was recorded m the nutnent-free planted column with an 

average BOO reduction of 40 00±22 22% m the first 7 days (Figure 6 13) 

mcreaslng to 63 57±4 04% after 21 days (Figure 614) 

The highest BOO reduction recorded m the substrate-only columns m the summer 

was m the Iron-dosed column with an average BOO reduction of 79 54±8 33% 

(Figure 6 15) after 7 days mcreaslng to an overall BOO reduction of 89 43±3 55% 

(Figure 616) after 21 days The performance of the column although lower than 

the summer level was also the best Within the first 7 days With an average BOO 

reduction of 54 29±35 71% (Figure 6 15) The BOO reduction m the column after 

21 days was 64 93±10 00% (Figure 6 16) 
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Figure 6.13 The average BOO reduction recorded in the planted columns 
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208 



100% ,-------------,,---------------------------------------------------. 

c 
80% 0 

U 
:J 
"0 
Q) 
"-

0 60% 
0 
CO 
Q) 
Cl 
ro -c 
Q) 
u 
"-
Q) 

Cl... 

c 
o 

40% 

20% 

Dosed with nutrient and BOD-substrate Dosed with BOO only-substrate only Dosed with iron and BOD-substrate only 
only 

O Summer o Winter 
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columns during the summer and winter after 7 days 

100% .--------------------------------------------------------------------, 

80% .. 1-----------1 

U 
:J 60% 
"0 

1---------1 . . 

~ 
o 
o co 40% 
Q) 
Cl 
~ 
C 
Q) e 20% 
Q) 

Cl... 

Dosed with nutrient and BOD
substrate on ly 

..... . ... 

Dosed w ith BOO only-substrate only Dosed with iron and BOD-substrate 
only 

Cl Summer D Winter 

Figure 6.16 The average BOO reduction recorded in the substrate-only 
columns during the summer and winter after 21 days 

In general , the planted columns outperformed the substrate-only columns in the 

summer with an overall average BOO reduction of 94.8±2.3% after 21 days 
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compared to the 88 8±5 6% achieved In the substrate-only columns during the 

same period This IS consistent with results from a series of studies conducted by 

Plcard et al (2005) on planted and non-planted microcosms It IS also supported by 

findings of Juwarkar et al (1995) Zhu and Slkora, (1995) Hunter et al (2001) 

and Fraser et al (2004) all of whom reported better nutrient removal In planted 

microcosms The planted microcosms were more effective In pollutant removal 

particularly In the summer The effect of the presence of a plant on BOO reductions 

In a column IS discussed In the next section Statistically there was a strong 

correlation between the BOO reductions recorded In the columns and the 

temperature (p < 0 0001) 

6 7 EFFECTS OF PLANTING ON BOO REDUCTIONS IN THE DIFFERENT 

COLUMNS 

The results from the 7 conducted experiments do not clearly show any statistically 

significant effect due to the presence of plants on the BOO reductions In the 

columns, particularly In the first 7 days The average BOO reductions within the first 

7 days In the nutrient-dosed columns were similar 70 8±28 0% (planted) and 

69 5±18 8% (substrate-only) rising to 84 8±22 2% and 85 2±11 0%, respectively 

after 21 days (Figure 6 17) The average BOO reductions within the first 7 days In 

the Iron-dosed columns were actually higher In the substrate-only column at 

69 7±21 9% compared to 62 7±26 0% recorded In the planted column (Figure 6 18) 

The overall BOO reduction after 21 days was however higher In the planted column 

86 0±15 5% compared to 82 4±15 6% In the substrate-only column (Figure 6 18) 

In the nutrlentllron-free column, the average BOO reduction after 7 days was 

marginally higher In the substrate-only column, 61 9±247% compared to 

63 8±25 8% recorded In the planted columns (Figure 6 19) This pattern was 

reversed after 21 days with the overall average BOO reduction being higher In the 

planted column (86 2±17 8% compared to 81 0±18 0%) (Figure 619) These 

results suggest that a longer column retention time plays a significant role In the 

overall BOO reduction In a planted column 

Although the overall BOO reduction In winter was higher In the substrate-only 

columns 64 9±1 0 0% compared to the 62 9±3 7% achieved In the planted columns 

the possible benefit of the presence of a plant on BOO reduction In a column was 

highlighted In the summer The overall average BOO reduction after 21 days In the 

planted column was 94 8±2 25% compared to 88 6±5 6% In the substrate-only 

column The higher BOO reductions recorded In the planted columns over the 

summer may be directly due to the rapid plant growth observed dUring this period 
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Figure 6.17 Average BOO reductions in nutrient-dosed planted and substrate
only columns on days 7 and 21 
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Figure 6.18 Average BOO reductions in iron-dosed planted and substrate
only columns on days 7 and 21 

The occurrence of some higher BOO reductions in the substrate-only columns, 

compared to the planted columns, suggest that processes (e.g. microbial 

degradation) other than plant uptake play a significant part in BOO reductions in 

wetlands. Pollutant removal processes like sedimentation, adsorption , precipitation, 

volatilisation and biological uptake associated with the wetland system involve the 
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plants are only known to be directly associated with two of these mechanisms 

(plant uptake and microbially-mediated reactions) . The majority of the other 
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Figure 6.19 Average BOO reductions in nutrient/iron-free planted and 
substrate-only columns on days 7 and 21 

There is a substantial amount of research supporting the claim that microbial 

processes, which occur within the water column and on surfaces, provide important 

pathways for pollutant removal in wetlands (Tanner et aI., 1995; Tanner et al., 2001 ; 

Ottova et aI. , 1997; Werker et aI. , 2002). Biofilms, which consist of an interaction of 

bacteria, algae and microfauna, have been reportedly found not only on plant roots 

but also on substrate surfaces (Costerton et al. , 1995; Costerton and Stewart, 2001, 

Fujishige et al., 2006). Theoretically, the biodegradation processes which occur 

within the wetland system are facilitated by the aerobic and anaerobic 

microorganisms associated with the biofilms. These microorganisms are capable of 

utilising processes like nitrification (and the subsequent denitrification) to release 

nitrogen as gas to the atmosphere and the co-precipitation of pollutants like 

phosphorus with metals such as iron, aluminum and calcium (Bhamidimarri et al., 

1991). Statistical analyses showed no strong correlation between the presence of a 

plant in a column and the BOO reduction. 
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CHAPTER 7 MICROBIAL ANALYSIS OF ISOLATES 
FROM THE HEATHROW TREATMENT 
FACILITY (HTF) 

Techniques used for isolation and identification of clinical and environmental 

microorganisms have historically been based on a combination of phenotypic 

characteristics including a range of morphological features and biochemical reactions, 

some of which are time-consuming and imprecise (Bourne et aI. , 2001). Results from 

the microbiological experiments conducted on the different microbial isolates from the 

HTF are discussed in this chapter. Three main nutrient media; tryptic soya agar (TSA) 

for bacteria, sabouraud's dextrose agar (SDA) for fungi and glycerol yeast extract agar 

(GYEA) for actinomycetes were used for the isolation and enumeration of the 

respective microorganisms (see Chapter 2 for the methodology). Two main 

identification techniques have been used during this study, the API biochemical tests 

(for preliminary identification) and the Polymerase Chain Reaction (PCR). In the 

preliminary analysis of water samples from the different components of the Mayfield 

Farm Reservoir (MFR) and Mayfield Farm Balancing Pond (MFBP), 5 bacterial strains 

(identified as Strains 1, 2, 3, 4 and 5 in Table 1, Appendix 7 A) were cultured and 

isolated on TSA plates. Later in the study, 13 other strains (identified as Strains A, B, 

C, D, E, F, G, H, I, J, K, L and M in Table 1, Appendix 7A) were cultured and isolated 

from the roots of plants in the SSF on TSA plates. 

( I) (C) (L) (B) (G) 

Figure 7.1 Some of the bacteria isolates from the roots and sediments of the 
SSF on a TSA plate. The letters refer to some of the different bacteria strains. 
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During further tests conducted to assess the biodegradation potential of 

microorganisms from the roots of plants from the SSF, SDA and GYEA plates were 

also used. In contrast to the aerated pond waters, 3 fungal strains and 2 

actinomycetes strains were isolated from the plant roots from the SSF (identified as 

Strains F1, F2, F3, A1 and A2, respectively in Table 1, Appendix 7A). A third strain 

(FIA) , with similar characteristics to a fungus was also observed on the GYEA plates. 

Pictures showing the appearance of these colonies on the respective plates are 

illustrated in the figures that follow. 

Figure 7.2 A TSA plate showing the domination by the brown colonies of 
bacteria isolate 1 from a MFR water sample 

Figure 7.3 Jet black reversed side (left) and the top side of pure colonies of a 
fungi isolate (F1) on SDA plates 
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Figure 7.4 Pure colonies of more fungi isolates (F1, F2 and F3) on SDA plates 

Figure 7.5 Mixed cultures of fungi isolates (F1, F2, F3 and F/A) found in water 
sample collected from vigorous washing of the plant roots on SDA plates 

Figure 7.6 Pure colonies of actinomycetes isolate (A1) on a GYEA plate 
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Figure 7.7 Pure colonies of actinomycetes isolate (A2) on GYEA plate 

Figure 7.8 Pure isolates of a third isolate (F/A) on a SDA plate (left) and a GYEA 
plate (right) 

7.1 THE API-BIOCHEMICAL TESTS 

Prior to the detection of microorganisms suspected to be fungi and actinomycetes in 

water samples collected from washing the roots of plants from the SSF, API 

biochemical tests were conducted on all the pure bacteria isolates grown on TSA 

plates. The results from a selection of API biochemical tests kits (API20E, APIStaph, 

APIStrep and ID32Staph) are summarised in the Table 2, Appendix 7A and an 

example presented in Figure 7.9. 
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Figure 7.9 Examples of the API biochemical test columns used for the 
preliminary identification of the bacteria isolates 

7.1.1 Discussion of the results of the morphological tests and API biochemical 

tests 

• Gram staining 

The Gram-staining test is mainly used to separate the bacterial cells into two broad 

groups (Gram-positive or Gram-negative) based on the chemical and physical 

properties of their cell walls. A black-blue or purple colour indicates that the test 

organism is Gram-positive while a pink colour is an indication that the organism is 

Gram-negative. Results from the Gram staining tests indicate that all but one of the 

initial 5 bacteria strains isolated from the MFR and MFBP were Gram-positive, the 

exception being Strain 4. Of the other 13 bacteria isolates from the roots of plants from 
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the SSF and the ER only 3 strains D F and J were Gram-posItive (Table 2 Appendix 

7A) The result of test conducted on strain I was Inconclusive 

• Catalase production 

The production of catalase by test bacteria IS an indication of their ability to convert 

hydrogen peroxide (H20 2) to hydrogen and water This ability IS possessed by most 

aerobic and facultative bactena excluding the StreptococcI sp (Bergey Manual 1994) 

Strains 1 3, A, B, C, H I, J, L and M all tested positive to catalase production while 

Isolates 2, D E F G and K gave negative results (Table 2 Appendix 7A) 

• Beta-galactosldase production 

Microorganisms that produce the enzyme beta-galactosidase have the ability to 

hydrolyse beta-galactosldes, a dlsacchande Into monosacchandes (Bergey Manual 

1994) Strains 2, A B, H I J K, L and M all tested positive for the possession of this 

enzyme (Table 2, Appendix 7A) 

• Arginine dihydrolase production 

Arginine dlhydrolase IS the enzyme responsible for the hydrolysIs of arginine a 

naturally occunng amino aCid which plays an Important role In cell diVISion, Into smaller 

protein Units The possession of the enzyme IS also believed to prolong motility In 

bacteria under anaerobic conditions Arginine IS originally syntheSized from citrulline (a 

protein In the urea cycle) by the sequential conversion of two enzymes, 

arglnlnosucclnate and arglnlnosucclnate lyase The possession of the enzyme 

arginine dlhydrolase has proven to be valuable for differentiating members Within the 

Enterobactertaceae family and also aerobiC Pseudomonas from other Gram-negative 

BaCilli (Bergey Manual, 1994) Only four of the Strains 1 2 3 and 5 tested positive 

for the possession of this enzyme (Table 2 Appendix 7A) 

• Lysine decarboxylase production 

LYSine decarboxylase IS the enzyme responsible for the decarboxylation of lYSine 

which IS one of the 20 amino aCids usually found In protein molecules Along With 

arginine and histidine, lYSine IS classed as a baSIC amino aCid essential for cell growth 

(Bergey Manual, 1994) All the tested strains apart from Strain 1 gave a negative 

response to this test Results of tests on Strains 2 3 and 4 were inconclUSive (Table 2 

Appendix 7A) 

• Ornithine decarboxylase production 

The decarboxylation of ornithine IS catalysed by the enzyme ornithine decarboxylase 

prodUCing dlamlne putrescine, a polyamine compound required for cell diVISion All the 

strains apart from 1 2 and 3 tested negative for the possession of this enzyme (Table 

2, Appendix 7A) 
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• Cltrate utilisation 

This test basically assesses the ability of certain bactena to utilise cltrate as a sole 

carbon source for energy (cltrate IS one of the metabolltes In the Krebs cycle) The test 

In Itself IS used as a main form of Identification for Enterobacte"aceae It IS composed 

of cltrate anion as the sole carbon source and ammonium phosphate as the sole 

nitrogen source Microorganisms capable of utilising cltrate can also extract nitrogen 

from the ammonium salt forming an alkaline by-product to give a positive result for the 

test (8ergey Manual 1994) Strains 1 and 2 showed eVidence of cltrate utilisation 

while Isolates A-M gave negative responses to the test (Table 2 Appendix 7 A) 

• Hydrogen sulphide (H2S) production 

The production of H2S by certain organisms IS a demonstration of their ability to 

liberate sulphur from sulphur-containing compounds as an energy source (8ergey 

Manual, 1994) None of the Isolates showed any eVidence of thiS ability (Table 2, 

Appendix 7 A) 

• Production of urease 

The production of the enzyme urease IS a charactenstlc common to many species of 

microorganisms although some produce the enzyme more rapidly than others 

(8ergey Manual 1994) The enzyme IS required to hydrolyse amldes to ammonia and 

carbon dioxide forming alkaline ammonium carbonate In solution Only Strains 1 3 4 

5 and L gave positive results to the test (Table 2 Appendix 7 A) 

• Indole productlonl Tryptophan production 

Production of Indole (one of the metabolic degradation products of amino aCids) IS an 

Indication of the presence of the enzyme tryptophanase ThiS enzyme IS capable of 

hydrolysing and deamlnatlng trytophan to produce Indole, pyruvIc aCid and ammonia 

The test IS particularly useful In separating Enterobacter (for which the test IS negative) 

from E coIl (for which the test IS positive) (Koneman et al 1997) All the Isolates apart 

from one (Strain 2) tested negative for Indole production although thiS Isolate and 

Strain 1 both tested posItive for tryptophan production (Table 2, Appendix 7 A) 

• Acetoin conversion to dl-acetyl 

The conversion of acetoin to dl-acetyl In the presence of potassium hydroxide and 

atmosphenc oxygen IS the underlYing reaction In the Voges-Proskauer test On 

addition of a-naphthol and creatine, the formation of a red complex Implies a positive 

result The formation of acetoin IS an alternative pathway In the metabolism of pyruvIc 

aCid and IS an ability demonstrated by some Enterobactenaceae (Koneman et al 

1997) ThiS group of bacteria Yield acetoin as the chief and final product of glucose 

fermentation Apart from Strains 3 and 4, all the other bacteria Isolates from the 

aerated ponds and the roots demonstrated the ability to convert acetoin to dlacetyl 

(Table 2, Appendix 7 A) 
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• Gelatlnase production 

Gelatlnase IS an extracellular enzyme which allows the test organisms to hydrollse 

gelatin Into smaller polypeptldes peptldes and amino aCids These are then 

assimilated Into the cell membrane and utilised by the organism These tests check If 

the bactena strain possesses the different enzymes required for the aCidification of 

carbon sources With varying compleXities (Koneman et a/ 1997) Strains 1 2 A C F 

G H / and M all tested positive for gelatlnase production (Table 2 Appendix 7 A) 

• Fermentation of Glucose, Arabmose, Melibiose, Sucrose and 

Amygdalin 

The OXidation of Simple sugars by non-fermenting bacteria produces weak aCids which 

are usually unable to cause a sufficient drop In pH to Initiate a colour change In the 

medium (Bergey Manual 1994) There was eVidence of glucose fermentation In 

systems Inoculated With Strains 1 2 3 and 5 All the Isolates apart from 1, 3 4 and 5 

tested negative for melibiose utilisation Isolates 1 2 and D tested positive for the 

utilisation of arabinose while Strains 2 3 5 L and M were able to utilise sucrose Only 

Isolates 2 and M showed signs of fermentation In amygdalin a glycoside which IS a 

form of polysaccharide media (Table 2 Appendix 7 A) 

• Acidification of Maltose, Lactose, Trehalose and Fructose 

In the aCidification tests for maltose lactose, trehalose and fructose aCidification tests 

Strains 3 and 4 gave negative results for all three tests while Strains 1 and 2 gave 

POSitive results for both the maltose and lactose tests and negative results for the 

trehalose tests With Strain 5 giVing a positive result for the trehalose test Only Strains 

3 and 5 tested POSitive for fructose (Table 2 Appendix 7 A) The aCldlficatlons tests 

were not Included In the test kits used for the remaining Isolates 

• Utilisation of alcohols and polyols (Manmtol, Inositol, Xylltol and 

Sorbitol) 

These tests assess the potential of test organisms to mlnerahse alcohols to Simpler 

forms prodUCing carbon dioxide and water (Bergey Manual 1994) Strains 2 4, 5 A 

L and M all gave a posItive response to mannitol while none gave a positive result to 

inositol and sorbitol (Table 2, Appendix 7 A) Of the four Isolates tested With xyhtol 

Strains 4 and 5 gave POSitive results while Strains 1 and 2 were negative 

• Utilisation of naturally occurrmg sugars (Rhamnose and Mannose) 

In these tests the microorganisms' ability to degrade rhamnose and man nose both 

naturally-occumng sugars were assessed All the Isolates tested negative With 

rhamnose With Strain 1 recording the only POSitive result (Table 2, Appendix 7A) 

Strains 1 2 and 3 also gave positive results With man nose 
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• OXidase production 

The oXidase test IS very useful In screening Isolates suspected of being 

Enterobactenaceae which would give a negative response, and Identifying those 

suspected of belonging to other genera like Pseudomonas Aeromonas 

Campylobacter and Pasteurella all of which will give a positive result (Bergey Manual 

1994) The presence of the oXidase enzyme In organisms allows them to supply 

cytochromes (Iron-contalnlng hemoprotelns) which act as the last link In the chain of 

aerobic respiration, forming water as electrons are transferred to the oxygen 

molecules (Bergey Manual 1994) ThiS process occurs In aerobic mlcroaerophlllc and 

facultative organisms Strains 1 2 B C D, E, G H J K and M all gave positive 

results while A F Hand L tested negative to oXidase production (Table 2 Appendix 

7A) 

• Alkaline phosphatase production 

Alkaline phosphatase IS the enzyme responsible for the removal of phosphate from the 

3- and 5- positions In molecules such as nucleotldes proteins and alkaloids located 

outside the cell and are resistant to inactivation denatunng and degradation (Bergey 

Manual, 1994) Phosphate uptake by bactena IS facIlitated by the production of these 

enzymes particularly dunng phosphate starvation although some mutant E coIl lacking 

the enzyme survIVe well as do mutants unable to shut off production The presence of 

phosphate groups usually prevents the passage of organic molecules through the cell 

membrane (Koneman et al 1997) Of the all Isolates tested only Strain 3 tested 

positive for the possession of the enzyme alkaline phosphatase (Table 2 Appendix 

7A) 

7 1 2 Interpretation of the API biochemical tests results 

The profiles generated from duplicate results of tests conducted on all the Isolates 

were compared with the profiles of known organisms uSing the different API data bases 

available A summary of the preliminary Identifications made are summansed below 

• USing the analytical profile Index (available with each test kit) Strains A and I 

had profiles which closely matched Sphmgomonas pauclmoblfls a Gram

negative bactena which forms yellow colOnies on TSA plates ThiS group of 

bactena were formerly known as Pseudomonas pauclmobllls which are entenc 

In nature although some have been known to be associated with plant roots 

(Southern and Kutscher 1981) 

• Strains B C D E F G J and K all had similar profiles and were all found to 

be closely related to Pseudomonas sp (API20E profile Index) 
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• Based on the profiles generated as a result of the tests conducted on Strain H, 

it was initially identified as Sphingobacterium multivorum, a Gram-negative 

bacillus which has been reportedly found in aquatic environments (Kampfer et 

al., 2005). 

• Strain L had a profile which closely matched those exhibited by Enterococcus 

agglomerans (API20E Ref 20190, 1994) 

• The profile generated by Strains M, 3, 4 and 5 could not be matched with any 

of the organisms in the entire range of API databases. 

• Results from the API database suggested that the profiles of Strains 1 and 2 

match those of a Staphylococcus xylosus and Enterococcus faecium. Results 

of further presumptive tests conducted showed that both strains had the ability 

to grow on sheep blood agar with rapid growth recorded by Strain 1 within 24 

hours (Figure 7.10). This test is based on the ability of bacterial colonies 

grown on agar plates to break down red blood cells in the culture. 

Figure 7.10 Sheep blood agar plates showing distinct colonies formed by 
Strains 1 (left) and 2 (right) 

Based on all the results obtained so far, a summary of all the respective 

presumptive identification test results are outlined and compared with those of 

known species in the tables that follow. 

7.1.3 Deductions from results obtained 

Although a comparison of the profiles generated by some of the bacteria with those of 

known species show some similarities in key characteristics, the degree of variability 

exhibited by some of the isolates highlights the challenges of using the API 

biochemical tests as a means of conclusive identification. Based on the results of the 

API biochemical tests and the other morphological tests conducted, most of the 
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bacterra Isolates fall Into three main genuses (genera) Staphylococcus Enterococcus 

and Pseudomonas The growth of Strains 1 and 2 on sheep blood agar IS an Indication 

that both strains are closely related to Staphylococcus and Enterococcus genus Apart 

from being Gram-posItive, the appearance of both strains on TSA plates as single 

colonies pairs clusters and chains agrees With the descrrptlon given for 

Staphylococcus and Enterococcus species In the Bergey Manual (1994) The 

formation of distinctive colonies of Strain 1 Within 24 hours on sheep blood agar IS 

consistent With the characterrstlcs of Staphylococcus species (Rowllnson et al 2006) 

The positive response of Strains 1 and 3 to the catalase and glucose fermentation 

tests (Table 3 Appendix 7A) IS another characterrstlc common to Staphylococcus 

species (Koneman et al 1997) Of the five strains Isolated from the aerated pond 

Strain 1 appears to be the only Isolate With characterrstlcs more closely related to 

Staphylococcus species None of the five Isolates had key characterrstlcs that were 

consistently related to Enterococcus species (Table 4 Appendix 7A) 

The profiles of most of the Isolates from the roots of plants from the SSF closely match 

the general profile of Pseudomonas sp reported In the Bergey Manual (1994) 

Pseudomonas sp are generally Gram-negative non-fermenters that test positive to the 

cytochrome OXidase reaction (Koneman et al 1997) All the 13 strains apart from D F 

and J were Gram-negative and all apart from C and L are non-fermenters giving 

negative results In most of the fermentation tests although there were occasional 

positive responses recorded (Table 2 Appendix 7 A) None of the 13 strains showed 

any ability to ferment inositol and rhamnose (Strain 2 had a Similar response) Strains 

L and M showed eVidence of fermentation In sucrose mannitol and glucose media As 

expected for Pseudomonas sp all the Isolates apart from Strains A F, I and L tested 

negative to the OXidase cytochrome experrment 

Another distinguishing characterrstlc of non-fermenting Pseudomonas sp IS the weak 

decarboxylation activity they undergo following Inoculation and incubation at 35°C 

(Bergey Manual 1994) All the 13 Isolates from the roots showed no eVidence of 

decarboxylation In the lYSine and ornithine decarboxylase test (Table 5, Appendix 7A) 

The positive responses of Strains 1 2 3 and 4 With respect to the possession of 

arginine decarboxylase IS on the other hand a characterrstlc consistent With 

Enterobactenaceae (Koneman et al 1997) The 100% negative responses of all the 

13 Isolates to the Indole production test IS further prove of their association With non

fermenting Pseudomonas sp known to be weak producers of Indole (Bergey Manual 

1994) 

The API biochemical tests mainly depend on the production of metabolltes by the test 

organisms and as such are prone to errors from factors such as the Innoculum denSity 

incubation time and contamination which could all Influence the outcome of the tests 
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(Tlllotson et al 1988) The API 20E test striPS have been reportedly used to Identify 

bacteria species such as Pseudomonas sp with 37% accuracy (POpOVIC et al 2004) 

In another study Cunha et al (2004) reported 22% 25% 375% and 471% 

Inaccurate Identification for Staphylococcus epldermldls, Staphylococcus hommls 

Staphylococcus haemolytlcus and Staphylococcus warnen uSing the APIStaph test 

striP Hauschlld and Schwarz (2003) recorded almost 100% accuracy uSing the 

ID32Staph test kits for Identification of Staphylococcus sClUn strains In rodents and 

insectivores Tlllotston et al (1988) reported good consistency In a study uSing the 

APIStrep Identification system with three supplementary tests (catalase production, 

urease production and nitrate reduction) for the Identification of clinical Isolates 

Although the API biochemical tests used In this study assisted In narrowing down the 

Identification of some of the test species there IS stili a need to confirm the Identities of 

these Isolates uSing a more accurate system that will compensate for the 

inadequacies of the API technique 

7 2 POLYMERASE CHAIN REACTIONS (PCR) 

Although the genotypIc nature of the PCR technique has made It more reliable for 

species Identification taxonomlcal complexity within some groups of organisms has 

made accurate Identification a challenging task Despite thiS It has been successfully 

used by many researchers In the Identification of a wide range of microorganisms 

Martlneau et al (2001) employed the PCR technique for the successful Identification 

of staphylococcus at the genus level In cllfllcal and environmental samples 

Tsuchlzakl and Hotta (2000) used PCR for rapid amplification of DNA from microbial 

colonies of Staphylococcus and Enterococcus species A host of pseudomonas 

species were also Identified In sOil samples by Kuske et al (1998) Shepard and 

Gllmore (1999), In a study conducted on aerobically and anaerobically Induced genes 

Identified Enterococcus faecalls In environments related to commensal or 

environmental colonisation and infection sites Ke et al (1999) studied clinical 

enterocoCCI Isolates uSing the PCR technique and effiCiently Identified all 159 Isolates 

tested 

Based on the results of the API Identification tests Initially carned out PCR-based 

assays were used to test the different Isolates at their respective genus levels 

Staphylococcus Enterococcus Actmomycetes and Pseudomonas species PCR

based assays developed by Martlneau et al (2000) Ke et al (1999) Thlrup et al 

(2000) and Spllker et al (2004) respectively were used to target complimentary DNA 

sequences In Strains 1 2 A-M and three additional Strains (A1 A2 and F/A) cultured 

on GYEA plates Strains 3 4 and 5 were not Included In the PCR analyses because all 

three lost their culturablllty on laboratory media at the time the PCR tests commenced 

USing the standard colony PCR technique (see Chapter 2 for details) the 
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photographic UV images of the agarose gels for each of the targeted DNA sequences 

in the isolates were obtained and these are discussed in the following section. 

7.2.1 Discussion of results 

PCR analysis using Pseudomonas genus-specific primers 

The pair of Pseudomonas genus-specific forward and reverse primers used in this 

analysis were designed based on the alignment of 16S rDNA sequences available in 

the GenBank. They are intended to target and amplify the DNA sequences 

GACGGGTGAGTAATGCCTA and CACTGGTGTTCCTTCCTATA in test isolates 

belonging to the Pseudomonas genus (Spilker et al., 2004). Results from the peR 

assays employing these primers produced DNA bands of the predicted size (618 bp) 

in the lanes containing the reference strain (Pseudomonas aeruginosa) and five other 

isolates, namely C, E, I, K and M, although the photographic image for K is very faint 

(Figure 7.11). None of the other isolates tested produced any DNA bands even though 

the results from the API biochemical tests conducted on these isolates suggested that 

most were either Pseudomonas sp. or closely related species. The DNA band 

produced in the lane containing isolate M is a positive identification of a strain with no 

matching biochemical profile in the API database. Isolates 1 and 2, the only surviving 

strains from the aerated ponds also showed no signs of DNA products for this analysis. 

Ladder Ref. Cont . 1 2 A B C 0 E F G H 

Ladder K L M A 1 A2 F/A Ladder 

1000bp ------. 
600bP------. 

100bp 

Ref: Pseudomonas aeruginosa 

J Ladder 

Figure 7.11 PCR analysis of the isolates using the Pseudomonas genus-specific 
primers 
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peR analysis using Enterococcus genus-specific primers 

Apart from the DNA band (around the suggested size of 112 bp) observed in the lane 

containing the reference strain (Enterococcus faecalis) , no comparable DNA bands 

were observed for any of the other isolates. The pair of Enterococcus genus-specific 

forward and reverse primers used, TACTGACAAACCATTCATGATG and 

AACTTCGTCACCAACGCGAAC which were designed to target the elongation factor 

Tu gene (tuf gene) at genus levels (Ke et al., 1999) failed to form amplicons even with 

Strains 2 and L, which were initially thought to be Enterococcus faecium and 

Enterococcus agglomerans, respectively (Figure 7.12). 

Ladder Ref. Cont 1 2 A B C Ladder 

Ref: Enterococcus faecalis 

Figure 7.12 peR analysis of the isolates using the Enterococcus genus specific 
primers 

peR analysis using Staphylococcus genus-specific primers 

The only DNA bands formed with the Staphylococcus genus-specific primers 

GGCCGTGTTGAACGTGGTCAAATCA and TlACCATTTCAGTACCTTCTGGTAA 

(apart from the one observed in the lane containing DNA from Staphylococcus aureus, 
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the reference strain used as a positive control) was found in the lane containing DNA 

from Strain 1 (Figure 7.13). The size of the DNA produced (370 bp) was consistent 

with that produced by the reference strain used (Figure 7.13). The other suspected 

Staphylococcus strain (Strain 2) formed no comparable DNA bands. 

Ladder Ref. Cont. 1 2 A B C 0 E F G H J 

1000bp ----. 

300bP-----. 

~ 
100bp 

1000bp 

300bp 

100bp 

Ladder K 

Ref: Staphylococcus aureus 

L M A1 A2 F/A 

Figure 7.13 PCR analysis of the isolates using the Staphylococcus genus
specific primers 

PCR analysis using Actinomycetes genus-specific primers 

Strains B, 0 and I formed DNA bands with the Actinomycetes genus-specific primers 

GGATGAGCCCGCGGCCTA and CCGCGGCTGCTGGCACGTA. There are also 

indications of the formation of several DNA bands in the lane containing isolate K 

(Figure 7.14). The molecular sizes of the DNA bands formed by the reference strain 

(Streptomyces) and isolates B and I are all close to 255 bp as suggested by the 

designers of the primers (Thirup et al., 2000). The products from strains 0 and K are 

clearly different in molecular size from that formed by the reference strain (Figure 7.14). 
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255bP---. 

Ref: Streptomyces 

300 

255bp 

Figure 7.14 PCR analysis of the isolates using the Actinomycetes genus-specific 
primers 

7.2.2 Deductions from the PCR results observed 

The results of the PCR analysis indicate that the specificity of each of the genus

specific universal primers used is accurate, forming appropriate DNA bands in the 

lanes containing DNA from the reference strains in each case (Figures 7.11-7.14). 

Unfortunately, the degree of specificity has been limited to genus level in this study 

and as such no definitive specie identification was made using this technique. The 

analysis conducted using the Pseudomonas genus-specific primers was . the most 

successful with six positive identifications up to genus level (Figure 7.11). The 

specificity and sensitivity of these primers have been successfully tested with 42 

culture collections of Pseudomonas strains, including Pseudomonas putida, 

Pseudomonas flourescens, Pseudomonas stutzeri and Pseudomonas syringae, all of 

which are common environmental species (Spilker et al., 2004). Although the results 

of API biochemical tests are generally regarded as not being as reliable as the PCR 

technique, five of the six strains identified by PCR technique were positively identified 

as Pseudomonas sp. (C = Pseudomonas sp, E = Pseudomonas sp, I = Pseudomonas 

paucimobilis, K = Pseudomonas sp) using the API20E strip tests. 
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The failure of the Enterococcus genus-specific pnmers to produce DNA bands with 

any of the test Isolates (Figure 7 12) despite the results of the API biochemical tests 

IS an indication of the possible mls-Identlficatlon by the API system The pnmers used 

In this study had been successfully used for the amplification of 159 Enterococcus 

species including the reference strain (Enterococcus faecalts) and the supposed Strain 

2 (Enterococcus faeclUm) However many of these were clinical Isolates (Ke et al 

1999) The results obtained do not preclude the occurrence of Enterococcus species 

In the tested systems of roots and aerated pond water Johnston and Jaykus (2004) 

have Isolated a number of entenc species from environmental sources such as SOil 

surface water plants and animal products There are claims that the Intnnslc nature of 

these species allows them to develop antibiotiC resistance by the transfer of plasmlds 

and chromosomal exchanges ThiS often causes mutation WhiCh, In Itself, presents a 

Significant challenge for successful Identification uSing PCR techniques (Johnston and 

Jaykus 2004) 

The formation of a DNA bands by Strain 1 In the presence of Staphylococcus genus

speCific pnmers (Figure 7 13) IS consistent With the Initial Identification made uSing the 

API biochemical tests Strain 1 was Initially Identified as Staphylococcus xylosus a 

Gram positive COCCI usually found In the environment and on animal skinS It IS a 

biochemically highly active organism which produces a Wide vanety of aCids With 

carbohydrates (Koneman et aI, 1997) The speclficlty of the pnmers used for the 

detection of thiS specie has been tested uSing 27 known Staphylococcus species 

(Martlneau et al 2001) Like the Enterococcus pnmers they were deSigned to target 

the elongation factor Tu gene (tuf gene) at genus levels Results from the study 

showed that the PCR pnmers complementary to the defined region could amplify 

speCifically and effiCiently DNA fragments of all the 27 Isolates tested The sequence 

was further venfied uSing all 27 Amencan Type Culture Collection (ATCC) 

Staphylococcal reference strains and 307 clinical StaphylOCOCCI Isolates from the 

Quebec City region (Martlneau et al 2001) 

The anomalies observed In the formation of DNA bands With the actlnomycetes 

pnmers (Figure 714), particularly for Strains I and K can be explained by the 

speclficlty of the pair of pnmers used The forward pnmer 

(GGATGAGCCCGCGGCCTA) IS reported to be speCific In targeting Actmomycetes 

while the reverse pnmer (CCGCGGCTGCTGGCACGTA) IS less speCific and as such 

targets other species as well (Thlrup et al 2001) It IS therefore not surpnslng that 

Strain I which had been onglnally Identified as belonging to the Pseudomonas genus 

formed DNA bands With these pnmers Thlrup et al (2000) reported no mismatches 

uSing these pnmers With Streptomyces (the reference strain used) as has been 

demonstrated In thiS study However he claimed there was at least one mismatch 
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within the Actmomycetes genera It IS stili not clear why Strain K appears to have 

several DNA bands along the lane (Figure 714) 

73 IMPLICATION OF IDENTIFICATION RESULTS 

It has been suggested that the applicability of the API stnp test systems for the 

Identification of microorganisms IS successful only at genus levels with further 

morphological and physiological tests required for Identification at specie level (Juang 

and Morgan, 2001) Results from this study support this claim particularly In the 

analysIs conducted on the Isolates from the root system The reliability of the PCR 

technique has been proven In many arenas for the detection of speCific bactena from 

human pathogens In food to microorganisms from the environment (Yamamoto and 

Harayama 1995) suggesting that the results of the PCR analyses In this study are 

likely to be more reliable In Identifying the types of microorganisms present In the 

different analysed components of the HTF 

The detection of Pseudomonas species Within the root systems of the SSF IS 

consistent with reports of these species In environments assOCiated with root systems 

by Yeung et a/ (1989) Troxler et al (1997), Gleba et a/ (1999), Thlrup et a/ (2001) 

and Walker et a/ (2004) In another study, lIste and Felgentreu (2006) assOCiated the 

high degradatlve root actIVIties with what was regarded as a particularly large 

population of rhlzosphere bactena' Including Pseudomonas species (Pseudomonas 

putlda Pseudomonas flourescens Pseudomonas stutzen and Pseudomonas synngae) 

along with other known hydrocarbon degraders The profile of the Gram-negative rod 

shape Isolates found In sOil which readily degraded high concentrations of glycol as 

reported by Strong-Gunderson et a/ (1995) matches that of a Pseudomonas specie 

The rapid BOO reduction recorded In water samples assOCiated with the root systems 

In particular plant root washing IS an indication of the presence of these species 

Pseudomonas species are claimed to be generally located In blofilms (Costerton et a/ 

1995) which are highly structured surface-attached communities of cells encased 

within a self-produced extra cellular polymeriC matrix which remains Intact and 

withstands mlcroblocldal attacks (Walker et aI, 2004) The nature of blofilms formed 

by these species offers an explanation for the rapid BOO reduction recorded In 

autoclaved water samples collected from washings of the roots of plants from the SSF 

(Chapter 5) Dakora and Phllllp (2001) claim that plant assOCiated microbial 

populatlons such as pseudomonas sp which resides In or near the roots system also 

utilise root exudates as mediators of mineral acquIsition ThiS not only serves as a 

source of carbon for microbial growth but also contain chemicals that promote the 

movement of sOil microbes to the rhlzosphere hence the detection of other species 

like actlnomycetes and fungi In the rhlzosphere ThiS IS highlighted by the Isolation of 
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fungi and actlnomycetes as well as 13 bacteria strains from the roots compared to the 

two strains that were predominantly found In the aerated ponds 

Although the total number of microbial species (13 bactena strains, 3 fungi strains and 

2 actlnomycetes strains) Isolated from the SSF plant roots are higher compared to the 

2 bacteria strains predominantly found In the aerated pond systems the observed 

range and vanatlon IS below that expected Vymazal et a/ (2001) reported the 

occurrence of over 70 species of bactena amoebae, clllates rotlfers, cyanobactena 

and algae In a constructed wetland system with 45 species cultured on plates There 

are however claims that considerably more microbes eXist than can be cultured on 

laboratory prepared media (Staley and Konopka 1978 Bottomley and Maggard 1989 

Kell 1998 Ollver 2005) Some of these microorganisms referred to as viable but 

nonculturable (VBNC) though viable In the indigenous environments are culture

specific and as such are nonculturable through conventional laboratory techniques 

(Szewzyk et a/, 2006) ThiS phenomenon has been reported for several Gram

negative bactena found In surface runoff and wastewater (Xu et a/ 1982 Colwell et 

a/ 1985 Roszak and Colwell 1987) Szewzyk et a/ (2006) also reported the same 

occurrence In indicator bacteria found In wetland systems ThiS perhaps offers an 

explanation as to why the rapid BOO reduction repeatedly recorded In water samples 

associated with roots of plants from the SSF could not be repeated In sterile water 

samples containing a different mixed population of the bacteria fungi and 

actlnomycetes Isolated from the same systems (see details In Chapter 5) The 

average BOO reductions after 7-9 days In stenle water samples containing all Isolates 

with and without sterile sedlments were 0 0% and 190% compared to 71 0% recorded 

In the root washings from which they were Isolated (Chapter 5) While resolving the 

concept of VBNC may remain a daunting task, there are possibilities that the use of a 

variety of different nutnent media would Yield a more diverse microbial population 

Chazarenc et a/ (2006) In a study of the microbial commUnities In constructed 

wetlands reported different trends In blomass growth In the 31 different carbon 

sources used Adoption of a similar technique could lead to the Isolation and 

Identification of other microbes In the consortium which are responsible for the effiCient 

BOO removal that has been observed In some of the systems 
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CHAPTERS CONCLUSIONS AND RECOMMENDATION 

The following conclusions have been made from the results of laboratory based 

studies conducted uSing water samples collected from the HTF and from observation 

of the events recorded dunng vanous sites VISitS between January 2004 and Apnl 

2006 For the purpose of this thesIs the conclusions have been divided Into sub

headings highlighting the key sCientific and project specific findings of this study 

81 THE PERFORMANCE OF THE HEATHROW TREATMENT FACILITY (HTF) 

The results from the mOnltonng the performance of the Heathrow treatment facIlity 

(HTF) show that despite high blomass populatlons recorded In the aerated reservoirs 

the BOO reductions recorded dunng the winter months were below the designed 

levels However the Increasing temperature dunng the early spring contnbutes to the 

BOO reduction recorded In the system (55 0±274% In Apnl 2004 65 1±17 0% In 

Apnl/May 2005 and 64 3±2 1 % In Apnl 2006 as the temperatures Increased from 

typical winter values of less than 10°C to 133°C 153°C and 155°C respectively) 

This offers an operational benefit for the operators of the HTF as holding back the 

treatment of the polluted water collected over the winter till early spnng would save 

cost of energy used for the aeration of the reservoir In the winter 

Although the results of a pilot scale study of the sub-surface flow reedbed (SSF) 

demonstrated the potential of the system for effective BOO reduction prolonged 

exposure to high organic loadlngs from the aerated reservoirs particularly In the 

winter places a demand on the DO concentration which Jeopardises ItS ability to 

perform efficiently The cntlcally low DO levels recorded within the SSF channels 

dunng the winter months show that the performance of the SSF IS hampered by ItS 

exposure to high organic loads This also shows that the microbial population present 

In the system rely significantly on the availability of dissolved oxygen for efficient 

reduction of BOO In the system 

TYPical BOO removal observed In the aerated reservoirs (MFR and MFBP) In the HTF 

between January 2004 and Apnl 2006 although not as effectIVe as expected IS 

consistent with observations at the Dane County Regional Airport where delays of up 

to three months follOWing de-ICing activities have been noted for any significant BOO 

reduction to occur (Gallagher 1998) Significant BOO reductions are generally 

recorded towards the month of Apnl when the water temperature becomes warm 

enough to support continuous microbial activities Gallagher further demonstrated the 
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Impact of increasing temperature on BOO removal In a pilot scale study In which a 

dual-tank bloreactor was used for the treatment of water collected from the de-Icing 

pads of the Dane County Regional Airport The BOO level In the treatment system was 

found to drop from over 1000 mg/l to less than 50 mg/l over a period 3 days when the 

operating temperature was maintained at 30°C (Gallagher 1998) 

The findings of over 3 years mOnitoring period of the HTF shows that the system has 

the potential to effectively remove high BOO from incoming polluted runoff there IS 

however a need for some operational modifications In order to maximise this potential 

The rapid depletion of the DO In the front-end of the SSF coupled with the rapid BOO 

reduction recorded In water samples associated with the roots of plants from the SSF 

IS perhaps the most obvIous proof of the eXistence of the microbial population capable 

of achieVing the desired performance The Improved BOO reduction as the water 

temperature Increases IS a clear indication of positive response of this microbial 

population to the changes In the system It however remains a challenge for the 

operators of the HTF to hold up the polluted water In the system till the temperature 

rises In April especially as the combined capacity of the aerated reservoirs (64 000 m3
) 

at the Mayfleld Farm IS Inadequate to hold the total volume of stormwater generated 

dUring the winter On the other hand the high-energy cost that Will be associated with 

the operation of a heating system to Increase the water temperature to levels observed 

In the spring and summer makes this an Impracticable option 

82 THE EFFECT OF AN Fe2+/Fe3+ EQUILIBRIUM ON THE PERFORMANCE OF 

THE HTF 

Although the source of the ochrous coloration caused by the presence of elevated 

levels of Fe3
+ In the system could not be ascertained In this study the occurrence was 

found to cOincide with the commencement of water re circulation around the system 

dUring the winter months The results of biodegradation expenments conducted uSing 

varying concentrations of Fe3
+ precIpitate (Section 4 5) also showed that a higher 

concentration (10 mg/l) reduces the DO depletion rate more significantly than a lower 

Fe3
+ concentration (3 mg/l) (Section 4 4) There are however no Indications from this 

study that the typical Fe3+ levels (approximately 3 0 mg/l) observed dunng the different 

winter events at the HTF was suffiCient to adversely affect the performance of the 

entire system The results from the pilot scale study of the SSF further showed that the 

BOO reductions of 61 9±21 1% and 69 7±19 0% achieved after 7 days In the Iron

dosed planted and substrate-only columns respectively, were within the same range 
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with the levels attained In the Iron-free planted (62 7±22 8%) and substrate-only 

(638±21 9%) columns 

Based on the results of expenments conducted and the observations dunng site ViSitS 

to the HTF there IS eVidence of rapid OXidation of Fe2+ to Fe3+ to give the associated 

reddish brown coloration (ochre) for different levels of Fe2+ Visual observations of the 

laboratory expenments have shown that the intensity of this coloration IS dependent on 

the concentration of Fe3
+ In the system Laboratory studies have also shown that the 

prevailing redox conditions In the system play a key role In the Fe2+/Fe3
+ equlllbnum 

With eVidence of a connection between the reduction process and the disappearance 

of the reddish brown coloration 

From the operational pOint however this study has clearly shown that reclrculatlon of 

the polluted water dunng the winter creates an unfavorable aesthetic challenge With 

the presence of the ochrous coloration along the walls of the reservoirs and on the 

roots of the plants In the SSF The precIpitation of this ochre when the dissolved 

oxygen In the system falls creates another problem accumulating at the bottom of the 

reservoir and then coming back to the surface of the waters when aeratlons 

commence In the reservoirs Overall this study has also shown that reclrculatlon has 

no operational benefit as there were no signs of any significant reductions In the BOO 

concentration In the system dunng these penods 

8 3 THE IMPACT OF NUTRIENT ADDITION ON THE PERFORMANCE OF THE 

HTF 

The benefits of nutnent addition to the system were demonstrated by bactena 

population Increases In the aerated ponds from an average background level of 107 to 

1010 CFU per litre following the commencement of the nutnent dosing regime In 

November 2004 However the Inconsistency In operational techniques at the HTF 

makes It difficult to ascertain If the Improved BOO reduction recorded (increasing from 

25 5% In March 2004 to 47 5% In February 2005) was a direct result of the Increased 

nutrient levels Although there were also some inconsistencies recorded In the BOO 

reductions observed In the biodegradation expenments conducted uSing aerated pond 

water samples dosed with nutnents (up to 900% BOO reductions observed Within 5 

days In the first sets of expenments and then taking between 14-20 days to record any 

marked BOO reductions In later expenments) the benefits of nutnent addition were 

demonstrated repeatedly In all the expenments by Increases In background blomass 

populatlons from around 107 CFU per litre to 109 CFU per litre Within the first 7 days 
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The benefit of nutnent dosing was further hIghlighted In the pIlot study of the SSF wIth 

the BOO reductIon increasing from 61 9±21 1% to 70 8±26 5% on additIon of nutnent 

Although no marked Improvements In bactena populatlons were observed mIcrobIal 

analyses of the plant roots of the SSF showed that the blomass populatIon In the SSF 

was SIgnificantly dIfferent from that In the aerated reservoIrs The dIfference In BOO 

reductIons recorded In these systems IS indIcatIve of the varyIng nature of the domInant 

mIcrobIal populatIon present In each 

The positIVe Impact of nutnent additIon indIcated by the Increase In bactena populatIon 

and Improved BOO reductIon In the pIlot scale studIes clearly shows that a potentIal 

nutnent source capable of Improving the performance of the system was IdentIfied 

Although the overall deSIred result was not attained the results from both field and 

laboratory studIes prove that the mIcrobIal populatIon In the HTF responded POSItIvely 

to the nutnent addItIon regIme The InabIlity of these Increases to be accompanied by 

efficIent BOO reductIon In the reservoIr as In some of the SImulated systems In 

partIcular those assoCIated wIth the roots of plants of the SSF suggests that 

phosphate and nitrate are only part of the synergy requIred by the mIcrobIal populatIon 

In the reservoIr to attaIn the deSIred level of reductIon The outstandIng performance 

of the SImulated systems containing root exudates further demonstrates thIS Based on 

thIS eVIdence It IS key for the operators of HTF to Incorporate the nutnent-doslng 

regIme as part of the operatIon of the system lookIng for other complimentary nutnent 

sources that could Improve the performance of the system 

84 THE ABILITY OF THE DIFFERENT MICROORGANISMS, ISOLATED FROM 

THE HTF, TO REMOVE BOO 

Although the applicabIlity of the API stnp test In thIS study was limited to the 

IdentificatIon of the Isolated mIcroorganisms at genus levels the genotYPIc nature of 

the peR technique (whIch makes It a more reliable technique) was successfully used 

to confirm the presence of one Staphylococcus and SIX Pseudomonas specIes In the 

HTF water samples The presence of these specIes however few In number and the 

IsolatIon of fungus and actlnomycetes specIes In the water samples collected from the 

wetland sectIon of the HTF IS a clear indIcatIon of the possIbility of the eXIstence of a 

dIverse mIcrobIal populatIon In the entIre system The low number of mIcrobIal 

populatIon Isolated In thIS study when compared to the 70 specIes reported by 

Vymazal et al (2001) In a constructed wetland system further demonstrates the 

limItatIon of the use of laboratory-cultured medIa for the IsolatIon of mIcroorganisms 
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from water samples as claimed by Staley and Konopka (1978) Bottomley and 

Maggard (1989) Kell (1998) and Ollver (2005) 

There IS eVidence from this study of the eXistence of a high potential for BOO removal 

In the system particularly In the wetland section of the system as demonstrated 

repeatedly m water samples associated with the wetland plants The inability of the 

individual Isolates from these plants and the different laboratory-synthesised consortia 

used to effectIVely reduce the BOO present In the replicated water samples further 

highlights the limitation of the use of laboratory-prepared media for the Isolation of the 

diverse microbial population that could be present In system It also suggests that the 

Isolates used dUring this study merely constitute a part of the entire consortium 

responsible for the high BOO reductions recorded In the natural systems they were 

detached from The Increase In BOO reduction from 23 8% to 88 7% within 5 days by 

the same consortium following the addition of root exudates from the SSF suggests 

the eXistence of a microbial/plant synergy In the reedbed which IS absent In the 

aerated reservoirs This supports Oakora and Phllllp (2001) claim that plant associated 

microbial populatlons such as pseudomonas sp which reSide near the roots system 

use additional media such as root exudates for mineral acquIsition and other metabolic 

actIVIties 

For the operators of the HTF these findings indicate that a conSiderable portion of the 

BOO concentration In the system IS more likely to be removed In the wetland section of 

the system 

85 RECOMMENDATIONS FOR MODIFICATIONS TO THE HTF AND FOR 

FURTHER RESEARCH 

Based on the results of thiS study there IS eVidence that an Integrated system of 

aerated reservoir and wetlands such as the HTF offers a potential for the effective 

treatment of glycol-laden airport runoff There are however a number 

recommendations and modifications required In order for such a system to operate 

effectively particularly dunng the winter months These are Identified below 

• The high potential for BOO reduction demonstrated repeatedly by the reed bed 

section of the system clearly shows It has a cruCial role to play In the overall 

performance of the system As a result emphasIs should be placed on 

enhancing the performance of the reedbed The Introduction of an aeration 

system wlthm the cells of the SSF offers a potential solution to the Critically low 
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DO levels observed In the reedbed cells dUring the winter months The direct 

aeration of the relevant intermediate channels would enable aerobic 

biodegradation to continue throughout the entire length of each reed bed This 

could be achieved by delivering air to the intermediate channels of the SSF via 

a compressor 

• The diverse microbial population exhibited by the SSF also suggests that the 

introduction of more vegetation Into the overall treatment system would 

promote microbial degradation to the level which prevails In the SSF 

Incorporating the dormant floating reedbed system (FLRB) (originally designed 

to receive pre-treated water from the dirty Side of the middle pond of the 

Eastern Reservoir through an eXisting fire main running around the airport 

perimeter) as part of the treatment stream would provide a viable alternative 

as this requires no additional construction but only an alteration to the flow 

delIVery system 

• Although there are limitations In uSing laboratory prepared media for 

Identification of microbial species the use of a variety of media types In the 

microbial analysIs of water samples from the HTF IS recommended In order to 

determine a Wider range of species Because some of these microorganisms 

are culture-specific and as such are non-culturable uSing conventional 

laboratory techniques there IS a need to use a variety of growth media In order 

to Isolate and Identify the consortia of microorganisms responsible for efficient 

BOO reduction While uSing this method to determine the actual consortium 

required may be challenging It would have the advantage of Identifying a 

range of microorganisms closer to that which eXists In the field 
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APPENDIX! 

Table 1 A comparison of average, minimum and maximum nutrient levels observed in the 
MFR and MFBP with the levels in the ER 

Before nutnent dosing Winter penod Immediately Post nutnent dosing penod (22 
(Pnor to the 22 November after first nutnent dosing November 2004 27 Apnl 2006) 

2004vlsll) (22 November 2004 14 Apnl 
200~ 

MFR MFBP ER* MFR MFBP ER* MFR MFBP ER* 
Average 

Concentration 512 386 1063 806 970 1039 863 894 1042 
Nitrate 

Phosphate 039 037 020 042 046 024 037 033 036 (mg/l) 
Maximum 

975 333 nla 1196 Concentration 1595 1285 2080 1772 1909 

Nitrate 
Phosphate 059 036 nla 161 133 035 161 133 100 

(mall) 
Minimum 

179 133 nla 399 Concentration 000 710 000 000 620 

Nitrate 
Phosphate 018 017 nla 017 004 016 012 004 006 

(mall) 

* No nutrient addition was carned out at the ER 
n/a Not applicable because only one record of the nutnent levels In the ER was available prior to 22 
November 2004 



APPENDIX 2 

Table 1 BOO levels observed In the different units of the Heathrow treatment facIlity (HTF) 

BIOXlLaboratory 
BOO {mgll} 29/01/04 02102104 06/02104 10/02104 13/02104 19/02104 27/02104 18/03/04 25/03/04 07/04104 

Diversion Chamber nd nd nd nd Nd nd nd nd nd nd 
10601 

MFR 295 260 270 85 215 250 925 4351255 2675 13012075 

MFBP 5 125 3525 825 2425 217 5 260 1921300 305/1475 3281205 

SSF 263 1138 1763 80 1363 73 86 70 97 1875 

EXIt 6 475 825 465 78 1413 66 8625 225 1725 

ER nd nd nd nd Nd nd nd nd nd 30/1325 

Table 1 (continued) BOO levels observed In the different Units of the Heathrow treatment facIlity (HTF) 

BIOXlLaboratory 
BOO (mg/l) 21/04/04 04105/04 26105/04 15/06/04 12107/04 18/08/04 14/09/04 18/10/04 10111/04 

Diversion Chamber 125117 6 91/275 861121 87/123 nd 22131 nd 26/367 96/135 

MFR 258/190 64 135/1225 1125 Nd 231106 19512375 44 5120 5 145/145 

MFBP 139/90 93139 10/95 8/875 137/13 143/107 126117 5 26/195 12111 5 

SSF 725 415 65 7 Nd nd 15 nd 15 

EXIt 625 264/45 58/825 66/625 21/1 10/37 11/157 612 2 66n1 

ER 10 145/145 35n5 43/65 17 3/51 nd nd 254/82 ndl181 



Table 1 (continued) BOO levels observed In the different units of the Heathrow treatment faCIlity (HTF) 

BIOXlLaboratory 
BOO (mgll) 22111/04 29/11/04 13/12104 07/01/05 21/01/05 08/02105 16/02105 28/02105 07/03/05 24103105 14104105 
DIversIon 
Chamber 151/213 225146 8 nd 108/6 129/15 177112 11 3111 103/150 374130 3821625 nd 

MFR ndl20 207120 113/10 2891185 155120 51/13 429137 501/610 4331330 190/675 3301315 

MFBP ndl9 71111 207/20 458125 131/15 nd/12 123/26 288/50 391/250 3411270 130/310 

SSF 6 nd 44 19 15 10 95 40 205 110 85 

ExIt nd/8 5 515 8 315 2011425 ndl1 0 6 9/9 6 6/9 58125 163140 9815625 49/250 

ER 16418 159/10 nd/5 ndl5 nd/10 118/8 111/8 108/45 271170 ndl675 ndl1600 

Table 1 (continued) BOO levels observed In the different units of the Heathrow treatment faCIlity (HTF) 

BIOXlLaboratory 
BOO (mgll) 29/04/05 20105/05 15/06/05 26/08105 28/09/05 27/10105 23/11/05 09/12105 10102106 16/03/06 27/04106 
DIverSIon 
Chamber nd nd nd nd nd Nd nd 48800 8517125 2010 44/475 

MFR 230/245 140/140 146/625 NAl625 163/15 111/114 2565 104/171 40712907 589/365 123/125 

MFBP 1931240 150/1175 98150 303/28 256/15 188117 1 342 941174 505/302 360/376 159/140 

SSF 1375 15 25 185 175 57 20 1397 2508 388 1325 
1271 

Exit 79/1625 4711 25 621125 1351295 1375 128/57 1425 19/1254 2981225 269/368 422155 

ER nd/180 54125 190175 nd/335 ndl1375 Nd/57 nd 1653 224/1026 174 7 7/5 



DO mgll 

MR 

BP 

SSFlnlet 

SSFoutlet 

EXIt 

ER 

DO mgll 

MR 

BP 

SSFlnlet 

SSFoutlet 

EXit 

ER 

Table 2 DO levels observed In the different umts of the Heathrow treatment facIlity (HTF) 

02102104 06/02104 

14 17 

3 43 

6 0 

45 

81 85 

nd nd 

10102104 

57 

91 

93 

07 

72 

nd 

13/02104 

75 

91 

98 

04 

65 

nd 

19/02104 

83 

95 

106 

o 

66 

Nd 

27102104 

94 

106 

105 

27 

69 

nd 

05/03/04 

109 

103 

113 

1 1 

6 

nd 

18/03/04 

92 

102 

105 

14 

61 

nd 

25/03/04 

86 

96 

102 

22 

78 

nd 

Table 2 (continued) DO levels observed In the different umts of the Heathrow treatment faCIlity (HTF) 

21/04104 04105/04 26/05/04 15/06104 12107104 18/08/04 14109104 18/10/04 10/11/04 

59 02 75 42 nd 37 0 06 1000 

68 2 65 115 92 4 67 42 1080 

72 46 68 106 66 46 76 1 1 030 

15 26 3 56 3 2 39 86 1130 

5 52 65 135 42 57 82 114 1250 

nd nd nd nd nd nd nd nd 860 

07/04/04 

62 

74 

86 

21 

58 

nd 

22111104 

1220 

1200 

130 

1210 

1380 

890 



Table 2 (continued) DO levels observed In the different umts of the Heathrow treatment facility (HTF) 

DO mgll 29/11/04 13/12104 07/01/05 21/01/05 08/02105 16/02105 28/02105 07/03/05 24103/05 14104105 

MR 770 1070 660 920 110 000 060 000 000 000 

BP 1230 1170 920 1010 1130 850 1090 430 420 000 

SSFlnlet nd 1170 1070 1010 nd nd 1040 660 030 180 

SSFoutlet 840 710 480 910 1270 850 760 060 460 290 

EXit 1630 980 940 710 1020 1060 1130 690 150 010 

ER 940 860 1070 1070 1110 1170 780 050 080 000 

Table 2 (continued) DO levels observed In the different umts of the Heathrow treatment facIlity (HTF) 

DO mg/l 29/04105 20/05/05 15/06/05 26/08/05 28/09/05 27/10/05 23/11/05 09/12105 10/02106 16/03/06 27/04106 

MR 000 000 950 390 390 650 950 000 710 810 020 

BP 000 000 910 420 450 730 1190 510 880 900 060 

SSFlnlet 000 1230 000 480 580 840 170 790 870 1020 460 

SSFoutlet 110 090 230 180 290 430 1310 550 000 450 340 

EXIt 750 000 100 540 520 680 1440 730 700 680 530 

ER 000 520 750 810 590 450 nd 010 130 120 1500 



Table 3 Blomass populatlons observed In the different umts of the Heathrow treatment facIlity (HTF) 

Bact CFUlLlt 29/01/04 02102104 10/02104 19/02104 27/02104 1S/03/04 25/03/04 07/04104 21/04104 04105/04 

MR nd 13SE+09 130E+07 960E+06 240E+07 270E+07 740E+07 3 S5E+07 250E+07 235E+OS 

BP 175E+OS 600E+OS 120E+07 910E+06 2 SOE+07 120E+07 129E+OS 310E+07 600E+06 400E+06 

SSF nd 720E+OS 230E+07 4 SOE+06 1 SOE+07 600E+06 144E+OS 100E+07 300E+06 690E+06 

eXit nd 120E+OS 140E+07 S10E+06 120E+07 160E+07 660E+07 300E+06 170E+07 690E+06 

ER nd nd Nd nd Nd nd nd 300E+06 400E+06 415E+07 

Table 3 (continued) Blomass populatlons observed In the different units of the Heathrow treatment facIlity (HTF) 

Bact CFUlLlt 26/05/04 15/06/04 12107104 1S/OS/04 14109104 1S/10/04 10/11/04 22111104 29/11/04 13/12104 

MR 250E+07 100E+07 109E+07 750E+07 106E+09 3 S2E+07 300E+07 337E+OS 550E+07 200E+07 

BP 114E+07 155E+07 300E+06 110E+OS 171E+OS 27SE+07 900E+07 105E+07 110E+07 139E+07 

SSF 270E+06 950E+06 111E+OS 270E+07 125E+OS 610E+06 410E+07 140E+07 935E+06 110E+07 

eXit S 00E+06 540E+07 200E+07 320E+07 700E+07 600E+06 600E+07 300E+06 124E+07 165E+07 

ER 475E+07 620E+09 120E+07 7 SOE+06 nd 5S0E+07 7 S5E+07 455E+07 295E+07 470E+07 



Table 3 (continued) Blomass populatlons observed In the different units of the Heathrow treatment facIlity (HTF) 

Bact CFUlLlt 

MR 

BP 

SSF 

eXit 

ER 

07101105 

103E+08 

515E+08 

162E+08 

985E+07 

820E+06 

21101105 

nd 

nd 

nd 

nd 

nd 

08102105 

390E+09 

150E+08 

370E+08 

190E+07 

450E+07 

16102105 

230E+10 

155E+09 

590E+07 

133E+08 

Nd 

28102105 

156E+09 

590E+08 

110E+08 

127E+08 

165E+09 

07103105 24103105 

1 24E+09 8 45E+08 

8 70E+08 5 60E+07 

1 00E+09 6 20E+07 

1 60E+09 2 70E+07 

1 40E+09 4 60E+07 

14104105 

120E+08 

150E+08 

610E+06 

220E+07 

680E+07 

29104105 

331E+09 

123E+09 

370E+07 

248E+09 

302E+09 

20105105 

185E+08 

123E+09 

620E+07 

110E+08 

210E+09 

Table 3 (continued) Blomass populatlons observed In the different umts of the Heathrow treatment faCIlity (HTF) 

Bact CFUlLlt 

MR 

BP 

SSF 

eXit 

ER 

15106105 

100E+10 

174E+08 

130E+09 

110E+09 

780E+08 

26108105 

585E+08 

700E+06 

550E+07 

550E+07 

450E+07 

28109105 

156E+08 

249E+09 

114E+08 

935E+07 

160E+09 

27110105 

100E+08 

440E+07 

490E+07 

750E+07 

380E+07 

23111105 

100E+08 

250E+07 

150E+07 

260E+08 

nd 

09112105 

220E+08 

970E+07 

630E+07 

610E+07 

190E+08 

10102106 

770E+07 

120E+08 

730E+07 

730E+07 

180E+09 

16103106 

330E+07 

270E+07 

140E+07 

575E+06 

130E+09 

27104106 

389E+09 

330E+09 

130E+08 

570E+07 

155E+08 



Table 4 Nitrate levels observed In the different umts of the Heathrow treatment facIlity (HTF) 

Nitrate, mgll 10/11/04 22111104 29/11/04 13/12104 07/01/05 21/01/05 08/02105 16/02105 28/02105 07/03/05 24103105 

DlvChamber nd nd nd nd nd 616 447 520 616 447 218 

MR 975 753 842 1019 753 886 1196 399 1108 576 797 

BP 842 1595 1595 1063 797 532 1063 930 1196 975 000 

SSF 487 532 532 1152 975 930 443 886 1240 1196 000 

exit 620 886 709 1108 797 930 797 975 930 797 266 

ER 1063 1240 1196 1285 1152 1639 1196 1152 975 797 710 

Table 4 (continued) Nitrate levels observed In the different umts of the Heathrow treatment facIlity (HTF) 

Nitrate mgll 14104105 29/04105 20/05/05 15/06/05 26/08/05 28/09/05 27/10/05 23/11/05 09/12105 10/02106 16/03/06 27/04106 

DlvChamber nd 044 Nd nd 124 nd nd nd nd nd nd 000 

MR 620 532 354 399 487 1326 1370 1307 487 000 2080 1728 

BP 487 266 709 266 1063 1772 1370 1418 044 044 1196 930 

SSF 000 000 354 177 665 886 1150 1041 842 354 1595 000 

exit 222 133 266 709 797 886 1108 1019 532 000 443 354 

ER 797 842 975 753 975 886 1063 nd 62 886 1909 1550 



Table 5 Phosphate levels observed In the different umts of the Heathrow treatment facility (HTF) 

Phosphate, mg/I 10/11/04 22111104 29/11/04 13/12104 07/01/05 21/01/05 08/02105 16/02105 28/02105 07/03/05 24103/05 

DlvChamber nd nd nd nd Nd 018 026 015 023 018 031 

MR 032 021 022 038 027 034 063 018 025 017 161 

BP 023 095 069 050 024 016 035 013 024 014 133 

SSF 029 011 015 029 037 022 022 013 024 016 029 

ExIt 025 032 020 019 036 033 021 018 034 084 026 

ER middle 020 035 031 017 030 044 019 017 016 022 027 

Table 5 (continued) Phosphate levels observed In the different umts of the Heathrow treatment faCIlity (HTF) 

Phosphate, mg/I 14104105 29/04105 20/05/05 15/06/05 26/08/05 28/09/05 27/10/05 23/11/05 09/12105 10/02106 16/03/06 27/04106 

DlvChamber nd 035 Nd nd 081 nd nd nd nd nd nd 202 

MR 016/048 038 027 023 053 049 051 028 012 035 018 014 

BP 000/004 019 009 010 030 050 035 011 015 029 014 010 

SSF 028 010 050 017 023 031 035 004 012 124 026 033 

EXit 028 037 037 028 022 022 027 005 012 041 014 019 

ER middle 020 041 041 036 084 100 079 nd 006 024 033 029 



Table 6 Ferrous Iron levels observed In the different units of the Heathrow treatment facIlity (HTF) 

Ferrous Iron, 
mgll 29/01/04 06/02104 19/02104 27/02104 18/03/04 25/03/04 07104104 21104104 14109/04 10/11/04 21/01/05 08/02105 16/02105 

Diversion 
Chamber nd nd nd Nd nd nd nd nd nd nd nd 000 000 

MR 001 0015 0 0 003 003 0 0 003 001 095 011 006 

BP 001 002 0 0 002 003 0 0 004 0 030 002 001 

SSF nd 002 001 0 005 004 002 007 nd nd 035 002 001 

ExIt nd nd 0 052 012 005 002 014 001 nd 025 000 001 

ER middle nd nd nd Nd nd nd nd nd nd nd 000 004 001 

Table 6 (continued) Ferrous Iron levels observed In the different umts of the Heathrow treatment faCility (HTF) 

Ferrous Iron, 
mgll 28/02105 07/03105 24103105 14104105 29/04105 20105105 15106/05 26/08/05 28/09/05 27/10105 23/11/05 09/12105 10/02106 16103106 27104106 

Diversion 
Chamber 025 000 000 nd 001 000 nd nd nd nd nd nd nd nd 008 

MR 002 007 219 0021011 120 223 001 001 001 000 001 001 000 011 209 

BP 004 000 002 003/046 032 051 001 001 000 000 002 001 000 016 001 

SSF 001 000 004 000 001 000 000 000 000 002 001 002 025 205 030 

Exit 002 002 002 000 001 003 001 000 000 002 001 001 011 185 001 

ER middle 001 002 000 005 002 009 001 000 000 001 NA 001 031 006 002 



Table 7 Total Iron levels observed In the different umts of the Heathrow treatment faCIlity (HTF) 

Fe-total 29/01/04 02102104 06/02104 10/02104 13/02104 19/02104 27/02104 18/02104 25/03/04 07/04104 21/04104 
Diversion 
Chamber nd nd nd nd Nd nd nd nd nd nd nd 

MR 112 326 142 217 343 518 24 167 249 229 2 

BP 103 186 222 115 194 172 198 212 278 133 154 

SSF nd nd nd 1448 1304 806 374 884 529 426 359 

exit nd nd 21 432 47 475 344 556 363 34 291 

ER nd nd nd nd Nd nd nd nd nd nd nd 

Table 7 (continued) Total Iron levels observed In the different umts of the Heathrow treatment faCIlity (HTF) 

Fe-total 29104105 20105/05 15/06/05 26/08/05 28/09/05 27/10/05 23/11/05 09/12105 10/02106 16/03/06 27/04106 
Diversion 
Chamber 001 001 Nd nd nd nd nd nd nd nd 600 

MR 182 712 021 023 nd 033 052 136 380 303 568 

BP 060 131 022 022 nd nd 017 051 348 286 252 

SSF 011 217 247 025 nd 014 042 204 348 656 476 

Exit 021 376 088 071 nd nd 012 170 470 580 362 

ER 045 018 000 001 nd 031 nd 048 044 034 004 



APPENDIX3A 

Table 1 A comparison of average, minimum and maximum nutrient levels observed in the 
MFR and MFBP with the levels In the ER 

Before nutnent dosIng Winter penod ImmedIately Post nutnent dosIng penod (22 
(Pnor to the 22 November after first nutnent dosIng November 2004 27 Apnl 2006) 

2004 VISIt) (22 November 2004-14 April 
2005) 

MFR MFBP ER* MFR MFBP ER* MFR MFBP ER* 
Average 

concentrabon 512 386 1063 806 970 1039 863 894 1042 
NItrate 

Phosphate 039 037 020 042 046 024 037 033 036 (mgll) 
MaxImum 

975 333 nla 1196 1595 1285 2080 1772 1909 concentrabon 
NItrate 

Phosphate 059 036 n/a 161 133 035 161 133 100 
. (mgnl 

Mlnrmum 
179 133 nla 399 000 710 000 000 620 concentrabon 

NItrate 
Phosphate 

(mQn) 
018 017 nla 017 004 016 012 004 006 

* No nutrient addition was carned out at the ER 
nla Not applicable because only one record of the nutnent levels In the ER was available prior to 22 
November 2004 

Table 2 Summary of the average blomass populatlons and ranges observed In the MFR, 
MFBP and SSF before and after nutrient dOSing commenced at Mayfield Farm 

Before nutnent dOSIng Post nutnent dOSIng penod 
(Pnor to the 22 November 2004 VISrQ (22 November 2004-2i Apnl 2006) 

MFR MFBP SSF ER* MFR MFBP SSF ER* 

Average 
blomass 1 92 X10B 844x107 786 x107 717 x10B 237 x109 603x10B 1 77 X10B 756 X10B 

populabon 
(CFUm 

MInImum 
blomass 960x10B 300 X10B 270 x10B 300 X10B 200 X107 700 X10B 610 X10B 820 X10B 

populabon 
(CFUm 

MaxImum 
blomass 138 x109 600x10B 720 X10B 620x109 230 x10'o 330 x109 1 39 x109 302 x109 

populabon 
(CFUm 

·ER was not dosed wrth nutnent 



Table 3 Comparisons of the laboratory measured BOO concentrations with the BiOX 
analyser results for Diversion Chamber samples 

Date BIOX mgll Laboratory mg/l 

21/04/04 1250 1760 

04/05104 910 2750 

26/05/04 860 1210 

15/06/04 870 1230 

18/08/04 2200 3100 

18/10/04 2600 3670 

10/11/04 960 1350 

22111104 1510 2130 

29/11/04 2250 4680 

07/01/05 1080 1500 

08/02105 1770 1200 

16/02105 1130 1100 

28/02105 10300 15000 

07/03/05 3740 3000 

24/03/05 3820 6250 

10/02106 8500 7125 

27/04/06 4400 4750 



Table 4 Comparisons of the laboratory measured BOO concentrations with the BIOX 
analyser results for MFR and MFBP samples 

MFR MFBP 

BIOXBOO Laboratory BOO BIOXBOO Laboratory BOO 

Date mg/) mg/) mg/l mg/l 

18/03/04 4350 2550 1920 3000 

25/03/04 10600 2675 3050 1475 

07/04/04 1300 2075 3280 2050 

21/04/04 2580 1900 1390 900 

04/05/04 NW 640 930 390 

26/05/04 100 95 100 95 

15/06/04 NW 113 80 88 

18/08/04 230 106 143 107 

14/09/04 195 238 126 175 

18110/04 445 205 260 195 

10/11/04 145 145 120 115 

22111104 NW 200 NW 90 

29111104 207 200 70 110 

13/12/04 113 100 207 200 

07/01105 289 185 458 250 

21101105 155 200 131 150 

08/02105 510 130 NW 120 

16/02105 429 370 123 260 

28/02/05 5010 6100 288 500 

07/03/05 4330 3300 391 2500 

24/03/05 1900 675 3410 2700 

14/04/05 3300 3150 1300 310 0 

29/04/05 2300 2450 1930 2400 

20/05/05 1400 1400 1500 1175 

15/06/05 146 63 98 50 

26/08/05 NW 625 303 280 

28/09/05 163 150 256 150 

27/10105 111 114 188 171 

09/12/05 1040 1710 940 1740 

10/02106 4070 2907 5050 3020 

16/03/06 5890 36500 36000 3760 

27/04/06 1230 12500 15900 1400 

NW DeVice not workmg 



I 

Table 5 Comparisons of the laboratory measured BOO concentrations with the BIOX 
analyser results for Mayfleld Farm exit channel samples 

Date B.OX BOO level mgll Laboratory BOO level mgn 

04/05/04 265 45 

26/05/04 58 83 

15/06/04 66 63 

12/07/04 21 1 

18/08/04 10 37 

14/09/04 11 157 

18/10/04 6 22 

10/11/04 66 71 

29/11/04 55 5 

13/12/04 83 5 

07/01/05 201 43 

- 08/02/05 - 69 9 

16/02105 66 9 

28/02/05 58 25 

07/03/05 163 40 

24/03/05 98 563 

14/04/05 49 25 

29/04/05 79 163 

20/05/05 47 13 

15/06/05 62 13 

26/08/05 135 295 

28/09/05 127 1375 

27/10/05 128 57 

09/12105 19 125 
~ 

I 10/02/06 298 225 

16/03/06 269 368 

27/04/06 422 55 
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Figure 1 Matrix plots of BOO, DO, mtrate and phosphate levels and the biomass 
populatlons In the MFR 
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Figure 2 MatriX plots of BOO, DO, mtrate and phosphate levels and the biomass 
populatlons In the MFBP 



APPENDIX4A 

Table 1 Temporal Changes In DO and Fe2+'Fe3+ concentrations for aerated pond water 
samples contammg different components 

Time days 0 1 2 3 6 8 

DO 
(mgn) 720 370 365 335 000 000 

Fe2 

(mall) 300 nd nd 040 003 005 

Fe3+ 
(mall) 000 nd nd 260 297 295 

%conv 
System A Fe2+ 000 nd nd 867 990 983 

DO 
SyStem B (mgn) 720 410 370 130 000 000 

DO 
(ma/l) 720 370 450 440 340 300 

Fe2 

(mall) 300 nd nd 050 024 013 

Fe3 

(mgn) 000 nd nd 250 276 287 

%conv 
System C Fe2 000 nd nd 833 920 957 

DO 
SyStem 0 (mall) 720 420 520 510 440 440 

nd not determined due to equipment malfunctIon 



Table 2 Variations In dissolved o~gen and Fe3
+ concentrations (mgll) for Initial 

concentrations of 1, 2, 3 and 4 mgll Fe2
+ in aerated pond water samples 

Time days 0 9 10 11 12 15 17 19 

co 
<:: System 1 720 >- 110 070 000 000 000 000 000 !'Cl Cl c E c: 
c: 0 
Q) 

System 2 720 III 100 040 000 000 000 000 000 Cl .!! 
~ :::J 

c: 
'tJ E 
~ System 3 720 0 100 035 000 000 000 000 000 
0 C') 

::! ~ 

cS .!! 
!'Cl 

System 4 720 E 

~ 
080 020 000 000 000 000 000 

CL 
CL 

System 1 100 !'Cl 032 003 015 022 072 094 100 
<:: .. 
Cl oE 
E c: 
c: System 2 200 0 141 017 013 046 160 177 184 0 e ~Q) ~ Q) 

LL !'Cl c: cb 8 System 3 300 Ir: 169 029 025 023 092 250 287 c: 
8 

System 4 400 271 049 027 007 117 243 400 

Time days 
0 9 10 11 12 15 17 19 

System 1 000 068 097 085 078 028 006 000 

'a, co 

E i;' 
System 2 000 c 059 183 187 154 040 023 016 c: c: 

,l; 
0 0 

~ g III 

c: 000 ~ 131 271 275 277 208 050 013 
8 System 3 c: 
c: E 
8 0 

000 
C') 

129 351 373 393 283 157 000 ~ System 4 .!! 
!'Cl 
E 

System 1 00 ~ 680 970 850 780 280 60 00 
CL 

,l;Q) 
CL 

c: !'Cl 

LL 0 System 2 00 .. 295 915 935 770 200 115 80 .;:> oE Q) g Cl c: 
.!!! c: 0 
c: 8 e ~ c: 00 437 903 917 923 693 167 43 

0 System 3 Q) 
Q) 0 ~ a.. 

Ir: 
00 322 877 932 982 707 392 00 

System 4 



DO 

levels 

(mg/l) 

Fe 

concan 
tratlon 
(mg/I) 

Table 3 Variations in Fe3
+ and DO concentrations for aerated pond water represented by 

Samples A and B incubated at 20°C 

Sample Day 0 Day 1 Day 2 Day 4 Day 8 Day 9 Day 10 Day 11 Day 14 Day 15 Day 16 

A 64 47 38 24 00 00 00/57 23 0 0 0 

B 68 54 47 45 43 40 40 37 36 36 36 

A 0 214 261 274 291 292 293 296 281 274 224 

B 0 134 149 212 260 271 279 282 290 292 292 

Table 4 Variations In Fe3
+ and DO concentrations for aerated pond water dosed with 1000 

mg/l BOO and 3 mg/l Fe2
+ (Sample A) and 3 mg/l Fe2

+ only (Sample B) Incubated at 20°C 

Sample 0 1 3 4 7 8 11 

A 640 440 000 000 000 000 000 
DO 

(mg/l) 
B 630 547 413 373 320 263 220 

Fe3 A 000 166 187 200 214 217 181 

(mg/l) 
B 000 1 11 119 124 184 211 249 

Day 17 

0 

36 

202 

296 



APPENDIX4B 

Figure 1 A Section of the MFBP showing the brown coloration of the water caused by 

the presence of Fe3
+ 



APPENDIX SA 

Table 1 Summary of equations and correlation coefficients for the DO exponential decay 
process In the different water samples at 6°C and 20°C 

Components Temoerature Exoonenbal EQuation R2 value 

MFR SOC Y = 9 Oe-O 0887x 08494 

20°C y=90e13923X 03S45 

MFBP SOC Y = 9 4e-O 1531x 09104 

20°C y=94e 14058X 03337 

SSF SOC Y = 8 4e-O 1974 08165 

20°C y=84e12788X 06719 

ER 6°C Y = 96e-00314X 08193 

20°C Y = 96e-00819x 06783 

Table 2 Summary of the experimentally determined biodegradation rates (day 1), 
percentage BOO reduction after a day and the time taken to remove half of the BOO In the 
different water samples at 6°C and 20°C 

.I!lu. Percentage BOO Time taken to remove 
C::t- Biodegradation rates 50% of Initial BOO 
~:I: (day 1) reduction after 1 day concentration (days) OQ) 
Co.c 
E-
8'0 6°C 20°C 6°C 20°C 6°C 20°C 

MFR 0099 0440 95% 356% 70 1 S 

MFBP 0181 0442 165% 356% 39 16 

SSF 0239 0443 213% 356% 29 1 S 

ER 0043 0091 39% 86% 173 77 



Table 3 Summary of the experimentally determmed biodegradation rates (day 1), 
percentage BOO reduction after a day and the tIme taken to remove half of the BOO m 
MFR water samples with different components at 6°C and 20°C 

Percentage BOO Time taken to remove 
I/) 

Biodegradation rates 50% of Inrtlal BOO .... Q) 
Q)- reduction after 1 day 

- Q. . (dav 1) concentration (days) 
~~ 

I/) 

SOC 20°C 20°C SOC SOC 20°C 

A 0093 0352 8S% 295% 77 20 

B 1081 1093 660% SS 4% OS OS 

C 0247 0332 221% 281% 28 21 

Table 4 A brief description of the different bacteria Isolates from the HTF 

Bactenal 
strains Location Descnptlon 

1 Mayfield Farm aerated ponds roots and ER Round brown colonies 

2 Mayfield Farm aerated ponds Large round beige colonies 

3 Mayfield Farm aerated ponds roots and ER Round whitish colonies 

4 Mayfield Farm aerated ponds Deep brown colonies Slightly large 

5 Mayfield Farm aerated ponds Large beige colOnies With brown In the middle 

A Plant roots and ER Dark brown round colOnies 

B Plants roots Bel!:le-Brown colOnies 

C Plants roots Small beige round colOnies 

D Plants roots Very light brown round colOnies 

E Plants roots Rou!:lh lI!:Iht brown colOnies 

F Plants roots Large dark brown round colOnies 

G Plant roots Transparent bel !:le-brown colOnies 

H Plant roots and ER White sponge like colOnies 

I Plant roots and ER Small yellow colOnies 

J Plant roots and ER Dark brown colOnies 

K Plant roots and ER Transparent brown Slightly rough colOnies 

L Plant roots Whitish rough colOnies 

M Plant roots and DiverSion chamber Round whitish colOnies very similar to 3 



Table 5 Brief descriptions of the different fungi and actmomycetes from the HTF 

Isolate Location Description of colony observed on agar plate 

A1 Plant roots and substrate of the SSF Round-shaped slightly-raised beige colonies 

A2 Plant roots and substrate of the SSF Unusually shaped dark beige colonies 

F/A Plant roots and substrate of the SSF Small light-beige solid colonies 

F1 Plant roots and substrate of the SSF Large colonies with Jet-black reversed side 

F2 Plant roots and substrate of the SSF Large mouldy colOnies 

F3 Plant roots and substrate of the SSF Slight green-black moulds covering plate 



APPENDIX 58 
I 

BIODEGRADATION CURYFS FOR MFBP_WAlER SAMPLFS WIm VARYING 
COMPONENTS UNDER THE SAME CONDITIONS (20 degrees cent) 

l 

8~------------------------------__ --------------------~-------------------------------, 

7 

5 

'a, 
E 4 
o 
C 

3 

2 

2 

• y = 7 2e-G \%3Z, 

RZ'=O 8293 

MFBPwater sample without any adde 
BOO or Ferrous Iron 

y =7_2e -G07591 

RZ =0 6393 

x 

MFBP water sample with 3mgn added ferro ir 
y = 7 2e 1 0%1%, (added BOO) 

RZ =05454 

• MFBP water sample of 350 mg/l added BOO and 3 mgn Ferrous iron 

3 4 1 5 6 7 8 9 

Time, days~ I 



APPENDIX6A 

Table 1 Identification of the Individual column experiments relative to date carried out 

Expenment Duration of Expenment 

ExpenmentA 20 September 2004 to 11 October 2004 

Expenment B 25 October 2004 to 15 November 2004 

Expenment C 29 November 2004 to 20 December 2004 

E~enmentD 25 JanualY 2005 to 15 February 2005 

EJg)erlment E 25 May 2005 to 15 June 2005 

Expenment F 28 June 2005 to 19July 2005 

Elglenment G 2 September 2005 to 23 September 2005 

Table 2 Vanatlons in nitrate concentrations in nutrlent-dosed planted and substrate-only 
columns (starting nitrate concentration of 50 mgll) 

Experiments 
A B C D E F G 

Nitrate concentrations mgll 
Nitrate concentration 

after 7 days In 925 025 1285 000 000 797 11 96 
planted column dosed 

with nutnent 
Nitrate concentration 

after 21 days In 
11 80 000 1019 1418 000 000 000 

planted column dosed 
with nutnent 

Nitrate concentration 
after 7 days In 

530 200 11 96 487 000 576 1329 
substrate-only column 

dosed with nutrient 
Nitrate concentration 

after 21 days In 590 040 975 1418 000 000 000 
substrate-only column 

dosed with nutrient 



Table 3 Variations In phosphate concentrations In nutrlent-dosed planted and substrate
only columns (starting phosphate concentration of 6 8 mg/l) 

A B C D E F G 
Expenments 

Phosphate concentration mg/l 
Phosphate 

concentration after 7 060 017 008 011 077 054 046 
days In planted column 

dosed with nutrient 
Phosphate 

concentration after 21 120 040 008 016 052 140 024 
days In planted column 

dosed with nutrient 
Phosphate 

concentration after 7 
days In substrate-only 092 112 056 014 135 084 091 

column dosed with 
nutrient 

Phosphate 
concentration after 21 
days In substrate-only 091 093 030 035 090 1 11 048 

column dosed with 
nutrient 



Table 4 DO concentrations In nutrient-closed and nutrient-free planted and substrate-only 
columns 7 and 21 days after the commencement of each experiment 

Expenments 
A B C D E F G 

Dissolved ~en levels mIll! 
DO after 7 days In planted 

(730) (710) (790) (800) (710) (720) (710) column dosed with nutnent 
and BOO 660 280 140 000 050 110 000 

DO after 21 days In planted 
column dosed with nutnent 020 000 050 000 080 120 000 

and BOO 
DO after 7 days In 

substrate-only column (730) (710) (790) (800) (710) (720) (710) 
dosed with nutnent and 190 300 120 000 300 130 000 

BOO 
DO after 21 days In 

substrate-only column 
000 000 040 000 070 130 000 dosed with nutnent and 

BOO 

DO after 7 days In planted (720) (710) (780) (800) (710) (720) (710) 
column dosed with BOO 010 230 110 000 050 180 000 

DO after 21 days In planted 
000 000 020 000 070 100 000 column dosed with BOO 

DO after 7 days In (720) (710) (780) (800) (710) (720) (710) substrate only column 
240 270 110 000 1 30 1 50 000 dosed with BOO 

DO after 21 days-in 
sUbstrate-only column 000 000 020 000 080 1 30 000 

dosed with BOO 

Key () = DO concentration of water sample fed Into the columns 



Table 5 The DO concentrations In Iron-ciosed and Iron-free planted and substrate-only 
columns 7 and 21 days after the commencement of each experiment 

Experiments 
A B C D E F G 

Dissolved oxygen levels mg/l 
DO after 7 days m 

planted column (720) (710) (790) (800) (710) (720) (710) 
dosed with Iron and 220 350 1 80 000 090 210 000 

BOO 
DO after 21 days m 

planted column 
000 000 030 000 120 120 000 dosed wrth Iron and 

BOO 
DO after 7 days In 

substrate-only (720) (710) (790) (800) (710) (720) (710) 
column dosed with 270 280 1 10 000 060 220 000 

Iron and BOO 
DO after 21 days In 

substrate-only 000 000 020 000 060 100 000 
column dosed with 

Iron and BOO 
DO after 7 days m (720) (710) (780) (800) (710) (720) (710) 

planted column 
dosed with BOO 010 230 110 000 050 180 000 

DO after 21 days m 
planted column 000 000 020 000 070 100 000 
dosed with BOO 

DO after 7 days m 
substrate-only (720) (710) (780) (800) (710) (720) (710) 

column dosed with 240 270 1 10 000 130 150 000 
BOO 

DO after 21 days-m 
substrate-only 000 000 020 000 080 130 000 column dosed with 

BOO 

Key () = DO concentration of water sample fed m the columns 



Table 6 Variations m Fe2
+ Ions concentrations m iron-dosed planted and substrate-only 

column (startmg Fe2
+ ion concentration of 3 mg/l) 

A B 
Experiments 

C D E F G 

Fe (11) concentrations mg/l 
7 days-Iron-dosed 443 019 205 131 307 337 159 planted column 

21 days-I ron-dosed 422 310 475 177 640 274 325 planted column 
7 days-Iron-dosed 

substrate-only 310 009 240 1260 566 616 1 58 
column 

21 days-Iron-dosed 
substrate-only 054 210 390 200 952 538 215 

column 



APPENDIX 6B 

Figure 1 Section of the Pilot-Scale Vertical flow column during the winter 



APPENDIX7A 

Table 1 A brief description of the different Isolates from the HTF 

Isolate Location Descnptron of colony observed on aaar plate 

1 Mayfjeld Farm aerated ponds roots and ER Round brown colonres 

2 Mayfjeld Farm aerated ponds Large round beige colonres 

3 Mayfield Farm aerated ponds roots and ER Round whitish colonres 

4 Mayfield Farm aerated ponds Deep brown colonies slightly large 

5 Mayfield Farm aerated ponds Large beige colonres With brown In the middle 

A Plant roots and ER Dark brown round colonres 

B Plants roots Beige-Brown colonres 

C Plants roots Small beige round colonres 

0 Plants roots Very Ilaht brown round colonres 

E Plants roots Rough light brown colonres 

F Plants roots Large dark brown round colonres 

G Plant roots Transparent beige brown colonres 

H Plant roots and ER White sponge like colonres 

I Plant roots and ER Small yellow colonres 

J Plant roots and ER Dark brown colonres 

K Plant roots and ER Transparent brown slightly rough colonres 

L Plant roots Whitish rough colonres 

M Plant roots and DiverSion chamber Round whitish colonres very similar to 3 

A1 Plant roots and substrate of the SSF Round-shaped slightly-raised beige colonres 

A2 Plant roots and substrate of the SSF Unusuallv shaped dark beige colonres 

FIA Plant roots and substrate of the SSF Small light beige solid colonies 

F1 Plant roots and substrate of the SSF Large colonres with let-black reversed side 

F2 Plant roots and substrate of the SSF Large mouldy colonres 

F3 Plant roots and substrate of the SSF SlIaht areen black moulds covenna plate 

*Plant roots refers to plants from the Sub-surface Flow Reedbeed (SSF) 



Table 2 Characterisation of the different bacteria Isolates based on some of the API 
biochemical tests 

Tests/Strains 1 2 3 4 5 A B C D E F G H / J K L 

Gram stalmna + + + + + + +/ + 

Catalase oroductlon + + nd nd + + + + + + + 
Beta-galactosldase 

oroductlon + nd nd nd + + + + + + + 
8rglmne !!Ihlldrolase 

oroductlon + + + + 
Lllslne decarbo~lase 

oroductlon + nd nd nd 
Omllhln~ !!ecamQ!lllas~ 

oroductlon + + + 

Crtrate utlhsatlon + + nd nd nd 

H2S production nd nd nd -

Production of urease + + + + + 

Trvotoohane oroductlon + + nd nd nd 

Indole production + nd nd nd 

Acetoin oroductlon + + + + + + + + + + + + + + + 

Gelatlnase oroductlon + + nd nd nd + + + + + + 

Glucose fermentation + + + + + 

Fructose aCIdification + + nd nd nd nd nd nd nd nd nd nd nd nd 

Arabinose fermentation + + + 

Mehblose fermentation + + + + 

Maltose aCIdification + + + nd nd nd nd nd nd nd nd nd nd nd nd 

Lactose aCIdification + + nd nd nd nd nd nd nd nd nd nd nd nd 

Trehalose aCIdification + nd nd nd nd nd nd nd nd nd nd nd nd 

Sucrose fermentation + + + + 

Amygdahn fermentation + nd nd nd 

Mannitol fermentation + + + + + 

Inositol fermentation nd nd nd 

Xylltol acidification nd + + nd nd nd nd nd nd nd nd nd nd nd nd 

Sorbitol fermentation nd 

M 

+ 

+ 

+ 

+ 

+ 

nd 

+ 

nd 

nd 

nd 

+ 

+ 

+ 

nd 

+ 



Table 2 (continue) Characterisation of the different bacteria Isolates based on some of the 
API biochemical tests 

Tests/Strains 1 2 3 4 5 A B C 0 E F G H I J K L 

Rhamnose fennentallon + nd nd nd 

Mannose aCidification + + + nd nd nd nd nd nd nd nd nd nd nd nd 

OXIdase Droductlon + + nd nd nd - + + + + + + + + 

Demtnficatlon + + + nd nd nd nd nd nd nd nd nd nd nd nd 
Alkaline phosphate 

production + nd nd nd nd nd nd nd nd nd nd nd nd nd nd 

• +/- Partly positive partly negattve result (Inconclusive result) 

• + Positive result (or Gram positive) Negative result (or Gram negative) 

• nd Not determined because test was not available on the API stnp used (also used to 
Indicate that the test IS Inconclusive) 

Underhned Where the name of the test IS underhned It indicates that the test was conducted 
under anaerobic conditions 

Table 3 Comparison of some key characteristics of a known Staphylococcus specIes with 
those of Strains 1-5 
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Table 4 Comparison of some key characteristics of two known Enterococcus species with 
those of Strains 1-5 

r:::: ACidification of 
01 01 0 
(/) (/) ~ IU IU r:::: e 0 -'0 n r:::: 
'0 iii 01 
>- 0 :::J E s::. 0 "0 01 01 01 
'6 IU 2 ~ 01 :g (/) 

(/) (/) (/) 0 15 Bactena Strams 01 iii a.. 01 8 -§ .c 2 iii ~ 
c: 7J en (/) 

:::J .... 0 s::. >. c ; N 0 a IU 0 :::J ~ X 

~ 
::c .Q ...J en en 

cc Q) I-

~ 

Enterococcus jaecalls + + + + + + 

Enterococcus jaeclum + + + + + 
Stratn 1 + + + + 

Stram2 + + + + + 

Strrun3 + nd nd + + nd + nd 

Stram4 nd nd + + 

Stratn 5 + nd nd + + + + + 

Table 5 Comparison of some key characteristics of know Pseudomonas specIes with 
those of Strains A-M 
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Pseudomonas aeruglnasa + + + 

StramA + -
StramB + 
StramC + + 
StramD + 
StramE + 

StramF - + 

Strrun G + + 

StratnH + + 

Stram] + 

StramJ + 

StramK + 

StramL + 

StrrunM + + + -

v variable response, nd not determmed 



APPENDIX7B 

Figure 1 Mix population of bacteria, fungi and actinomycetes grown on laboratory prepared 

culture 
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