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Abstract 

Water that is contaminated with pathogenic microorganisms, can cause disease. Despite advances 

in the provision of safe drinking water, an estimated 580 million people lack consistent access to 

safe water whilst the consumption of biologically contaminated water leads to approximately 

485,000 deaths each year. Well understood chemical and/or physical treatment regimes are 

commonplace in high income countries but are often not possible or suitable in remote or 

challenging communities where infrastructure is lacking and where drinking water is collected and 

managed at source. There is a need for sustainable, scalable, low cost, low energy systems that can 

be widely distributed and adopted for the provision of safer drinking water.  

The aim of this research was to develop biofilm treatment systems (BTS) for the control and/or 

removal of freshwater contaminants, including but not limited to, common pathogenic bacteria. 

Laboratory scale and upscaled BTS were designed, developed, and investigated. The BTS utilise 

naturally occurring microorganisms that attach and form biofilms upon expanded ceramic filter 

media used in this research. The initial start-up (maturation) and development of the microbial 

community was investigated using single gene-based sequencing. These BTS were then applied for 

the control freshwater contaminants including Escherichia coli, Enterococcus faecalis and 

Pseudomonas aeruginosa. 

The single gene-based community analysis demonstrates that under controlled conditions, the 

formation of an environmental biofilm is reproducible at scale from a singular seed source of 

environmental microorganisms. Moreover, such BTS operating within a recirculation 

configuration are able to achieve significant reductions of indicator species within fresh water; E. 

coli (99%), E. faecalis (99%), and P. aeruginosa (92%) after 24 h, which can be successfully applied 

in an upscaled configuration. The single gene-based community analysis identified potential 

antimicrobial producing species of bacteria within the biofilm of the BTS that is the hypothesised 

method by which the BTS was able to significantly reduce the number of viable pathogens from a 

source water.  

The main findings of this study are that the viability of planktonic bacterial pathogens in fresh 

water are significantly reduced by functional characteristics inherent to mature environmental 

biofilms. Through competition sensing, biofilm communities may up-regulate defence mechanisms 

such as the production of antibiotics, biosurfactants and bactericidal toxins. This has important 

implications for the control and use of BTS within fresh water that is reproducible at scale. 

Moreover, this indicates, under controlled conditions, the environmental biofilm community was 

reproducible at scale; indicating that there is a potential to control biofilm growth within treatment 

systems based on the operational parameters of a treatment system. 
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 Thesis overview 

The present study was carried out to further understand the development of biofilms within water 

treatment systems and the potential of such biofilms to control the levels of waterborne pathogenic 

bacteria in fresh water. The work presented in this thesis is comprised of 7 chapters. 

Chapter 1 provides a literature review regarding the global water distribution, the major problems 

with demand and microbiological contamination of water, current literature on how biofiltration 

technologies are employed within the water sector and the identification of knowledge gaps. This 

chapter also outlines the research aims.  

Chapter 2 describes materials and experimental methods used in this research, and the 

development of model systems and techniques.  

Chapter 3 investigates the characterisation and maturation of both laboratory and upscaled model 

biofilm treatment systems used in this research. This chapter also presents the comparison and 

representation of laboratory scale model treatment systems and up-scaled treatment systems. 

Chapter 4 a detailed investigation of the bacterial diversity within the biofilms that establish and 

develop on the filter media within the biofilm treatment systems.  

Chapter 5 demonstrates the use of laboratory scale biofilm treatment systems to reduce the 

viability of three species of waterborne pathogens within a fresh water of which presents published 

material (1).  

Chapter 6 investigates a trial of up-scaled biofilm treatment systems for the remediation of 

contaminated environmentally derived fresh water.  

Chapter 7 provides a final discussion and summarises the main study findings and their 

contributions to the knowledge gaps surrounding the role of biofilms for treatment processes 

within drinking water supplies. 
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 Water quality and quantity, a global issue 

Fresh water is fundamental for all life on earth and an integral part of human existence. Worldwide, 

only 2.5% of water is fresh water, and of the 0.77% of that which is accessible, only 10% is suitable 

for human consumption (2,3). Accessible water is not geographically distributed to meet global 

demand, leaving 580 million people unable to access a clean consistent source of water (4) with a 

further 1.1 billion people unable to access reliable energy sources (5). Without appropriate access 

to energy supply, access to treatment methods that require significant energy to operate is 

hindered. Meeting the global demand for fresh water, in addition to the energy required to achieve 

this demand, has been identified as a major challenge for society over the coming decades, 

particularly given that the global population has been estimated to increase to between 9 – 10 billion 

by 2050 (6–8). The stress on water resources has already been evidenced in Cape Town, South 

Africa, with the “Day Zero” crisis, when freshwater reservoir levels supplying the city nearly fell 

below the threshold of 13.5% capacity that would have resulted in the shutdown of the municipal 

water network (9). Moreover, water scarcity has been most prominent in India, China, Bangladesh, 

western states of the USA, Pakistan, Nigeria and Mexico, and it is estimated that 4 billion people 

live under severe water scarcity for at least one month per year (10). Fresh water availability is 

shifting on a global scale and is significantly driven by anthropological activity. A study conducted 

by the Gravity Recovery and Climate Experiment (GRACE) quantified 34 trends in terrestrial water 

storage observed by satellites during 2002–2016 and highlights that the drivers of this change 

include natural interannual variability in weather patterns (including rainfall), unsustainable 

groundwater consumption, climate change or combinations thereof (Figure 1.1). The observation-

based assessment of the world’s water landscape provides a blueprint for evaluating and predicting 

emerging threats to water and food security (11). 
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Figure 1.1: Changes in global freshwater availability determined by the Gravity Recovery and 
Climate Experiment (GRACE) using 34 trends in terrestrial water storage observed by satellites 
during 2002–2016. Reproduced with permission from Rodell et al. (11). 
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It is evident that the security of global freshwater resources is under threat (Figure 1.1) and to 

address these global challenges surrounding the access to and availability and security of fresh 

water the Millennium Development Goals (MDGs) were established in September 2000, and 

incorporated eight overarching goals set for 2015. Included in these goals was the Water, Sanitation 

and Hygiene (WASH) strategy (12). WASH is a strategy outlined by the World Health Organisation 

(WHO) that aims to improve access to and quality of water, sanitation and hygiene provisions and 

was included as part of MDG 7; to “ensure environmental sustainability”. The final summary of the 

MDG in 2015 reports that 2.1 billion people had gained access to improved sanitation since 2000 

and that 91% of the global population had access to improved drinking water sources (13). In 2015, 

the MDG’s were concluded, and replaced with the Sustainable Development Goals (SDGs). The new 

SDGs are made up of 17 targeted goals to provide a “global blueprint for dignity, peace and 

prosperity for people and the planet, now and in the future” (14). Within the SDGs there is a specific 

goal that is set to improve water, sanitation, and hygiene: sustainable development goal number 6 

(SDG6). The aim of SDG 6 is to “ensure availability and sustainable management of water and 

sanitation for all” (14), and is set to be achieved through the specific targets outlined in Table 1.1. 

SDG 6 encourages better overall management of water in terms of drinking water [SDG 6.1] and 

sanitation [6.2], reducing pollutants in source water [6.3], becoming more efficient in water usage 

[6.4 and 6.5] and to better protect and restore water sources [6.6]. These targets are only 

achievable through international cooperation [6.a] and local engagement [6.b]. There are several 

conditions in order to determine the safety of a drinking water source by establishing what service 

level the water is collected from (i.e. safely managed, basic, limited, unimproved or surface water). 

To be deemed safely managed the water must be from an improved water source (i.e. piped water, 

borehole, protected spring or delivered water), located on the premises, available when required 

and biologically and chemically safe (4). Basic drinking water access requires the collection of 

improved drinking water to be less than a 30-minute round trip, and limited access is collection of 

water from improved water sources with a greater than 30-minute round trip.  
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 Table 1.1: Sustainable Development Goal 6: clean water and sanitation targets (15).  

 SDG 6 Targets  

 
6.1 By 2030, achieve universal and equitable access to safe and affordable drinking 

water for all. 
 

 

6.2 By 2030, achieve access to adequate and equitable sanitation and hygiene for all 

and end open defecation, paying special attention to the needs of women and girls 

and those in vulnerable situations. 

 

 

6.3 By 2030, improve water quality by reducing pollution, eliminating dumping, and 

minimizing release of hazardous chemicals and materials, halving the proportion 

of untreated wastewater and substantially increasing recycling and safe reuse 

globally. 

 

 

6.4 By 2030, substantially increase water-use efficiency across all sectors and ensure 

sustainable withdrawals and supply of freshwater to address water scarcity and 

substantially reduce the number of people suffering from water scarcity. 

 

 
6.5 By 2030, implement integrated water resources management at all levels, 

including through transboundary cooperation as appropriate. 
 

 
6.6 By 2020, protect and restore water-related ecosystems, including mountains, 

forests, wetlands, rivers, aquifers, and lakes. 
 

 

6.a By 2030, expand international cooperation and capacity-building support to 

developing countries in water- and sanitation-related activities and programmes, 

including water harvesting, desalination, water efficiency, wastewater treatment, 

recycling, and reuse technologies. 

 

 
6.b Support and strengthen the participation of local communities in improving water 

and sanitation management. 
 

 

For those without access to adequate water treatment (i.e., availably of either unimproved or 

surface water sources), the consumption of contaminated water is estimated to cause 485,000 

deaths each year (16). A number of diseases resulting from consumption of these unimproved 

sources are attributed to the presence of pathogenic bacteria, including Escherichia coli, enterococci 

species and Vibrio cholerae within untreated water (17–19). The contamination of water sources is 

not only a problem present within low-middle income countries (LMIC) where the GDP per capita 

is less than US$ 2581. Intensive agriculture, urbanisation and industrial processes have caused 

rapid changes in the quality of water sources within high income countries (HIC). This has led to 

the increased prevalence of emerging contaminants (EC) and pollutants in fresh waters including, 



 Ch. 1 

Page | 6  
 

but not limited to, antibiotics (20–24), endocrine-disruptor compounds (EDCs) (25,26), 

pharmaceuticals and personal care products (PPCPs) (27,28), and microplastics (29) that enter the 

aquatic environment at significant concentrations through wastewater discharge and ground water 

runoff. The increased prevalence of such chemicals places serious pressure on the health of aquatic 

eco-systems and helps contribute to the emergence of novel disinfectant-tolerant and antibiotic-

resistant bacteria that do not respond to standard antimicrobial therapies, causing issues in both 

LMICs and HICs (30–33). This does not only affect water, but also food security whereby arable 

land that is irrigated with contaminated water can have a negative impact on human health 

through the consumption of ECs (34). This is a global issue and requires a global effort for the 

research and development into new approaches for improving the access to potable water, and 

technologies for the control of emerging contaminants, both of which are crucial steps towards 

achieving the 2030 Sustainable Development Goals (15). For SDG6 specifically, continued and 

further development of low energy solutions for the provisioning of potable water that are 

sustainable, compact and energy efficient is required. 

 Solutions; decentralised drinking water management systems 

There has been an increase over the last 20 years into the research and development of novel, 

sustainable, compact water solutions for the production of safe drinking (potable) water 

(summarised in Table 1.2) (35). Sustainable provision of potable water should provide adequate 

water quantity and appropriate water quality for a given need, without compromising the future 

ability to provide this capacity and quality. A few examples of this are aquifers where the demand 

is no more than the recharge rate, recycled/reclaimed water, and rainwater harvesting. 

Appropriate treatment methods will also contribute to water sustainability, whereby the 

maintenance of appropriate water quality can reduce pressure on this resource.  

Examples of solutions for the provision of potable water at source incorporate technologies 

including vapour compression distillation for the removal of physical, chemical and microbiological 

contaminants (36), ultrafiltration (UF) (37) and the combined use of UF and electrochemically 

activated solutions (ECAS) (38). However, for the guarantee of potable water in these systems, 

disinfection is still required. Such disinfection approaches include conventional chlorination (39) 

ozonation (40) or UV (41). For disinfection using chlorination, residual free chlorine and 

chloramines are required to ensure microbiological water quality is maintained, providing both 

stability and safety through the prevention of the growth of pathogenic bacteria (42). The use of 

chlorine has disadvantages: it is hazardous and produces harmful disinfection by-products (DBPs) 

upon reaction with organic matter (43). Furthermore, DBPs, including trihalomethanes (THMs) 

and haloacetic acids (HAA) are known to have negative side effects (44–46) including links between 

the exposure to DBPs and congenital defects (46), and development and severity of asthma (47). 
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Not all solutions incorporate filtration and disinfection:  other examples of water management 

include rainwater harvesting (48) where water is stored without any prior treatment or slow sand 

filtration which involves a physical filtration process with a bioactive layer (49,50). Such solutions 

are still the most accessible and diffuse method water management strategies due to their reduced  

cost and simplicity (51). However, these strategies for water management are not always able to  

safeguard the quality of water (56).  

There are many solutions available, yet 13% of the population are still unable to access a clean 

consistent source of water. Therefore, there is a need for low-cost, solutions that can be diffuse, 

utilise low-cost materials and that do not require specialist expertise to operate. One possible 

solution is the use of biologically active filters. Biologically active filters are nature-based solutions 

that utilise naturally occurring bacteria in the form of biofilms for the processing and treatment of 

water (57,58). This biotechnology can also be configured in small reactor scales, utilising locally 

sourced materials that can operate in a compact footprint and are energy efficient making them 

ideal candidates for an affordable technology to improve the accessibility of potable water 

treatment. However, further research is required into the use of a biologically based treatment 

Table 1.2: Summary of decentralized water treatment technologies for controlling waterborne 
pathogenic bacteria. 

 
Water treatment 

technology Filtration Disinfection Reference 
 

 Chlorine tablets N/A Chlorination Sobsey (52)  

 Solar disinfection N/A 
Sunlight (UV 
inactivation) 

Carratalà 
et al. (53) 

 

 
Vapour compression 

distillation 
N/A 

Vaporization of water 
using solar energy 

Attisani 

(36) 
 

 
Ultrafiltration (UF) 

coupled with 
chlorination 

UF Chlorination 
Chaidez, C. 
et al. (37) 

 

 

Ultrafiltration 
coupled with 

electrochemically 
activated solutions 

(ECAS) 

115 µm filter pump, 100 
µm reverse flushing 

filter and 0.0 2 µm UF 

Electrochemically 
activated solution 

(1% total v/v) 

Clayton et 
al. (38) 

 

 Biosand filters 
Gravel, Sand and 

Coniferous pinus bark 
biomass 

N/A 
Baig et al. 

(54) 

 

 Biofilter systems 
Foam sleeve/disk 

incorporating biofilm 
and carbon filter block. 

Chlorination 
Wendt et 
al. (55) 
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system without the addition of a disinfection treatment step for the control of waterborne 

pathogens within source water; the cause of the 505 000 deaths each year (59,60).  

 Biological filtration 

Biological filtration broadly describes the bioremediation (breakdown using microorganisms) of 

organic matter and pollutants using beneficial microorganisms within biofilms that can be attached 

to a filter medium and/or be situated in a bioactive layer within slow sand filters, known as the 

“schmutzdecke” (German for “dirt cover”) (61). Within biological filter vessels, filter media can 

consist of granular activated carbon (GAC), expanded ceramics, sand and/or anthracite, among 

others (58). These filter vessels can involve large reactors such as those used as a tertiary stage 

treatment to reduce biodegradable organic matter from raw water entering wastewater treatment 

plants (WWTPs), reducing the biological oxygen demand of final effluent for decades (62,63) or 

their incorporation into municipal drinking water treatment plants where they are used for the 

removal of contaminants, such as organic matter, to reduce the formation of DBPs during 

disinfection (43,58). Even the earliest form of engineered drinking water treatment involved 

biological filtration. In 1804, John Gibb designed and built an experimental slow sand filtration 

system (a form of biological filtration) for his bleachery in Paisley, Scotland (64). The treated water 

produced from this prototype system was sold and distributed amongst the local community. This 

went on to be developed by Robert Thorn in 1827 and then, James Simpson later commissioned 

biological sand filtration within the treatment of drinking water for public distribution by the 

Chelsea Water Company, London in 1829 (49). However, in the early 20th century, the development 

of rapid sand filtration soon replaced the demand for slow sand filtration due to the smaller reactor 

footprints and the ability to tolerate varying water quality (57,58). Nonetheless, the utilisation of 

microorganisms plays an important role in the access to improved drinking water across the globe 

in both LMICs and HICs. For example, slow sand filters are commonly used within LMICs (58) and 

the development of a layer of biomass at the surface of the sand filter facilitates the biodegradation 

of organic material present in the water. This biomass layer also acts to prevent the physical 

progression of most pathogenic microorganisms e.g., E. coli, coliform bacteria, Giardia and 

Cryptosporidium (65–67) through the slow sand filter, commonly achieving between 1 and 4 log10 

reductions in pathogen loads. In HICs, biological filters are used to reduce or remove organic 

matter, a precursor to the formation of harmful disinfection by-products, prior to chlorination 

(50,58,68). In summary, biological filtration can be configured to have low chemical and energy 

requirements which therefore makes this a relevant biotechnology that could be applied within 

small to medium urban, rural, and remote communities. 
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1.4.1 Biofiltration operation and system modelling 

To date, the research and development regarding the use of biological treatment of water has 

focused on; (i) pre-treatment methods, (ii) process development, filter performance and modelling, 

and (iii) biological/ecological parameters. To enable this work, appropriate biofilter modelling is 

key for meaningful study outcomes. However, within the research of biological filtration, there are 

certain caveats when comparing studies that are the difference in operating conditions, filter 

design, filter media properties and scale of model systems. When designing model systems, empty 

bed contact time (EBCT) and hydraulic loading rate (HLR) are important operating parameters 

that can influence treatment efficiency and can be used to compare biofilter systems (69). The 

EBCT has been utilised to predict the removal of organic matter in biofilters (70), although there 

are some inconsistencies which may indicate that other operational parameters still need 

investigation to help predict performance of biological filters. Early studies have demonstrated that 

the removal of organic carbon was a measure of biofilter performance, being directly proportional 

to the EBCT, whereby the removal of total organic carbon using GAC biofilters increased from 

approximately 30 to 50% when the EBCT was increased from 5 to 20 min (70). Moreover, the 

removal of organic-by products of ozonation through biological filtration does not significantly 

increase at an EBCT of 20 minutes (71). However, in some cases the EBCT has had little effect on 

organic matter removal within a range of between 4 and 20 min (72,73). The EBCT had no effect 

on removal with two parallel anthracite/sand biofilters with EBCT of 3.2 min and 8.3 min. 

However, more efficient nitrification performance was observed at longer EBCT (8.3 min) with a 

60% increase in removal efficiency compared to 3.2 min (74). Furthermore, the adjustment to the 

EBCT can be used to help achieve relatively consistent performance. For example, an increase in 

EBCT has been used to counter the reduction in organic matter removal as a result of a decrease 

in operating temperatures to achieve steady performance (75). The evidence suggests that the 

EBCT of a biological treatment system is one of the most significant parameters to consider when 

investigating biological treatment processes. 

HLR is another operational parameter that can affect the process of biological filtration. Several 

studies have investigated the effect of HLR on the removal of organics; however, the direct impact 

of HLR on bioremediation is not fully understood. A correlation between the removal of organics 

and the HLR of biological treatment systems has been demonstrated (76). This study found that as 

the HLR increased, the removal efficiency of organics (namely, dissolved organic carbon) 

decreased. It was postulated that the possible that the decreased removal of the dissolved organic 

carbon at higher HLRs may be due to the reduction of biofilm formation on the filter media 

suggesting that the biofilm may develop a greater density of biomass at lower HLRs (76). As a 
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result, biofilms are less able to remove organic carbon as efficiently at the higher HLRs without a 

sufficient new time period allowed for the biomass to reacclimatise to the new operating conditions 

(76). Another study found that the removal of oxidation by-products was not directly affected by 

HLR, but rather by influent concentration and EBCT (71). The varying removal rates was suggested 

to be attributed to the biomass and bacteria present at higher HLRs, which may prefer more easily 

biodegradable compounds. 

It has been shown that a change in HLR during operation has an impact on bioremediation 

performance (77). A study by Liu et al. (77) investigated biofilter columns that were started on a 

HLR of 1 m h−1 (EBCT = 3 h). After 35 days of operation, the HLR in 5 of the 6 test systems was 

increased to 1.5 m h−1 (EBCT = 120 min), 2 m h−1 (EBCT= 90 min), 3 m h −1 (EBCT = 58 min), 5 m 

h −1 (EBCT = 35 min) and 8 m h−1 (EBCT = 22 min). As the HLRs were increased, a notable decrease 

in the removal of conventional pollutants (organic carbon, ammonia, total phosphate) was 

observed. However, this was followed by a trend of increasing removal within 7 days with 

stabilisation of removal achieved within 14 days for all systems. It has been shown that external 

mass transfer in the HLR range of 1.5 – 15 m hr-1 (measured at the same EBCT) does not constrain 

the removal of organic carbon, rather utilisation of the substrate at the media surface limits 

dissolved organic carbon (DOC) biodegradation (68). Thus, the changes in performance observed 

by Liu et al. (77) may have resulted from the changes in EBCT rather than HLR. In summary, it 

would suggest that EBCT, not HLR, has an impact on the performance of biological filters with 

respect to chemical contaminants and is the more important parameter to be used for optimisation, 

given that the EBCT does not conflict with particle removal goals or hydraulic efficiency of the 

treatment system. 

There has been a lot of research into the “mechanical” parameters, however there is a possibility 

of investigating more detailed biochemical parameters. Such parameters include phosphatase and 

esterase activity, or the composition of extracellular polymeric substances (EPS) (69,78). Moreover, 

the composition of the microbial communities has been analysed using single gene-based 

community analysis (16S rRNA gene, variable region: V4, V5), demonstrating similarities to class 

level (69). This provides an insight into the biofilms that develop within the filter vessels showing 

that they are complex systems composed of aggregations of heterogenous cells. Therefore, more 

research is required to understand the development and function of biofilms within biologically 

based treatment systems. 
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1.4.2 Bioremediation of organic matter 

Biological treatment of drinking water supplies primarily aims to reduce the presence of organic 

matter because organic matter can significantly reduce the quality of treated water. For example, 

the presence of organic matter can form disinfection by-products upon its reaction with the 

disinfectants (such as chlorine) used in the water treatment process (79). Another example is that 

organic matter can be used by potentially pathogenic microorganisms for proliferation in treated 

water (68,77,80). Biological treatment offers an effective approach in reducing the organic content 

of a water source through its mineralisation by the microorganisms in the biofilm contained within 

the biological treatment systems (69,73,74,81–83). Research into the removal of organic matter 

has indicated that removal is dependent on EBCT of biofilters [see section 1.4.1] (68,71,77,84). 

Temperature has also been shown to impact on the removal efficiencies of organic matter during 

biological treatment. For example, the removal efficiency of biodegradable organic carbon was 

reported at 38% operating at 5∘C. However, when the operating temperature was increase to 35∘C 

the removal efficiency was also increased to 60% (85). 

1.4.3 Bioremediation of contaminants of emerging concern 

Contaminants of emerging concern (CEC) are a group of natural and synthetic compounds, and 

their associated transformation products, occurring in aquatic ecosystems throughout the globe. 

CECs are not currently monitored in the environment but have the potential to cause 

environmental damage and are suspected to have negative effects on ecosystems and human health 

(86–88). A prominent group of CEC are the pharmaceuticals and personal care products (PPCPs). 

The main release of PPCPs to the environment has been identified in final effluent released from 

WWTPs that is primarily due to the limited removal efficiency by the conventional wastewater 

treatment processes, resulting in the contamination of surrounding aquatic ecosystems. A potential 

solution is the use of biofilters. Biofilters have been shown to achieve the efficient removal of 

emerging contaminants including pharmaceuticals, EDCs, artificial sweeteners and personal care 

products (89,90). Sand-anthracite biofilters operating with a 10 min EBCT were capable of 

reducing nine EDCs and PPCPs by an average of 39% (89). In addition, the operation of a sand-

anthracite and GAC biofilter configuration has been shown to effectively remove PPCPs, reducing 

approximately 53.4% of mass concentration which translated to a reduction in adverse health risks 

of 79% (90).  

1.4.4 Biofilter microbiome 

Much of the research involving biofiltration to date has been aimed at the optimisation of 

mechanical operating conditions that affect the ability of biofilters to remove organic matter under 

the assumption that the microbiological community will have an overall function; that is to act as 
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complex sorbent systems. Because of this, research has primarily been aimed at the mechanical 

function of biofilters rather than their ecological aspects; consequently, they are still considered to 

be a “black box” technology. Previous research that has attempted to understand the ecological 

aspect of microbial communities involved with water treatment has been limited to culturable 

microorganisms using traditional microbiological techniques or focussed on specific biological 

processes, such as denitrification (91), predation (92) or pathogen removal (93). However, the role 

of unculturable microorganisms or those in a viable but non-culturable state, which may comprise 

up to 99% of the environmental community has yet to be determined (94,95). It is becoming 

increasingly recognised that the microbial community within biological based treatment systems 

will have a significant impact on the performance of treatment. Single gene-based community 

analysis of the 16S gene has been used to understand the microbial communities involved in these 

treatment processes. For example, community profiling has been used on biofilter models to 

understand the reproducibility of pilot scale biofilters to reflect that of full-scale biofilters (69) and 

assess the impact of biofilter operation on the microbial community structure (78). For drinking 

water supplies, studies that have investigated the bacterial communities colonising bench and pilot-

scale GAC filters (using the same source water) found that all systems shared the same phyla and 

class. However, when comparing the order level of the community, the population differed at 

different operating temperatures, suggesting that some changes in community structure may have 

occurred with input water variation (78). Differences in the microbial population have been 

observed between identical pilot- and full-scale biofilters (69). This has provided insights to the 

process of biological treatment operating as an engineered functional ecosystem and thus, the 

microbial community involved in treatment will vary based on the input conditions. For example, 

it has been shown that the removal of organic matter (a function of biological treatment) from a 

source water was significantly reduced at water temperatures below 5 °C while a change in the 

microbial composition was observed (75). This highlights the need for more research into the 

operational function of the microbial communities involved in drinking water supplies to be 

coupled with the use of genomic tools.  

 Biofilms 

Microorganisms exist in the natural environment in two forms: planktonic, free-floating cells or in 

communities, as biofilms. Biofilms are defined as aggregates of microorganisms in which cells are 

frequently embedded in a self-produced matrix of EPS that are adherent to each other and/or biotic 

or abiotic surfaces (96). There will be a diverse community of microorganisms within biofilms that 

exist in the environment. However, under most conditions bacteria are primarily responsible for 

laying the foundations for biofilm development. Only bacteria, algae and fungi have the ability to 

actively form biofilms. Biofilms are one of the most widely distributed and successful modes of life 
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which are essential to the biogeochemical cycling processes on earth (97). Microbial biofilms share 

common features, they all have three dimensional structures, and their formation is key for the 

survival of microorganisms in challenging environments (96). 

1.5.1 Biofilm formation 

The formation of biofilm is thought to enable and/or prolong survival in diverse environmental 

niches. The formation of a biofilm can be ordered into a defined sequence of events that are 

summarised in Figure 1.2. Although differences in microbial community structure and growth rate 

have been observed between biofilms of different environments (98), the steps of biofilm formation 

remain relatively consistent (97) and therefore, this applies to the development of biofilms within 

biological treatment systems. The steps of biofilm formation in more detail are as follows: 

(i) Initial attachment. Microorganisms reversibly attach to a surface or co-adhere to other 

microorganisms (99). Planktonic (free-swimming) bacteria come into contact with a 

surface by gravity or by reducing their motility, then become transiently attached. In some 

specific bacteria, such as Pseudomonas aeruginosa it has been demonstrated that flagella 

and type IV pili are directly involved in this initial attachment (100).  

(ii) Development. Cells become irreversibly attached initiating production of extracellular 

polymeric substances (EPS)  (101). The main component of the matrix is water (up to 

97%), which contains the structural and functional components of the matrix: soluble, gel-

forming polysaccharides, proteins and eDNA (96). The EPS can also contain insoluble 

components such as amyloids and cellulose (102,103). Attached motile bacteria have been 

shown to move on the surface forming cell clusters (microcolonies), a phenomenon 

mediated by the extension of type IV pili (100). This results in cell to cell, and cell to 

substrate, adhesion.  

(iii) Maturation. The growth of microcolonies is preponderant and the cell clusters become 

progressively layered with microorganisms that results in the formation of three-

dimensional structures and upregulation of EPS reaching the maximum structure size for 

the environmental conditions (104). 

(iv) Dispersion. Bacterial cells can disperse from the surface of the biofilm or from within the 

biofilm structure and leave the biofilm structure through micropores. Moreover, 

aggregated sub-populations can also detach from the biofilm.  It has been shown that 

twitching-mediated cell dispersion may be involved in maintaining the structure of biofilm 

(105). These new daughter cells may rapidly disperse and replicate under the appropriate 

environmental conditions that can, eventually, then form new biofilm communities.  
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Figure 1.2: Stages of biofilm formation. (i) Planktonic cells initially attach to a biotic or abiotic 
surface (represented by the arrows). Following this, (ii) The development of biofilm begins with a 
phenotypic change within cells to irreversibly attach to the surface and begin the production of 
extracellular polymeric substances (EPS). (iii) The biofilm cells proliferate and mature, and the EPS 
matrix grows. Dormant or slow growing cells also begin to emerge. (iv) When the biofilm has 
matured, planktonic daughter cells can shed and disseminate from biofilm micropores which may 
be an ongoing process. Aggregates of biofilm can also shed; defined as sloughing. 

1.5.2 Biofilms in biological filters 

Biological filtration is a versatile biotechnology that relies on the formation of biofilm on filter 

media to enable operation. The biofilms that colonise the filter media within biofilters can be 

utilised in many applications such as the treatment of wastewater and solid waste or as biocatalysts 

in processes such as the production of bulk and fine chemicals, biofuels and the filtration of 

drinking water (106–108). Biofilms are essential in the process of biological filtration because they 

are tenacious, resilient, and adaptable. These properties provide the process of biological filtration 

with low chemical and energy operation demand. The biofilm community that colonises the 

biofilter will host a diverse microbial population that will be different between individual biofilters. 

Differences in the diversity of microbial populations has been observed even between duplicate 

pilot and bench scale biofilters (69). Nonetheless, the complex community provides biofilters with 

an overall function; to act as complex sorbent systems. This function and its relationship to 

community diversity are important for the operation of biological treatment systems, such as 
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varying sorption mechanisms and binding sites in the cytoplasm and cell walls of the biofilm matrix 

(96). The formation of the EPS is a highly dynamic natural process that comes with a significant 

energetic cost. However, this cost is justified by the structural properties of the biofilm matrix that 

is to facilitate the survival of microbial communities in challenging environments and is important 

in water treatment processes. Binding sites within these microbial communities include both 

anionic and cationic exchangers that can remove a wide range of substances and contaminants 

(109). In contrast, non-biological ionic exchangers utilised in water treatment are often specific to 

particular compounds, such as the use of activated alumina in the removal of phosphate (110). The 

sorbent and ionic exchange capacity of biofilms within biofilters can lead to the removal of 

nutrients, organic load and also chemical contaminants through their accumulation within biofilms 

(111,112). Substances including nutrients and contaminants that are captured either remain in the 

biofilm or are metabolised. However, contaminants may be released into the water phase from the 

matrix, often driven by a steep diffusion gradient into the water (109). Nutrient acquisition is an 

essential driver for this process, and biofilms have developed a very efficient capture strategy for 

this. The sorption properties of the EPS matrix enable it to behave like a sponge that influences the 

exchange of nutrients, gases and other molecules between the water phase and the biofilm (96). 

Even a wide range of metal ions including but not limited to Cu2+ Zn2+, Fe2+, Fe3+ and Al3+ have 

been found to accumulate within biofilms demonstrating a large capacity for the capture of 

contaminants (113). Moreover, a diverse biofilm community will incorporate varying sorption 

mechanisms and binding sites of biofilm cells and the EPS of the matrix and can apply to both 

dissolved compounds and suspended solids. These compounds can be trapped by biofilms and 

incorporated into the matrix, including biodegradable material that can be utilised as a source of 

nutrients for further microbial growth. The bio-utilisation and degradative capability of biofilms 

requires significant syntrophic cooperation. For example, in the process of nitrification, ammonia-

oxidising bacteria metabolise ammonia into nitrite which is then utilised by nitrite oxidising species 

of bacteria such as Nitrospira moscoviensis. Another example facilitates the survival of anaerobic 

bacteria, such as those involved in denitrification of nitrates, under aerobic conditions whereby 

aerobic bacteria consume oxygen which can exceed the rate of diffusion through the biofilm 

producing an anaerobic niche for anaerobes to survive (114).  
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The nitrification of ammonium is a key part of the global nitrogen cycle that is driven by 

microorganisms and occurs under aerobic conditions through the following reaction: 

2NH4
+ +  3O2 ⇌  NO2

− +  2H2O +  4 H+ ⇌  NO3
− 

Equation 1.1: The conversion of ammonium to nitrate. 

Further to this, the removal of nitrate (denitrification) occurs under anoxic conditions through the 

following reaction: 

2NO3
− + 10 e− + 12H+ →  N2 +  6H2O 

Equation 1.2: The conversion of nitrate to nitrogen gas. 

A metabolic interaction that precedes nitrification can occur when nitrite-oxidizing bacteria supply 

ammonia to ammonia-oxidizers. These interactions rely on the close proximity of cells that 

exchange metabolites, to enable efficient exchange by diffusion (96). 

Although biofilm community behaviour and species interactions are important, the complexity of 

the underpinning bacterial growth has important implications for their behaviour in biological 

treatment. Bacterial species that are involved in the formation of environmental biofilms are 

diverse and adaptable, successfully responding to continuously changing environments that enable 

their survival. Specifically, when a bacterial population is exposed to an environmental stress, some 

individual cells enter a state of reduced metabolic activity, becoming dormant, particularly in 

oligotrophic environments. Stress, including carbon, nitrogen and oxygen limitation, and the 

presence of antibiotics, may induce dormancy (115,116). Although dormancy is seen as survival 

strategy, it requires the investment of resources to produce compounds and enzymes for 

transitioning between dormant and active states (117). Such properties may be vital to the ongoing 

operation of biological treatment systems in varying nutrient loading and water quality, and this 

has been observed in times of nutrient starvation (83,118). For example, phosphate dosing 

increased the removal rate of organic matter during biological treatment; influent to the treatment 

system (without phosphate dosing) was spiked with 0.1 mg L−1 of phosphate. This resulted in a 

dramatic decrease of organic matter in the effluent from 8.7 mg L−1 to 2.2 mg L−1 (83). This indicates 

that under the specific treatment conditions, the potential for the removal efficiencies of organic 

matter that is present within biological treatment systems could be increased by changing the 

influent conditions, which would be linked to the intracellular mechanisms that regulate the 

dormant state in microbial cells.   
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 Pathogens in the aquatic environment 

Waterborne pathogens are disseminated throughout the environment and their ability to propagate 

within aquatic environments is key for their survival and therefore their ability to cause human 

infection and disease. These waterborne pathogens can include bacteria, viruses, parasites, and 

protistans. Disease from water contamination was first reported in the mid-19th Century when 

John Snow discovered that contaminated water contributed to the spread of cholera in London 

(119). This discovery contradicted what was originally believed to be miasma, whereby the presence 

of ‘bad air’ or contact with a contagion (sick person) was perceived to be the route of transmission. 

However, it is now understood that the faecal oral route of transmission causes illness; release of 

faecal matter into water catchments which is then consumed without prior treatment. 

Despite our advances in drinking water treatment and disinfection, the consumption of untreated 

water contaminated by waterborne pathogens still results in significant morbidity and mortality 

(120). This is most notable through the discharge of faecal matter and waste from hospitals, 

industry, and agriculture that can release large quantities of pathogens into the environment. 

Common species responsible for poor water quality resulting from faecal contamination such as 

Escherichia coli and Enterococcus faecalis are less adapted for survival in these environments and 

rely on their host for replication and are less adapted for growth in the aquatic environment, 

although their growth in aquatic environments has been demonstrated under specific conditions 

which suggests they may survive in nutrient limited environments (18,121). Other bacterial 

pathogenic species that are more adapted for growth within these aquatic environments include 

Pseudomonas aeruginosa and some Mycobacteria species, for example (122). This also includes 

viruses, and protozoa. Enteric viruses are related to diarrheal diseases such as Rotavirus, 

Astrovirus, Adenovirus, Norwalk virus, Picobirnavirus, and Enterovirus, to name a few (123). 

Protozoa include Giardia duodenalis, Blastocystis hominis, Entamoeba histolytica, 

Cryptosporidium spp., and Dientamoeba fragilis that have all been associated with waterborne 

disease (124). 

There is limited knowledge about the ecological niches and survival of aquatic pathogens under the 

conditions they encounter in the environment. Regardless of the environmental niches these 

pathogens might occupy during their life cycle outside the host, water plays an important role in 

the transmission of human infection and disease (125,126). Therefore, the control and eradication 

of pathogens is an essential part of providing safe drinking water (127). When monitoring 

microbiological quality of water quality, the use of indicator species that include the bacteria E. coli, 

enterococci, and total coliforms are seen as the standard, although there is some discrepancy on 

how representative these indicator organisms are in the natural aquatic environment (128). The 

WHO and Drinking Water Inspectorate (DWI, UK) recommends zero colony forming units (CFU) 
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per 100 mL for indicator organisms in treated water because their presence infers the 

contamination of water with potential pathogens.  

 Bioremediation of microbiological contaminants 

The resilience of biofilm growth and effective sorptive capacity, even under oligotrophic conditions, 

demonstrates the potential utility of these communities for treating a range of water sources (129). 

The use of biofilters to control aquatic pathogens for drinking water treatment has not been 

extensively reported in the literature. One previous study demonstrated that biofilters were capable 

of reducing viable E. coli by 56% through treating contaminated environmental water with gravity 

fed, open rock biofilter systems (130). In addition, a biofilter system that utilised foam to establish 

a biofilm has been shown to significantly reduce the non-pathogenic bacterial species, Raoultella 

terrigena, in comparison to a sterile control system (55). This was achieved using a complex multi-

step filtration system with the role of the biological component in the removal of R. terrigena 

remaining unclear.  Therefore, there is limited knowledge of the direct effect of biofilm within 

small-scale biological based treatment systems (i.e. in the absence of other treatment 

interventions), to control the numbers of pathogenic bacteria in drinking water supplies.  

A possible mechanism for the bioremediation of contaminants is the process of classical competitive 

exclusion within the biofilter, whereby the challenging test bacteria could have been inhibited by 

the autochthonous bacteria established within the biofilm present on the biofilter media (131). 

Different competition strategies target bacterial ability to form a biofilm, whereas others can be 

less specific, resulting in death or the limitation of growth of the competing bacteria (132). The 

competition between cells in biofilms can involve inhibitory or cidal mechanisms, such as the 

production of antibiotics and bacteriocins (133,134) or strategies that compromise growth, such as 

nutrient depletion (135). Surface-active compounds (SACs) could also be produced by the microbial 

biofilm community (biosurfactants), which are amphipathic lipid-based molecules that lower 

interfacial tension and some of these biosurfactants display antimicrobial properties (136). 

Therefore, production of these biosurfactants could reduce the ability of the waterborne pathogens 

to accumulate and establish within the biofilm formed on the biofilter. In addition, interference 

mechanisms might also be upregulated in response to the presence of competition in the 

surroundings, known as the competition-sensing hypothesis (137). However, there is a need for 

research into the role of the potential of novel, small-scale biofiltration to control pathogenic 

bacteria in the production of safe drinking water.  
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 Summary 

The development of drinking water treatment technologies is an active area of research, yet globally 

there are still 458,000 deaths per year attributed to the consumption of biologically contaminated 

water (16). Biological treatment has proven to be a useful technology in drinking water treatment 

systems, demonstrating the capacity to decrease organic matter content that would otherwise enter 

the water distribution system and contribute to bacterial proliferation. Advanced oxidation 

preceding biological treatment has demonstrated good correlation with assisting in organics 

removal in combination with biofiltration (58). There is limited research investigating microbial 

speciation on biofilm-based treatment systems and the effects of bacterial growth within the 

biofilter column and associated removal of organics. Finally, there is a lack of research on cold 

water temperature effects and novel methods to help overcome limitations to compensate for 

decreased bacterial growth rates under cold water temperatures with drinking water applications. 

Nutrient supplementation has demonstrated the potential to facilitate indigenous bacterial growth 

in the biofilter to maximize organics removal and the need to assess incoming water quality to 

ensure it is suitable for biofiltration applications.  
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 Research aims 

The main aim of this research was to enhance the understanding of biofilm development within 

biofilm treatment systems and their potential application for the reduction of bacterial pathogens 

from a contaminated freshwater source. This research also aimed to further understand the 

development of biofilms and potential control of waterborne pathogens using upscaled treatment 

systems. The incorporation of biofilm-based treatment systems into small scale low-cost, off-grid 

technologies that are accessible to the end user is discussed. To achieve this, research has been 

undertaken to: 

(i) Develop and characterise the microbial community within laboratory scale and upscaled 

biofilm treatment systems using an environmentally-derived surface-water source as a 

seed culture for biofilm development for the comparison of biofilm development within 

laboratory and upscaled BTS (Chapter 3). 

(ii) Characterise the morphology of filter media and biofilm during development, and to 

determine the microbial population of biofilms established within the treatment systems 

and their changes during development (Chapter 3).  

(iii) Determine the impact of filter media properties on the efficiency of biofilm development 

within laboratory scale BTS (Chapter 3). 

(iv) Investigate and compare the microbial community structure of the biofilm population 

established in laboratory and up-scaled biofilm treatment systems during development 

(Chapter 4). 

(v) Implement the characterised laboratory scale biofilm treatment systems to investigate the 

control of potential pathogenic bacteria using a simulated fresh water (Chapter 5). The 

following indicator species were chosen for this objective;  

1. P. aeruginosa, often isolated from soil, plants, and aquatic environments (138) and 

known to be a source of infections within healthcare settings as a result of 

contaminated infrastructure (139). 

2. E. coli, a well-known resident of the gut microbiota of humans and animals, which is 

known to cause diarrhoeal and gastrointestinal disease from the consumption of 

contaminated water (140). 

3. Enterococcus faecalis, which is part of the normal gut microbiota and can cause 

gastrointestinal and dermatological illnesses that correlate with their concentration 

in water (19).  

(vi) Apply and upscale biofilm treatment systems to investigate the bioremediation of an 

environmentally-derived water source naturally contaminated with waterborne pathogens 

for off-grid applications (Chapter 6).  
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The summary of these objectives can be seen in figure 1.3 to clearly demonstrate which model BTS 

was used within this research to address each objective. 

 

 

Figure 1.3 Summary flow diagram of the biofilm treatment systems scale and their corresponding 
objectives. 

 

This research was carried out in collaboration with Origin Aqua Ltd, who kindly provided technical 

expertise, and materials for building both the laboratory-scale and upscaled biofilm treatment 

systems. They also provided access to upscaled long-term deployed filtration systems for the single 

gene-based community analysis in this research.   
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 Chemicals, reagents, and culture medium 

All components of bacterial culture media were obtained from Oxoid™ Ltd. (Basingstoke, UK), 

unless otherwise stated. Dehydrated culture media were reconstituted and sterilised according to 

the manufacturer’s instructions.  

• Nutrient Broth; CM0067 (NB) a nutritious medium suitable for the cultivation of fastidious 

pathogens and other microorganisms. Used for the culture of E. coli and P. aeruginosa in 

this study. 

• Brain Heart Infusion Broth; CM1032 (BHI) A highly nutritious liquid medium 

recommended for the cultivation of fastidious organisms and used for the culture of E. 

faecalis in this study.  

• Nutrient Agar; CM0003 (NA) a general purpose medium for maintenance of bacterial 

strains used in this study. 

• R2A agar; CM0906 (R2A) a medium for the culture and quantification of viable bacteria 

within drinking water. 

• Membrane lactose glucuronide agar; CM1031 (MLGA) a medium for the growth, 

differentiation and enumeration of Escherichia coli and other coliforms by membrane 

filtration. 

• Slantez and Bartley agar; CM0377 (SB) a medium for the selective isolation of enterococci. 

• Pseudomonas CN Selective Agar (CN) comprised of Pseudomonas Agar base; CM0559 and 

CN supplement; SR0102 with glycerol (Fisher, UK) (5 mL per 500 mL), for selective 

isolation of Pseudomonas aeruginosa.  

For the laboratory scale pathogen challenge experiments [see section 2.7], a simulated fresh water 

(SFW) was developed using an adapted method from (141) and is detailed in Table 2.1. The SFW 

contains low concentrations of nitrate (NO3
−; 0.3 mg L−1) and no phosphate (PO4

3−; 0 mg L−1) with 

no addition of excess Carbon. The SFW was prepared by the dissolution of the respective salts into 

ultrapure water which was then sterilised by autoclaving at 121°C for 15 min. Table 2.1 outlines the 

concentrations of all ions present within the SFW. 
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 Bacterial strains and culture maintenance 

Escherichia coli NCTC 10418, Enterococcus faecalis NCTC 12679 and Pseudomonas aeruginosa 

NCIMB 8295 were maintained on cryopreservation beads (Microbank, Pro Lab Diagnostics, 

Canada) at -80°C, and recovered by plating on NA as required. Bioluminescent strains of E. coli 

(nissle 1917 pBBR1MCS-2 lite) and Pseudomonas aeruginosa (PAO1 SE1 pBBR1 MCS5-lite) were 

used within this study and maintained on NA supplemented with kanamycin (10 µg mL-1) and 

gentamicin (50 µg mL-1) respectively. 

 Preparation of test pathogen monocultures 

Overnight batch cultures of the test bacterial pathogens (see section 2.2.) were prepared by loop 

inoculation in NB (10 mL) for E. coli and P. aeruginosa and BHI broth (10 mL) for E. faecalis, and 

subsequently incubated for 16 – 18 h at 37°C in an orbital shaker (120 rpm). A 2 mL aliquot of 

overnight culture was then centrifuged at 3000 × g, and washed (three times) in SFW (141) to 

remove any trace nutrients from the NB. This was then adjusted to an optical density of 0.1 OD600nm 

and further diluted by 100×. Finally, an aliquot of the diluted suspension was added to the sterile 

SFW to achieve a final density of approximately 1000 CFU 100 mL-1. 

 Environmentally derived fresh water 

Environmentally derived surface water was used in this study to provide a freshwater medium that 

would better represent the physiochemical conditions for the upscale applications of BTS. Surface 

water held in an urban drainage pond located at N 51°29′56″, W 2°32′39″ (Figure 2.1) was used as 

a source of biologically contaminated fresh water in this study. This urban pond was engineered as 

part of a multi-step stormwater control system, which is designed to remove pollutants from urban 

runoff and dampen urban stormwater hydrographs (142). This location was chosen because it 

receives regular organic and microbiological input from the surrounding environment and animals, 

and is artificially aerated, providing an oxygen rich environment. Moreover, the use of this 

Table 2.1: Anion and cation concentrations of the minimal medium simulated fresh water 
adapted from Smith et al. (141). 

 
Chemical constituents 

Final ion concentrations (mg L-1)  

 Anions Cations  

 MgCl2 1.46 4.25  

 CaCl2 3.21 5.67  

 Ca(NO3)2 0.60 1.86  

 CaCO3 6.81 10.20  

 Na2SO4 5.29 11.05  

 KHCO3 0.98 1.53  

 NaHCO3 0.46 1.22  
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sampling location allowed sample integrity to be preserved due to the proximity to the sampling 

facilities. The biological quality of the environmental water (Figure 2.1) was recorded a minimum 

of 3 times per month between the years 2021 – 2022 using two indicator organisms, Escherichia 

coli and enterococci.  

 

Figure 2.1: Sample site for environmentally-derived fresh water. Surface water was held in and 
extracted from an urban drainage pond. This on the site of the University of the West of England, Bristol: N 
51°29′56″, W 2°32′39″.  

 Humic substance extraction and quantification 

2.5.1 Soil preparation 

Soil (2.4 kg) was taken from the top 10 cm of the riparian zone surrounding the environmentally-

derived surface water source [see section 2.4]. The soil was baked at 100°C for 24 h and was found 

to have a moisture content of 1.03 L. The dried soil (1.36 kg) was then passed through a 2.0 mm 

sieve. 

2.5.2 Extraction method 

Prepared soil was added to NaOH (0.5 M) at a ratio of 100 g to 1 L (1:10) respectively into conical 

flasks (3 × 1 L) sealed with parafilm. This was allowed to incubate at 30°C for 24 h in an orbital 

shaker at 100 rpm. Following incubation, the supernatant was extracted into sterile media bottles 

(3 × 1 L) and centrifuged to remove any remaining suspended solids. This extraction yielded 3 L of 

humic substances (HS). HS (2 L) were then neutralised using concentrated H2SO4 (95%; Fisher 

Scientific, UK). The pH was equilibrated to the equivalent of the environmental water (pH 7.6). 

Absorbance (254nm) and Total organic carbon (TOC) were recorded and presented in chapter 3 [see 

section 3.2.3]. 
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2.5.3 Humic/fulvic acid separation 

The remaining HS (1 L) were further separated into two components: Fulvic acids (FA) and Humic 

acids (HA). HS were acidified using H2SO4 to precipitate the Humic acids. This left fulvic acids in 

solution. Once acidified, the solution was left to settle for 12 – 18 h. The HS were then separated 

via centrifugation (3000 × g for 5 mins) whereby the supernatant contained the FA and the pellet 

contained HA. The FA and HA were separated, and the pellet was washed with deionised water to 

remove residual supernatant. Once separated, the FA were neutralised to pH 7.6 using 0.5 M NaOH 

(Fisher Scientific, UK). The HA were dissolved by the addition of 0.5 M NaOH and left to incubate 

for a further 24 h at room temperature. After incubation, the HA were then neutralised using 

H2SO4to pH 7.6. 

2.5.4 Specific Ultraviolet Absorbance (SUVA) 

An aliquot (20 mL) of HS, FA, HA and environmentally-derived fresh water was filtered through a 

syringe filter (0.45 µm) for absorbance and DOC analysis. A doubling dilution series of HS and 

pond water was used to generate a calibration curve. FA and HA were diluted 1 in 10 before 

absorbance and DOC analysis.  

 Design, setup and the maturation of test biofilm treatment systems 

2.6.1 Filter media 

The filter media utilised in all experiments comprised of porous, expended ceramic spheres. All 

filter media that was used in this study was characterised using the following method defined by 

McKie et al., 2019 that describes the calculation of bed porosities of biological filters:  

𝜀𝜀 = 1 −   
𝑀𝑀𝑝𝑝

𝜌𝜌𝑃𝑃𝐴𝐴𝐿𝐿0
 

Equation 2.1: Bed porosity calculation for biological filters adapted from McKie et al. (69) 

 The components of the equation correspond to the following system parameters: 𝑀𝑀𝑝𝑝 = total mass 

of particles in bed (g) 𝜌𝜌𝑃𝑃 = particle density (g m3 -1) 𝐿𝐿0 = fixed-bed depth (m), A = cross-sectional 

area of the empty column (m2). This equation was used to determine the bed porosity of both the 

laboratory and up-scaled biofilm treatment systems used in this study. 

Unless otherwise stated, the ceramic filter media used had a particle size of 20 ± 1 mm and density 

of 1.16 g mL-1 and was sterilised before use (see Table 2.2). To determine the particle density, 16 ± 

2 g of surface-dry ceramic filter media was added to water in a 250 mL graduated cylinder such 

that water displacement could be observed. Ten replicates were performed to calculate an average 

particle density which was then used to calculate unitless the bed porosity. 
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Table 2.2: Physical properties of ceramic substrate and biofilm treatment systems properties 
developed for the study for establishing environmental biofilms for water treatment. 

 
Parameter 

 

 

 
Image 

Dimensions 
(W mm x H 

mm) 
Density 
(g mL-1) 

Bed Porosity 
(69) 

 

 Ceramic filter 
media that was 

used for all 
laboratory-scale 

experiments 
unless otherwise 

stated.  

20 ± 1 × 20 ± 1 1.42 ± 0.06 0.65 ± 0.02 

 

 
Ceramic filter 

media that was 
used for all 

upscale 
experiments. 

 

20 ± 1 × 20 ± 1 1.42 ± 0.06 0.71 ± 0.01 

 

2.6.2 Production of terracotta clay extrusion media 

In addition to the ceramic filter media used for the main body of the work (Table 2.2), the 

production and development of three types of novel ceramic filter media manufactured in-house 

were investigated (section 3.2.6). This was done to replicate the production of filter media to be 

used in BTS at source, which could eliminate the need for complex supply chains. All three filter 

media types were fabricated using terracotta clay/slip with the internal properties determined by 

the organic burn out material that was incorporated into the clay before firing. The first filter media 

(FM1) was made using pure terracotta clay, which was well mixed prior to being extruded using a 

hydraulic extruder. The clay was extruded through a 3D printed die measuring 20 mm wide and 

then cut into 20 × 20 mm cylinders using a jig. The second filter media (FM2) was produced by 

mixing sawdust into the clay which was added to the clay at a ratio of 5:3 sawdust to clay and well 

incorporated, primarily by hand and then using an electric stand mixer. This mixture was allowed 

to rest over 24 hrs before extrusion. The third filter media (FM3) involved immersing 20 × 20 mm 

organic cellulose sponge into terracotta clay slip until fully saturated. All pieces were left until 

entirely dry, before firing in an electric kiln at 1100 °C. During the firing process, the sawdust and 

organic cellulose sponge is burnt off and the porous ceramic structure remains. The three media 

types had a mean density of 2.35 g mL-1 (FM1), 1.35 g mL-1 (FM2) and 1.78 g mL-1 (FM3) (See Table 

2.3) 
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Table 2.3: Physical properties of three novel ceramic substrates and the resulting 
laboratory scale biofilm treatment systems properties developed for the study for 
establishing environmental biofilms for water treatment. 

 

Parameter 

Media type  

 FM1 FM2 FM3  

 

Image 

   

 

 

Scanning 

electron 

micrograph 

(Mag. 100 ×) 

   

 

 

Scanning 

electron 

micrograph 

(Mag. 1000 ×) 

   

 

 
Dimensions  

(W mm x H mm)  
16.7 ± 0.58 × 14 ± 0 17 ± 0 × 14.3 ± 1.53 

18.8 ± 1.04 × 13.3 ± 

0.58 

 

 Density (g mL-1) 2.23 ± 0.07 1.35 ± 0.05 1.91 ± 0.04  

 
Bed Porosity 

(69) 
0.58 ± 0.06 0.69 ± 0.01 0.65 ± 0.01 
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2.6.3 Laboratory scale test biofilm treatment systems 

The laboratory test biofilters comprised a 500 mL Polyvinyl chloride (PVC) column (57 mm internal 

diameter, 160 mm length) containing 250 mL of ceramic filter media with a bed porosity value of 

0.65 ± 0.01 [see section 2.6.1]. A total of 9 filter columns containing filter media were connected to 

individual circulation tanks (25 L) and were allowed to mature over a minimum period of 4 weeks 

to establish and achieve mature biofilters. Prior to the maturation process, the circulation tanks 

were filled with mains tap water and flocculated of residual chlorine via aeration for 24 h (termed 

recirculation water). Water taken from environmentally-derived surface water (250 mL) [see 

section 2.4] was then added to the tanks with a source of environmental microorganisms to provide 

a seed community for the formation of biofilm on the filter media and the detailed information of 

this community is displayed in Table 3.1. At the start of the maturation process, a flow rate of 35 

mL min-1 through the filter column was maintained via a multi-channel peristaltic pump (Watson-

Marlow 505S; Falmouth, UK). This ensured that the entire volume of water in the tank was 

recirculated through the filter column for every 12 h of operation. To further assist the maturation 

of the biofilm on the filter media, the recirculation water was supplemented with low levels of 

nutrients on a weekly basis using HS extracted from soil surrounding the environmental water 

source (50 mg week-1) [see section 2.5] and NH4Cl (Fischer Scientific, UK; 5 mg week-1), over a 

four-week period. 

 

Figure 2.2 Schematic of the laboratory-scale biofilm treatment system using computer-aided design 
(CAD). The components are labelled (a) 25 L circulation tank (b) peristaltic pump (Watson-Marlow 
505S; Falmouth, UK) at 35 mL min-1 and (c) clear polyvinyl chloride (PVC) column (57 mm internal 
diameter, 160 mm length). 

 

a 

b 
c 
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2.6.4 Upscaled test biofilm treatment systems 

To best represent the laboratory scale testing, the same materials, operational parameters, and 

medium were used where possible. The up-scaled biofilm treatment systems were setup in 

triplicate (n=3) and comprised of 15 L PVC filter vessels containing 10 L of ceramic filter media 

with a bed porosity value of 0. 70 ± 0.02 [see section 2.6.1] that was sterilised before use. The filter 

vessels were connected to 1000 L intermediate bulk container (IBC) via 25 mm medium density 

polyethylene (MDPE) pipe (Figure 2.2 and Figure 2.3). Water was circulated through the filter at a 

flow rate of 1.38 L min-1 maintained by a rotor pump (INTEX); this equates to the total volume of 

water recirculated through the filter vessel for every 12 h of operation. Prior to the maturation 

process, the IBCs were filled with mains tap water and flocculated of residual chlorine via aeration 

for 24 h (termed recirculation water). Water taken from environmentally-derived surface water 

(10 L) [see section 2.4] was then added to inoculate the tanks with a source of environmental 

microorganisms to provide a seed community for the formation of biofilm on the filter media. The 

recirculation water was supplemented with low levels of nutrients on a weekly basis using HS (50 

mg week-1) and NH4CL (5 mg week-1), over a four-week period.  

 

Figure 2.3 Schematic of the upscaled biofilm treatment system using computer-aided design (CAD). 
The components are labelled (a) intermediate bulk container (IBC) (1000 L), (b) rotor pump, (c) 
inline water heater and (d) filter vessel (15 L). 

 

a 

b c 

d 
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Figure 2.4 Image of upscaled biofilm treatment systems deployed on the campus of the university 
of the West of England. 

 Bacterial challenge of laboratory-scale biofilm treatment systems 

The biofilm treatment systems were disconnected from the circulation tanks [see section 2.6.3], 

drained and re-connected to a double ported flask (3 × 1 L) containing the pathogen challenge 

monoculture [see section 2.3]. For the experimental runs involved in the optimisation of flow rate, 

E. coli was circulated through the biofilm treatment system at flow rates of 35, 69 and 138 mL min-

1. For the species investigation, the test pathogens were circulated through the treatment systems 

at a flow rate of 35 mL min−1. To quantify the reduction of the test pathogens within the SFW, viable 

counts of E. coli, E. faecalis and P. aeruginosa were recorded over a 24 h duration when individually 

cycled through the biofilm treatment system and two control systems. The biofilm treatment 

systems were operated in circulation mode to monitor their efficiency to reduce a fixed 

microbiological load of the test pathogen monoculture and enable the direct comparison between 

experimental configurations and pathogen species. The SFW was sampled every 2 h for the first 12 

h then every 4 h for the remaining 12 h equating to a total 24-hour experimental period; a 10 mL 

aliquot was taken from the SFW and enumerated by filtration through a Whatman® membrane 

filter (0.2 µm) and plating onto selective and differential agar [see section 2.1]. A control filter was 

employed containing sterile ceramic filter media that was pre-soaked with SFW and drained prior 

to use. An additional control, consisting of an empty 500 mL plastic filter column was used to 

account for any pathogen reduction resulting from the experimental apparatus. For each of the 

experimental configurations (empty filter column; column containing sterile filter media; 

biologically active filter) three separate experiments were undertaken in parallel. This process was 

then repeated on three independent occasions (9 filters in total). Within each independent 
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experimental run, all the microbiological sampling (and associated viable counting) was 

determined in triplicate.  

 
Figure 2.5: Schematic of the laboratory scale biofilm treatment system for monitoring pathogen 
survival. Arrows refer to water flow direction. (a) Liquid media bottle containing a simulated fresh 
water (1 L); (b) Peristaltic pump (35 mL min-1); (c) Biofilter column containing the ceramic filter 
media on which a biofilm was established and (d) a scanning electron micrograph of the 
environmental biofilm established on the filter media (scale bar 5 µm). 

 The presence and viability of pathogens on the filter media  

To determine if there was any accumulation or retention of the test pathogens on the biofilter 

media or sterile filter media following the 24 h circulation, viable counts of E. coli, E. faecalis and 

P. aeruginosa were taken from the filter media within the filter columns (Figure 2.4c). The filter 

media was removed from the column and suspended in 200 mL of phosphate buffered saline (PBS; 

Oxoid™, Basingstoke, UK), sonicated for 30 s and vortexed for 30 s (repeated 3 times). Aliquots of 

the suspension were enumerated by filtration through a Whatman® membrane filter (0.2 µm) and 

plated onto selective and differential agar [see section 2.1] to determine the number of test 

pathogens recovered per filter column. 

 Bioluminescence imaging 

To further investigate the control of pathogens using biologically active filters, bioluminescent 

reporter strains of E. coli (Nissle 1917 pBBR1MCS-2 lite) and P. aeruginosa (PAO1 SE1 pBBR1 MCS5-

lite) were used independently to continuously monitor the presence and metabolic activity of these 

a 

b 

c 

d 
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organisms within the double ported vessel during circulation. Filter-sterilised (0.2 μm) conditioned 

potable water (1 L) supplemented with NH4Cl (35 mg L-1), NH4H2PO4 (28 µg L-1) and CH₃COONa 

(7.6 mg L-1), was inoculated with E. coli (Nissle 1917 pBBR1MCS-2 lite) at a density of 1 x 108 CFU 

mL-1 and circulated through the biofilters at 69 mL min-1 for 24 h. The emitted light produced by 

the test pathogens within the reservoir was continually detected using a low light photon counting 

camera (iXon EM-CCD, Andor Technologies, UK) controlled by proprietary software (iQ2, Andor 

Technologies, UK), using a photon integration time of 60 seconds every 15 minutes and a camera 

EM Gain of 300, over a period of 24 hours.   

 Analytical methods 

All analytical methods were used on both the laboratory scale and upscaled BTS unless otherwise 

stated. Ion chromatography and total Carbon analysis were used to assess the concentration of ions 

in environmental water and circulation tanks. 

2.10.1 Ion chromatography 

Ion Chromatography (Metro HM, 850 Professional IC Anion) was used to quantify anions and 

cations of relevant nutrients of interest with regards to water quality and microbial growth; namely 

phosphate (PO4
3-), nitrite (NO2

-), nitrate (NO3
-) and ammonium (NH4

+). Samples were taken from 

the circulation tanks of both the laboratory scale and upscale BTS during maturation and the 

environmental water challenge were filtered through a 0.2 µm filter immediately after collection 

to prevent any further microbial processing. Aqueous samples were then loaded onto an auto 

sampler in open top tubes and auto-injected. For anion analysis, a sodium carbonate (3.2 mM L-1) 

and sodium bicarbonate (1.0 mM L-1) mobile phase was used throughout. Background conductivity 

of the mobile phase was suppressed by a cation exchanger and regenerated using a dilute sulphuric 

acid (150 mM L-1) and oxalic acid (100 mM L-1) solution. For cations, a nitric acid (0.7 mM L-1) and 

dipicolonic acid (1.7 mM L-1) mobile phase was used. IC certified standards (Fisher scientific) were 

used to generate standard curves from which the water samples were interpolated [see section 

2.10.2].  

2.10.2 IC standards preparation 

Certified standards (Fisher Scientific, Loughborough, UK) were used to make working-standard 

solutions prepared in ultra-pure water (Sartorius Arium® Comfort) for anions (Phosphate; PO4
3-, 

Nitrate; NO3
-, Nitrite; NO2

-, Sulphate; SO4
-
 and Chloride; Cl-) and for cations (Ammonium; NH4+, 

Calcium; Ca2+, Potassium; K+, Sodium; Na+, Magnesium; Mg+). A range of standard concentrations 

for the production of a standard curve were prepared by diluting stock solutions to concentration 

ranges of 0 – 50 mg L-1.  

2.10.3 Sample storage validation 

To assess the stability of water samples collected and stored for ion quantification, 

environmentally-derived water (1 L; Section 2.4) was collected and analysed periodically over the 
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course of one month. One batch of water was filtered through a 0.2 µm syringe-filter and the other 

unfiltered. All samples were stored at 4 °C until analysis. 

2.10.4 Total carbon 

Total carbon analysis (EnviroTOC, Elementar) was used to quantify the level total inorganic carbon 

(TIC) and total organic carbon (TOC) via a combustion catalytic oxidation method. Samples were 

collected and immediately filtered through a 0.45 µm millex syringe filter. Aqueous samples were 

then loaded onto an auto sampler into glass vials (40 mL) capped with foil and auto-injected. 

2.10.5 Dissolved oxygen meter 

An optical dissolved oxygen meter (HQ10, Hach, CO, USA) was used to record dissolved oxygen of 

environmental water used to circulate through the biofilters. The meter was calibrated before use 

using oxygen saturated air. 

2.10.6 Scanning electron microscopy 

Established biofilms grown on the filter media were visualised using scanning electron microscopy 

(SEM). Sterile ceramic filter media and ceramic media taken from a matured biofilm treatment 

system were fixed in 4 % glutaraldehyde for 1 h, followed by three 1 h washes in 0.1 M phosphate 

buffer. Following fixation, the filter media samples were then dehydrated through a series of 

washing steps, prepared in a 24-well plate. First, the samples were processed through 9 washing 

steps in 20, 30, 50, 70, 80, 90 and 100 % (×3) ethanol, each for 5 mins. The samples were then 

further dehydrated 3 times (× 5 min), in a mix of hexamethyldisilane (HMDS) and 100 % ethanol 

and finally 3 × 5 min washing steps of 100% HMDS. The samples were then removed from the 

HMDS and placed in filter paper in a sterile petri dish and allowed to air dry in the safety cabinet. 

Each individual sample was then mounted onto a stainless-steel stub, gold splutter coated and 

inserted into a stub holder on the cooler stage. The SEM (FEI Quanta FEG 650) used the Everhart 

Thornley detector for all imaging. The samples were analysed with an acceleration voltage of 5.00 

kV and spot size 3.0. 

 Microbial DNA purification 

2.11.1 Sample preparation 

For environmental water samples, water (250 mL) was filtered through a 0.2 µm Whatman® 

membrane filter. The filter was then transferred to a sterile petri dish, cut into small squares, and 

added into a Zymo BashingBead™ lysis tube. For filter media samples, ceramic spheres (×3) were 

placed in centrifuge tubes (50 mL) and suspended in 20 mL of PBS. The biofilm was extracted from 

the ceramic spheres using sonication (FB15050; Fisherbrand) for 1 minute and vortexing at 

maximum speed for 30 seconds, this was repeated 3 times. The supernatant was filtered through 

a 0.2 µm Whatman® membrane filter. The filter was then transferred to a sterile petri dish and cut 

into small squares. The small sections of filter paper were then transferred into a BashingBead™ 

lysis tube (ZymoBIOMICS™; section 2.11.2 and 2.11.3). 
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2.11.2 ZymoBIOMICS™ miniprep DNA extraction 

Samples prepared from the environmental water were extracted using ZymoBIOMICS™ Miniprep 

D4300 Kit (Cambridge Bioscience Ltd, Cambridge). Lysis Solution (750 μL) was added to the 

BashingBead™ Lysis Tubes that contained the prepared sample. The tube was then secured in a 

bead beater fitted (Disrupter Genie®) with a 2 mL tube holder assembly and was processed for 30 

min at max speed. The lysis tubes were then centrifuged in a microcentrifuge at 10,000 × g for 1 

minute. The supernatant (400 μL) was then transferred to a Zymo-Spin™ III-F Filter in a collection 

tube and centrifuged at 8000 × g for 1 minute. The filter was discarded, and DNA Binding Buffer 

(1.2 mL) was then added to the filtrate in the collection tube. The filtrate was then added to a Zymo-

Spin™ IICR Column in a collection tube and centrifuged at 10,000 × g for 1 minute. The filtrate was 

then discarded and the Zymo-Spin™ IICR was transferred to a new collection tube. Then DNA Wash 

Buffer 1 (400 μL) was added to the Zymo-Spin™ IICR Column and centrifuged at 10,000 × g for 1 

minute, the filtrate was discarded. DNA Wash Buffer 2 (900 μL) was added to the Zymo-Spin™ 

IICR Column and centrifuged at 10,000 × g for 1 minute and the filtrate was then discarded. The 

Zymo-Spin™ IICR Column was then transferred to a clean 1.5 mL microcentrifuge tube and 

DNase/RNase Free Water (100 μL) was added directly to the column matrix and incubated for 1 

minute. The Zymo-Spin™ IICR Column was then centrifuged at 10,000 × g for 1 minute. The filtrate 

was then transferred to a Zymo-Spin™ III-HRC Filter (prepared as per manufacturers’ instruction) 

in a clean 1.5 mL microcentrifuge tube and centrifuged 16,000 × g for 3 minutes. The extracted and 

filtered DNA was subsequently utilised for PCR and other downstream applications [see section 

2.13.1]. 

2.11.3 ZymoBIOMICS™ microprep DNA extraction 

Samples prepared from the environmental biofilm were extracted using ZymoBIOMICS™ 

Microprep D4301 Kit (Cambridge Bioscience Ltd, Cambridge). Lysis Solution (750 μL) was added 

to the BashingBead™ Lysis Tubes that contained the prepared sample. The tube was then secured 

in a bead beater fitted (Disrupter Genie®) with a 2 mL tube holder assembly and was processed 

for 30 min at max speed. The lysis tubes were then centrifuged in a microcentrifuge at 10,000 × g 

for 1 minute. The supernatant (400 μL) was then transferred to a Zymo-Spin™ III-F Filter in a 

collection tube and centrifuged at 8000 × g for 1 minute. The filter was discarded and DNA Binding 

Buffer (1.2 mL) was then added to the filtrate in the collection tube. The filtrate was then added to 

a Zymo-Spin™ IC-Z Column in a collection tube and centrifuged at 10,000 × g for 1 minute. The 

filtrate was then discarded and the Zymo-Spin™ IC-Z was transferred to a new collection tube. 

Then DNA Wash Buffer 1 (400 μL) was added to the Zymo-Spin™ IC-Z Column and centrifuged at 

10,000 × g for 1 minute, the filtrate was discarded. DNA Wash Buffer 2 (900 μL) was added to the 

Zymo-Spin™ IC-Z Column and centrifuged at 10,000 × g for 1 minute and the filtrate was then 

discarded. The Zymo-Spin™ IC-Z Column was then transferred to a clean 1.5 mL microcentrifuge 

tube and DNase/RNase Free Water (20 μL) was added directly to the column matrix and incubated 



 Ch. 2 

Page | 35  
 

for 1 minute. The Zymo-Spin™ IC-Z Column was then centrifuged at 10,000 × g for 1 minute. The 

filtrate was then transferred to a prepared Zymo-Spin™ II-µHRC Filter (prepared as per 

manufacturers’ instruction) in a clean 1.5 mL microcentrifuge tube and centrifuged 16,000 × g for 

3 minutes. The extracted and filtered DNA was subsequently utilised for PCR and other 

downstream applications [see section 2.13.1]. 

 DNA Quantification 

2.12.1 Thermo Scientific™ Nanodrop 1000 

The concentration, yield and relative purity of extracted DNA was assessed by ultraviolet 

spectroscopy. Measurements of absorbance at 230, 260, 280 and 320 nm were performed using a 

micro-volume spectrophotometer (Nanodrop 1000, Thermo Scientific, UK). The A260/A280 ratio 

was employed as an estimate of DNA purity. Ratios were calculated post subtraction of the A320 

value which represents absorbance caused by non-nucleic acid sample turbidity. A ratio of ≥ 1.8 

was considered as acceptable for use in downstream applications. 

2.12.2 Qubit™ assay 

The quantity of DNA extracted and purified from biofilm samples was assessed using the Invitrogen 

Qubit broad range assay. This assay utilises target-selective dyes that emit fluorescence when 

bound to DNA, enabling DNA quantification in the range of 0.2 – 4000 ng µL-1.. A Qubit working 

solution was prepared as per manufacturers instruction with the addition of a 5 µL sample of 

purified DNA. This was then vortexed and incubated at room temperature for 2 minutes before 

analysis. Using generated Qubit broad range standard solutions were used to generate a standard 

curve from which the samples were interpolated The standards and samples were analysed using 

the Qubit™ 4 Fluorometer (Thermo Fisher Scientific). 

 Single gene-based sequencing 

All DNA extracted from the environmental water and biofilm samples was sequenced using a 

proprietary synthetic full-length based method (Loop Genomics, San Jose, CA, USA). The LoopSeq 

protocol uses unique molecular barcoding labelling of individual 16S genes. This unique molecular 

barcode is evenly distributed throughout the gene and leads to fragmentation of the 16S gene. The 

barcoded 16S gene fragment sequences enable sequencing by short-reads on an Illumina 

sequencing platform, with subsequent reconstruction of the full-length 16S genes. Therefore, all 

the hypervariable regions (V1–V9) can be identified and analysed through the sequencing of the 

entire 16S gene. The libraries were read on an Illumina NovaSeq 6000 sequencer (Illumina, San 

Diego, CA, USA), using a paired-end 2 × 150 bp reading system. The short-read raw data were 

collected in real-time on Illumina’s BaseSpace, which generates FASTQ file and then were uploaded 

to the Loop Genomics unique analytic pipeline. 
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2.13.1 Loop genomics synthetic full-length sequencing 

The sequencing raw data (2 × 150 bp PE, NovaSeq, Illumina) were transferred to the Loop 

Genomics unique barcode identifier cloud. This is a data analysis pipeline that is used for the low-

quality base trimming, the unique sample barcode demultiplexing, and synthetic long-read 

reconstruction. The demultiplexing and synthetic long-read reconstruction is a process that enables 

the de novo assembly to the full-length 16S long-read data after rearranging the short-leads tagged 

with the same unique barcode. 

2.13.2 Bioinformatics and statistical analysis  

FASTQ files were taken and analysed using two different post processing methods. FASTQ files 

were uploaded to the EzBioCloud database (143) and processed using EzBioCloud data centre 

generating Microbiome Taxonomic Profiles (MTPs) for comparative and statistical analysis.  

A subset of the samples were also processed using the QIIME2 next-generation microbiome 

bioinformatics pipeline for comparative study (144) and all raw input data were transformed in 

the form of QIIME2 artifacts (.qza format), which contain information about the data types for 

inputs into QIIME2 pipeline for further downstream processing. From raw sequences data, the 

amplicon sequence variants (ASVs) were obtained using the Divisive Amplicon Denoising 

Algorithm 2 (DADA2) within QIIME 2 plugin, which detects and corrects amplicon errors and filters 

out the potential base error and chimeric sequences (145). The output FASTQ files were filtered, 

trimming and dereplicating, and then DADA2 (R 1.14.1v) was applied.  

After the sequences had been quality checked and filtered, Alpha and beta diversity analysis plugins 

were applied, and the remaining sequences were processed within the qiime 2 and EZBioCloud 

pipeline for analysis. Alpha diversity statistics were performed on selected MTP data sets to record 

species richness and evenness with p < 0.05 regarded as significant. Beta diversity analysis using 

a permutational multivariate analysis of variance (PERMANOVA). The output data was displayed 

in principle coordinate analysis plots and Unweighted Pair Group Method with Arithmatic Mean 

trees. Differences between data sets were determined using Linear discriminant analysis Effect Size 

(LEfSe) which was able to determine specific bacterial species/genus that were responsible for any 

significance observed. 

 Statistical analysis 

Statistical analysis of all data was conducted using GraphPad Prism version 9.2.0 for Windows 

(GraphPad Software, San Diego, CA, USA). Multiple t-tests and one-way ANOVA with Dunnett's 

multiple comparisons test were used where appropriate, with p < 0.05 regarded as significant. All 

low light photon count images were analysed post-capture using Image J (132), and results reported 

as mean Relative Light Units (RLU). 
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  Introduction 

The function of what is commonly referred to in the literature as “biological filtration” is 

underpinned by the formation and development of microbial biofilms that can be adhered to a solid 

phase substrate or “filter media”. However, much about how this function that relates to the 

heterogeneity of the biofilm remains unclear and could still be considered a “black box” in some 

respects. As such, the use of model treatment systems is required in research to help investigate 

the mechanisms and operating conditions which could enhance the biological treatment of drinking 

water supplies. This research has included advanced techniques such as microbial community or 

metagenomics analyses to characterise the composition and structure of the microbial community 

(69,78,147). These methods have provided greater insights into microbial communities and their 

function in drinking water treatment which is discussed in more detail within chapter 4. However, 

many of these experiments are conducted at a laboratory scale which comes with a compromise. 

While the best solution for the research on biological treatment systems (referred to in this study 

as biofilm treatment systems; BTS) is to be performed at scale, upscaled and/or pilot scale 

treatment systems are often used to acquire detailed information required to design and implement 

full-scale water treatment systems. However, the use of upscaled systems is not always feasible due 

to the cost of infrastructure, operation, and maintenance (148). Therefore, smaller, laboratory scale 

treatment systems are widely utilised. However, there are uncertainties surrounding the 

reproducibility of phenomena and processes when scaling from small laboratory setups to larger 

upscaled systems. Therefore, there is still a need for further research into the use of scalable, low-

cost means to investigate processes of BTS. 

When laboratory scale systems are employed, they typically are designed to match the empty bed 

contact time (EBCT) of the full-scale process, and the filter media size to best replicate treatment 

at scale. However, these parameters are not sufficient for laboratory scale BTS to accurately reflect 

that of upscale BTS performance. McKie et al. (69) demonstrates that there is a possibility of 

investigating more detailed biochemical parameters such as phosphatase and esterase activity, or 

the composition of EPS between laboratory scale and pilot-scale biofilters. Moreover, the 

composition of the microbial communities was analysed using 16S sequencing, demonstrating 

similarities to class level. However, the systems were investigated using identical, pre-treated 

source water. Moreover, the treatment systems that were investigated had been in operation for 3 

years prior to testing and filter media was extracted from the pilot scale filters eliminating the 

biofilm maturation period. Therefore, a deeper understanding to the impact of treatment system 

scale on the microbial community remains open for further study in other treatment 

configurations.  



 Ch. 3 

Page | 38  
 

Another important parameter within biological based treatment systems is the material on which 

the biofilm is established. This has important properties as the material will impact the cost and 

accessibility of the treatment system and may impact the treatment efficiencies. In this study the 

use of ceramics manufactured at source was investigated within the BTS. Clay (the raw material of 

ceramics) is abundant, widespread and inexpensive compared to other raw materials (149). Shale 

formations, which are mainly clay-size mineral grains, are the most abundant sedimentary rocks 

in the crust of the Earth (150). Sedimentary rocks make up 5% of the Earth's crust, however they 

cover about 80% of the surface of the earth and clays and shales form well over 40% of the 

sedimentary rocks (151). Clay and clay minerals can be modified with a variety of physical, 

chemical, and thermal treatments which allows for the production of a material with varying 

physical properties, such as its porosity. There are many different types of clay, and each type has 

its own properties. For example, the elasticity of clay when wet, enables this material to be shaped, 

moulded, and mixed with other loose materials easily which in turn, increases its versatility in 

potential applications. Due to the abundance of clay, it offers an affordable material that can be 

found all over the world, which is particularly beneficial for communities with low resources. 

Moreover, clay is a safe material to handle then as opposed to the production of synthetics, such as 

plastics, due to its non-toxicity, mineral and elemental composition. This means with reasonable 

measures such as ventilation, a safe working environment could be implemented for end users for 

the manufacturing of ceramics used within BTS at source and therefore was investigated in this 

study.  

The biofilms that establish within the treatment vessels are complex systems composed of 

aggregations of heterogenous cells that accumulate on the substrate within the BTS. Biofilm 

communities, including but not limited to those that inhabit aquatic environments, have unique 

and emergent properties which are not found in free-living cells, including sustaining 

biogeochemical cycling processes of most nutrients found in water (96). Some of these emergent 

properties and the scale of BTS have been investigated such as EPS composition (69). However, 

during biofilm establishment and maturation, the formation and expression of these emergent 

properties can be shaped by environmental factors, such as nutrient conditions (152), species 

competition, and the synthesis and secretion of extracellular material (96). The expression of such 

emergent properties will be significant in the function of a BTS and requires further research using 

validated model treatment systems and therefore, the research aims of this chapter were to: 

(i) Develop and characterise laboratory scale and up-scaled biofilm treatment systems 

monitoring biofilm development over 12-weeks using an environmental surface-water 

source as a seed culture for biofilm development. subpopulations 
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(ii) Characterise the morphology of filter media and biofilm during development, and to 

determine the microbial population of biofilms established within the treatment 

systems and their changes during development. 

(iii) Manufacture and investigate the development and functionalisation of biofilms on 

ceramic media with three different surface properties to be used within laboratory 

scale biological treatment systems. 

 Results 

3.2.1  The development of biofilms in biofilm treatment systems 

To obtain an insight into the development process of biofilms established on ceramic media within 

BTS, biofilms were established in triplicate within laboratory and upscaled BTS on two independent 

occasions. The first BTS were matured in November 2021 (Biofilm treatment systems mark 1: 

BTS1) and the second in May 2022 (Biofilm treatment systems mark 2: BTS2). On both occasions, 

the systems were setup in an identical fashion [see section 2.6]. The only factor differentiating the 

two experimental runs was the time at which the environmentally-derived water, containing the 

microorganisms used to seed the biofilms, was collected. During the maturation of the 

environmental biofilms (maturation defined by the complete removal of ammonium from the 

reservoir over 24 hours), water quality parameters of circulation water were measured on a weekly 

basis over a period of 4 weeks. An additional 12-week sample was taken within the BTS2. These 

parameters included heterotrophic counts, cation, anion, and total carbon analysis. All data 

presented corresponding to the laboratory scale and upscaled biofilm treatment systems, unless 

otherwise stated, corresponds to BTS2. BTS1 is included within this chapter to observe and discuss 

the inter-reproducibility of the BTS used within this research. 

3.2.2  Environmentally-derived freshwater source and biofilm treatment system start-up 

To provide a seed community of microorganisms and aid in the formation of biofilm, 

environmentally-derived fresh water, that was known to contain environmental microorganisms, 

was added into the recirculation tanks at the start of biofilm development process. Water quality 

parameters of the source water (inoculum) were measured and are presented in Table 3.1. The 

presence of heterotrophic bacteria at a concentration of 4.58 ± 0.27 Log10CFU mL-1 was sufficient 

to provide the BTS2 with environmental microorganisms to aid the biofilm formation. 
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3.2.3  Dosing of carbon using humic substances extracted from soil 

For much of this study, there was no access to a total carbon analyser. To overcome this issue, 

specific UV absorbance (SUVA) was used to estimate the concentration of DOC within the water of 

the biofilm treatment systems. This was achieved through the generation of a calibration curve 

using water samples that were quantified using DOC analyser at the Centre for Ecology and 

Hydrology, Wallingford, UK (UKCEH) with their corresponding absorbance at 254 nm. Two sample 

groups were taken, one using environmental water (section 2.4) and the other using humic 

substances (HS) (section 2.5). The resulting calibration curve produced positive correlations with 

the concentration of DOC against SUVA producing an R2 value of 0.985 and 0.995 for the 

environmentally derived water and HS respectively (Figure 3.1a and b). 

Table 3.1: Water quality parameters of environmentally derived surface water used to provide a 
source of environmental microorganisms for the maturation of environmental biofilms within 
the laboratory scale and upscaled biofilm treatment system mark 1 (BTS1) and biofilm treatment 
system mark 2 (BTS2) n=3 ± s.d. 
 Parameter BTS1 BTS2 

 

 Presumptive Escherichia coli 
(CFU 100mL-1) 

50 ± 14.1 170 ± 8.16 
 

 Enterococci (CFU 100mL-1) 70 ± 23.3 100 ± 57.2  

 Heterotrophic Plate Count 
(Log10CFU mL-1) 

3.99 ± 0.17 4.58 ± 0.27 
 

 Total Organic Carbon (mg L-1) 0.54 ± 0.08 1.07 ± 0.06  

 Total Inorganic Carbon (mg L-1) 9.83 ± 0.71 7.42 ± 0.66  

 Ammonium (mg L-1) 0.09 ± 0.04 0.04 ± 0.04  

 Nitrite (mg L-1) 0.96 ± 0.01 0.75 ± 0.01  

 Nitrate (mg L-1) 11.8 ± 0.17 6.53 ± 0.56  

 Phosphate (mg L-1) 3.41 ± 0.93 1.67 ± 0.07  

 ORP (mV) 306 ± 6.63 349.8 ± 9.25  

 pH 7.84 ± 0.09 8.13 ± 0.05  

 Conductivity (µS cm-1) 712 ± 6.02 674.6 ± 7.76  

 Total Dissolved Solids (mg L-1) 491 ± 8.58 470.8 ± 5.58  
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Figure 3.1: The specific ultraviolet absorbance (SUVA; 254nm) of increasing concentrations of 
Dissolved organic carbon (DOC) in (a) an environmentally-derived water source and (b) humic 
substances (HS) extracted from hyprian zone of the environmental water body. n=3 ± s.d. 

3.2.4  Visualisation of the environmental biofilm 

SEM was used to visualise the structure of the sterile ceramic filter media surface (Figure 3.2a and 

b) and filter media within the BTS to confirm the attachment of microorganisms after 14 days of 

circulation (Figure 3.2 b and c). Another upscaled BTS that had been in operation for 1 year was 

also imaged (Figure 3.2e and f) to demonstrate the ongoing successful colonisation of the filter 

media. Overall, the presence of bacteria within the biofilm was difficult to visualise during this 

process. Bacterial cells may be hidden within the EPS of the biofilm that is affected by the 

dehydration process for sample preparation. However, there were suspected fungal hyphae across 

the surface of the EPS (Figure 3.2f). 
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 Figure 3.2: Scanning electron micrograph of (a) an overview of the ceramic filter media surface, 
(b) a closer view of the sterile ceramic surface filter media, (c) a micrograph of the internal 
structure of an established biofilm within the upscaled biofilm treatment system (BTS) at 14 days, 
(d) overview of an environmental biofilm attached to the ceramic filter media within the upscaled 
BTS at 14 days, (e) the suspected layer of extra cellular polymeric substances and (f) overview of a 
biofilm established on the filter media within an upscaled BTS after 1 year of operation. White 
arrow indicates potential fungal hyphae across the surface of the biofilm. Red arrows highlight a 
potential layer of dehydrated extracellular polymeric substances and green arrows represent 
suspected bacterial cells. 
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3.2.5  Heterotrophic counts recovered from the biofilm and reservoir of maturing biofilm treatment 
systems 
At the start of the experiment, the addition of environmental water into the circulation tanks 

resulted in a final density of heterotrophic microorganisms (sampled using heterotrophic plate 

count (HPC) method) at 4.78 ± 0.22 Log10CFU mL-1 for the laboratory scale BTS and 4.21 ± 0.30 

Log10CFU mL-1 for the upscaled BTS. The filter media was sterilised before the addition of the seed 

community to the circulation tanks, hence the density of HPCs was recorded as 0 Log10CFU mL-1. 

After 1 week of circulation of the laboratory scale BTS there were 4.19 ± 0.06 Log10CFU g-1 of 

heterotrophic microorganisms recovered from the filter media, which was significantly less than 

the 5.032 ± 0.06 Log10CFU mL-1 recovered from the circulation tanks (p < 0.05; Figure 3.3). 

Following the HPCs recorded at week 1, there was a significant increase to 5.20 ± 0.48 Log10CFU g-

1 in the HPCs recovered from the filter media of the laboratory scale BTS (p < 0.01; Figure 3.3a). A 

similar trend was observed in the upscaled BTS, whereby a significant increase in the HPCs 

recovered from the filter media increasing from 3.90 ± 0.17 Log10CFU g-1 to 4.66 ± 0.14 Log10CFU 

g-1 (p < 0.001; Figure 3.3b). For the remainder of the sampling period within the laboratory scale 

BTS, no significant difference was observed between the circulation tanks and the filter media. 

However, there were significant differences observed in the upscale BTS for the first 4 weeks with 

a non-significant difference recorded at 12 weeks (Figure 3.3b). 



 Ch. 3 

Page | 44  
 

 

Figure 3.3: Heterotrophic plate counts recovered from the circulation tank and filter media of the 
(a) laboratory scale and (b) the upscaled biofilm treatment systems over a period of 12 weeks. 
Samples were taken from the biofilm and reservoir weekly for the first 4 weeks with a final sample 
at 12 weeks all performed in triplicate n=3 ± s.d. 

3.2.6 Development of an environmental biofilm using three types of novel ceramic filter media 
within laboratory scale biofilm treatment systems 

Preliminary work was undertaken to assess the effect of filter media porosity on the biofilm 

community. The number of viable heterotrophic microorganisms on 3 types of ceramic filter media 

investigated as a representative population for the comparison of biofilm maturation recorded over 

4 weeks of circulation. After 1 week of circulation no significant differences between the three types 

of filter media were observed, 4.85 ± 0.36 Log10CFU g-1 was recovered from the FM1, 5.017 ± 0.37 

Log10CFU g-1 for FM2 and 4.67 ± 0.23 Log10CFU g-1 for FM3 (p > 0.05; Figure 3.4). For the remainder 

of the sampling points over the circulation period, there was no significant difference between 

HPCs recovered from the three types of filter media of the laboratory scale BTS (p > 0.05; Figure 

3.4). The laboratory scale systems reaching a final density of 6.85 ± 0.04 Log10CFU g-1 for FM1, 6.99 

± 0.03 Log10CFU g-1 for FM2 and 7.05 ± 0.05 Log10CFU g-1 for FM3 after 4 weeks of circulation (p > 

0.05; Figure 3.5). 
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Figure 3.4: Number of heterotrophic plate counts recovered from the biofilm of the laboratory scale 
biofilm treatment systems containing three novel ceramic filter media (FM1, FM2 and FM3) over a 
4-week maturation period n=3 ± s.d. 

3.2.7  The comparison of the bacterial biofilm established within the laboratory scale and upscale 
biofilm treatment systems over a 4-week circulation period. 

The number of heterotrophic microorganisms recovered from the filter media was compared 

between the laboratory scale and upscaled treatment systems over the circulation period. After 1 

week of circulation, 4.19 ± 0.06 Log10CFU g-1 was recovered from the filter media of the laboratory 

scale BTS which was significantly greater than the upscale BTS with a density of 3.90 ± 0.17 

Log10CFU g-1 (p < 0.01; Figure 3.5). However, for the remainder of the sampling points over the 

circulation period, there was no significant difference between HPCs recovered from the filter 

media of the laboratory scale BTS and the upscale BTS (p > 0.05; Figure 3.5). Reaching a final 

density of 5.52 ± 0.21 Log10CFU g-1 for the laboratory scale BTS and 5.69 ± 0.46 Log10CFU g-1 for 

the upscaled BTS after 12 weeks of circulation (p > 0.05; Figure 3.5). 

 

Figure 3.5: Number of heterotrophic plate counts recovered from the biofilm of the laboratory scale 
and upscale biofilm treatment systems over a 4-week circulation period n=3 ± s.d. 
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3.2.8  The comparison of bed depth during development of upscaled biofilm treatment systems 

During biofilm development within the upscaled BTS, two replicate samples were taken from the 

top 200 mm (high) and bottom 200 mm (low) of the filter vessel and sampled for heterotrophic 

microorganisms. The number of heterotrophic bacteria recovered from the filter media at the high 

and low depths of the filter bed was not significantly different over the whole of the maturation 

period (Figure 3.6). Therefore, for all subsequent analysis, the samples were pooled to increase the 

n number per sample point. 

 

Figure 3.6: Number of viable heterotrophic bacteria recovered from the filter media of the top 200 
mm and bottom 200 mm of the filter bed of the upscaled biofilm treatment systems over a 12-week 
sampling period, n=3 ± s.d.  

3.2.9  Reproducibility of biofilm development within BTS 

Environmental biofilms were established on the filter media within triplicate identical BTS on two 

independent occasions; systems were setup in November 2021 (BTS1) and May 2022 (BTS2). 

Significant differences in the total number of viable HPCs recovered from the biofilm between BTS1 

and BTS2 were observed. After the first week of maturation, the number of viable HPCs recovered 

from the laboratory scale BTS1 was 3.44 ± 0.24 CFU g-1 which was significantly lower than 4.19 ± 

0.07 CFU g-1 recovered from BTS2 (Figure 3.7a; p < 0.001). The HPCs for the laboratory scale BTS1 

remained significantly lower than BTS2 for the remainder of the maturation period monitored (4 

weeks). However, the difference between the laboratory scale BTS1 and BTS2 remained consistent 

averaging 1.03 ± 0.40 CFU g-1 over the 4-week circulation period with a final density of 4.79 ± 0.09 

CFU g-1 recovered from BTS1 in comparison to 5.56 ± 0.13 from BTS2 (Figure 3.7a; p < 0.001). A 

similar trend was observed for the up-scaled BTS. After the first week of maturation there was 3.00 

± 0.35 CFU g-1 recovered from the BTS1 in comparison to BTS2, where 3.90 ± 0.17 CFU g-1 was 

recovered from the filter media (Figure 3.7b; p < 0.001) with a consistent difference over the 4 

weeks averaging 0.68 ± 0.44 CFU g-1. However, after 3 weeks of maturation there was no 

significant difference between BTS1 and BTS2. However, the final density of BTS1 was 4.78 ± 0.10 

CFU g-1 which was significantly less than 5.51 ± 0.15 CFU g-1 for BTS2 (Figure 3.7b p > 0.001). 
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Figure 3.7: Heterotrophic plate counts recovered from filter media of (a) laboratory scale biofilm 
treatment systems (BTS) and (b) upscaled BTS over 4-weeks of circulation. Two experimental runs 
were performed on two independent occasions; BTS mark 1 was established in November 2021 (n 
= 3 ± s.d.) and BTS mark 2 was established in May 2022 n=3 ± s.d (*** = p < 0.001). 

 

3.2.10 Nutrient analysis of BTS during maturation 

To assess the function of the microbial community establishing within the laboratory scale BTS, in 

parallel with the density measurements, the degradation of ammonium was recorded on a weekly 

basis for 4-weeks. Ammoniun was dosed into the circulation tanks on a weekly basis to a 

concentration of 0.2 mg L-1 and the levels of ammonium were recorded every 2 h for 10 h total for 

the time of dosing with an additional reading at 24 h. There were reductions in ammonium 

observed from week 0 – week 4, with 100 % reduction obsereved after 4 weeks of circulation 

(Figure 3.8). The BTS were then deemed “mature” and therefore the maturation period in this 

study was defined as 4 weeks. 
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Figure 3.8 Ammonium concentration of the reservoir of the laboratory scale biofilm treatment 
systems over 4 weeks during circulation n = 3 ± s.d. 

3.2.11 Spatial sampling of upscaled biofilm treatment systems currently deployed in long-term 
operation 
To further investigate the characteristics of the biofilm that establishes within BTS, the reservoir 

and filter media were sampled from 6 unique filtration system within a 50-mile radius of the 

University of the West of England, Bristol [see Table 3.2]. This long term (> 1 year) deployment of 

BTS had been successful in achieving good water quality (low nutrient and low pathogen levels). 

These samples were also subject to single gene-based community analysis, and this is discussed in 

chapter 4. All the systems in operation had oligotrophic reservoirs with no detectable phosphate in 

all systems and very low levels of ammonium (0 – 0.016 mg L-1). Very low concentrations of TOC 

and nitrite within the reservoir were found ranging from 0.497 – 1.53 mg L-1 and 0.24 – 0.74 mg 

L-1 respectively. The number of viable HPCs recovered from the biofilm only varied 1 Log10CFU g-1 

ranging from 6.09 ± 0.24 to 7.04 ± 0.17 Log10CFU g-1. To protect the exact locations of the systems, 

the coordinates provided are within 1 mile of the system. 
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Table 3.2: Water quality parameters of long-term up-scaled biofilm treatment systems. 

 
Parameter Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 

 

Location (GPS 
coordinates) 

51°14'30.
3"N 

2°21'45.3
"W 

51°08'2
2.8"N 

2°22'45.
3"W 

51°20'54.
3"N 

2°21'51.7
"W 

51°27'06
.0"N 

2°21'49.
8"W 

51°04'2
2.3"N 

2°22'37.
7"W 

51°35'18.
0"N 

2°15'35.9
"W 

 

UK postal code area  BA11 BA10 BA2 SN14 BA9 GL9 
 

Water reservoir 
volume (m3) 

90 95 110 90 85 80 
 

Filter media weight 
(g) 

14.9 14.5 17.4 15.3 14.2 12.4  

Heterotrophic Plate 
Count (Log10CFU g-1) 

6.22 ± 
0.31 

6.33 ± 
0.05 

7.04 ± 
0.17 

6.71 ± 
0.01 

6.09 ± 
0.24 

6.83 ± 
0.42 

 

DNA Yield (µg) 6.35 14.8 16.4 0.23 1.3 3.9  

Total Organic Carbon 
(mg L-1) 

0.617 0.497 0.715 1.53 0.872 0.761  

Total Inorganic 
Carbon 

(mg L-1) 

8.03 6.81 3.49 9.92 4.74 9.38  

Phosphate (mg L-1) >0.001 >0.001 >0.001 >0.001 >0.001 >0.001  

Nitrite (mg L-1) 0.57 0.37 0.29 0.74 0.37 0.24  

Nitrate (mg L-1) 45.7 11.7 6.97 5.97 21.8 1.76  

Ammonium (mg L-1) >0.001 0.008 >0.001 0.016 >0.001 0.016  

 

 Discussion 

The results of this study demonstrate that overall, there was no significant difference between the 

number of viable HPCs recovered from the biofilm of the laboratory and upscaled BTS (Figure 3.5 

& Figure 3.7; p > 0.05). These findings agree with the methodology outlined by McKie et al. (69) 

that could be used to test BTS performance at a reduced cost and complexity in comparison to those 

performed at scale. This is a method that further improves the accessibility of research that may 

otherwise be limited by the cost and infrastructure required for larger scale studies and this could 

have the potential to reduce costs of future research using laboratory scale BTS. The reduction of 

costs would result from lowering the maintenance requirements and higher throughput of 

laboratory scale BTS, with further operational parameters to investigate that would be unfeasible 

for upscale study. The results collected from laboratory scale BTS could help validate emergent 

properties of biofilms within BTS, such as the reduction of waterborne pathogens discussed in 

chapter 5, a phenomenon that was observed at laboratory scale. As such, the data presented here 

provides validation that laboratory scale BTS used in this study could be used to provide an insight 
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to the successful upscale of BTS for the development of low-cost systems for the treatment of 

drinking water supplies. 

The start-up process of a BTS is critical because, to achieve functionality, an established microbial 

community on a substrate within the treatment system is required. Therefore, until this population 

is established, the process of biological treatment of water supplies is perturbed. The 

microorganisms that establish within BTS will enter the water from the surrounding environment 

or already exist naturally in the source water, however, it is also possible to aid this process through 

the addition of microorganisms into the system. In the case of closed, recirculating systems, the 

use of seed microbial communities has been used to help establish biofilms for nitrification in 

brackish water (153) and this was also utilised for the BTS investigated in this study. Moreover, the 

functionality of BTS may be determined by individual parameters and commonly, nitrification is 

used for recirculating systems (154–157) and was used in this study and presented in Figure 3.8. A 

seed community of microorganisms taken from an environmentally-derived fresh water source 

[see section 2.6] was used to aid in the establishment of the biofilm onto the filter media for both 

laboratory scale and upscaled BTS1 and BTS2 (Table 3.1). Microbial seed communities are also used 

at the scale of industrial and municipal water treatment systems. Commercially available inocula 

or seed cultures are commonly added to reduce the start-up time of BTS by providing the initial 

bacterial culture (158). The addition of a seed community has been shown to accelerate start-up of 

nitrifying in recirculating BTS (154). For this study, it was used to simulate the natural consortia 

that would likely be present at the system start up from an environmentally derived water source. 

This method was shown to be reproducible in laboratory and upscale BTS (Figure 3.5) however, 

the seed community did have a significant impact on the early stages of biofilm establishment that 

can be observed in Figure 3.7. 

When comparing the development process of BTS1 and BTS2 with identical experimental setups, 

the data (presented in Figure 3.7) suggests that the starting density and/or consortia of 

microorganisms has an impact (at the very least) over the first 4-weeks of biofilm development. 

The starting density within the reservoir of BTS1 was significantly different from BTS2 and this is 

reflected by the number of HPCs recovered from the biofilm for each system (Figure 3.7). The 

decreased density is likely a result of the water temperature of the environmental water source, 

which was significantly less than BTS2 at the time BTS1 was established. Temperature, among 

other parameters, is known to impact on the survival of microorganisms and therefore, biofilm 

maturation (159,160). Nonetheless, both systems were able to establish a biofilm that significantly 

increased from week 1 to week 4 (Figure 3.7; p < 0.05). The temperature of the BTS1 and BTS2 

were kept the same utilising inline water heaters, thus the difference in biofilm development is 

more likely linked to the starting consortia of microorganisms rather than the system conditions. 
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When comparing the number of heterotrophic bacteria recovered from the two sampling points 

within the upscaled BTS2, there was no significant difference observed between the top and the 

bottom of the upscaled BTS2 over the 12 weeks sampling period (Figure 3.6; p > 0.05) this suggests 

the biofilm growth was uniform upon the filter media throughout the whole filter vessel. It does 

not however, suggest that the microbial populations are the same. Sampling for HPCs is limited 

through the observation of culturable microorganisms using general purpose culture medium, of 

which it is thought to accounts for 1% of the sampling population (94). To increase the depth of 

information regarding a microbial population, particularly in environmental studies, the use of 

sequencing demonstrates that the number of viable cells does not indicate the level of diversity or 

indeed the composition of the sampling population. Therefore, to further investigate these 

differences, single gene-based community analysis was performed in parallel and presented in 

chapter 4. 

The similarities observed between the laboratory and upscaled BTS suggest that the biofilm 

maturation process is reproducible under the operating conditions investigated, and that a biofilm 

population will perform to the desired function (defined in this study as ammonium removal) in 

water treatment processes. Because of this, 6 independent sites with installed recirculating 

upscaled BTS were sampled to investigate their biofilm and water properties. This spatial sampling 

of the upscaled BTSs that had been deployed long-term found that the average HPC recovered 

across all the biofilm samples was 6.54 ± 0.42 CFU g-1 (Table 3.2). This was significantly more than 

the average HPC recovery from the upscaled BTS at 5.69 ± 0.46 Log10CFU g-1 after 12 weeks (p < 

0.001). This suggests that the upscaled BTS used in this study may have the potential for further 

growth with a longer circulation time. Overall, under the specific parameters tested, the laboratory 

scale systems are comparable with the upscale systems. This implies that under specific conditions 

within a circulating BTS, the maturation of an environmental biofilm is predictable.  

The substrate material was chosen in this study with chosen with consideration. As previously 

mentioned, due its porosity and abundance, ceramics have been used within water filtration around 

the world. Previous research has investigated the efficacy of ceramics for the physical removal of 

contaminants such as study compared ceramic, granular activated carbon and anthracite media for 

drinking water and found overall ceramic media has the potential to be an alternative to anthracite 

when considering biofiltration, especially during cold water conditions (T < 10 °C) (161). A meta 

regression study comparing different household water treatment methods in low to medium 

income countries (LMICs) found water filtration systems made from ceramics to be the most 

effective form in the long term (162). Furthermore, a more recent study which researched biofilm 

growth on ceramic filtration discs, found ceramic discs used without cleaning grew a layer of 

biofilm which helped with MS2 virus removal (163). The findings presented in this study 

demonstrate that biofilms established on ceramic substrates with different porosities did not have 
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a significant effect on biofilm density during maturation within the laboratory BTS (Figure 3.6; p 

> 0.05). Clay is an abundant and inexpensive resource and is easily modified through a variety of 

physical, chemical, and thermal treatments. The findings of this study raise the prospect of utilising 

biofilms as low-cost, locally manufactured systems for the control of pathogens in drinking water 

supplies using an abundant material (ceramics) at source. This negates the need for specialist 

materials or operational expertise and removes issues relating to complex supply chains.  

Overall, the findings from this study demonstrate that a microbial community was able to establish 

on the ceramic substrate within both the laboratory scale and upscaled BTS. Furthermore, the 

analysis of biofilm heterotrophic densities demonstrates that there is no significant difference 

between the scale of the systems investigated. The microbial communities achieved function after 

4 weeks of circulation defined by the complete removal of ammonium over a 24 h circulation 

period. This study was further investigated with the use of 16S rRNA sequencing to understand, in 

more detail, the microbial communities that established within the BTSs and is discussed in chapter 

4. The systems characterised in this chapter were also used to investigate the potential control of 

waterborne pathogens in fresh waters presented in chapters 5 & 6. 
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 Introduction 

The treatment of water using biofilm treatment systems (BTS) will be influenced by bacterial 

community diversity and associated metabolic potential (164,165), but it has been demonstrated 

that different treatment processes and configurations such as pre-treatment methods or varying 

source water quality can cause changes within the microbial community that is established in 

biological based water treatment (78,166). For the work presented within this chapter, the 

microbial communities studied with the experimental BTS were introduced via the 

environmentally-derived water (seed culture) that was added to the recirculation tanks at the start 

of the BTS development stage [see section 2.6]. As stated in chapter 3, the BTS were deemed 

“mature” through the complete removal of ammonium within 24 h of circulation and therefore the 

maturation period was 4 weeks. The experiment was performed over 12 weeks, collectively referred 

to as the “circulation period”. Biofilm communities that were established within the BTS were 

analysed using amplicon-based 16S full‑length‑based synthetic long‑read sequencing (sFL16S) 

technology. Fingerprinting techniques have shown that the 10 – 50 most abundant taxa usually 

contribute more than 0.1 – 1.0% of the total cell counts; therefore, in agreement with other studies, 

the bacterial phyla and genera representing more than 1.0% of the total community are usually 

considered dominant taxa (167–169). Consequently, the microbial composition presented in this 

chapter is taxa consisting of greater than 1% of the observed community. The sequences in this 

study were processed using an operational taxonomic unit (OTU) clustering cut-off of 97% 

sequence similarity through the EzBioCloud pipeline (143) [see section 2.13.2]. Biofilm based 

treatment systems are still considered to be “black box” systems, whereby there is often limited 

knowledge about the specific microbial diversity leading to function. In particular, how their 

development (in terms of community composition) relates to the seed culture, what is the 

variability upon maturation, and what influence do specific operating parameters have on these 

processes. This chapter addresses these questions through the following research aims: 

(i)  Determine the community structure of the environmentally derived-water source used to seed 

the BTS. 

(ii) Investigate the any changes in biofilm community with the BTS during development from 

sterile filter media. 

(iii) Compare the microbial communities of the laboratory scale and upscaled BTS during 

development. 

(iv) Assess the similarity of the microbial communities within the laboratory scale and upscaled 

BTS with functional independent long term deployed BTS. 
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  Results 

4.2.1  Microbial composition of environmentally-derived fresh water and environmental biofilms 

The microbial community from the environmentally-derived water source that was used to seed 

both the laboratory scale and upscaled BTS was analysed. The observable microbial community of 

the environmentally-dervied surface water found that the most abundant phylum was 

Actinobacteria at 31.03 ± 0.21 % , followed closely by the Bacteroidetes at 29.4 ± 0.19 % and 

Proteobacteria at 29.7 ± 0.37 %. These were not significanly different between biological replicates 

(Figure 4.1a; p > 0.05). Moreover, the number of operational taxonomic units identifed within each 

of the environmentally-derived water samples exhibited little variation with a count of 1142 for 

sample 1, 1249 for sample 2,  and 1224 for sample 3. The relative abundance of the class composition 

followed a similar trend with no signifcant differences between the sample replicates was observed 

between the classes above 1 % (Figure 4.1b; p > 0.05). The three most abundent classes were 

Actinobacteria_c at 26.6 ± 0.23 %, Betaproteobacteria at 15.2 ± 0.21 % and Flavobacteria  at 13.4 

± 0.18 % (Figure 4.1b; p > 0.05). Alpha diversity nonparametric (np) shannon test found very 

similar values of 5.35, 5.39 and 5.35 for samples 1, 2 and 3 respectively.  
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Figure 4.1 Community composition by (a) phylum and (b) class of the environmentally-derived 
fresh water used to seed the biofilm treatment systems n=3. Biological replicates (sample 1, 2, 3) 
are displayed to establish sample variability. 

 

The microbial community that was analysed within the laboratory scale BTS was performed in 

triplicate (n=3), however there was an issue with the amplification of BTS 3 at 12 weeks and 

therefore, for the averaged week 12 samples of the laboratory scale BTS, this is derived from 2 

biological replicates (n=2).  

The observed microbial community of the developing biofilm within the laboratory scale BTS and 

the upscaled BTS were analysed for 4 weeks at weekly intervals with a final sample at 12 weeks 

from the point of inoculating the circulation tanks. For the laboratory scale BTS (Figure 4.2), 

Proteobacteria was the most abundant phylum within the biofilm accounting for 72.7 ± 1.24 % of 
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the biofilm sampled after 1 week and remained the most abundant phylum across all of the sample 

points, albeit decreasing to 55.2 ± 0.63 % after 12 weeks of circulation (Figure 4.2a). After 1 week 

of maturation, the Bacteroidetes ranked 2nd in the relative abundance within the biofilm of the 

laboratory scale BTS constituting 25.2 ± 0.87 % of the biofilm; however, the Bacteriodetes 

decreased after 12 weeks of circulation to a relative abundance of 5.64 ± 0.61 % which ranked 5th 

of the phyla observed above 1 %. At 12 weeks, the Bacteriodetes were replaced by Actinobacteria 

which increased from 0.79 ± 0.09 % after 1 week to 9.91 ± 1.88% ranking 1st within the relative 

abundance after 12 weeks of circulation. Overall, there was a reduction in the relative abundance 

of the initial colonising phyla which resulted in a more even distribution of the phyla detected above 

1 % after 12 weeks of development. 

When observing the microbial composition at class level (Figure 4.2b) of the biofilm within the 

laboratory scale BTS for the first 3 weeks, the most abundant class observed was within 

Proteobacteria (Gammaproteobacteria at week 1 and Betaproteobacteria at week 2 and 3). This was 

replaced by Planctomycetia within the phylum Planctomycetota at 4 weeks, replaced by 

Alphaproteobacteria after 12 weeks of development (Figure 4.2b). However, collectively the phylum 

Proteobacteria dominated over the circulation period (12 weeks). The class Gammaproteobacteria 

was the most abundant starting at 40.6 ± 1.73 % after 1 week of circulation which decreased to 

7.23 ± 0.01 % (ranking 4th in terms of relative abundance) within the laboratory scale BTS after 12 

weeks. After 4 weeks of circulation, this was replaced by Planctomycetia accounting for 22.4 ± 5.64 

% of the observable community. Finally, Alphaproteobacteria that accounted for 13.7 ± 12.9 % 

after the first week of circulation increased to 36.7 ± 2.22 % to rank 1st (in terms of relative 

abundance) after 12 weeks of circulation (Figure 4.2b). 
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 Figure 4.2 The average relative abundance of bacterial (a) phyla and (b) class within an 
environmental biofilm that established on ceramic substrate within laboratory scale biofilm 
treatment systems (BTS) were monitored over 12 weeks of circulation. All systems started with 
sterile substrate using a source water as a seed community of microorganisms to establish within 
the BTS. Triplicate BTS (n=3) were sampled over 12 weeks of continuous circulation. 
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Sampling and analysis of the observed microbial composition within the upscaled BTS was 

experimentally identical to the laboratory scale BTS to facilitate the comparison of both scale 

systems over time. For the upscaled BTS, Proteobacteria was the most relatively abundant phylum 

within the biofilm accounting for 70.0 ± 11.3 % after 1 week of circulation. This significantly 

decreased to 38.7 ± 2.48 % after 12 weeks of circulation; however, in addition to the laboratory 

scale BTS (Figure 4.2a), Proteobacteria remained the most relatively abundant phylum across all 

of the sample points within the upscaled BTS (Figure 4.3a). After 1 week of circulation, the 

Bacteroidetes ranked 2nd in the relative abundance of the biofilm within the laboratory scale BTS 

constituting 11.4 ± 10.8 % of the biofilm; however, this decreased to 8.72 ± 2.49 % after 12 weeks 

of circulation which ranked 3rd of the phyla > 1 %. After 12 weeks of circulation, the Bacteroidetes 

were replaced by Actinobacteria that had increased from 10.6 ± 7.51% at 1 week to 12.7 ± 2.28 % 

after 12 weeks of circulation (Figure 4.3a).  

When observing the microbial composition of the biofilm within the upscaled BTS at class level, 

the most abundant class was within Proteobacteria over the first 3 weeks of circulation 

(Gammaproteobacteria for week 1 and 2, and Alphaproteobacteria for week 3). The class 

Gammaproteobacteria comprised 32.72 ± 15.1 % in terms of relative abundance after 1 week of 

circulation that decreased to 11.9 ± 2.21 % after 12 weeks. After the 3 weeks of circulation, 

Gammaproteobacterial was replaced by Alphaproteobacteria, comprised 17.8 ± 2.9 % after the first 

week of circulation and decreased slightly to 17.5 ± 2.72 % to rank 1st of the relative abundance 

after 12 weeks of circulation (Figure 4.3b).  
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Figure 4.3 The average relative abundance of bacterial (a) phyla and (b) class within an 
environmental biofilm that established on ceramic substrate within upscaled biofilm treatment 
systems (BTS) were monitored over 12 weeks of circulation. All systems started with sterile 
substrate using a source water as a seed community of microorganisms to establish within the BTS. 
Triplicate BTS (n=3) were sampled over 12 weeks of continuous circulation. 
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The observable microbial community of the long term deployed BTS shared major phyla across all 

site samples with proteobacteria making up the largest proportion of the relative abundance within 

all the long term deployed BTS (Figure 4.4a). Within the most abundant phylum Proteobacteria, 

the dominant classes were Alphaproteobacterial and Gammaproteobacteria for all of the site 

samples (Figure 4.4b). 

For all systems, one of the major system functions was to control the level of ammonium within 

the reservoir and therefore, species involved in denitrification processes were of particular interest. 

For example, selected taxa including Nitrospirae and Nitrosomonas were identified from all of the 

site samples and the laboratory and upscaled BTS after 12 weeks of circulation. 
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Figure 4.4 The average relative abundance of bacterial (a) phyla and (b) class within an 
environmental biofilm that established on ceramic substrate taken from 6 independent sites with 
upscaled BTS in continuous operation for over 1 year. All systems were established using a source 
water as a seed community of microorganisms to establish within the BTS. 
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4.2.2  The impact of filter depth on the observed microbial composition of the upscaled biofilm 

treatment systems 

The microbial composition at two filter depths was investigated to understand the distribution of 

the community within the BTS. The observed microbial composition was very similar when 

investigating the biofilm community structure at two filter depths of the upscaled BTS averaged 

over the biofilm development period: the relative abundance of the composition of the observed 

microbial phyla and class level was not significantly different when the abundance was averaged 

over the full 12 weeks of circulation (Figure 4.5). 

 

 Figure 4.5 The average relative abundance of bacterial (a) phyla and (b) class above 1 % within an 
environmental biofilm that established on ceramic substrate within the top and bottom of the 
upscaled biofilm treatment systems (BTS). Triplicate BTS were averaged over the 12-week 
sampling period and the filter depth (n = 15). 
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For the alpha diversity analysis, both the species richness and diversity were not significantly 

different between the top and bottom segments of the upscaled BTS samples (Figure 4.6; p > 0.05). 

Beta diversity analysis using a permutational multivariate analysis of variance (PERMANOVA) also 

determined that the two data sets (top and bottom, n = 15) were not significantly different from 

one another (p > 0.05). This data suggests that the biofilm composition was evenly distributed 

across the depth sampled and for subsequent analysis, the upscaled biofilm samples (top and 

bottom) were grouped to increase the number of replicates per BTS (n = 6 per time point). 

 

Figure 4.6: Alpha diversity analysis including (a) non-parametric Shannon and (b) Chao1 of 
upscaled biofilm treatment systems at two filter depths. Triplicate BTS were samples over 12 weeks 
of continuous operation. The microbial composition was averaged over the entire 12 weeks of 
circulation to input into the statistical tests (n = 15; ns = p > 0.05). 

 

ns 

ns 

a 
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4.2.3 Alpha diversity of laboratory scale and upscaled biofilm treatment systems 

Alpha diversity analysis was performed on the bacterial biofilm community within the laboratory 

scale BTS and upscaled BTS over the 12 weeks of circulation. For the laboratory scale BTS, the np 

Shannon diversity index started at 3.73 ± 0.02 after 1 week of circulation which significantly 

increased after 4 weeks of circulation to 4.47 ± 0.33 (Table 4.1; p < 0.05). This did not significantly 

change for the subsequent 8 weeks of circulation with a np Shannon diversity index of 4.40 ± 0.13 

recorded after 12 weeks. Other alpha diversity indexes including Simpson, Phylogenetic diversity 

and Chao1 all show similar trends over the 12 weeks of circulation. 

 

  

Table 4.1 Alpha diversity analysis of the laboratory scale biofilm treatment systems over 12 weeks 
of circulation n=3 ± s.d. 

 Alpha 
diversity 

parameter 

Weeks of biofilm development  

 1 2 3 4 12  

 
Library 

Coverage 
(%) 

98.0 ± 0.10 98.2 ± 0.38 98.3 ± 0.08 98.0 ± 0.22 99.1 ± 0.12 
 

 Shannon 3.73 ± 0.02 3.60 ± 0.11 3.86 ± 0.47 4.47 ± 0.33 4.40 ± 0.13 
 

 Simpson 0.07 ± 0.01 0.08 ± 0.01 0.08 ± 0.06 0.04 ± 0.01 0.03 ± 0.01 

 

 
Phylogenetic 

diversity 
849.7 ± 29.5 734 ± 114.0 

789.7 ± 
113.6 

1026 ± 
236.6 

959.5 ± 113.5 

 

 Chao1 902.7 ± 95.3 
743.8 ± 

156.1 
761.3 ± 79.5 

910.2 ± 
258.1 

922.9 ± 
167.6 
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For the upscaled BTS, the np Shannon diversity index significantly decreased from week 1 at 4.58 

± 0.60 to 3.25 ± 0.42 at week 2 of development (Table 4.2; p < 0.05). This then subsequently 

increased over the following week to 4.63 ± 0.54 and remained consistent for the remainder of the 

circulation period. Other alpha diversity indexes including Simpson, Phylogenetic diversity and 

Chao1 all show similar trends over the 12 weeks of circulation. 

 

 

  

Table 4.2 Alpha diversity analysis of the upscaled biofilm treatment systems over 12 weeks of 
circulation n=3 ± s.d. 

 Alpha 
diversity 

parameter 

Weeks of biofilm development  

 1 2 3 4 12  

 
Library 

Coverage 
(%) 

97.3 ± 1.30 98.1 ± 0.60 95.2 ± 4.94 96.9 ± 0.58 99.5 ± 0.09 
 

 Shannon 4.58 ± 0.60 3.25 ± 0.42 4.63 ± 0.54 5.23 ± 0.40 4.64 ± 0.49 
 

 Simpson 0.035 ±0.02 0.16 ± 0.04 0.03 ± 0.01 0.09 ± 0.01 0.02 ± 0.014 

 

 
Phylogene

tic 
diversity 

1171 ± 293 842 ± 257 1172 ± 517 1701 ± 383 776 ± 188 

 

 Chao1 1193 ± 415 922 ± 254 1101 ± 552 1648 ± 394 632 ± 159 
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4.2.4 Beta diversity analysis of Laboratory scale and upscaled biofilm treatment systems 

Beta diversity analysis (principal coordinate analysis) of the laboratory scale BTS during the 

development of the biofilm samples identified two main clusters, that was week 1 and week 12 

which was determined to be significant using a permutational multivariate analysis of variance 

(PERMANOVA). This demonstrated that the OTUs cluster tightly in terms of similarity at the 

beginning of the biofilm development period, becoming more spread apart for the following weeks 

from week 2 to week 4, with the final samples (after 12 weeks of recirculation) clustering more 

closely together (Figure 4.7). The relative similarities are shown in an Unweighted Pair Group 

Method with Arithmatic Mean (UPGMA) tree (Figure 4.9).
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Figure 4.7 Principal Coordinate Analysis (UniFrac) of the biofilm community within laboratory scale biofilm treatment systems over a 12-week development period. 
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For the upscaled BTS, beta diversity analysis for the 12 weeks of circulation exhibited a similar 

clustering profile to that of the laboratory scale BTS. A total of 6 replicate samples were taken and 

analysed per time point, which represented two samples from 3 independent upscaled BTS. There 

was distinct clustering observed between week 1 – 3 during circulation but two main clusters were 

observed that were the biofilm at week 4 and week 12 circled in Figure 4.8. The relative similarities 

are shown and described in an UPGMA tree presented in Figure 4.10.
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Figure 4.8  Principal Coordinate Analysis (Weighted UniFrac; excluding unclassified operational taxonomic units) of the biofilm community to species level within 
upscaled biofilm treatment systems over 12 weeks of circulation.
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The beta diversity analysis was used to construct a distance tree via clustering with the UPGMA 

clustering during the biofilm development period within the laboratory scale BTS (Figure 4.9) and 

the upscaled BTS (Figure 4.10). In addition to the biofilm samples, the microbial community 

sampled from the environmentally-derived fresh water was included in the analysis. For both the 

laboratory scale and upscaled BTS, this demonstrates that the seed community was more dissimilar 

from the biofilms that developed within the BTS, and that the biofilm at week 12 formed a distinct 

cluster away from the bacterial biofilm community present between week 1 – 4 of development. 

When observing the biofilm community within the laboratory scale BTS from week 1 – 4, in general 

there is a pattern of clustering; the microbial communities cluster by time point (Figure 4.9). 

However, there is less distinct clustering at week 3 and 4. The microbial community at Week 4 

within BTS 3 is more representative of week 3 in BTS 3 than with the BTS 1 and 2 at week 4. 

However, when observing the principle coordinate analysis (PCoA) plot, there is clear grouping as 

the microbial community within the laboratory scale BTS changes over the 12 weeks of circulation. 

 

Figure 4.9 UPGMA clustering using weighted unifrac of, the environmentally-dervied fresh water 
(in figure as: ED-FW-[replicate number]) and the biofilm samples taken from the laboratory scale 
biofilm treatment systems based on relative abundance of the microbial communtiy to species level. 
Sample coding: [Week number]-[replicate number]. Scale corresponds to the Euclidean distance 
between the samples. 
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The analysis of the upscaled BTS presented in an UPGMA tree demonstrates multiple overlaps in 

the clustering of the biofilm community between weeks 1 – 4 of circulation (Figure 4.10). However, 

in general the biofilm community at week 1 clustered at a greater distance from the community 

after 4 weeks. Moreover, in most cases the biofilm community clustered with the shortest distance 

of the tree with their respective biological replicates. However, this isn’t a complete distinct 

separation, whereby the biofilm community at week 1 - 4 have some relative overlap. Nonetheless, 

after 12 weeks of circulation the biofilm community clusters independently from the seed inoculum 

and the other biofilm samples (Figure 4.10). 
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Figure 4.10 UPGMA clustering using weighted unifrac of, the environmentally-dervied fresh water 
(in figure as: ED-FW-[replicate number]) and the biofilm samples taken from the upscaled biofilm 
treatment systems based on relative abundance of the microbial communtiy to species level. 
Sample coding: [week number]-[replicate number/location] T = top, B = bottom. Scale 
corresponds to the Euclidean distance between the samples. 
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4.2.5  Comparison of laboratory scale and upscaled biofilm treatment systems 

When comparing the observable microbial community within the laboratory scale and upscaled 

BTS using beta diversity analysis, it was found that the laboratory scale was not significantly 

different from the upscaled BTS after 3 and 4 weeks of circulation (p > 0.05). However, the 

comparison of the BTS systems after 12 weeks of circulation found that the observed microbial 

population within the laboratory scale BTS was significantly different from the upscaled BTS (p < 

0.05). When comparing the alpha diversity index Chao1 (species richness index) and NP Shannon 

of the Laboratory sale and upscaled BTS after 12 weeks of circulation there was no significant 

difference observed (Figure 4.11; p > 0.05). 

 

Figure 4.11 (a) Chao1 test and (b) Shannon diversity index of Laboratory scale and Upscaled biofilm treatment 
systems after 12 weeks of development, ns = non-significant determined using Wilcoxon rank-sum test. 

 

ns 

ns 

a 

b 
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4.2.6  The relationship of the model biofilm treatment systems to the deployed site biofilm treatment 

systems  

The observable biofilm community within the laboratory and upscaled BTS were compared with 

the biofilm community of the 6 independent long term deployed BTS at different sites tested in this 

study. The beta diversity analysis, including all the samples taken during biofilm development 

(week 1 – 12), demonstrates that the observable microbial community of the laboratory scale BTS 

after 12 weeks of development is more representative of a full-scale BTS that has been deployed 

long term, than a biofilm after 1 week of development. The observed shift in the PCoA plot 

demonstrates that after 12 weeks of development, the test (laboratory-scale and upscale) BTS 

clusters with the site samples, being more closely related to a full scale BTS than the biofilm 

community within the laboratory scale BTS (Figure 4.12) after 1 week of development. The circled 

plots contain site samples and 12-week biofilm samples from the laboratory scale BTS and the >1-

year long-term deployed BTS.
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Figure 4.12 Principal Coordinate Analysis (Weighted UniFrac; excluding unclassified operational taxonomic units) of the biofilm community at species level within 
laboratory scale biofilm treatment systems over a 12-week development period and biofilm samples from 6 independent BTS deployed for > 1 year. 
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For the upscaled BTS, the findings of the beta diversity analysis, including all the samples taken 

during biofilm development (week 1 – 12), are consistent with the laboratory scale BTS that 

demonstrates the observable microbial community of the laboratory scale after 12 weeks of 

development are more closely representative of a full-scale BTS that has been deployed long term, 

than they are of a biofilm after 1 week of development. The observed shift in the PCoA plot 

demonstrates that after 12 weeks of development, the test BTS cluster with the site samples from 

> 1 year, that is more closely related to a full scale BTS than the biofilm community within the 

upscaled BTS after 1 week of development. The circled plots contain site samples and 12-week 

biofilm samples from the laboratory scale BTS and the long-term deployed BTS (> 1 year). 
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Figure 4.13 Principal Coordinate Analysis (Weighted UniFrac; excluding unclassified operational taxonomic units) of the biofilm community to species level within 
upscaled biofilm treatment systems over a 12-week development period and biofilm samples from 6 independent BTS deployed for > 1 year.
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The UPGMA grouped the site samples separate from the upscaled systems and the laboratory scale 

BTS with the exception of Site 4 that grouped with the laboratory scale BTS (Figure 4.14). When 

peforming permanova of three sample groups: laboratory scale BTS, upscaled BTS and site 

samples, all three groups were signficnatly different from one another (p < 0.05) with the greatest 

signficance between the upscaled systems and site samples (determined using f-values). The 

signifcance was determined by Linear discriminant analysis Effect Size (LEfSe) between the sample 

groups. The laboratory scale BTS contained, 1 family, 3 genre and 5 species that were not observed 

in either the upscaled or long term deployed BTS (p < 0.05). The family observed was Rhizobiales 

that comprised 0.048% of the overall composition (n=3). For the long term deployed BTS, the 

samples contained 7 species, 8 genre, 3 families and 1 order that was unique to these systems that 

had the most influence on determining the significant difference between the laboratory scale and 

upscaled systems (p < 0.01). For the upscaled BTS there was no unique part of the population, 

however the difference in the community composition resulted in the significance (p < 0.05). 

 

Figure 4.14: UPGMA clustering using weighted unifrac of biofilm samples taken from the laboratory 
scale, upscaled and the long term deployed biofilm treatment systems (site 1-6) based on relative 
abundance of the microbial community to species level. Sample coding: [model scale]-[week 
number]-[replicate number/location]. US =Upscaled BTS, LS =Laboratory Scale BTS, T = top and 
B = bottom.  
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  Discussion 

The use of the new sFL16S was chosen in this study for the analysis of both the environmentally-

derived surface water and the biofilms establishing within the laboratory scale and upscaled BTS. 

The sFL16S technology is used to read the complete number of variable regions of the 16S rRNA 

gene (V1–V9) providing high quality base-resolution that accurately classifies bacterial 

communities by reducing false positives. This technique has been confirmed to have reduced error 

rates compared to the more traditional taxonomy classification using only a limited variable region 

(e.g., V3V4) of the 16S rRNA gene (170). Furthermore, this study confirmed that both the calculated 

richness and evenness score were higher in the sFL16S sequencing method than the V3V4 method. 

This was also demonstrated when comparing the relative abundance of the bacterial taxonomy 

classified from two different sequencing methods, it was found that the classification frequency at 

the species level was higher in sFL16S than in V3V4. Moreover, the V3V4 method was found to 

have a higher frequency of classified taxa (170). These results indicated that using the V3V4 

method, thereby reading partial hypervariable regions, it was difficult to accurately assign the 

bacterial taxa at the species level. Therefore, sFL16S sequencing was used to analyse the biofilm 

community that established within the laboratory scale and upscaled BTS.  

The BTS used in this study were deemed functional when the complete reduction of ammonium 

was observed within the circulation tanks over 24 hours characterised in chapter 3. However, 

independent of this function, the microbial community analysis in Figure 4.2 & Figure 4.3 suggests 

that the observable microbial community did not stop changing after 4 weeks. The complete 

removal of ammonium was likely due to the presence of nitrifying bacteria within the observed 

bacterial community. This analysis identified the presence of Nitrospira, a genus of bacteria 

commonly associated with the oxidation of nitrite as an energy source (171) [see equation 1.1], 

being established as part of the microbial community within the BTS. In addition, Nitrosomonas 

were also detected within the biofilm samples at 12 weeks which may have facilitated the reduction 

of nitrates within the reservoir of the BTS [see equation 1.2]. However, this function does not 

indicate that the biofilm was “mature”. The data presented in Figure 4.2 and Figure 4.3 

demonstrates that changes in the microbial community were still occurring and that the microbial 

community at 12 weeks groups tighter with the other replicate systems in contrast to weeks 1 – 4 

within both the laboratory scale and upscaled BTS (Figure 4.7 and Figure 4.8). This suggests that 

a functional BTS is dynamic, and the microbial population can still change and provide function 

within the water treatment processes. 
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The alpha diversity indices observed over the 12-week circulation period provide some insight into 

the changes within the microbial community structure. When observing these indices over the 12 

week circulation period, there was a drop in species richness and evenness after the first week of 

circulation. The Shannon diversity index, an estimator of species richness and evenness (more 

weight on species richness) indicates that the species diversity was higher after 1 week of 

circulation which then subsequently decreased over the following week before increasing again for 

the remaining 10 weeks in both the laboratory scale and upscaled BTS (Table 4.1 & Table 4.2). This 

indicates that initial stages of biofilm formation within these BTS was from the attachment of 

planktonic cells on the surface resulting in the higher level of initial diversity observed resulting 

from the diverse seed community (Figure 4.1). This then subsequently decreased when competing 

microorganisms were growing resulting in a loss of diversity observed but an increase in density 

observed in Figure 3.5. When observing the changes in Chao1, an estimate of the number of species 

in a community and importantly, rare species (low abundance) provides the most information 

about the number of missing species (172). Overall, within the laboratory scale BTS the Chao1 

remained consistent across the whole 12 weeks of circulation (Table 4.1). The same trend was 

observed for the first 4 weeks of circulation for the upscaled BTS, however a significant decrease 

was observed at the 12-week sampling point (Table 4.2; p < 0.05). This indicates that at the 12-

week sampling point the community was more evenly distributed with fewer low abundant OTUs. 

Beta diversity analysis involved the construction of UPGMA which is a simple approach to construct 

a phylogenetic tree from a distance matrix. This helps visualise the similarities between the samples 

taken during development. The data presented in Figure 4.10 demonstrates that the biofilm 

community does indicate some similarity from weeks 1-4 between replicate BTS. However, there 

is a lot of overlap between weeks 1,2 and 3 resulting in a mix of ordering within the tree. This is 

also represented in the PCoA presented in Figure 4.13 where there is overlap of community 

similarities between weeks 1-4 that can be observed. This is possibly due to lag in the changes of 

the biofilm community over the sampling period. However, the biofilm samples begin to cluster 

again after 4 weeks of circulation. This also indicates that the earlier stages of development in this 

process is less conserved than at 4 – 12 weeks within the upscaled BTS systems used in this study. 

When observing the UPGMA tree for the laboratory-scale BTS, there are more defined groups by 

week of circulation in comparison to the upscaled BTS (Figure 4.9). This could be a result of factors 

coming from the ambient environment affecting the changes in biofilm population during the early 

stages of development (weeks 1-3). The less defined groups observed in the upscale BTS during 

week 1-3 could be a result of the outdoor environment having an impact on the communities 

(Figure 4.10), as opposed to the more regulatory indoor lab environment. Nonetheless both the 
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laboratory scale and upscale BTS form tight clusters at week 4 and 12 suggesting that the process 

to a “mature” BTS could have many different pathways but with a similar outcome all other 

parameters equal.  

When comparing the Laboratory scale, upscaled and long term deployed BTS, the signifcance was 

determined by Linear discriminant analysis Effect Size (LEfSe) between the data sets. The 

laboratory scale BTS contained, 1 family, 3 genre and 5 species that were not observed in either the 

upscaled or long term deployed BTS (p < 0.05). The family observed was Rhizobiales that 

comprised 0.048% of the overall composition (n=3). For the long term deployed BTS, the samples 

contained 7 species, 8 genre, 3 families and 1 order that was unique to these systems that had the 

most influence on determining the significant difference between the laboratory scale and upscaled 

systems. This was most likely a result from the system age difference and that the long term 

deployed BTS was established from unique source waters introducing different species into the 

system. Nonetheless, it is clear from Figure 4.2,  &  that proteobacteria was the most abundant 

phylum in all the systems. The domination of abundance of Proteobacteria has been shown in other 

water treatment systems (166,173). The observed clustering of the > 1-year long-term deployed 

BTS sites was interesting considering that were setup independently from different source waters. 

This observation is supported by a finding in the literature where a model drinking water treatment 

system that was sampled from different sampling positions found that the MTPs clustered together 

over a 3-year sampling period, indicating a homogeneous community structure (174).  

When establishing an environmental biofilm from an environmentally derived water source known 

to contain indicator species (see Figure 6.2), it was important to ascertain whether the indicator 

species, present within the seed community, may form a part of the biofilm community. When 

searching the microbiome taxonomic profiles (MTPs) generated from the environmentally-derived 

water source, the presence of E. coli and Enterococcus species were noted. However, when the 

same search was performed for the laboratory scale and upscaled BTS, there was no E. coli or 

Enterococcus observed within the biofilm samples after 12 weeks of development in either the 

laboratory scale BTS or the upscaled BTS. This suggests that, using E. coli as an example, if a BTS 

is matured from a contaminated water source, not all bacterial species will integrate as part of the 

biofilm community under the specific conditions tested.  

When comparing both the laboratory scale and upscale BTS with the long term deployed BTS, the 

data presented in Figure 4.12 and Figure 4.13 demonstrate that the microbial communities at 12 

weeks are more taxonomically representative of the site samples than the communities after 1 week 

of development.  It was these “mature” systems that were then used in chapter 5 and 6. This 

supports what is hypothesised in chapter 3; that the laboratory scale systems are representative of 
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upscaled systems. The findings of this study are in agreement with those presented by McKie et al. 

(69); that laboratory scale BTS (termed bench scale in the cited study) once “mature” are 

representative of larger scale systems. An interesting observation is that site 4 clusters closely with 

the laboratory scale BTS at 12 weeks. Site 4 is a long term deployed BTS that is setup indoors. This 

indoor environment is a variable shared by the laboratory scale BTS and this indicates that the 

ambient environment could have an impact on the microbial community even if the seed 

community was from the same source.
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 Introduction 

The control of waterborne pathogenic bacteria in areas with established, centralised water 

treatment systems is achieved by the combination of physical processes such as screening and 

filtration, with well understood disinfection methods using chemicals, ozonation and/or UV 

disinfection (175), all of which require significant energy and resources. Chlorination is 

preferentially used in drinking water disinfection processes, which require residual free chlorine 

and chloramines throughout distribution systems to ensure water quality is maintained by 

preventing the growth of pathogenic bacteria during water distribution (42). However, such 

disinfection strategies can be hazardous and require complex management strategies which are 

not always easily implemented in remote or challenging communities where infrastructure is 

lacking (176). Therefore, there is an unmet need for low energy solutions for the provision of 

potable water that are sustainable in the long term, i.e. scalable with low energy, maintenance and 

material requirements. One potential sustainable approach for water treatment is the application 

of biofiltration, a remediation biotechnology that utilises microbial biofilms adhered to a stationary 

phase substrate that can be configured within filter columns (58).  

Laboratory scale biofilm treatment systems (BTS) have been shown to remove a wide range of 

chemical substances (69,78,90), however little is known regarding the use of BTS for the control 

and/or removal of pathogenic bacteria in potable water supplies. For example, biofiltration has 

been demonstrated to result in a reduction of E. coli (up to 58 %) and faecal coliforms (up to 63 

%) in urban ponds (130). For potable water production, a combination of biofiltration technology, 

coagulation, flocculation, filtration and chlorination has been previously demonstrated to be 

effective for the control of waterborne bacteria (55). However, to date no studies have been 

reported that demonstrate the direct effect of a biofilm alone to control the levels of pathogenic 

bacteria in drinking water supplies. The aim of this study was to investigate the control and 

inhibition of pathogenic bacteria commonly associated with biologically contaminated water 

supplies using a biofilm treatment system. 

The aims of this chapter were to: 

(i) Implement the characterised laboratory scale BTS to investigate the control of 

potential pathogenic bacteria within a simulated fresh water. 

(ii) Investigate the effect of flow rate on the control of waterborne pathogens. 

(iii) Implement and apply the laboratory scale BTS to investigate the control of indicator 

species and nutrients within an environmentally-derived surface water.  
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 Results 

5.2.1 Flow rate optimisation of pathogen reduction using Escherichia coli. 

Monocultures of E. coli suspended in SFW were circulated through the filter columns for 24 hours 

at three different flow rates. The use of SFW for these experiments facilitates the investigation of a 

more environmentally representative medium, unlike previous studies which have used growth 

media with very high baseline nutrient concentrations (e.g. nutrient broth). At the start of all 

experiments there was no significant difference in the density of E. coli between the three different 

systems or flow rates (Figure 5.1; p > 0.05). The biofilm treatment systems were shown to 

significantly reduce E. coli at all three flow rates tested (Figure 5.1c, p < 0.05). The empty filter 

column control systems had a starting overall average density of 2.90 ± 0.04 Log10CFU 100 mL-1 

and there was no significant difference at the start or the end of the experimental period between 

the three flow rates tested with an average of 2.76 ± 0.07 Log10CFU 100 mL-1 remaining after 24 h 

of circulation for all systems (Figure 5.1a, p > 0.05). For the sterile filter media, there were 

significant differences observed between the flow rates after 24 h. The average starting density of 

E. coli for the systems containing the sterile filter media was 2.96 ± 0.11 Log10CFU 100 mL-1 and 

after 24 h of circulation, 2.22 ± 0.28 Log10CFU 100 mL-1 remained in the reservoir of the system 

circulated at 138 mL min-1 which was significantly lower that the system circulated at 69 mL min-1 

that had 3.03 ± 0.09 Log10CFU 100 mL-1 remaining after 24 h and 35 mL min-1 that had 2.48 ± 0.07 

Log10CFU 100 mL-1 remaining after 24 h (Figure 5.1b, p < 0.05). For the biofilm treatment systems, 

the average starting density was 2.96 ± 0.08 Log10CFU 100 mL-1 that were not significantly different 

between flow rates (Figure 5.1c; p > 0.05). After 24 h of circulation through the BTS, there were 

differences observed between the different flow rates. The final E. coli density for each flow rate 

was 0 Log10CFU 100 mL-1 for 138 mL min-1, 1.62 ± 0.20 Log10CFU 100 mL-1 for 69 mL min-1 and 0.20 

± 0.44 Log10CFU 100 mL-1 for 35 mL min-1. To compare the rate of reduction through the BTS, the 

D-value (decimal reduction time) defined by the number of minutes exposure to a defined 

temperature to reduce viable bacteria by 90% that is a standard method to determine kill kinetics 

(177), was calculated for each flow rate between 0 – 6, 6 – 12 and 12 – 24 h. These time domains 

were chosen to best observe the reduction at the beginning, middle and end of the experimental 

run, and to capture at least 1 log reduction in E. coli. The system circulated at 35 mL min-1 had the 

fastest initial reduction with a D-value of 8.25 ± 1.03 h in comparison to the D-values 16.8 ± 1.75 h 

for 69 mL min-1 and 21.4 ± 7.74 h for 138 mL min-1. For 6 – 12 h the systems circulated at 138 mL 

min-1 had the lowest D-value of 6 ± 2.45 when compared to 13 ± 3.04 h for 35 mL min-1 and 14 ± 

4.55 h for 69 mL min-1. For the final 12 h of circulation the D-values were very similar, 35 mL min-

1 had a D-value of 2 ± 0.47 h, 69 mL min-1 of 3 ± 0.20 h and 138 mL min-1 of 3 ± 2.21 h. 
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Figure 5.1: Viable counts of Escherichia coli when circulated through laboratory scale systems  
incorporating (a) an empty filter column, (b) a column containing sterile filter media and (c) an 
environmental biofilm within simulated freshwater at three flow rates of 35 (blue) 69 (grey) and 
138 (black) mL min-1 over a period of 24 h, all performed in triplicate n=3 ± s.d. 
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5.2.2 Viable counts of Escherichia coli, Enterococcus faecalis and Pseudomonas aeruginosa are 

significantly reduced by biofiltration. 

To quantify the reduction of the test bacteria within the SFW, viable counts of E. coli, E. faecalis 

and P. aeruginosa were recorded over a 24 h duration when individually cycled through the BTS 

and control systems. Based on the experimental data presented in section 5.2.1, the flow rate of 35 

mL min1 was selected for further experimentation. This flow rate achieved a significant reduction 

in pathogens and had practical considerations for upscale applications whereby a compromise 

between energy requirements for operating at a high-volume turnover (upscaling 138 mL min-1) 

and pathogens reductions were met. For all experiments, there was no significant difference in the 

starting density of test bacterial species within the simulated freshwater (SFW), between the 

biofilter, the column containing the sterile filter media and the empty filter column (p > 0.05; 

Figure 5.2). After 24 h, significant reductions in all three species were observed in the biofilter 

systems, when compared to the SFW in both the control systems (p < 0.001; Figure 5.2a, b and c). 

Relative to the initial bacterial load present within the SFW, the biofilter was shown to significantly 

reduce E. coli cell numbers by 99.4 ± 0.60 % (absolute mean reduction of 4.02 ± 0.01 Log10CFU; 

Figure 5.2a), E. faecalis by 99.9 ± 0.04 % (absolute mean reduction of 4.01 ± 0.22 Log10CFU; Figure 

5.2b), and P. aeruginosa by 92.1 ± 10.9 % (absolute mean reduction of 3.93 ± 0.093 Log10 CFU; 

Figure 5.2c). The control system containing sterile filter media also resulted in significant 

reductions for E. coli and E. faecalis, whereby a reduction from 3.97 ± 0.06 Log10CFU to 3.48 ± 

0.07 Log10CFU for E. coli and 3.91 ± 0.15 Log10CFU to 3.64 ± 0.14 Log10CFU for E. faecalis was 

observed (Figure 5.2; p < 0.001). However, an increase from 4.01 ± 0.04 Log10CFU to 6.55 ± 1.09 

Log10CFU was observed for P. aeruginosa. For the system with the empty filter column, small non-

significant reductions were observed for E. coli and E. faecalis (p > 0.05 Figure 5.2a and b). There 

was a reduction from 3.94 ± 0.02 to 3.82 ± 0.08 Log10CFU for E. coli and a reduction from 3.94 ± 

0.02 to 3.82 ± 0.08 Log10CFU for E. faecalis. However, for P. aeruginosa there was a significant 

increase from 3.93 ± 0.13 to 6.69 ± 0.94 Log10CFU after 24 h of circulation in the system with the 

empty filter column.  
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Figure 5.2: Viable counts of three test pathogens: (a) Escherichia coli, (b) Enterococcus faecalis and 
(c) Pseudomonas aeruginosa within simulated freshwater when circulated through a laboratory 
scale biofilm treatment system (red) and control systems incorporating an empty filter column 
(black) and a column containing the sterile filter media (grey) over 24 hours, all performed in 
triplicate. n=3 ± s.d. 
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5.2.3 The accumulation of Escherichia coli, Enterococcus faecalis and Pseudomonas aeruginosa on 

the filter media 

To determine if there was any accumulation or retention of the test bacteria on the filter media or 

sterile filter media following the 24 h circulation (Figure 5.2), viable counts of the test bacteria were 

taken from the filter media within the filter columns (section 2.8). For E. coli, no viable cells were 

recovered from the biofilter media, whereas 3.03 ± 0.03 Log10CFU filter-1 was recovered from the 

sterile filter media after 24 h of circulation (Table 5.1). For E. faecalis, 0.91 ± 0.65 Log10CFU filter-1 

was recovered from the BTS after 24 h of circulation. This equates to 0.06 % of the starting density 

that was able to accumulate and survive on the filter media of the BTS after 24 h, although this was 

significantly less than the 2.46 ± 0.14 Log10CFU filter-1 recovered from the sterile filter media (p < 

0.05; Table 5.1). For P. aeruginosa, 1.89 ± 0.99 Log10CFU filter-1 (equating to 1.26 % of the starting 

inoculum) was recovered from the BTS filter media whereas 4.24 ± 0.49 Log10CFU filter-1 was 

recovered from the sterile filter media. Moreover, there was an average increase from 3.93 ± 0.13 

Log10CFU to 6.53 ± 1.12 Log10CFU within the system containing sterile filter media in comparison 

to an average decrease from 3.97 ± 0.04 Log10CFU to 1.89 ± 0.99 Log10CFU for P. aeruginosa when 

cycled through the BTS. To ensure that there was no significant difference between the system 

containing the sterile filter media and the system containing the empty filter column for all three 

species of test bacteria after 24 h of circulation, the total number of cells on the sterile filter media 

and within the SFW were compared against the number of cells in the SFW of the system with the 

empty filter column and were found to be non-significant for all three test species (p > 0.05).  

Table 5.1: Total number of viable test bacteria in the simulated freshwater (SFW) recorded in 
Log10CFU pre and post 24 hours circulation through the filter columns containing sterile filter 
media (SFM) and biofilm treatment system filter media (BFM). The total number of test bacteria 
in the system presented in this table is the combination of test bacteria in the SFW and on the 
filter media. Statistical significance was then determined by comparing the total number of test 
bacteria in the system of SFM and BFM after 24 h of circulation (***= p < 0.001). All filter 
media samples and SFW samples were performed in triplicate n=3 ± s.d. 
 

Test pathogen 
Filter 
media 

Number of 
test 

bacteria 
pre-

circulation 
in the SFW 
(Log10CFU) 

Number of 
test bacteria 

post-
circulation in 

the SFW 
(Log10CFU) 

Number of test 
bacteria 

accumulated 
on Filter media 

(Log10CFU 
filter-1) 

Total number 
of test 

bacteria in 
the system 
(Log10CFU) 

 

 
Escherichia 

coli 

SFM 3.97 ± 0.06 3.70 ± 0.05 3.03 ± 0.03 3.78 ± 0.05  

 
BFM 4.02 ± 0.01 0.63 ± 0.48 0 

0.63 ± 
0.48*** 

 

 Enterococcus 
faecalis 

SFM 3.91 ± 0.15 3.64 ± 0.14 2.46 ± 0.14 3.67 ± 0.13  

 BFM 4.01 ± 0.22 0.39 ± 0.55 0.91 ± 0.65 0.39 ± 0.55***  

 Pseudomonas 
aeruginosa 

SFM 4.01 ± 0.04 6.55 ± 1.09 4.24 ± 0.49 6.55 ± 1.08  

 BFM 4.00 ± 0.04 1.89 ± 0.99 2.05 ± 0.11 2.53 ± 0.53***  
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5.2.4  The circulation of environmental water through biofilm treatment systems. 

 To further investigate the control of potential waterborne pathogens under conditions more 

representative to that found in the environment, water taken from an environmental water source 

was circulated through the laboratory scale BTS and a control system consisting of an empty filter 

column for 24 h. For this experimental run, the column containing sterile filter media was not 

included, as this was previously demonstrated to not have a significant effect on the viability of the 

waterborne pathogens equating to a total number of 15 biological replicates (Figure 5.1 and Figure 

5.2). A range of standard biological and physiochemical indicators of water quality (see Table 5.1) 

were determined before and after 24 h of circulation. After 24 h, significant reductions in the 

biological indicator species (E. coli and enterococci) were observed (p < 0.05; Table 5.2). There was 

a reduction of 99.8 ± 0.20 % for E. coli and 99.4 ± 0.41 % for enterococci. There was no significant 

change in the heterotrophic plate counts in the environmental water after 24 h circulation through 

the biofilter, however, there was a significant increase of 403 % (equating to a total increase of 

4.98 Log10CFU mL-1) in heterotrophic plate counts in the environmental water when circulated 

through the empty filter column. 

The concentration of nitrogen species in the environmental water decreased after 24 h of 

circulation through the BTS. The BTS was able to reduce the concentration of ammonium by 100 

%, nitrite by 100 % and nitrate by 30.8 ± 11.3 % of (p < 0.05; Table 5.2). The reduction of 

ammonium and nitrite by 100 % was recorded as below the detection limit of the IC (concentration 

< 0.01 mg L-1). Moreover, the reduction of all three nitrogen species were significantly different 

from the empty filter column at 24 h. The concentration of nitrogen in the environmental water 

that was circulated through the empty filter column showed an increase in nitrite of 71 % and a 

small increase in the concentration of ammonium and nitrate (p > 0.05; Table 5.2). The 

concentration of total inorganic carbon (TIC) increased after 24 h of circulation through the 

biofilter. There was a significant difference between the biofilter and the empty filter column with 

the TIC increasing by 5.8 % (p < 0.05; Table 5.2). However, the concentration of total organic 

carbon (TOC) was not significantly different from the empty filter column (p < 0.05; Table 5.2).  

When comparing the water quality parameters of the environmental water pre and post 

circulation, there was a significant reduction in ORP (p < 0.01; Table 5.2) a significant increase in 

dissolved oxygen (DO) (p < 0.05; Table 5.2) and non-significant changes in conductivity or total 

dissolved solids (TDS) (p > 0.05; Table 5.2). However, there was no significant difference between 

the biofilter and the empty filter column post treatment for DO, pH, ORP, conductivity or TDS (p 

> 0.05; Table 5.2). 
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Table 5.2: Water quality parameters of environmentally-derived surface water pre and post 24 
hours of circulation through biofilm treatment systems and empty filter columns n=3 ± s.d. 
Significant difference was determined between the Biofilm treatment system (BTS) and the 
Empty Filter Column (EFC) at 24 h post circulation (* = p < 0.05). 

  Pre-circulation Post-circulation  

 Parameter  EFC BTS  

 Presumptive Escherichia coli 
(CFU 100mL-1) 

214 ± 31 122 ± 21.7 0.33 ± 0.47*  

 Enterococci (CFU 100mL-1) 302 ± 18 153 ± 6.79 1.67 ± 1.25*  

 Heterotrophic Plate Counts 
(Log10CFU mL-1) 

4.32 ± 0.07 5.06 ± 0.11  4.37 ± 0.03*  

 Total Organic Carbon (mg L-1) 4.87 ± 0.13 7.10 ± 1.06 5.05 ± 0.11  

 Total Inorganic Carbon (mg L-1) 20.78 ± 0.11 20.09 ± 0.11 22.05 ± 0.21*  

 Ammonium (mg L-1) 0.11 ± 0.04 0.2 ± 0.11 <0.01*  

 Nitrite (mg L-1) 0.23 ± 0.08 0.33 ± 0.09 <0.01*  

 Nitrate (mg L-1) 7.49 ± 0.98 7.25 ± 0.26 4.80 ± 0.26*  

 Dissolved Oxygen (mg L-1) 4.86 ± 0.2 8.05 ± 0.06 7.94 ± 0.11  

 ORP 349.8 ± 9.25 219 ± 8.16 205.3 ± 6.18  

 pH 8.13 ± 0.05  8.09 ± 0.01 7.75 ± 0.42  

 Conductivity (µS cm-1) 674.6 ± 7.76 679.2 ± 5.23 708.4 ± 8.24  

 Total Dissolved Solids 470.8 ± 5.58 477 ± 2.83 489.5 ± 1.5  
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5.2.5 Bioremediation of nutrients within an environmentally-derived water source using biofilm 

treatment systems. 

To ensure that oxygen was not a limiting factor for microbial respiration and some nitrification 

processes within the treatment systems, DO was recorded [see section 2.10.5] over the 

experimental period. After the first initial time point, there was a consistent concentration of DO 

for the remaining 24 h, starting at 7.5 mg L-1 after 3 h and finishing at 7.7 mg L-1 after 24 h of 

circulation through the biofilm treatment system.    

 
Figure 5.3: The concentration of dissolved oxygen within environmentally-derived water when 
circulated through a biofilm treatment system and a control system incorporating an empty filter 
column over 24 hours. n=3 ± s.d. 

 To further investigate the reduction of nutrient concentrations within the environmentally-

derived water observed in the BTS (Table 5.2), nutrients were monitored at regular intervals over 

the 24 h circulation period.  At the start of the experimental runs there was no significant difference 

between the BTS and control system for any of the nutrients measured (Figure 5.4 and Figure 5.5; 

p > 0.05). There was a reduction in TOC over the 24 h of circulation through the BTS from 3.69 ± 

0.47 mg L-1 to 2.88 ± 0.27 mg L-1 however, this was not significantly different from the control 

system after 24 h of circulation. A significant increase over 24 h of circulation was observed in the 

concentration of TIC from 29.1 ± 0.47 to 31.1 ± 0.39 mg L-1 (Figure 5.4; p < 0.05) and when 

comparing the TIC concentration in the BTS and empty filter column, the concentration of TIC was 

significantly lower than the BTS (Figure 5.4; p < 0.05).  
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Figure 5.4: Concentration of (a) total organic carbon (TOC) and (b) total inorganic carbon (TIC) 
within an environmentally-derived surface water source when circulated through laboratory scale 
systems incorporating a biofilter and an empty filter column for 24 hours. All experiments 
performed in triplicate. n=3 ± s.d. 

For phosphate, there was a significant increase from 1.94 ± 0.56 to 2.81 ± 0.42 mg L-1 after 24 h 

(Figure 5.5; p < 0.05). For the nitrogen species, levels of ammonium during experimentation were 

below the limit of detection (concentration < 0.001 mg L-1) and are therefore not presented. Nitrite 

concentration did not show any significant change over the 24 h circulation period within the BTS, 

starting at 0.68 ± 0.04 and ending at 0.72 ± 0.02 mg L-1 after 24 h (Figure 5.5). The concentration 

of nitrate was significantly higher at 12.1 ± 0.40 mg L-1 in the biofilm treatment system compared 

to the 9.47 ± 0.89 mg L-1 in the control system after 24 h of circulation (Figure 5.5).  
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Figure 5.5: Concentration of (a) phosphate (PO4
-3), (b) nitrate (NO3

-) and (c) nitrite (NO2
-) within 

an environmentally-derived surface water source when circulated through laboratory scale biofilm 
treatment systems and control systems incorporating an empty filter column for 24 hours. All 
experiments performed in triplicate. n=3 ± s.d. 
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 Discussion  

Previous research that has utilised biofilters in water treatment has been primarily focused on the 

removal of organic material and contaminants of emerging concern (CEC) (10,78,81,82,89,90,178–

180). The use of BTS to control aquatic pathogens for drinking water treatment has not been 

extensively reported in the literature. One previous study demonstrated that BTS were capable of 

reducing viable E. coli by 56% through treating contaminated environmental water with gravity 

fed, open rock biofilter systems (130). In addition, a biofilter system that utilised foam to establish 

a biofilm has been shown to significantly reduce the non-pathogenic bacterial species, Raoultella 

terrigena, in comparison to a sterile control system (55). However, this reduction was achieved 

using a complex multi-step filtration system and the role of the biofilter component in the removal 

of R. terrigena remains unclear. Therefore, there is limited knowledge of the direct effect of biofilm 

within small-scale biofilter systems (i.e. in the absence of other treatment interventions), to control 

the numbers of pathogenic bacteria for potable water. 

When initially investigating effect of flow rate on the viability of E. coli, significant differences were 

observed. The greatest reduction was seen by 138 and 35 mL min-1 (Figure 5.1) and the flow of 138 

mL min-1 did have a faster removal rate than 35 mL min-1. One possible reason for this was the 

shear forces within the filter column at 138 mL min-1 resulting in a greater reduction in E. coli and 

that an increased number of ‘passes’ through the filter had an increased reduction in comparison 

to 35 mL min-1. The potential effect of the greater shear forces is evidenced by the increased error 

at 138 mL min-1 whereby the standard deviation is larger for both the column containing the sterile 

filter media and the BTS than 35 mL min-1 (Figure 5. 1a & b). Nonetheless, due to the energy input 

of maintaining a flow rate of 138 ml min-1 at scale and that there was no significant difference 

between 138 and 35 mL min-1, 35 mL min-1 was chosen for further experimentation. 

The significant reduction in the number of viable test bacteria within the SFW after 24 h of 

circulation through the BTS (Figure 5.1 & 5.2; p < 0.001) may have resulted from cell death that 

either occurred in part, or in whole, within the SFW or on the biofilter media. To account for any 

loss of pathogens within the SFW, or through physical filtration effects from the ceramic filter 

media, control columns consisting of an empty filter column and column containing sterile filter 

media were employed in parallel with the BTS. Within the systems incorporating the empty filter 

column and column containing sterile filter media, there was survival of E. coli and E. faecalis 

(Figure 5.2a and b) and proliferation of P. aeruginosa (Figure 5.2c) within the reservoir. This 

demonstrates that the SFW was able to support the survival of test pathogens and that there was 

a minimal physical filtration effect from the ceramic filter media over the 24 h circulation period.  

Collectively, this strongly suggests that the biofilm present on the filter media was primarily 

responsible for the reduction of test pathogens observed (Figure 5.1 & 5.2).  
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A possible mechanism for this reduction may have been through the direct competition between 

the planktonic cells and the biofilm established on the filter media. To support this, the 

accumulation of test bacteria on the filter media was investigated because of the potential for the 

BTS to become a reservoir for the test bacteria. Previous studies have demonstrated that planktonic 

bacteria have greater affinity for attachment to mature biofilms, as opposed to sterile surfaces 

(122,181,182). Moreover, the formation of biofilm is a key survival strategy for microorganisms in 

challenging environments and therefore, there is a risk that the planktonic test bacteria could 

survive within the biofilm present on the filter media and contaminate the water supply. 

Nonetheless, this study demonstrates that viable E. coli was unable to accumulate on the filter 

media within the BTS. This may have resulted from classical competitive exclusion within the 

biofilm of the BTS, whereby the challenging test bacteria could have been inhibited by the 

autochthonous bacteria established within the biofilm present on the BTS media (131). For 

example, competition strategies target the capability of some microorganisms to form a biofilm, 

resulting in death or the limitation of growth in the competing bacteria (132) The competition 

between cells in biofilms can involve inhibitory or cidal mechanisms, such as the production of 

antibiotics and bacteriocins (133,134) or strategies that compromise growth, such as nutrient 

depletion (135). Surface-active compounds (SACs) could also be being produced by the microbial 

biofilm community (biosurfactants), which are amphipathic lipid-based molecules that lower 

interfacial tension and some of these biosurfactants display antimicrobial properties (136). 

Therefore, production of these biosurfactants could reduce the ability of the test pathogens to 

accumulate and establish on the biofilm formed within the BTS. In addition, interference 

mechanisms might also be upregulated in response to the presence of competition in the 

surroundings, known as the competition-sensing hypothesis (137). 

Overall, the BTS resulted in significant reductions of all the test pathogens (Figure 5.2; p < 0.001 

and (Table 5.1; p < 0.05). However, there were differences in the reductions of test pathogens in 

the reservoir and on the filter media. Within the reservoir, the total bacterial reductions observed 

were 99.4 ± 0.60 % for E. coli, and 99.9 ± 0.04 % for E. faecalis and 92.1 ± 10.9 % for P. 

aeruginosa. This may partially result from the differential tolerance of these microorganisms to 

persist within the simulated freshwater environment. The lower reduction of P. aeruginosa is 

unsurprising, given it is a ubiquitous environmental bacterium which can survive in oligotrophic 

environments, including up to 5 years in bottled water (183). On the filter media, some viable E. 

faecalis and P. aeruginosa were recovered from the BTS filter media, albeit in very low numbers 

(Table 5.1). The inability of E. coli to colonise the BTS filter media could possibly be related to the 

lack of an appropriate ‘colonising partner’, which has been shown within capillary flow cell systems 

(181). Nonetheless, in the absence of biofilm, all the species tested were able to adhere to and 

survive upon the sterile filter media in significantly higher numbers (Table 5.1; p < 0.05). 
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Therefore, this provides further evidence of competitive exclusion involving potential inhibitory 

effects by the biofilm on the test bacteria that accumulated on the filter media within the BTS.  

Even though an overall mean reduction of 92 % ± 10.9 % was observed within the SFW (Figure 

5.2c), the action of competitive exclusion within the BTS may also explain why only a small number 

of P. aeruginosa were recovered from the BTS filter media (Table 5.1). It was found that 

significantly higher numbers of P. aeruginosa were able to attach and survive on the sterile filter 

media (4.24 ± 0.49 Log10CFU filter-1) when compared to the BTS filter media (2.05 ± 0.11 Log10CFU 

filter-1) (p < 0.05; Table 5.1). Moreover, there was a stark increase of P. aeruginosa within the SFW 

of the systems containing the sterile filter media and the empty filter column to 6.55 ± 1.09 

Log10CFU and 6.69 ± 0.94 Log10CFU respectively, in comparison to the mean reduction of P. 

aeruginosa in the BTS to 1.89 ± 0.99 Log10CFU. Collectively, the data presented in this chapter 

demonstrates that the survival of P. aeruginosa is significantly lower within the BTS when 

compared to the sterile filter media and empty filter column controls (p < 0.001; Table 5.1). In this 

chapter the main findings present that the use of a laboratory scale BTS was able to significantly 

reduce the number of test pathogens within the SFW. There was a reduction in the survival of E. 

coli, E. faecalis and P. aeruginosa within biofilms present on the BTS filter media after 24 h of 

circulation, whereby the introduced test bacteria may have been unable to survive as a result of 

competitive exclusion by the established biofilm on the filter media. 

This study demonstrates that matured biofilms present on a ceramic substrate can reduce the 

numbers of viable E. coli, E. faecalis and P. aeruginosa within a water source used to challenge 

these BTS. To further support the reduction of these test bacteria using BTS, the survival of 

environmental E. coli and enterococci present within an environmental water source circulated 

through the lab-scale BTS was investigated. Biofiltration relies on the processing and metabolism 

of cells within the biofilm, therefore variability of physiochemical conditions will impact 

biofiltration in real-world applications. For example, a lower rate of organic biodegradation has 

been observed at lower temperatures thus affecting filter performance (75,85). Nutrient 

concentrations within the input water to the BTS have also been shown to have significant impact 

on performance, whereby the removal of carbon is dependent on the availability of other nutrients 

such as nitrogen and phosphorous (184). Therefore, it was key to investigate the reduction of 

waterborne pathogens within a water source that was more applicable to biofilter operation in the 

real-world. The results of these experiments demonstrated that the BTS was able to reduce the 

levels of the indicator species within an environmentally-derived water source (p < 0.05; Table 

5.2). Moreover, the BTS were able to suppress the growth of heterotrophic bacteria in the 

environmentally derived water, whereby there was no significant change after 24 h of circulation 

in contrast to a significant increase of 4.97 ± 0.14 Log10CFU mL-1 when circulated through the empty 

filter column (p < 0.05; Table 5.2). A similar trend was observed when P. aeruginosa was used to 

challenge the biofilter, whereby a reduction was observed when circulated through the biofilter but 
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an increase of 3.69 ± 0.94 Log10CFU mL-1 was observed in the SFW when circulated through the 

empty filter column (Figure 5.2). P. aeruginosa is ubiquitous in the environment and is known for 

its phenotypic variability and ability to actively grow within aquatic freshwater systems (185). 

Therefore, it is likely that the P. aeruginosa used in this study was able to survive and grow within 

the environmentally-derived water. Moreover, it is possible that the reduction in P. aeruginosa 

resulted from a phenotypic switch to a viable but non-culturable (VBNC) state where metabolism 

is downregulated; however, this is more likely when P. aeruginosa is established within biofilms 

rather than in a planktonic state (186). The results from this study indicate that a very small 

number of P. aeruginosa was able to survive on the biofilter, even though there were still significant 

reductions of viable P. aeruginosa in the reservoir and on the filter media when compared to the 

respective controls. The small sub-population of P. aeruginosa that was recovered from the biofilter 

media after 24 h was significantly less than the sterile filter media. This suggests that the 

environmental biofilm is exerting some inhibitory effect on planktonic P. aeruginosa.  

The significant reduction in the concentration of nitrogen sources within the environmental water 

(p < 0.05; Table 5.2) could influence the survival of waterborne pathogens. The nitrification of 

ammonium is a key part of the global nitrogen cycle that is driven by microorganisms and occurs 

under aerobic conditions (Equation 1.1) and anaerobic conditions (Equation 1.2). These interactions 

rely on the close proximity of cells that exchange metabolites, to enable efficient exchange by 

diffusion. The reduction of nitrate within this study indicates possible localised low oxygen/anoxic 

conditions within the biofilm even though the system was vented, therefore it is likely that oxygen 

diffusion gradients exist within the biofilm attached to the filter media (96). Such localised diffusion 

gradients of oxygen within biofilms have been previously described, whereby aerobic microbial 

metabolism can protect anaerobic organisms deeper within the biofilm (114,187). Therefore, it is 

likely that microorganisms that are able to convert nitrate into nitrogen resulted in the reductions 

observed (Table 5.2). this was confirmed but the results presented in chapter 4 whereby 

Nitrosomonas were detected within the biofilm of the laboratory scale BTS. The effect of nutrients 

including carbon will impact the growth and survival of planktonic bacteria in water, and this can 

be demonstrated experimentally (188,189). However, there was no significant reduction in carbon 

within this study (Table 5.2; p > 0.05), and hence the reduction of viable indicator species observed 

is more likely to have occurred through direct interactions between the biofilm and the test species. 

There was no significant difference in TOC between the biofilter and empty filter column control. 

However, there was a significant difference in TIC after 24 h of circulation. It is possible that the 

TOC increased from cell death which was then mineralised by the BTS to result in the observed 

increase in TIC, such cannibalistic behaviour has previously been reported in wastewater treatment 

processes (190). Moreover, denitrification has been shown to be involved with the precipitation of 

inorganic carbon (132) that could explain the increase in DIC observed within the circulation tank 

of the BTS (Table 5.2; p < 0.05). 



 Ch. 6 

Page | 98  
 

 

 Introduction 

the research and development of sustainable and compact water 

treatment systems for improving access to clean water is summarised in Table 1.2 (35). However, 

as highlighted in chapter 1 these technologies come at substantial cost for the end user

ia biofilm treatment systems (BTS) consisting 

of biofilms adherent to ceramic filter media

untreated potentially

. It has been demonstrated in Chapter 5 that BTS can improve water quality through the 

control of waterborne pathogenic bacteria at laboratory scale. To further demonstrate the utility of 

this approach requires the development and testing of BTS at scale. Therefore, the aim of this 

chapter was to:  

(i) Develop upscale biofilm treatment systems to investigate the bioremediation of an 
environmentally-derived water source contaminated with waterborne pathogens for 
off-grid applications.  

 

Figure 6.1 Schematic overview of the upscaled biofilm treatment system using computer-aided 
design (CAD). More detailed schematic presented in section 2.6.4.  
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 Results 

6.2.1 Bacteriological quality of environmentally-derived fresh water 

The bacteriological water quality of the environmentally-derived fresh water [see section 2.4] used 

in this trial was monitored for levels of environmental E. coli and enterococci contamination. The 

detection of E. coli (a specific faecal coliform) and enterococci indicates the potential for other 

pathogen contamination within water (191). Moreover, current regulatory guidelines stipulated by 

the environment agency use these two organisms to monitor water standards and were therefore 

monitored with the environmentally-derived fresh water. The levels of indicator species notably 

increased during between May – October (Figure 6.2), ranging from a mean monthly average of 

157.6 to 891.7 CFU 100 mL-1 for E. coli. The number of viable E. coli was markedly lower between 

November and April with a range of 8 – 133 CFU 100 mL-1. Minimum concentration of E. coli was 

observed in April at 8 ± 1.6 CFU 100 mL-1 and the maximum concentration during September, 

averaging of 891.7 ± 548.1 CFU 100 mL-1 (Figure 6.2). The trend in the number of enterococci was 

similar to that of E. coli, ranging from 165.6 – 1223.3 CFU 100 mL-1 between May and October, that 

was significantly higher than that observed between November and April with a range of 3 – 78 

CFU 100 mL-1 The minimum and maximum concentrations were March averaging 3 ± 10 CFU 100 

mL-1 and the maximum was observed during September with a concentration of 1223.3 ± 1097.6 

CFU 100 mL-1 (Figure 6.2). 
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Figure 6.2: Monthly averages of total Escherichia coli and enterococci (CFU 100 mL-1) within the 
environmentally-derived water body at: N 51°29′56″, W 2°32′39″. Each monthly average is taken 
from a minimum of 3 samples ± s.e.m. 
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6.1.1 Viable counts of environmental Escherichia coli and enterococci are significantly reduced using 

upscaled biofilm treatment systems. 

To validate the reduction of waterborne pathogens observed within laboratory scale BTS presented 

in chapter 5, upscaled BTS (see schematic figure were challenged with an environmentally-derived 

water source known to be contaminated with E. coli and enterococci (Figure 6.2). The experiment 

was conducted during September when the levels of indicator species were recorded at their 

highest during the year (Figure 6.2). A control system was employed that consisted of the same 

experimental setup incorporating an empty filter vessel. At the start of all experimental runs, there 

was no significant difference in the starting bacterial load of the indicator species tested between 

the BTS and the control system (Figure 6.3; p > 0.05). The starting density for E. coli was 3.08 ± 

0.10 Log10CFU 100 mL-1 and 3.39 ± 0.04 Log10CFU 100 mL-1 for enterococci (Figure 6.3). After 24 h 

of circulation, significant reductions were observed between the upscaled BTS and the control 

system. The number of viable E. coli recovered from the reservoir of the BTS was 2.67 ± 0.13 

Log10CFU 100 mL-1 in comparison to 3.03 ± 0.04 Log10CFU 100 mL-1 recovered from the reservoir 

of the control system. A significant reduction in the number of viable enterococci was observed. 

However, significant differences were observed after 48 h of circulation where 3.39 ± 0.04 was 

significantly reduced to 2.61 ± 0.14 Log1oCFU 100 mL-1 (Figure 6.3; p < 0.05). Further reductions 

were observed by 7 days.  After 7-days there was 1.31 ± 0.28 Log10CFU 100 mL-1 of E. coli and 1.24 

± 0.21 Log10CFU of enterococci remaining in the reservoir of the BTS, equating to an absolute 

reduction of 1.73 ± 0.33 Log10CFU for E. coli and 2.14 0.23 Log10CFU for enterococci. A reduction in 

viable counts continued for the remainder of the experimental period resulting in an total reduction 

(concentration of cells × volume) of E. coli and enterococci of 2.77 ± 0.28 and 4.38 ± 2.11 Log10CFU 

after 28 days of circulation respectively.  
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Figure 6.3: Viable counts of (a) Escherichia coli and (b) environmental enterococci within an 
environmentally derived fresh water when circulated through an upscaled biofilm treatment 
system and control system for 28 days. All experiments performed in triplicate. n=3 ± s.d. 

UK water quality standards are determined by the drinking water inspectorate (DWI) and are 

presented in Table 6.1. These guidelines were used to provide a benchmark target for the up-scaled 

BTS. The water quality parameters presented were determined from samples taken at the 

beginning and end of the 4-week trial. The parameters presented in Table 6.1 show that the 

circulation water was of DWI standard for the physiochemical parameters tested. However, even 

at the end of 28 days of circulation the presence of E. coli and enterococci (albeit in low numbers) 

meant that the circulated water failed to meet the microbiological standards required by the DWI. 
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Table 6.1: Water quality parameters of environmentally-derived surface water over 28 days of 
circulation through up-scaled biofilm treatment systems (BTS) n=3 ± s.d. Drinking water 
inspectorate (DWI) standards are also shown for guidance as to the performance of the BTS, 
therefore only DWI monitored parameters are included in this table (192).  

 Water quality 
Parameter 

Time (Days) DWI 
Standard   

 
 0 7 14 21 28  

 Escherichia coli 
(CFU 100 mL-1) 

1233 ± 
300 

27 ± 14 7 ± 5 5 ± 5 3 ± 1 0 
 

 Enterococci  
(CFU 100 mL-1) 

2454 ± 
260 

20 ± 8 7 ± 4 3 ± 2 4 ± 4 0 
 

 Ammonium 
(mg L-1) 

0.05 ± 
0.01 

< 0.01 < 0.01 < 0.01 < 0.01 0.5 
 

 
Nitrite (mg L-1) 

0.18 ± 
0.03 

0.24 ± 
0.01 

0.24 ± 
0.01 

0.25 ± 
0.01 

0.16 ± 
0.05 

0.5 
 

 
Nitrate (mg L-1) 

14.7 ± 
0.55 

13.4 ± 
0.26 

12.3 ± 
0.23 

12.0 ± 
0.22 

10.68 ± 
0.38 

50 
 

 Sodium (mg L-

1) 
57.1 ± 
0.30 

57.6 ± 
1.14 

56.0 ± 
0.41 

54.7 ± 
2.06 

55.2 ± 
1.50 

200 
 

 Conductivity  
(μS cm-1) 

853 ± 
4.11 

842 ± 
2.62 

842 ± 
5.77 

834 ± 
6.27 

834 ± 
2.45 

2500 (at 
20°C) 

 

 
pH 

7.74 ± 
0.08 

7.89 ± 
0.22 

7.62 ± 
0.28 

8.35 ± 
0.39 

8.27 ± 
0.20 

6.5 - 9.5 
 

 

  



 Ch. 6 

Page | 104  
 

6.2.2 Nutrient concentrations do not change significantly during treatment 

The concentration of nutrients within the environmentally-derived surface water were recorded 

over the 28-day circulation period. There were significant reductions of TOC within the upscaled 

BTS, decreasing from 1.96 ± 0.03 mg L-1 to 1.21 ± 0.06 after 24 h of circulation and TOC continued 

to decrease to 0.64 ± 0.05 mg L-1 after 28 days of circulation (Figure 6.4a; p < 0.05). Little change 

in the concentration of TIC was observed when circulated through the upscaled BTS for the first 14 

days of circulation. TIC then increased over the last 14 days of circulation, increasing from 5.25 ± 

0.05 mg L-1 to 6.67 ± 0.28 mg L-1 (Figure 6.4b; p < 0.01), which was significantly greater than the 

control system  (5.40 0.31 mg L-1) after 28 days of circulation (Figure 6.4b; p < 0.05). 

 

 

Figure 6.4 the concentration of (a) total organic carbon (TOC) and (b) total inorganic carbon (TIC) 
within an environmentally-derived surface water source when circulated through upscaled systems 
incorporating a biofilm treatment system and an empty filter column for 28 days. All experiments 
performed in triplicate. n=3 ± s.d. 
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Changes were observed in the concentration of the nitrogen species over the course of 28 days in 

both the BTS and control systems (Figure 6.5). For ammonium, there were very low concentrations 

within the environmentally-derived water averaging 0.07 ± 0.05 mg L-1 across the BTS and the 

control systems. After the first 24 h of circulation, 0.006 ± 0.01 mg L-1 remained in the BTS in 

comparison to 0.04 ± 0.03 mg L-1 in the control systems (Figure 6.5a). Following a further 24 h of 

circulation (48 h total) the levels of ammonium dropped below the limit of detection (< 0.01 mg L-

1) within the BTS for the remaining 26 days. However, the levels of ammonium within the control 

system were still detectable at 0.03 ± 0.02 mg L-1 after 28 days of circulation. For nitrite, the 

average starting concentration within the environmental water was 0.34 ± 0.03 mg L-1. These 

levels remained consistent throughout the 28 days of circulation fluctuating within the BTS from 

a maximum of 0.38 ± 0.003 mg L-1 on day 21 to a minimum of 0.33 ± 0.006 mg L-1 on day 28. This 

was not significantly different from the control systems throughout the 28-day trail (Figure 6.5b p 

> 0.05). There were significant reductions in nitrate observed (Figure 6.5c). At the start of the trial, 

the concentration of nitrate was 14.7 ± 0.51 mg L-1 within the environmental water, which steadily 

declined within the BTS over the 28 days to reach a final concentration of 11.3 ± 0.65 mg L-1 (Figure 

6.5c; p < 0.05). There were also reductions within the control system, however the final 

concentration remained higher than the BTS at 13.6 ± 0.53 mg L-1 after 28 days of circulation. 
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Figure 6.5: The concentration of (a) ammonium (NH4
+), (b) nitrite (NO2

-) and (c) nitrate (NO3
-) 

within an environmentally-derived surface water source when circulated through upscaled scale 
biofilm treatment systems and control systems incorporating an empty filter column for 28 days. 
All experiments performed in triplicate. n=3 ± s.d. 

The concentration of phosphate decreased within the BTS over the 28 days of circulation. The 

starting concentration of phosphate within the environmentally-derived water was 1.89 ± 0.10 mg 

L-1. This decreased by 0.1 mg L-1 within the BTS to 1.79 ± 0.03 mg L-1 in comparison to 1.97 ± 0.11 
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mg L-1 in the control system after 24 h of circulation. Further reductions were recorded of 0.27 mg 

L-1 after 14 days of circulation, to a concentration of 1.33 ± 0.03 mg L-1 after 28 days of circulation 

through the BTS. This was significantly less than the 1.89 ± 0.08 mg L-1 within the control system 

after 28 days of circulation (Figure 6.6; p < 0.05).  

 

Figure 6.6: The concentration of phosphate (PO4
-3) within an environmentally-derived surface 

water source when circulated through upscaled biofilm treatment systems and control systems 
incorporating an empty filter column for 28 days. All experiments performed in triplicate. n=3 ± 
s.d. 

6.2.3 Other physiochemical parameters during recirculation 

Standard water quality parameters, DO, temperature, conductivity, pH and TDS were monitored 

over the 28 days circulation. Overall, the physiochemical parameters within the BTS remained 

stable over the course of 28 days. For all parameters measured, there was no significant difference 

between the upscaled BTS and the control systems.  

To ensure that the upscale BTS were operating under aerobic conditions DO was monitored over 

the experimental period. The DO present within the environmentally-derived water at the time of 

the challenge was 6.30 ± 0.16 mg L-1 and this gradually increased in the both the BTS and control 

system over the 28 days of recirculation significantly increasing to 8.59 ± 0.29 mg L-1 within BTS 

(Figure 6.7; p < 0.01). The measurement of DO was not significantly different from the control 

system throughout all sampling points increasing from 6.36 ± 0.25 to 8.50 ± 0.29 mg L-1 (Figure 

6.7; p > 0.05). This demonstrates that the conditions remained aerobic within the circulation tanks 

for the duration of the experiment and was not a limiting factor during the challenge of the 

environmental water. 
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Figure 6.7: Dissolved oxygen concentration within the environmentally-derived surface water 
taken from the circulation tank of a biofilm treatment system and control system over 28 days n=3 
± s.d. 

The temperature of the environmental water was monitored throughout the 28 days circulation 

due to potential impacts on the microbiological processes involved with BTS. The temperature was 

controlled through the implementation of inline water heaters and insulation of the reservoir and 

MDPE pipe, which ranged from 18.5 ± 0.45 to 20.7 ± 0.24°C during experimentation. The BTS was 

not significantly different from the control system that ranged from 18.3 ± 0.50 to 20.1 ± 0.65°C 

(p > 0.05; Figure 6.8).  

 

 

Figure 6.8: Temperature of the environmentally-derived surface water held in recirculation tanks 
with the biofilm treatment system and control system over 28 days n=3 ± s.d. 
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Conductivity (a measure of water's capability to pass electrical flow that is directly related to the 

concentration of ions in the water) demonstrated no significant changes over the 28 days tested, 

whereby there was also no significant difference between the BTS and control systems (Figure 6.9; 

p > 0.05). 

 

Figure 6.9: Conductivity of environmentally derived surface water within the reservoir of a BTS 
and control system over 28 days of circulation n=3 ± s.d. 

The pH of the reservoir when circulating through both the BTS and control system remained stable 

across the 28 days. For the BTS the pH averaged 7.74 ± 0.08 increasing to 8.27 ± 0.20 after 28 

days of circulation, whereas for the control systems the pH started at 7.74 ± 0.12 and decreased to 

a pH of 7.52 ± 0.03 after 28 days of circulation (Figure 6.10). 

 

Figure 6.10: pH of the environmentally-derived surface water within the reservoir of a BTS and 
control systems over 28 days of circulation n=3 ± s.d. 
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When recording the total dissolved solids (TDS) demonstrated no significant changes over the 28 

days tested, whereby there was also no significant difference between the BTS and control systems 

(p > 0.05; Figure 6.11). 

 

Figure 6.11: The concentration of total dissolved solids (TDS) within the circulation tanks of the 
biofilm treatment systems and control systems over 28 days of circulation n=3 ± s.d. 
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 Discussion 

To investigate and apply the bioremediation properties observed in chapter 5, upscaled BTS were 

challenged with an environmentally-derived source water that was known to be contaminated with 

E. coli and enterococci. This trial with the upscaled BTS was conducted with identical parameters 

that were scaled up for investigating the control of waterborne pathogens using a model that 

utilises biological interactions within biofilms formed from an environmentally derived population 

for the control of waterborne planktonic pathogens. The findings in this chapter presented in 

Figure 6.3 demonstrate the successful up-scale of BTS for the control of waterborne pathogenic 

bacteria. 

The findings in this study demonstrate, supporting the findings presented in chapter 5, that the 

reduction in pathogens within the environmentally derived source water was through direct 

contact with the biofilm within the BTS. It is likely that the BTS rely on the processing and 

metabolism of cells within the biofilm, therefore variability of physiochemical conditions will likely 

impact on the reduction of pathogens at scale where environmental conditions can fluctuate and 

impact water treatment. Therefore, it was important to investigate the reduction of waterborne 

pathogens within a water source that was more applicable to deployment and operation of BTS at 

scale. In this study, the temperature of the environmental body of water remained consistent over 

the trial period, 18.5 ± 0.45 to 20.7 ± 0.24°C (Figure 6.8). This was above temperatures that have 

been reported to significantly reduce the microbial activity ranging from 10 – 5 °C within water 

treatment processes (193–196), and therefore temperature was not likely to negatively affect or 

impact the stability of the biofilm consortia within the BTS during experimentation. The other 

physiochemical parameters measured did not exhibit any statistically significant change over the 

circulation period, with the exception of DO that increased from 6.30 ± 0.16 mg L-1 to 8.59 ± 0.29 

mg L-1 after 28 days of circulation. However, this was not significantly different from the control 

system therefore this increase was unlikely to result from the biofilm within the BTS. Overall, this 

work demonstrated that the upscaled BTS were able to significantly reduce the levels of the 

indicator species from an environmentally-derived water source (p < 0.05; Figure 6.3) which has 

important implications for communities that have limited access to improved water sources. 

This study supports the use of upscaled BTS in a recirculation configuration for the management 

of water quality of water storage facilities. Although the BTS during this trial failed to meet 

biological DWI drinking water standards (192), there were still significant reductions of viable of 

E. coli and enterococci (Figure 6.3; p < 0.05) within the source water. Currently, in remote 

communities where access to an improved water source is limited, an estimated 2 billion people 

are still consuming untreated water contaminated with faeces (4). The management of pathogens 
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using BTS such as the one used in this study, could significantly reduce the risk of illness associated 

with contaminated water to the end users. Where water is treated for drinking purposes in remote 

communities, this is generally achieved using physical filtration as a single step method for 

providing improved water quality (197). Such methods are capable of reducing levels of organic 

matter and some bacterial pathogens (15) however, the removal of viable pathogens is likely 

through the removal of aggregated cells within particulates that remain viable on the surface of the 

filter that poses a potential risk for further contamination (198). For example, field trials using slow 

sand filters have demonstrated effective reductions in viable pathogens such as E. coli, however 

recontamination events of treated water were recorded (56,199). Methods of mechanical filtration 

are not always suitable due to their propensity to biofouling which can significantly affect the rate 

of treatment soon rendering the physical filter useless until disinfected. The use of recirculating 

BTS would offer practical solutions to the management of harvested rainwater, stored ground and 

surface waters. The use of multiple filter vessels configured in series, could significantly scale-up 

the volumes of water that can be treated. Another practical application of this work is the use of 

recirculation BTS, in series, to reduce the biological burden of final effluent at the point of discharge 

through WWTPs that could potentially improve the water quality of designated inland bathing 

waters or catchments used for drinking water supply.  

An overview of current decentralised drinking water treatment technologies was provided in 

Chapter 1 (Table 1.2). Many of these technologies combine filtration and disinfection steps, that 

utilise conventional chlorination (37,55,200–202). Many of these solutions are built within the 

immediate environment around a community, or within a household i.e., sand filter or solar still. 

The benefit of the BTS investigated in this chapter is that by being self-contained, allows for the 

potential to be modular and varied output volume. Such self-contained and modular units are 

beneficial as contamination or wear on equipment is reduced from external factors, such as 

weather events. Overall, this work clearly demonstrates that environmental biofilms significantly 

reduce the viability of waterborne pathogenic bacteria; however, the investigation of process 

parameters, such as contact time and HRT, and their impact on pathogen reduction are critical to 

further elucidate and optimise this process at scale.  
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 Discussion 

Overall, the aim of this research has been to characterise, develop and investigate biofilm treatment 

systems for the control of waterborne pathogens in drinking water supplies. Some 2 billion people 

are still using water that is contaminated with faeces for drinking and sanitation purposes (4) and 

chapter 1 highlights the many approaches that aim to address the issue of access to safe water 

(Table 1.2). The evidence highlighted in chapter 1 indicates that treatment solutions to improve 

poor water quality are still needed for many people across the globe. Moreover, the Grace study 

highlights that the unsustainable use of ground water will result in water stressed regions with an 

increased demand for water treatment and storage thus increasing the demand for water treatment 

systems for the management of stored water. The development of the BTS used in this research 

was centred around the establishment of environmental biofilms adhered to an expanded ceramic 

substrate for the control of potential waterborne pathogens in drinking water supplies that would 

help address the sustainable development goal number 6 (SDG6) (14). 

The data presented in the first results chapter (chapter 3) investigates the viable cell numbers of 

heterotrophic bacteria within the laboratory scale and upscaled BTS during maturation in parallel. 

The use of HPC was to assess a representative subpopulation of the microbial community during 

circulation and in combination with the data presented in chapter 4, to provide an insight into the 

relationship between cell number and the microbial composition and a greater understanding of 

the microbial communities within the BTS. The data presented in chapter 3 demonstrate that the 

biofilm maturation is characterised by an increase in cell number over 4 weeks of circulation which 

is comparable in both the laboratory scale and upscale BTS (Figure 3.3). Concurrently, the richness 

of the community decreases from week 1 to week 2 of circulation despite an increase in cell density, 

a finding which may indicate that initial stages of biofilm formation within these BTS was from the 

attachment of planktonic cells on the surface of the ceramic substrate resulting in the higher level 

of initial diversity observed directly from the diverse seed community. This was then changed as a 

result of competing microbial groups that are selected for in the biofilm during the earlier stages 

of maturation within the BTS notably within the phylum Proteobacteria within the BTS (Figure 4.2 

& Figure 4.3). The data presented in Chapter 4 demonstrate that the development of biofilm is 

consistent within both the laboratory scale and upscaled BTS using the same seed community 

within a recirculation configuration. Previous studies have demonstrated that treatment conditions 

can influence the composition of microbial communities (78) and the comparison of the upscaled 

BTS with the long term deployed BTS agrees with this finding. However, in many of previous 

studies, the primary function was for reducing the organic loading of source waters. The function 
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of the microbial communities developed in this research was for the control of waterborne 

pathogens within drinking water supplies demonstrated in chapter 5 & 6. 

The findings presented in chapter 5 & 6 describe that environmental biofilms were able to directly 

control the number of viable pathogens within a contaminated source water evidenced by the 

reductions observed in Figure 5.2 & Figure 6.3. Moreover, the control laboratory scale system 

incorporating sterile ceramic substrate did not have an overall significant reduction, thus ruling 

out any physical filtration effects. Therefore, it was likely that the biofilm community (characterised 

in chapter 4), present on the ceramic substrate, was responsible for the reduction in the tested 

indicator species. There are some indications in the literature that a biofilm community can impact 

the number of planktonic pathogens. For example, reductions in the removal of E. coli through 

slow sand filters were impaired at lower temperatures, resulting in a decreased reduction of E. coli 

by 50% when influent temperatures were reduced from 20 to 2∘C (203) indicating that the 

biological activity of the bioactive layer had an impact on E. coli removal. Other reductions have 

been observed that include multistep systems incorporating biological treatment with disinfection 

(55) and gravity fed rock bed systems incorporating environmental biofilms (130).  However, the 

role of the biofilm within these systems was not fully understood. Within the research presented 

in this thesis, the hypothesis is that the competition between the biofilm established on the ceramic 

substrate and the test pathogens, is a key factor for the reduction observed (Figure 5.2 and Table 

5.1). Therefore, this research has identified that an emergent property of environmental biofilms 

within BTS, is the ability to control of waterborne pathogens within fresh waters. To further 

expand on this hypothesis; during treatment of the environmentally derived fresh water, the EPS 

matrix enabled the biofilms to act as an external digestive system, which is known for sequestering 

dissolved and suspended solids for utilisation to meet nutrient and energy requirements (152). 

During this process, the biofilm matrix retains all the components of lysed cells available, including 

DNA (204). Moreover, cooperation between the biofilm population is a vital mechanism that 

enables the removal of substances from the water phase (205). This, in combination with the 

findings presented in this study, suggests that these biofilm properties were likely responsible for 

the reductions of planktonic pathogens observed in chapters 5 & 6 and were a result of biological 

action alone. 

The findings in chapter 4 demonstrate that the biofilm within the BTS at all scales are diverse. 

Further to this, the single-gene community analysis also highlights some key species within the 

biofilm community that have to the potential to be involved with the hypothesised mechanisms 

responsible for the reduction of viable pathogens observed in chapter 5 & 6. Such mechanisms are 

outlined in Figure 7.1. For example, Bacillus subtilis was detected within in the biofilm community, 
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representing a bacterial species recognised for its antimicrobial strategies including the use 

nanotubes and small molecule toxins (206). These nanotubes act as structures bridging the 

cytoplasm of neighbouring bacteria and facilitating the direct transport of toxins and other 

molecules between cells. For small molecules consist of peptides and antibiotics, less than 10 kDa 

in size, which are released and subsequently disperse toward their intended target cells. Another 

example detected within the biofilm of the laboratory scale BTS and Upscaled BTS was the genus 

Streptomyces which has the ability to produce bioactive secondary metabolites such as antibiotics 

which could have resulted in the reduction of viable test pathogens seen in this study (207). 

 

 

Figure 7.1 Types of antimicrobial mechanisms for competition. Reproduced with permission from 
Granato et al. (207).  

Interestingly, P. aeruginosa, which has the ability to host and express a diverse range of 

antimicrobial mechanisms presented in Figure 7.1, was not cultured from the biofilm, even after 

the bacterial challenge. However, this was not detected within the environmentally-derived fresh 

water used as a starting seed culture and therefore, still could potentially be able to integrate within 

the biofilm at the early stages of development if it was present at the start of maturation. Other 

Pseudomonads were detected within the biofilm including but not limited to Pseudomonas 

fluorescens, Pseudomonas guineae, Pseudomonas baetica and Pseudomonas helmanticensis. Known 

for their strong biofilm forming properties the Pseudomonas constitute up to 30 % of the isolated 

species within the biofilm within the lab scale and upscaled BTS after week 1 and week 2 of 

circulation, which suggests that they may be of importance for helping lay some of the foundations 

for the mature biofilm. 
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The concept of controlling pathogens using BTS without the aid of chemical or UV disinfection is a 

challenging one. Even so, the data in chapter 5 & 6 demonstrates that both laboratory and upscaled 

BTS can significantly reduce the levels of three indicator species within a fresh water source. 

Currently, for water to be biologically safe, the level of indicator species must be 0 CFU 100 mL-1. 

This study has demonstrated that while the BTS were able to reduce the viability of indicator 

species to very low levels, this would not be classified as potable water. Nonetheless, the reduction 

of the indicator microorganisms observed in this study may potentially be significant to reduce the 

risk of illness. The use of BTS could significantly reduce the load on other treatment methods such 

as UV water clarifiers that consume low levels of energy to reduce the remainder of the indicator 

species to potable water standards. Therefore, BTS could be used as the main source of water 

treatment for low technology solutions for improving access to water free from biological 

contamination. The global effort into research and development on new approaches of drinking 

water treatment for developing communities and the remediation of emerging contaminants is 

crucial to progress towards achieving the 2030 United Nations (UN) Sustainable Development 

Goals (SDGs) (15). This approach has the potential to work towards the improvement of drinking 

water supplies and could impact on the delivery of the sustainable development goal number 6: 

clean water and sanitation for all. 

 Study conclusions 

The key findings from this research are as follows: 

• The maturation of the biofilm in terms of microbial community composition, was similar 

within both the laboratory scale and upscale treatment systems. 

• The laboratory scale BTS used within this study were representative of the upscaled BTS. 

• An emergent property of environmental biofilms is their function in the reduction and 

control of planktonic pathogenic bacteria in fresh water. 

• Both the laboratory scale and upscale treatment systems removed potential pathogens 

from the test water. 

• The reduction of planktonic pathogens is through functional characteristics inherent to 

mature environmental biofilms. 

• The pathogens tested were not culturable from the biofilm post treatment.  

• The successful application of this phenomenon within upscaled biofilm treatment systems 

for the reduction of waterborne pathogens within an environmentally derived source 

water.   
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 Future work  

Overall, these findings demonstrate that environmental biofilms are able to create an unfavourable 

aquatic environment for the survival of the planktonic test bacteria and environmental indicator 

species investigated. However, the specific mechanisms that resulted in a reduction of the viability 

of waterborne bacterial pathogens are not yet known and further research is required. The data 

presented in this research clearly demonstrates that environmental biofilms significantly reduce 

the viability of waterborne pathogenic bacteria; however, the following points are critical to further 

elucidate and optimise this process. 

This research has demonstrated the successful application of environmental biofilms adhered to a 

ceramic substrate for the control of waterborne pathogens within drinking water supplies. 

However, specifically within the laboratory scale BTS, the indicator species investigated in this 

study were limited to three laboratory strains. Therefore, further study could be done using strains 

that were isolated from an environmentally-derived water source that were more representative 

of potential pathogens that are better adapted for survival in the aquatic environment. The data 

presented in chapter 6 demonstrates the successful application of upscaled BTS for their application 

in the control and reduction of indicator species. However, this also comes with limitations. This 

research was limited to one trial. Further trials investigating other environmentally-derived waters 

with higher microbial loads could be used to ascertain the maximum limits for the treatment of 

contaminated fresh waters using the upscaled BTS. Furthermore, the investigation of process 

parameters including contact time and HRT and their effect on pathogen control would be required 

to potentially optimise this process. 

The primary aim of this research was to assess the function of the BTS for the control of pathogens, 

however the use of BTS in this configuration for other applications could be investigated such as 

the remediation of other contaminants including, heavy metals or contaminants of emerging 

concern (CEC). It is has been previously demonstrated that biological treatment can be utilised to 

oxidize heavy metals such as Mn(II) or As(III), major pollutants within drinking water supplies in 

some areas, and remove them from source waters (208,209). The biological oxidation of Mn(II) 

mainly relies on manganese-oxidizing bacteria (MnOB), which belong to several phyla, including 

Firmicutes, Actinobacteria, and Proteobacteria (210,211). All of these were identified within the 

BTS, therefore it is possible that the microbial community function could not just be limited to the 

control of waterborne pathogens. For As(III), microbial communities from contaminated ground 

water have been used to seed biological based treatment systems for the oxidation of As(III) (10). 

This identified several OTUs that are involved with this process many that were included in the 

phylum Proteobacteria with a comparable community within the BTS used in this study. Therefore, 
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there is potential that the BTS could have alternate applications. Another group of contaminants 

that could be investigated within the BTS is the CEC. There is increasing evidence that CECs enter 

our water systems can have a significant impact on human health where they have been associated 

with negative impacts on reproduction, increased incidences of breast and testicular cancer (212). 

The control of CEC is not included in the design of current water treatment infrastructure and 

therefore can pass through treatment processes into the environment. CEC present in pesticides, 

metals, food preservatives, pharmaceuticals and personal care products, and antibiotics have 

become ubiquitous in nature, as a result of increased population growth, industrialisation and 

mismanagement and therefore require treatment methods that are able to remove them before 

contaminated water is released into the environment. There has been some research into current 

infrastructure to remove some types of CEC (90) however on a large, centralised scale. Therefore, 

the impact of the BTS used in this study on the concentration of these CEC could be investigated.  

The microbial communities were characterised over a 12-week circulation period in this study; 

further sampling could be performed to better understand changes in the microbial community 

within the BTS. For example, the reservoir of the BTS could be sampled in parallel with the biofilm 

to understand the relationship between the biofilm and planktonic community during biofilm 

maturation. Moreover, the data presented in chapter 4 was collected before the BTS were 

challenged with the environmentally derived water source. Therefore, the microbial community 

within the BTS could be investigated after treatment.  

In relation to the removal of organic matter, the function and stability of BTS has been previously 

studied through investigating the effect of dosing matured BTS with nutrients, including 

ammonium (NH4
+) and phosphate (PO4

-3) (81). These studies concluded that the addition of PO4
-3 

plays an important role in enhancing the removal of biodegradable dissolved organic carbon. 

Moreover, it has been shown that in drinking water systems, PO4
-3 is the critical rate limiting factor 

for microbial growth (213) (214). Therefore, the effect of nutrient concentrations on the 

performance of BTS in relation to the reduction of waterborne pathogens warrants further 

investigation. Nutrient deprivation within the biofilter could compromise one of the main 

mechanisms of pathogen control. The relationship between the water quality and environmental 

conditions for the biofilm within the BTS and the pathogen removal efficiency warrants further 

investigation.  
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Appendix II Supplementary material 

S1: Table of DNA yield from biofilm samples. 

Sample 
Number ID 

DNA 
Concentration 

(ng µL
-1
) 

Sample 
Volume 

(µL) 
 Sample 

Number ID 
DNA 

Concentration 
(ng µL

-1
) 

Sample 
Volume 

(µL)  
1 PD1 81.6 48  29 US1B-W3 60 20  
2 PD2 57.6 48  30 US2B-W3 4.3 20  
3 PD3 12 48  31 US3B-W3 3.65 20  
4 LS1-W1 5.94 20  32 LS1-W4 24 20  
5 LS2-W1 4.87 20  33 LS2-W4 15.9 20  
6 LS3-W1 5.69 20  34 LS3-W4 13.8 20  
7 US1T-W1 2.01 20  35 US1T-W4 4.83 20  
8 US2T-W1 2.2 20  36 US2T-W4 21.9 20  
9 US3T-W1 3.11 20  37 US3T-W4 10.3 20  
10 US1B-W1 3.26 20  38 US1B-W4 3.92 20  
11 US2B-W1 2.5 20  39 US2B-W4 43.9 20  
12 US3B-W1 2.34 20  40 US3B-W4 59.5 20  
13 LS1-W2 40.9 20  41 LS1-M3 14.5 45  
14 LS2-W2 24.2 20  42 LS2-M3 13.4 45  
15 LS3-W2 64.8 20  43 LS3-M3 2.4 45  
16 US1T-W2 29.7 20  44 US1T-M3 8.32 45  
17 US2T-W2 54.8 20  45 US2T-M3 4.44 45  
18 US3T-W2 16 20  46 US3T-M3 4.64 45  
19 US1B-W2 9.15 20  47 US1B-M3 19.9 45  
20 US2B-W2 72.1 20  48 US2B-M3 3.1 45  
21 US3B-W2 28 20  49 US3B-M3 8.8 45  
22 PD4 18.5 40  50 Site 4 4.65 45  
23 LS1-W3 40.9 20  51 Site 3 328 45  
24 LS2-W3 10.2 20  52 Site 5 26 45  
25 LS3-W3 18.6 20  53 Site 1 137 45  
26 US1T-W3 41.7 20  54 Site 2 296 45  
27 US2T-W3 4.55 20  55 Site 6 78 45  
28 US3T-W3 7.67 20       
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