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Abstract
An experimental system has been developed that allows the monitoring of biofilm development on supports exposed to water
of different characteristics. The system consists of a series of packed-bed reactors filled with glass beads, and by periodically
removing biofilm attached to these beads for off-line analyses this provides a means for monitoring biofilm development.
Despite its reduced dimensions (6.9 cm long and 1.58 cm in diameter), the experimental system used has a sampling surface
of 90.3 cm2 (including only the surface of the glass beads). This allows reproducible and representative samples to be taken
from different water systems, providing a reliable and economic method for evaluating in situ the formation of biofilms from
different environments. The set-up of the entire experimental system was constructed to meet the demands of field
experiments in a well-defined hydrodynamic environment and to allow easy removal of samples for biomass quantification
and microscopic observation. Data obtained using this device can be used as an indicator of the risk of biofilm formation in
different water systems. This indicator, ‘‘the biofilm accumulation potential’’, represents an effective and representative tool
for the monitoring of biofilm development in an integrated antifouling strategy, in order to help keep biofouling, scaling and
microbial risks under control. According to the experiments with the packed-bed reactors used with a high flow regime, the
ratio TCN/HPC could provide an indication of the state of the biofilm, and lower ratios could indicate a higher biofilm
accumulation potential.

Keywords: Biofilm monitoring, packed-bed reactors, drinking water systems, potential of biofilm accumulation, TCN/HPC
ratio

Introduction

Bacteria present in aquatic environments can be

often found growing adhered to surfaces forming

biofilms (Costerton et al. 1995; Lappin-Scott &

Costerton, 1995). When such biofilms develop in

drinking water systems, they are the source of a

number of different concerns ranging from the

presence of pathogenic organisms which can grow

in the biofilm well sheltered from the effects of

chlorine, to minor nuisances related to poor taste

and odour (Block, 1992; Carpentier & Cerf, 1993).

The occurrence of biofilms that harbour various

types of microorganisms has been described exten-

sively (LeChevallier et al. 1987; 1988; Lappin-Scott

& Costerton, 1989; Characklis & Marshall 1990;

Keevil et al. 1995; Flemming et al. 2002), and can

result in increased hazards. Biofilm on surfaces

exposed to drinking water in distribution systems

may be the main source of planktonic bacteria

(Camper, 1994; LeChevallier et al. 1996). In

addition to contamination concerns, biofilm can

often result in straight economic losses (Bott, 1997).

In order to prevent microbial re-growth and to

control the extension of biofilm buildup, two com-

mon practices are usually carried out by water supply

companies, viz. i) distribution of drinking water with

a biocide residual, usually chlorine (USEPA, 1989),

and ii) reduction in the availability of organic

compounds serving as growth substrates for micro-

organisms (Block, 1992). These practices decrease

the probability of biofilm build-up and therefore,

decrease the microbial risk.

In order to assess and monitor biofilm build-up,

the development of simple non-intrusive methods for

the detection is becoming of paramount importance.

In this paper an attempt is made to develop a method

for diagnosis, prediction and monitoring of the

potential of biofilm accumulation from different

water types, using an experimental set-up based on
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packed-bed reactors supplied with running tap water.

The aim was to develop a compact, rugged,

inexpensive and versatile system to measure directly

the extent of biofilm formation from water systems

and to determine its potential for development. The

system has been built using packed-bed reactors,

which have a very high surface-to-volume ratio and

allow the growth of large microbial numbers. The

system was constructed to provide easy operation

and sampling of undisturbed biofilms, as well as high

sensitivity when using conventional microbiological

methods. The system built allows sequential sam-

pling and provides the possibility of analysing the

kinetics of biofilm formation under different condi-

tions. In this study the testing of the experimental

system with different hydrodynamic conditions is

described, at both high and low flow, and both in the

presence and in the absence of chlorine, to quantify

the kinetics of biofilm development and to determine

the potential of biofilm accumulation in each case.

There is a rather large choice of methodologies to

assess the potential of drinking water to support the

growth of microorganisms and to assess the bio-

stability of drinking water (see Van der Kooij, 1999,

for a review). The biofilm formation potential (BFP)

of a material is defined as the average biofilm

concentration after some standard time of exposi-

tion. The BFP test method from Van der Kooij and

Veenendaal (1994) and Van der Kooij (1999)

determines the concentration of active biomass

(usually expressed as ATP) on the surface of a

material incubated in slow sand filtrate (surface to

volume ratio 0.15 cm71) at 258C for a period of 16

weeks. These authors concluded that the production

of suspended biomass should be included in the

evaluation of the growth-promoting properties of

materials in contact with drinking water because the

amount of suspended biomass is a significant fraction

(20 – 70%, depending of the type of material) of the

total biomass production. Consequently, the BFP

test was adapted by the above authors to the biomass

production potential (BPP) test, with BPP including

BFP and suspended biomass production (SBP) (Van

der Kooij & Veenendaal, 2001).

Nevertheless, other authors have used different

approaches to determine the active biomass, using

diverse attachment media and different standard

times. In the present study efforts have been directed

to adapting the packed-bed biofilm reactor as a

general indicator of biofilm accumulation. To this

end, data acquired under different environmental

conditions and water types have been used to obtain

an indication of the risk of biofilm formation in

different water systems. This indicator, ‘‘the biofilm

accumulation potential’’, represents an effective and

representative tool for monitoring biofilm develop-

ment in an integrated antifouling strategy, in order to

keep biofouling, scaling and microbial risks under

control.

Materials and methods

Experimental system for biofilm development

The packed-bed reactor, shown in Figure 1, was

made from standard 316-stainless steel components

which are commercially available. The reactors con-

tained 5-mm. diameter borosilicate glass spheres as

the standard attachment medium, tightly packed

in cylindrical tubes (15.80 mm in diameter, 69 mm

in length), and contained by a stainless steel mesh

(thin wire, diameter 0.24 mm, with a 1.14-mm

Figure 1. Components of each reactor of the experimental system

for biofilm sampling: 1, 6,¼ stainless steel mesh; 2¼ glass beads;

3¼upper part; 4¼ cylindrical tube; 5¼ reducer part; 7¼ sphere

valve; 8¼ connector tube; 9¼water sump; 10¼ connector;

11¼water inlet; 12¼water outlet.
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opening distance between each wire) at each end of

the reactor. In all the experiments brand new beads

were used, washed twice with sterilised deionised

water. Table I shows the main structural and opera-

tional characteristics of the porous biofilm reactor

used. Flow rate through each reactor was controlled

independently by means of a sphere valve and

monitored volumetrically. Prior to start-up, the entire

biofilm reactor system was autoclaved at 1 ATM and

1258C for 1 h.

Each reactor could be isolated and sampled

independently. Water was pumped through the

reactor in an upward-flow mode, with water exiting

at the top of the reactors and falling into a

polypropylene container into which the reactors

where submerged for temperature control. Water

was allowed to flow through the packed-beds,

operated in parallel, during a certain period of time.

Table II shows the operational characteristics of the

reactors for the different hydrodynamic conditions

used (high and low flow). Individual reactors were

sampled at different intervals during this period and

the abundance of attached micro-organisms at the

surface of the glass beads was determined. In

selected cases, the pressure drop at the reactor was

continuously monitored using a pressure transducer

(WIKA 909.40.500, Klingenberg, Germany).

Experimental design

Four experiments were performed at the same time

from the same drinking water source, viz. low flow

(Table IIa), with and without chlorine, and high flow

(Table IIb), with and without chlorine. The duration

of the experiment was 190 d, and it was repeated

once in order to ensure reproducibility, thus exten-

ding the duration to a total of 12 months for each

run. Water from the main distribution system was

allowed to run through the set of reactors at a rate of

0.5 l h71 reactor71, for the low flow experiments.

Precise flow control was achieved using a needle

valve (Tajo 2000, Arco). The flow velocity was

maintained at 7.161074 m s71 (shear stress,

8.361074 N m72; porous Reynolds number, Re’,

6.26), to obtain a laminar flow. Chlorine from the tap

water was neutralised (Figure 2b, low flow without

chlorine) by the continuous addition of a sterile

solution of sodium thiosulfate (0.13%), using a

peristaltic pump (Masterflex, Cole Parmer).

Chlorine levels and microbial load in the water

supply were sampled on a daily basis. Chlorine (total

and free) was measured by the DPD method

according to Standard Methods (Clesceri et al.

1998). Tap water showed satisfactory chlorination

levels during the entire period, which resulted in low

levels of HPC. Free chlorine remained between 0.5

and 1 mg l71 during most of the experiment, with a

maximum value of 1.5 mg l71, a minimum value

of 0.3 mg l71 and an average concentration of

0.78 mg l71 (n¼ 159, SE¼ 0.02). BDOC levels

had a mean of 0.39 mg l71 (n¼ 12, SE¼ 0.17)

and represented 22% of total organic carbon

(1.75 mg l71). The average heterotrophic plate count

was 8.076100 cfu ml71 (n¼ 194).

The investigations were extended to biofilms

growing under high flow conditions, which are

hydrodynamically more relevant to many industrial

pipeline systems than low flows. Water from the

main distribution system was allowed to run through

the set of reactors at a rate of 150 l h71 for each

packed bed reactor, for the entire period of the

experiment (190 d), with a system designed to attain

high flow velocities. Water from the same drinking

water was regulated in each case using a needle valve

(Tajo 2000, Arco) and a flowmeter. The flow

velocity was maintained at 0.21 m s71 (shear stress,

9.86 N m72; porous Reynolds number, Re’, 2240),

to obtain a turbulent flow and a calculated residence

time of 0.0024 min, to minimise the possibility of cell

replication in the reactors, so that suspended cells

would be washed out of the reactor and biofilm

Table I. Characteristics of the biofilm porous reactor (fixed

packed-bed) used.

Characteristics

Length of sampler reactor 6.90 cm

Diameter of sampler reactor 1.58 cm

Cross sectional area of reactor, Acs 1.961 cm2

Volume of sampler reactor, Vtot 13.529 cm3

Diameter of glass beads, dp 0.5 cm

Number of glass beads per reactor 115

Total glass area 90.321 cm2

Deposition area of tube reactor 34.249 cm2

Total deposition area 124.57 cm2

Volume of glass beads 7.527 cm3

Volume of voids, Vv 6.002 cm3

Porosity, e¼Vv/V 0.4436

Permeability, k 3.0161072

Table II. Operating conditions of the reactors used.

Characteristics Low Flow (a) High Flow (b)

Porous Reynolds

number, Re

6.26 2239.9

Shear stress 8.361074 N m72 9.86 N m72

Friction factor, f 13.33 1.75

Feed flow rate, Q

(for each reactor)

0.5 l h71 150 l h71

Superficial velocity

of fluid, v¼Q/Acs

7.161074 m s71 0.213 m s71

Detention

(residence) time,

y¼Vv/Q

0.72 min 0.0024 min

Packed-bed reactor for biofilm monitoring 153
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growth favoured. Chlorine from the tap water was

neutralised (Figure 3b, high flow without chlorine),

by the continuous addition of a sterile solution of

sodium thiosulfate (0.13%), using a peristaltic pump

(Masterflex, Cole Parmer), as described above for

Figure 2b.

Biofilm sampling and analyses

Sampling of attached biomass required periodic

removal of individual reactors for off-line, both

non-destructive and destructive biofilm analyses.

Each reactor was in the form of a stainless steel

cartridge, packed with glass beads and ending in

quick fittings. Each cartridge could be removed

independently without stopping the flow, thus

minimising contamination and the disturbance of

biofilm development on the other reactors. The

entire cartridge was quickly removed, and placed in a

container full of water in order to avoid drying of the

biofilm and brought to the laboratory, where the

contents were aseptically removed and analysed.

Prior to the analyses, the reactor contents (glass

beads) were rinsed with 200 ml of saline solution

(NaCl 0.9%), to remove non-attached deposits and

introduced into a plastic container with 15 ml of

saline solution.

Attached micro-organisms were detached by soni-

cation (3 min, 40 W), according to the procedures of

the European Biofilm Workgroup, AGHTM Biofilm

Group (1999). After sonication, the sample diluted in

saline solution was shaken and vortexed for 30 s.

Different replicates were sub-sampled and HPC

bacteria were enumerated by membrane filtration

with 0.22 mm pore-size membrane filters and R2A

medium (Difco Laboratories, 1826-171). The sam-

ples were incubated at 228C for 7 d.

Samples from the water source were collected

periodically and analysed. Chlorine levels and

heterotrophic plate counts were measured weekly

and enumerated as described above. Complementary

physico-chemical parameters were analysed at reg-

ular intervals according to Standard Methods

(Clesceri et al. 1998). Biodegradable dissolved

organic carbon (BDOC) analyses were performed

according to the procedure described by Volk et al.

(1994).

Microscope observations

The samples were treated after sonication with a

2% v/v solution of formaldehyde, filtered through a

Nucleopore filter (0.2 mm pore and 13 mm diameter)

and examined to evaluate the number of total

bacterial cells (TCN) in biofilms, using acridine

orange (0.04%) staining and epifluorescence

microscopy, as described by Hobbie et al. (1977).

Epifluorescence microscopy (Nikon Optiphot,

Barcelona) was performed at 61000 magnification

using a yellow filter (0530) and UV lamp.

Statistical analysis

Where data means are given, the standard error (SE)

associated with the mean and sample number (n) are

also indicated. Statistical comparisons were done by

ANOVA using SPSS statistical software (version

11.0, SPSS, Chicago), and differences reported

significant at the 5% level.

Results

In order to determine the variability of the method, a

total of 10 packed-bed reactors were simultaneously

exposed to drinking water, for 65 d. Biofilms were

allowed to develop, the glass beads were then removed

and the abundance of attached micro-organisms at the

surface of the beads was determined as described

above. The differences between bacterial counts from

different replicates of biofilm samples were very small

(see below), suggesting that the accumulated variation

of the incubation, sampling and enumeration proce-

dure was minimal. The number of viable attached

bacterial cells on the glass beads from packed-bed

reactors after 65 d, determined by heterotrophic

plate counts (HPC), varied between 1.186105 to

2.626105 cfu cm72, with a range of 1.456105

cfu cm72 (0.14 log), an average of 1.726105

cfu cm72, and a SE of 1.296104 cfu cm72. The

experimental system enabled quantification of biofilm

development on the different experiments performed,

under different flow conditions.

The results of the experiments to determine the

extent of biofilm development on glass beads in low

flow conditions from drinking water are shown in

Figure 2. The experimental system was fed by water

from the main distribution system.

In the presence of chlorine total cell numbers

(TCN) remained stable after 3 d and for the entire

period (190 d), with values ranging between 103 to

104 cells cm72, but biofilm formation could only

be detected when measured by HPC after 25 d

(Figure 2a). From then on, HPC values continuously

increased until the 90th day of the experiment,

where a maximum value of 36102 cfu cm72 was

measured. After this point, HPC remained stable,

with values slightly above 102 cfu cm72 until the end

of the experiment. During the last part of the

experiment, after day 90, the total attached cell

number (4.196103 cells cm72) was about 1.5 log

higher than the cfu counts (8.236101 cfu cm72)

determined by R2A agar. Therefore the CFU counts

represent less than 2% of the total attached cell

population.
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In order to assess how the absence of chlorine

affected the development of biofilm, another experi-

ment was performed at the same time, but chlorine

was neutralised through continuous addition of a

sterile solution of sodium thiosulfate (0.13%). As a

result of chlorine depletion, the glass beads were

rapidly colonised, and total cell numbers remained

stable after 8 d and for the entire period (190 d), with

values slightly above 106 cells cm72 (Figure 2b) until

the end of the experiment. HPC values followed a

continuous increase until the 14th day of the

experiment. After this point, HPC remained stable,

with values slightly above 105 cfu cm72 until the end

of the experiment. During the last period of the

kinetic, after 90 d, the total attached cell number

(3.466103 cells cm72) was about 1 log higher than

the cfu counts (1.176102 cfu cm72) determined by

R2A agar. Therefore the CFU counts represent less

than 3.4% of the total attached cell population.

The results of the experiments to determine the

extent of biofilm development on glass beads in high

flow conditions from the same drinking water are

shown in Figure 3. Under the operating conditions

used in this experiment, biofilm development on

glass beads could be detected and easily quantified

and the beads were rapidly colonised when measured

by the total number of attached bacterial cells. The

total cell number was 104 cells cm72 after the first

24 h (Figure 3a), and remained stable with values

ranging between 105 and 106 cells cm72 after 7 d

Figure 2. HPC (¤, cfu cm72) and total cell number (&, cells cm72) for low flow experiments from drinking water, with chlorine (a) and

without chlorine (b). Bars¼SE of the mean.
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and until the end of the experiment (190 d). HPC

increased for the first 7 d, and reached a plateau

value of �102 cfu cm72 after 8 d. After 30 d, HPC

numbers remained stable until the end of the

experiment, with values ranging between 101 and

102 cfu cm72. During the last period of the kinetic

(after 40 d), the total attached cell number

(2.676105 cells cm72) was about 4 log higher than

the cfu counts (1.896101 cfu cm72) determined by

R2A agar. Therefore the CFU counts represent less

than 0.01% of the total attached cell population

(0.007%).

When chlorine was neutralised (Figure 3b) the

results for biofilm development indicated a substan-

tial increase in the bacterial counts throughout the

time of exposition (190 d). The total number of

attached bacterial cells on the glass beads in the

packed-bed reactors reached values of 108 cells cm72

after 30 d. After a slight decrease, the values obtained

remained between 108 and 109 cells cm72 until the

end of the experiment. Glass surfaces were also

rapidly colonised when measured by the HPC, and

after 48 h there was a total bacterial population

(HPC with R2A Agar, 228C) of 3.766103 cfu cm72.

After 50 d, the HPC numbers increased to 1.436
105 cfu cm72. After 100 d, HPC reached a plateau-

phase of development, slightly 4106 cfu cm72.

During the last period of the kinetic, the total

attached cell number (1.186108 cells cm72)

was about 2 log higher than the cfu counts

Figure 3. HPC (¤, cfu cm72) and total cell number (&, cells cm72) for high flow experiments from drinking water, with chlorine (a) and

without chlorine (b). Bars¼SE of the mean.
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(1.076106 cfu cm72) determined by R2A agar.

Therefore the CFU counts represent 51% of the

total attached cell population (0.9%).

Discussion

Advantages of the packed-bed biofilm reactor

The lack of standard procedures in biofilm research

negatively affects the quality of information generated

by biofilm researchers and makes the comparison of

results produced in different laboratories difficult or

impossible (Heydorn et al. 2000). Several biofilm

reactors have been described in the past that can be

used to study biofilm formation under the influence

of fluid flow, e.g. Pedersen (1982), Characklis and

Marshall (1990), Bryers and Characklis (1992).

Some of the reactors used for biofilm studies in the

literature include the radial flow reactor (Fowler &

McKay, 1980), the open channel (Characklis &

Marshall, 1990), the rotating disk reactor or rotating

biological contactor (Loeb et al. 1984), the mem-

brane reactor and airlift reactor (Gjaltema & Griebe,

1995), the constant-depth laboratory model film

fermentor (Peters & Wimpenny, 1988), rotating

annular reactors or rototorque (Bryers & Characklis,

1992) and tubular flow cells with removable sampling

surfaces within the flow cell wall, known as Robbins

devices, McCoy et al. (1981). Also, one of the

methods frequently used to determine the biofilm

formation potential, Van der Kooij et al. (1995) uses

glass and Teflon cylinders situated in vertical glass

columns, exposed to different types of treated water

at a flow rate of 0.2 m s71.

The device described in this paper presents a

number of advantages for regular use under field

conditions. Firstly, an important factor is the

sampling procedure. Biofilm sampling in field devices

needs to fulfil some basic requirements, viz. it must

be easy to perform aseptically under field conditions,

and it must allow time seried samples to be obtained.

This means that removal of a sample from the reactor

must not alter the samples remaining. Thus, instead

of removing part of the reactor contents, the entire

packed-bed reactor is removed at each time of

sampling. A sufficient number of reactors operated

in parallel permits the study of biofilm development

over long periods. The fact that the reactors are built

as self-contained stainless steel cartridges with quick

fittings allows for rapid and easy sampling as well as

aseptic processing. The reactors are brought to the

laboratory where the packaging is aseptically removed

and analysed.

In the second place, packed-bed reactors increase

the ratio of surface area to volume for biofilm

formation, through the addition of specific packing

material to the reactor. These systems achieve the

maximum surface with the least volume. Due to the

large surface of each sampler the present system has a

good sensitivity and permits the securing of con-

siderable biofilm samples. Despite its reduced

dimensions (6.9 cm long, 1.58 cm in diameter) each

packed-bed reactor has a sampling surface of 90.3

cm2 (including only the surface of the glass beads),

clearly higher than that of the other analogous tools

available for biofilm monitoring (see Wimpenny,

1988; Bryers & Characklis, 1992; and Caldwell et al.

1997, for a review).

In the third place, shear stress at the biofilm

surfaces using packed-bed reactors is much higher

than in pipes using the same flow velocities. Flow

velocity in water distribution systems usually ranges

between 0.5 and 2 m s71 (Mayol, 1983). Values4
0.6 m s71 are recommended (Steel, 1972) to avoid

the formation of non-adhered deposits. A 1.75 m s71

flow velocity providing a shear stress of 9.92 N m72

in a pipe 1.58 cm in diameter requires 1235 l h71. In

a packed-bed reactor, the same shear stress requires a

water flow of only 150 l h71. The presence of the

porous medium gives a significantly higher shear

stress (and a lower contact time) than other methods

based on glass columns without porous media, such

as the system developed by van der Kooij. These

conditions resemble more those in real drinking

water systems.

Two different hydrodynamic conditions, high and

low flow, were tested. Because the flow velocity

determines the hydrodynamic shear stress and the

mass transfer characteristics of each system, a

constant flow velocity was adopted as the main

variable to control, in order to ensure the same shear

stress, depending on the case. Hydrodynamic con-

ditions influence biofilm density (Vieira et al. 1993),

strength (Beyenal & Lewandowski, 2002) and struc-

ture (Stoodley et al. 1999; Purevdorj et al. 2002),

which in turn may be expected to influence the

diffusion of nutrients through the biofilm.

The results obtained in this work are well in the

range of the numbers previously reported in the

literature. In general, the density of the attached

bacterial population of drinking water systems

varies from 100 to 104 cfu cm72 (Nagy & Olson,

1985) and around 105 cells cm72 (Block et al. 1993;

Camper et al. 1999).

Determination of the biofilm formation potential

In the present study, efforts have been directed to

adapting the packed-bed biofilm reactor for use as a

general indicator of biofilm accumulation. To this

end, data acquired under different environmental

conditions and water types have been used to obtain

an indicator of the risk of biofilm formation in

different water systems. The utilisation of turbulent
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regimes ensures that the experiments performed will

have shear stress values similar to those found in

water distribution systems. Although in the present

experiments biofilms reached earlier steady state with

a low flow, because of the low detachment rate, high

flow gave significantly higher TCN values. There-

fore, it was decided to work with HPC and TCN at

the same time. In fact, changes in microbial levels in

the water phase depending on the presence of

chlorine were significantly higher when expressed

as HPC counts than when expressed as total cell

counts (Codony et al. 2005). This means that when

biofilms develop as a consequence of insufficient

chlorination, heterotrophic plate counts in the water

phase will provide a much more sensitive indicator

than total cell counts due to their large range

of variation. Although high HPC measurements

have not been found to correlate with the incidence

of illness, they do indicate favourable conditions

for bacterial growth (Robertson & Brooks, 2003).

Heterotrophic plate counts are already used as a

general indicator to demonstrate the efficacy of a

process (Ashbolt et al. 2001), in the present case

disinfection in water distribution systems. HPC

results can be used for validation and verification of

drinking water production and abnormal changes in

HPC bacteria can be an indicator of problems in the

treatment process or can identify problems areas for

regrowth (Robertson & Brooks, 2003). Therefore,

HPC monitoring could be used as an operational

rather than a health-based indicator.

The heterotrophic plate count is a standard

enumeration technique, which relies on the culturing

of organisms. It is easy to perform, cheaper than

other similar methods and, therefore, available to

most microbiology laboratories, even in developing

countries. The total cell count by epifluorescence

direct microscopy is one of the important methods

for the evaluation of bacterial counts in natural

waters as well as in biofilms, widely used for most

microbiology laboratories.

The ratio between both, according to the present

data, could provide an indication of the state of the

biofilm. In biofilms grown under turbulent condi-

tions in the presence of chlorine, the TCN/HPC

ratio was approximately 1000. When the biofilm

developed in the absence of chlorine, this ratio was

10 times lower. In the low flow experiments, these

differences were less apparent. ANOVA analyses

were performed to assess variance due to chlorina-

tion, flow velocity and also as a factor of both

(interaction). The data from day 40 until the end of

the experiment were chosen, in order to eliminate

the first period of the kinetics of colonisation.

Therefore, comparisons are made only in the period

when the biofilm has achieved a steady-state of

development on the surface of glass beads. In this

sense, the ratio TCN/HPC was significantly lower in

the low flow experiments ( p5 0.001) and without

chlorine ( p5 0.001), and no significant interaction

( p¼ 0.177) was observed between the two variables

(flow and the presence of chlorine).

This ratio can be interpreted as an indicator of the

degree of stress the biofilm is experiencing as a result

of chlorination, and could be used as a management

tool in order to assess to what extent chlorination has

effects in different parts of a water distribution

network. Finally, a standardised time for determin-

ing the biofilm accumulation potential had to be

established. Knowing the limitation of a single time,

a three-point determination was chosen. According

to the results, 7, 30 and 80 d are thought to be the

best in order to get a good indicator of the biofilm

accumulation process.

The results obtained in this study allow the

following conclusions to be made: i) the proposed

device enables biofilm formation to be monitored

over time, provides consistent and reproducible

results and gives an indication of the time required

for biofilm establishment under different conditions;

ii) biofilm formation reaches steady state levels of

biomass which differ depending on the experiment,

and that are related to the conditions prevailing in

each case (e.g. different flows, chlorine levels); and

iii) the ratio TCN/HPC can be used as an indicator

of the degree of chlorination efficiency in experi-

ments run at high flow rates and the high shear stress

values provided by packed bed reactors.

On average, the hydrodynamic conditions within

the packed-bed reactor are not greatly different from

those typically found inside pipes. The main

difference is that while conditions at the pipe wall

are homogeneous, in a packed-bed reactor condi-

tions are more heterogeneous in space. However,

water networks are also subject to temporal hetero-

geneity, with periods of high flow combined with

periods of low flow. Overall, simulation of the exact

conditions that can be produced inside the pipes in

any water distribution network was not attempted,

but rather to provide an easy and reliable procedure

to obtain information that can help in the manage-

ment of water distribution networks.

Although biofilm accumulation cannot, by itself be

considered as a factor of risk, the indicator ‘‘biofilm

accumulation potential’’, could be used as an

effective and representative tool for the monitoring

of biofilm development in an integrated antifouling

strategy, in order to keep biofouling, scaling and

microbial risks under control.

According to the present experiments with

packed-bed reactors used with a turbulent regime,

the ratio TCN/HPC seems to provide an indication

of the state of the biofilm. Thus, in biofilms exposed

to chlorine, this ratio is 10 times higher than in
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biofilms not subject to the action of disinfectant. So

even if the biofilm formation by itself is considered to

be harmless, the TCN/HPC ratio could be used as a

management tool in order to assess to what extent

chlorination has been effective in different parts of a

water distribution network.
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