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ABSTRACT

Drinking water biofilm formation on polyvinyl chloride (PVC), cross-linked polyethylene
(PEX), high density polyethylene (HDPE) and polypropylene (PP) was followed in three
different reactors operating under stagnant or continuous flow regimes. After one week, a
quasi-steady state was achieved where biofilm total cell numbers per unit surface area
were not affected by fluctuations in the concentration of suspended cells. Metabolically
active cells in biofilms were around 17-35% of the total cells and 6-18% were able to form
colony units in R,A medium. Microbiological analysis showed that the adhesion material
and reactor design did not affect significantly the biofilm growth. However, operating under
continuous flow (0.8-1.9 Pa) or stagnant water had a significant effect on biofilm formation:
in stagnant waters, biofilm grew to a less extent. By applying mass balances and an
asymptotic biofilm formation model to data from biofilms grown on PVC and HDPE
surfaces under turbulent flow, specific growth rates of bacteria in the biofilm were found to
be similar for both materials (around 0.15 day %) and much lower than the specific growth
rates of suspended bacteria (around 1.8 day?).

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

In drinking water distribution systems, the density of sus-
pended bacteria increases between the treatment plant and the
consumer’s tap as a function of the disinfectant decay,
hydraulic residence time, substrate uptake and the presence
of corrosion deposits. In a drinking water distribution system
where the volume/surface area ratio is 5cm, Flemming et al.
(2002) estimated that 95% of the overall biomass is attached to
pipe walls, while only 5% is in the water phase. Therefore, the
development of bacteria in biofilms is highly relevant for water
quality since it may directly affect cell density in the bulk water
phase through detachment phenomena (van der Wende et al.,,
1989), which depend on a variety of factors such as hydro-
dynamic patterns and surface materials.

Many drinking water distribution networks are designed
for target liquid velocities of 0.2-0.5m/s. In most fixed
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biomass systems, stable and higher flow rates have the
advantage of limiting biofilm growth (Peyton and Characklis,
1993; Melo and Vieira, 1999; Cloete et al.,, 2003), since
they produce thinner and more cohesive layers less
prone to release bacteria into the bulk water. However,
these conditions are not always feasible to maintain
in drinking water networks. The hydraulic conditions in
drinking water systems range from laminar to turbulent
flow, but stagnant (non-flow) waters also occur in places
where the water consumption is low, as well as in reser-
voirs in buildings. Reports on drinking water biofilms in
stagnant conditions are rare. Momba and Kaleni (2002)
studied the regrowth of microorganisms on polyethylene
(PE) and galvanized steel surfaces of household con-
tainers used for storage of drinking water and observed
higher values of colony formation units (CFU) and dissolved
organic carbon (DOC) for PE after storing water for 48h.
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Nomenclature

A internal surface area, cm?

Q flow rate of recirculation, mL/day

Qext  inlet flow rate, mL/day

t time,day, h

T temperature, °C

\% volume of the system, mL

X bulk suspended cell density, cell/mL

Xp biofilm cell number per unit surface area, cell/cm?

(Xb)max steady-state biofilm cell number per unit surface
area, cell/cm?

Xin inlet suspended cell density, cell/mL

X steady state bulk suspended cell density, cell/mL

Greek symbols

p -1 average residence time of cells within the biofilm,
day
Dot rate of cell attachment to the surface, cells/h

Dget biofilm detachment or removal rate, cells/h

@, biomass production rate in the biofilm, cells/h

Ubiofilm specific cell growth rate inside the biofilm, day~*

Upulk  specific cell growth rate in suspension, day*

Uoverall overall specific cell growth rate, day*

/J,;)ioﬁlm final specific biofilm cell growth rate in the

biofilm, day™*

steady state value of specific cell growth rate in

suspension, day™*

W¥overall Steady state value of overall specific cell growth
rate, day*

Hbulk

List of abbreviations

HDPE high density polyethylene
PEX cross-linked polyethylene
PMMA polymethyl methacrylate
PP polypropylene

PVC  polyvinyl chloride

LeChevallier et al. (1987) obtained high bacterial counts in
drinking water after opening a tap that was turned off
overnight.

There is still some controversy about the effect of
surface materials on biofilm development. In the past,
the majority of pipelines in drinking water networks were
made of iron-based or cement-based materials. More re-
cently, polymeric materials have been preferred, mainly
polyvinyl chloride (PVC) and PE, because they are easier to
handle and implement. Some researchers (Kerr et al., 1999;
Niquette et al., 2000; Momba and Kaleni, 2002) demonstrated
that drinking water biofilms grew less on polymeric materials
(PE, PVC, Teflon) than on iron matrices (grey iron, cast iron,
galvanized steel, cemented steel, asbestos-cement and ce-
mented cast iron). This fact was attributed to iron corrosion
products that favour biofilm protection from the effect of flow
rate and of disinfectants. The same study showed that there
was no significant difference in the viable counts on PE and
PVC. Different results were obtained by Cloete et al. (2003),
where biofilm formation was higher on the PVC surfaces
than on galvanized steel piping. van der Kooij and Veenen-
daal (2001) and Clark et al. (1994) observed that PE supports
biofilm formation in a higher degree than PVC, while
Wingender and Flemming (2004), Pedersen (1990) and
Zacheus et al. (2000) concluded that there was no significant
difference in the colonization of the investigated materials
(stainless steel, PVC and PE), in some cases after decades
of operation. Lethola et al. (2004, 2005) found that biofilms
grew faster in PE than in copper pipes, but such differences
could not be detected in older piping systems; these authors
also studied the release of nutrients from the surface
materials to the bulk water and the deleterious effects that
this may cause on the water quality and on the efficacy of
chlorine disinfection.

Another point of interest is the metabolic state of the cells
in suspension and in biofilms, since it can be a measure of

their growing potential and, therefore, of the risk of water
contamination. Wingender and Flemming (2004) observed
that the cultivable cells were at most 3.5% of the total cells in
biofilms aging from 2 to 99 years. Boe-Hansen et al. (2002a)
reported that the highest percentages (up to 24%) were
observed in the youngest biofilms in an assay of 522 days.
Schwartz et al. (1998) studied the development of biofilms on
high density polyethylene (HDPE), PVC, steel and copper in
contact with drinking water collected at the water works and
in house branch connections: the biofilm densities of
cultivable bacteria on the different materials were about one
order of magnitude less than the total cell number; 35-38% of
the bacteria were metabolically active, except for copper (less
than 10%). Schaule et al. (1993) also found that the percentage
of metabolically active bacteria in biofilms sampled within
the distribution system was about 30-35%.

There is a lack of information on the kinetics of bacterial
growth in drinking water biofilms as compared to suspended
bacteria. Authors studying wastewaters and industrial waters
are divided between those who defend that the activity of
sessile and planktonic bacteria is similar (Bakke et al., 1984;
Characklis and Marshall, 1990) and those who reached
opposite conclusions (Plas et al., 1994; Le Magrex et al,
1994). Quantitative data on bacterial growth kinetics in
drinking water systems is scarce (Pedersen, 1990; Block et
al., 1993; Boe-Hansen et al., 2002b), although such data would
seem important for the proper design of distribution net-
works and reservoirs. The values of biofilm specific growth
rates reported by these authors range between 0.03 day~* and
0.06 day .

In this paper, two continuous flow reactors and one non-
stirred batch reactor were used in drinking water studies with
a three-fold goal: (a) to investigate the effect of the flow/non-
flow regimes on the growth of both attached and suspended
bacteria; (b) to determine specific growth rates of biofilm
bacteria and compare these values to those obtained with
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planktonic cells; (c) to test the effect of the surface material
on the development of biofilm and suspended cells.

2. Methods
2.1.  Biofilm monitoring reactors

The tested monitoring systems were a Batch reactor, a
Propella® reactor and a Flow Cell reactor, their main
characteristics being described in Table 1. The last two
reactors are schematically represented in Fig. 1.

Biofilms were formed on adhesion coupons made of several
materials placed within the reactors in contact with drinking
water under different operating conditions, including stag-
nant and continuous flow regimes. The tested material

coupons were PVC, cross-linked polyethylene (PEX), HDPE
and polypropylene (PP).

The Batch reactor was a non-stirred cylindrical glass vessel
(12 cm internal diameter) operating as a closed system, filled
up with 1.5L of drinking water at the beginning of the
experiment. Twenty coupons (plates of 1.0cm x 2.0cm x
0.15cm) were immersed in the bulk water in a vertical
position, at 2 to 7cm from the bottom, suspended by plastic
wires in the central part of the vessel. The contact area
between the plastic wire and the coupon was around
0.03cm? which corresponds to 0.6% of the total area.
Propella® was a perfectly mixed continuous reactor with
two concentric cylinders (internal cylinder with Dy, = 44 mm,
Dext =72.5mm and h=460mm; external cylinder with
Din = 93.4mm and h = 500 mm), in which a propeller pushed
the liquid down through the internal tube and up through the
annular section between the two tubes. It allowed an

Table 1 - Characteristics of the biofilm monitoring reactors

Parameters Propella®™ Flow Cell Batch reactor
Material PVC and stainless steel 316 L Perspex (PMMA) Glass
Internal volume (L) 2.23 0.34 1.50
Vol/area (cm) 0.67 1.25 241
Biofilm sampling points 20 10 20
Biofilm sampling area (cm?) 2.0 2.0 4.9

Coupons materials

PVC, HDPE, PEX and PP

PMMA—Polymethyl methacrylate; HDPE—High density polyethylene; PP—Polypropylene; PVC—Polyvinyl chloride; PEX—Cross-linked

polyethylene.

a
Propeller

Tap Qext Qext

water X,

Fig. 1 - (a) Propella® reactor; (b) Flow Cell reactor.
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Table 2 - Measured physical, chemical and microbiolo-
gical parameters of Porto drinking water

Parameters Drinking water
T (°C) 15.940.7
pH 7.3£0.3
0, (mgO,/L) 8.4+0.6
IC (mgC/L) 16.25+0.06
TOC-Total Organic Carbon (mgC/L) 2.3240.35
DOC-Dissolved Organic Carbon (mgC/L) 2.12+0.47
K-water conductivity (uS/cm) 168.7+15.8
Chlorine (mgCl,/L) 0.15+0.03
NH;—Nitrogen (mgN/L) < 0.01
NO3—Nitrogen (mgN/L) 1.66+0.11
NO;—Nitrogen (mgN/L) <0.01
Total phosphorous (mgP/L) 0.013+0.002

4.4%x10°+1.2 x 10°
1.8 x10°+1.6 x 10*
2.0 x 10°+2.1 x 10?

Total cell density (cell/mL)
Metabolically active cell density (cell/mL)
R,A-cultivable cell density (cell/mL)

All values are given as mean +standard deviation.

independent choice of the internal velocity and the hy-
draulic residence time. The flow rate inside the pipe was
controlled by the rotation speed of the propeller and the
residence time is proportional to the fresh inlet flow rate.
Detailed features of this reactor can be found in Batté
et al. (2003).

The Flow Cell had a semi-circular cross section with an
internal diameter of 3.2cm and contained the coupons on its
flat surface. The system composed by the Flow Cell, vessel F
and recirculating tubes approaches a perfectly mixed reactor
due to the high recirculating flow rates. Pumps B; and B,
controlled the internal velocity and the residence time,
respectively. This system also allowed to uncouple the system
residence time and the fluid velocity. The basic concept and
characteristics of the Flow Cell were reported by Pereira et al.
(2002).

The Propella® and Flow Cell reactors were connected to the
drinking water distribution system in the town of Porto,
whose characteristics are presented in Table 2. The same
water was used to fill up the Batch reactor.

Before each experiment, the reactors were cleaned with a
chlorine solution and then with a mild detergent solution
(non-ionic, neutral pH, phosphate-free—25% Aquet, SCIEN-
CEWARE). Finally, the reactors were rinsed abundantly with
tap water and then with sterile dionized water.

2.2.  Operating conditions

Several assays were carried out in order to evaluate biofilm
dynamics and bacterial growth kinetics, as well as to compare
surface materials.

In the first set of assays (RUN 1), Propella®, Flow Cell and
Batch reactors were operated for 56 days using the same
surface test materials (PVC, HDPE, PEX and PP). The contin-
uous flow reactors were fed with Porto drinking water at
appropriate inlet flow rates (Qext) in order to obtain equal

hydraulic residence times (HRT), internal velocities (uin:) and
wall shear stresses (ty) in both systems (Table 3). Biofilm and
bulk water samples were removed at predefined days and
several physical, chemical and microbiological parameters
were measured, such as total, metabolically active and R,A-
cultivable cell numbers, TOC and DOC, pH, conductivity and
temperature. Additionally, the effect of the continuous flow
(Propella™ and Flow Cell reactors) versus stagnant water
(Batch reactor) regimes on biofilm growth was assessed.

A second assay (RUN 2) was performed only in the Flow
Cell, using PVC and HDPE, with a higher internal flow
rate (and consequently, higher shear stress). The operating
conditions are also presented in Table 3. In the first four
days of this run, samples were collected every 12h. From day
5 up to day 28, samples were collected at a rate of one per
week. From this experiment, the initial stages of biofilm
growth on PVC and HDPE were observed, as well as the effect
of shear stress under turbulent flow regime. Cell numbers
obtained were used to determine biofilm growth rates and to
compare the effect of the surface material on the biofilm
adhesion.

Temperature was not controlled inside the reactors since
the purpose was to observe the biofilm growth under the
conditions prevailing in the actual drinking water system of
Porto.

2.3.  Sampling

Biofilm samples were collected by removing test coupons
from the reactors. The coupons were then immersed in a flask
containing 25mL of sterile bacteria-free saline solution
(0.85% (w/v) NacCl). The flask with the coupon was gently
sonicated for 10min (sonication bath Transsonic 420 ELMA,
70W, 35kHz) to release the attached bacteria into the
suspension. The percentage of cells not detached from the
surface by sonication was less than 0.3%. At the same time,
50mL of the water inside the reactors and of the inlet
drinking water flow were collected to a sterile flask.

2.4. Count of bacteria total number

The enumeration of the suspended bacteria from bulk water
of the reactors, inlet tap water and biofilm was performed by
the 4/, 6-Diamidino-2-Phenylindole (DAPI, SIGMA) staining
method as described by Brunk et al. (1979). Samples were
gently homogenized in vortex for 2min and a small volume
(0.5-4 mL) was filtered through a 0.22 ym black polycarbonate
membrane (Nucleopore). When bacteria were aggregated, a
surfactant X-100 [000.1% (w/v) Triton] was added to disperse
the cells in suspension. After 10 min of incubation with 200 pL
of 0.5 pg/mL DAPI solution in the dark, the polycarbonate
membrane was washed and mounted with non-fluorescent
immersion oil on glass microscope slides. The membranes
were examined using an epifluorescence microscope (LEICA
DMLB2) with 1000 x magnification and filter cube with the
following characteristics: excitation filter 340-380 nm, dichro-
matic mirror 400nm and suppression filter LP 425. A
minimum of 300 cells or a sufficient number of microscopic
fields were counted in order to obtain a coefficient of variation
of less than 30%.
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Table 3 - Operating conditions in the biofilm monitoring reactors

RUN 1 RUN 2
Propella® Flow Cell Batch reactor Flow Cell

Uine (/) 0.20 0.21 0 0.34

Qext (mL/day) 7.8 15.1 0 15.1

Re (Reynolds no.) 3970 5000 0 8293

Tw (Pa) 0.80 0.80 0 1.91

HRT (h) 11.9 12.0 1340 12
2.5.  Count of R,A-cultivable bacteria number Q —> D@yt Dy _QQ

Counts of RpA-cultivable bacteria were estimated by the
spread plating method using 100 uL of samples or dilutions
thereof from dispersed biofilm, bulk water and inlet drinking
water, using R,A-agar medium (Reasoner and Geldreich,
1985). The cultures were incubated for 7 days at 22°C.

2.6. Count of metabolically active bacteria number

The redox dye CTC (5-cyano-2,3-ditolyl tetrazolium chloride,
Polysciences) was employed to quantify the metabolically
active bacteria (Rodriguez et al., 1992; Schaule et al., 1993) in
dispersed biofilm, bulk water and inlet drinking water
samples. The samples were incubated with 4mM CTC
solution and 9% R,B medium for 4h in the dark at 28°C and
200rpm. Then the stained suspension was filtered through a
0.22 um black polycarbonate membrane and the metabolically
active bacteria were examined at 1000 x magnification using
the epifluorescent microscope with a LEICA filter cube with
the following characteristics: excitation filter 515-560nm,
dichromatic mirror 580nm and suppression filter LP 590.
The enumeration of cells was done as described above
(Section 2.4).

2.7.  Total and dissolved organic carbon

The total organic carbon (TOC) and the DOC were determined
for the bulk water and inlet drinking water following the
procedures described in the European Standard CEN 1484.
TOC values were obtained in triplicate by subtracting the
values of the total carbon (TC) and the inorganic carbon (IC)
measured in a non-dispersive infrared gas SHIMADZU
Analyzer (TOC-5000A).

The DOC was obtained following the described procedure
with the samples pre-filtered through a 0.45um glass fiber
membrane (ALBET).

2.8. Mass balances and cell number kinetics

The cell growth rates in biofilm and bulk water were
determined by counting the cell total numbers obtained from
bulk water, tap water and biofilm samples.

Consider the cell balance in the reactor represented in
Fig. 2. The accumulation of cells in bulk is related to the net

X.

n

X

Fig. 2 - Bulk water cell balance in the reactor system.
(Par—rate of cell attachment; @4.+—rate of cell detachment
from the surface; Q—water flow rate; X;,—inlet water cell
density; X—outlet water cell density ( = reactor bulk water
cell density, assuming a perfectly mixed system).

transport through the inlet and outlet, the cell removal
and attachment to the biofilm, as well as to the bulk
phase net growth, and it can be expressed by the following
equation:

dx

VE = QXin — X) + tpu VX — Part + Pget, 1)

where V is the volume of the system (mL), Q is the inlet flow
rate (mL/day), Xi, and X are the suspended cell densities (cell/
mL) in the inlet and outlet water, respectively, X}, is the biofilm
cell number per unit surface area (cell/cm?), g is the biofilm
removal rate (cells/day), @, is the rate of cell attachment to
the surface (cells/day) and upuik is the specific cell growth rate
in suspension (day~?). The cell balance related to the biofilm
phase is expressed by

A0y 04, @
where A is the internal surface area (cm?) and &, is the
biofilm production rate (cells/day) in the biofilm. Eq. (2)
describes biofilm development over time as the result of the
competition between a biomass production process (which
includes attachment of new cells and cell growth within the
biofilm) and a biomass removal process (whereby the rate of
cells removed from the biofilm to the bulk water increases
with the number of cells already attached)

Pp = MbiofimXbA + Patt, 3)

Dger = fXpA, (4)

where upiofim is the specific cell growth rate inside the biofilm
(day™") and 1/p represents the average residence time of cells
within the biofilm.

An overall biofilm model can then be established consider-
ing the following cell number balance in the biofilm over time
(Characklis and Marshall, 1990; Melo and Bott, 1997; Melo and



556 WATER RESEARCH 41 (2007) 551-562

Table 4 - Physico-chemical parameters of bulk water

RUN 1 RUN 2
Propella®™ Flow Cell Batch Flow Cell
T (°C) 18.5+2.1 21.0+1.4 20.2+1.0 22.3+1.3
pH 7.4+0.1 7.4+0.1 7.4+0.1 7.5+0.2
0, (mgO,/L) 7.6+0.9 6.2+1.1 7.2+1.1 ND
IC (mgC/L) 16.314+0.09 16.22+0.14 15.53+0.13 16.72+0.56
TOC (mgC/L) 2.07+1.28 3.88+1.12 3.25+0.67 3.56+1.77
DOC (mgC/L) 2.10+1.05 3.77+0.94 3.28+0.68 3.39+0.45
K (mS/cm) 260+43 247 +12 257 +10 236+20

IC—inorganic carbon; TOC—total organic carbon; DOC—dissolved organic carbon; K—water conductivity; ND—not determined. All values are
given as mean +standard deviation of the data registered over 56 operation days.

Vieira, 1999):

dxy,

—— = Pp — fXpA. 5

= %0~ FX )
Considering the assumption that &, = constant, which was
demonstrated by Melo and Vieira (1999) and Pereira et al.

(2002), the integration of Eq. (5) leads to

Xp = (Xp)max(1 — €7 (6)
and
D
(Xb)max = A_/P, )

where (Xp)max 1S the steady-state biofilm cell number per
unit surface Similar asymptotic models have
been shown to describe biofilm dynamics over time by
several authors (Characklis and Marshall, 1990; Belkhadir
et al., 1988).

Although the number of cells in suspension might be
important for the start up of biofilm formation on surfaces,
cell attachment to the surface does not seem to affect biofilm
development in a significant way after those initial moments,
as confirmed experimentally (Bott and Miller, 1983, and Melo
and Vieira, 1999). Therefore, Eq. (3) can be simplified into

Pp = lpiofilmXbA- (8)

area.

Therefore, at steady-state, the (final) specific biofilm cell
growth rate in the biofilm, },L*bioﬁlm, is related to the final cell
number per unit surface area, (Xp)max, and the biofilm
production rate, @, by the following equation:

* (Dp
Hoiofilm = Xy 4" ©)
max

which means that cell growth in the biofilm in steady state is
equal to the cell detachment from biofilm.

In order to determine upui, Egs. (1) and (2) were added and
at steady state (the time derivatives are zero):

0=QXin — X*) + X"V + Hgiofitm Xb)maxAs (10)

where X* and (Xp)nax are the steady state values of suspended
cell density and the biofilm cell number per unit surface area,
respectively. The cell growth rate in bulk in steady state may

be obtained once p; 4., 1S known.

* _ Q(X* - Xin) - ;“});ioﬁ]m(xb)maxA
Hpulk = XV :

(11)

Defining an overall specific cell growth rate, poveran, as a
weighed average of the cell growth rates in the biofilm and in
the bulk water (Boe-Hansen et al., 2002b), then

Hoverall(XV + XpA) = ppun XV + /‘bioﬁlmXbA' (12)

Therefore, taking into account Eq. (11), the steady state
overall specific rate growth can also be given by
QX" — Xin)

* o Xy 13
Hovyerall X*V + (Xp)maxA -

2.9. Statistics

The experimental data were analyzed using the computer
program SPSS (version 13.00, UTHSCSA). The statistics were
performed with the Levene’s homogeneity of variance test,
the one-way analysis of variance, the Tukey honestly
significant difference and the Tamhane’s T2 post hoc tests.
Mean comparisons were performed with significant level of
p<0.05. Ninety-five percent confidence intervals were calcu-
lated assuming a normal distribution based on the standard
deviation and the number of samples.

3. Results and discussion
3.1.  Suspended cells in bulk water

In the experimental RUN 1, water samples from the three
reactors and from the tap were regularly collected and
analyzed at time zero and at different times between
operation days 5 and 56. The physico-chemical parameters
(Table 4) presented almost constant values over time. The
slightly lower temperatures registered in the Propella® are
due to the fact that this reactor was installed in a colder room.
In RUN 2, several samples were collected from the first day
until day 28, and the measured physico-chemical parameters
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Fig. 3 - Cell densities in bulk water: (a) total cells; (b) metabolically active cells and (c) R,A-cultivable cells for the indicated

biofilm monitoring reactors in RUN 1 and in tap water.

of the bulk water were generally similar to those of RUN 1
(Table 4).

The densities of cells in the bulk water of the three reactors
and in the feeding tap water for RUN 1 are plotted in Fig. 3. In
all reactors, a quasi-steady state was achieved after 5
operation days, since suspended cell densities were thereon
constant with time, although with some fluctuations. The cell
densities decreased in the order of total, metabolically active
and R,A-cultivable cells for each water system tested. Around
35-50% of the total cells were metabolically active and fewer
(5-20%) were able to form colony units in R,A medium.

In the Flow Cell assay with a higher internal velocity (RUN
2), data show that the steady state was reached after 2-3 days
of operation with 1.8 x 107 +3.1 x 10° total suspended cells/
mL. This value is around three times higher than that
observed in RUN 1 inside the Flow Cell reactor, which was
6.1 x 10°+3.1 x 10° total suspended cells/mL. The increase in
the bulk water densities with internal velocity may indicate a
higher detachment rate and a possible higher planktonic
growth due to an increase of the average temperature.

In RUN 1, the total cell numbers per milliliter in the bulk
water were 10-fold higher in the Flow Cell than in the
Propella® reactor.

Total suspended cell density in the Batch reactor was lower
than in the Flow Cell, since there is no additional feed of
biomass or nutrients after loading the reactor. As expected,
inlet tap water presented the lowest values of suspended
cells, since residence times and temperatures are higher
inside the reactors.

3.2. Cells in biofilms

Biofilm samples were collected during the quasi-steady state
phase for microbiological analysis and the results are
presented in Fig. 4 for assays with the Propella®, Flow Cell
and Batch reactors containing the PVC coupons (RUN 1). The
values of total, metabolically active and R,A cultivable cells
obtained in the continuous reactors were higher than in the
Batch reactor. This could be due to the fact that in the
continuous systems the dilution rate was much higher than
the microbial growth rates, which is known to stimulate
adhesion (Heijnen et al., 1992). The cell numbers observed for
biofilms grown in the Propella® and Flow Cell were similar
and higher than in the Batch system.

As in the case of suspended cells, the biofilm total cells per
square centimeter were always higher than the metabolically
active cells and these were higher than the cultivable cells
grown on PVC at each sampling time. Similar results were
found by Schaule et al. (1993), Kalmbach et al. (1997),
Schwartz et al. (1998), Boe-Hansen et al. (2002b) and
Wingender and Flemming (2004). Around 17-35% of the total
cells were metabolically active and 8-15% were cultivable in
R,A medium. These percentages of metabolically active cells
are within the ranges reported by Kalmbach et al. (1997),
Schaule et al. (1993) and Schwartz et al. (1998). The data on
cultivable cells agree with those published by Schwartz et al.
(1998), who studied biofilms of 9-36 days, similar to those
reported in the present paper (5-56 days). All the other
authors based their work on much older biofilms
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(6 months-99 years), which may explain the loss of cultiva-
bility of cells (less than 4% of cultivable cells).

Fig. 5 compares the total cell numbers per unit surface area
for biofilms grown on PVC and HDPE under different flow
velocities (RUN 1 and RUN 2). Increasing the shear stress
resulted in lower cell numbers per unit surface area on both
materials: for PVC, in steady state, 2.6 x 107 cells/cm?
(+£5.7x10°% and 6.1 x 10°cells/cm? (+2.5 x 10°) for 1, = 0.8
and 1.91Pa, respectively; for HDPE, the values were
8.7 x 107 cells/cm?  (+1.2x10") and 8.2 x 10°cells/cm?

(+1.3x10% for 1y = 0.8 and 1.91Pa, respectively. This effect
is usually observed in biofilms formed under turbulent flow
conditions (Pinheiro et al., 1988; Bott, 1995).
3.3.  Suspended cells versus biofilm cells
In Fig. 6, the total attached cells per unit surface area are
plotted against the total suspended cell density for biofilms

grown on PVC and HDPE at quasi-steady state in RUN 1.
Apparently, no meaningful dependency can be detected
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between suspended and biofilm total cells. Similar conclu-
sions can be drawn from the analysis of the steady state
results of RUN 2 (Fig. 7).

It is interesting to note that the average ratio between
attached and suspended cells in the quasi-steady state period
depended on the reactor type, being much higher in the
Propella system (about 50) than in the Flow Cell (about 10), cf.
Fig. 6. Two factors may explain this behaviour: firstly, the
average temperature is higher in the Flow Cell; secondly,
although equal water velocities were used in the Propella®
and Flow Cell reactors, the Reynolds number was 25% higher
in the Flow Cell system, which should indicate a higher
degree of turbulence intensity in this reactor (this is due to
differences in the hydraulic diameter and cross section shape
of the two reactors which imply different hydrodynamic
patterns). A lower attached cells/suspended cells ratio was
found when a higher velocity was used in the same reactor
(Flow Cell, RUNS 1 and 2), independently of the surface
material. This may be due to an increase in the flow velocity
(hence, shear stress) and Reynolds number (and, therefore,
degree of turbulence) from RUN 1 to RUN 2 in the Flow Cell.

The data in Fig. 6 also suggest that in steady-state the
attached cells number is not controlled by the suspended
cells number, as observed before by Bott and Miller (1983) and
Melo and Vieira (1999). Although suspended cells may still
attach to the surface and participate to the biofilm formation,

their contribution seems to have a minor effect when
compared to the internal growth of the attached cells.
Nutrients, chemical parameters (pH, biocides, etc.) and
hydrodynamics seem to be the most important factors that
condition biofilm growth rates (Pedersen, 1990; Bott, 1995;
Kerr et al, 1999; Batté et al., 2003), except when there is
significant release of nutrients from the surface material to
the water (Lethola et al., 2004, 2005).

3.4.  Effect of surface material on biofilm formation

Drinking water biofilms were grown on common polymeric
surfaces (PVC, PEX, HDPE and PP) using the Propella®, Flow
Cell and Batch reactors, and the data obtained in quasi-steady
state are presented in Fig. 8. The results followed the trends
already observed showing that for all reactors 17-35% of the
total cells were CTC-reducing cells and 6-18% were cells able
to form colony units.

Comparing the results in the three reactors, the average
total cell numbers per unit surface area in quasi-steady state
were similar in the two continuous flow systems and higher
than in the Batch reactor, independently of the material
(p< 0.05). For each reactor, it can be said that the quasi-steady
state biofilm amount was not greatly affected by the tested
surface material; the same occurred with the biofilm relative
composition in terms of metabolically active versus total
cells, indicating that the active fraction of biofilms did not
depend on the surface composition. Therefore, it seems that
the growth potential of the biofilms was also not affected by
the adhesion surface. It should be emphasized, however, that
the biofilms in this study were rather young and that almost
stable conditions were kept during the assays, as opposed to
what happens in a real drinking water distribution network.
The results here presented are in accordance with work from
several authors, but they are at variance with others (as
summarized in the Introduction section of this paper).
Clearly, the surface factor still requires a systematic experi-
mental analysis, where the various variables (surface compo-
sition and roughness, biofilm age, nutrient release from the
surface, hydrodynamic conditions, environmental stability)
are taken into account and duly controlled.

3.5. Specific growth rates in biofilms and in bulk water

In order to assess the kinetics of biofilm development and
compare it to the suspended cell growth rates, tests were
carried out in the Flow Cell (RUN 2) where a higher number of
biofilm and water samples were collected during the initial
phase (transient period) of biofilm formation. The results are
presented in Fig. 9 for biofilms grown on PVC and HDPE.

The data from RUN 2 was used to calculate specific growth
rates in the biofilm, as presented in Table 5. The maximum
total cell number per unit surface area, (Xp)max Was obtained
from data at steady state (Fig. 9) and the biofilm production
rate, ¢, was determined from the data obtained in the initial
period of biofilm formation by fitting Eq. (6), which allowed
Ubiofilm to be calculated with Eq. (9). Finally, upun was
calculated with Eq. (11) and the overall specific growth rate,
loverall, Was calculated using Eq. (13).
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Table 5 - Specific cell growth rates at steady state (RUN 2)

PVC

HDPE

(Xb)max (cell/cm?)
Py, (cell/day)

6.1 x 10°+2.5 x 10°
2.5 x 10%+1.4 x 102

8.2 x 10°+1.3 x 10°
3.1 x 102+8.6 x 10!

Ibiofilm (day ™) 0.15+0.09 0.14+0.05
Wk (day™?) 1.8+0.1 1.8+0.1
Hoveran (day™?) 1.4+ 0.2 1.3+0.2

The values of the specific growth rates obtained for bio-
films grown on PVC and HDPE (Table 5) are not statistically
different (p>0.05), meaning that the surface material had
no visible effect on the biofilm growth. It should also
be emphasized that the average specific growth rates of

cells in the biofilm were much lower than those in the
microbial suspension (bulk water), which agrees with the
published literature in the last decade (Lappin-Scott and
Costerton, 1995) where the metabolic state of attached cells
was reported to be different from the one in suspended
cultures. It should be noted that the specific growth rate in
the liquid suspension is similar to the inverse of the hydraulic
residence time, which is in accordance with the chemostat
principles.

Pedersen (1990), Block et al. (1993) and Boe-Hansen et al.
(20023, b) reported lower growth rates for cells in drinking
water biofilms, probably due to different shear stresses,
lower temperatures of the water or chlorinated systems.
The results of Boe-Hansen et al. (2002b) for specific
growth rates in bulk water are around 10 times higher
than in biofilm, as in the present work. Other authors
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determined biofilm kinetics in wastewater and industrial
cooling water systems and concluded that cell growth
kinetics in biofilms was slower than in suspension (Wies-
mann, 1994; Vieira and Melo, 1999). For example, specific
growth rates of Pseudomonas fluorescens in suspended cultures
are of the order of 107*h™" (Robinson et al., 1984), but the
values found for the same cells in a biofilm (Vieira and Melo,
1999) were 10 times lower. However, as opposed to the present
case, those biofilms were quite thick (200-700pm) and
contained significant amounts of EPS that contributed to
internal diffusional limitations and, possibly, to different
metabolic states of the bacteria located along the depth of the
biofilm matrix. In the present work, the biofilms were very
thin and essentially composed by cell colonies; no EPS could
be detected with the available methods. This fact may be
related to the scarcity of nutrients in properly treated
drinking water, as compared to wastewater or industrial
cooling waters, and to the presence of disinfectants.

Using the values obtained for (Xp)max and uLioﬁlm, the
asymptotic model (Eq. (6)) is represented in Fig. 9 (continuous
line) and gives a satisfactory fit of the experimental trends.
This model assumes that steady state is achieved when there
is a balance between biofilm removal and growth, which is
just a conceptual approach because these events do not
happen continuously and with the same extent. That is why
some uncertainty exists that is not described by the model, as
observed in Fig. 9.

4, Conclusions

(1) The study of biofilm formation in drinking water systems
under the same flow velocity (Propella® and Flow Cell
reactors) and stagnant conditions (non-stirred Batch
reactor) showed that the total cell counts per unit surface
area were around one order of magnitude higher in the
flow reactors than in the Batch reactor. Although the Flow
Cell and Propella® reactors have completely different
designs, their performance was similar as regards bacter-
ial accumulation on surfaces under the same flow
velocity. However, the ratio of attached cells to suspended
cells in the Propella® was much higher than in the Flow
Cell for the same velocity. This can be the result of higher
temperature and Reynolds number in the Flow Cell, as
well as of differences in the ratio volume/area and reactor
design.

(2) The various surface materials tested (PVC, HDPE, PEX and
PP) did not affect bacterial accumulation both in flow
situations and in stagnant waters. In quasi-steady state,
the metabolically active bacteria in biofilms were around
17-34% of the total cells and 6-18% were able to form
colony units in RyA, regardless the surface materials and
reactor geometry. Similarly, the percentages of suspended
metabolically active and cultivable cells in the bulk waters
inside the reactors were 35-50% and 5-20% of the total
cells, respectively.

(3) In steady state, the specific cell growth rate in the biofilm,
Ibiofilm, Was substantially lower than in the water, upun,
(0.14-0.15day* versus 1.8day ). The overall specific cell
growth rate, Loverall (a weighed average value, which

indicates the growth potential in the whole system,
including suspended and attached biomass), was similar
with both surface materials (around 1.3-1.4day ™).
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