Comparing the effect of various pipe materials on biofilm

formation in chlorinated and combined chlorine-chloraminated

water systems

Maggy NB Momba* and N Makala
Department of Biochemistry and Microbiology, University of Fort Hare, P/Bag x 1314, Alice 5700, South Africa

Abstract

To comparethe effect of various pipe materialson biofilm formation, surface water was used asthetest water source; plastic-based
pipe materials (polyvinyl chloride-PVC, unplasticised polyvinyl chloride-UPVC, medium density polyethylene-MDPE) and
cement-based pipe materials (cement and asbestos cement) are commonly used in drinking water distribution systems in South
Africa as test pipe materials. Disinfection was performed using ca 2.5 mg-£* initial chlorine followed by ca 1.5mg-2*
monochloramine. The evaluation of the process relied on attached coliforms and heterotrophic plate count bacteria.

General dataindicated the colonisation of all test pipe materials by micro-organisms under the chlorination process within the
first 20 min and over the remainder of the study period. The addition of monochloramine to the chlorinated water system (24 h
after chlorination) resulted in the removal of coliforms and heterotrophic bacteria attached to pipe materials. Less than
1 cfu-cm? viable bacterium (except for PV C) was observed on the surface of test pipes between 48 and 168 h. However, the factor
of time cannot be ignored in determining the effect of pipe materials on biofilm formation in potable water systems. Bacterial
regrowth occurred on the surface of al pipe materials between 168 and 672 h. The capability of bacterial regrowth occurring on
the surface of test pipe materials during this period was linked to the depletion of the concentration of monochloramine residual.

Statistical evidence showed that the generic type of pipe materialsgreatly influenced the density of bacteriain laboratory-scale
systems. Cement-based materials significantly supported less fixed bacteria than plastic-based materials (at p<0.05 and p<0.01).
No significant difference in attached bacterial counts was found between the same generic types of pipe materials. This study
suggests the use of cement and asbestos cement pipes for the distribution of chlorine-monochloramine treated water. Statistical
evidence also showed that al physico-chemical parameters (temperature, pH, turbidity, dissolved organic carbon, total nitrogen,
sulphate) had no significant effect on bacterial number at p<0.05, implying that the presence of an effective monochloramine
residual in the chlorinated water system remains one of the most important factors in controlling the effect of pipe materials on
biofilm formation.
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Introduction

The purpose of a water distribution system is to deliver to each
consumer safe drinking water that is adequate in quantity and
delivery pressure and acceptable in terms of taste, odour and
appearance. The management of water quality in distribution
systemsis amajor technological challenge to the water industry.
Vigilance for any contamination and microbial degradation must
be maintained. This is complicated by the very nature of the
distribution system that is adynamic network of mains, which are
now availablein adiverserange of materials (Block et al., 1993a).
Pipe materials for water supply and distribution can generally be
classified into one of three generic types. cementitious, metallic
and plastic. A wide range of pressure pipe materials is available
within these categories, and such materials are used in varying
proportions across the countries of the world. Each of these
materials has shown its technical advantages, but may also have
technical and or economic limitations(Lion et a., 1988). Thefirst
stage in selecting pipe materials is a definition of the proposed
application. This would require a knowledge of the operating
conditions, including the hydraulic requirements (flow, pressure),
aggressiveness of water (pH, akalinity), external and internal
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corrosivity, microbial contamination, soil loading, handling and
joining under different topography, etc. (Lion et al., 1998).
Itiswell known that micro-organismscan coloniseany surface
in contact with water. Bacterial growth in adrinking water distri-
bution system mainly occurs on the internal surface of the pipes.
Detachment of bacteriafrom thisbiofilm may thus affect the water
quality. Previous investigators have shown that bacterial growth
occurring on pipe walls depends on different factors. concentra-
tions of disinfectant (Momba et a., 1998; Momba and Binda,
2002), water temperature (Kaye and Nagy, 1999; Zacheus et al.,
2000), pipematerials(LeChevallier etal., 1990) and concentration
of biodegradable dissolved organic carbon (BDOC) which is the
main substrate allowing bacterial growth in drinking water (Block
etal., 1993; LeChevallier etal., 1993; Servaiset a., 1995; Servais,
1996). The characteristics of the material composing pipes may
greatly influence the densities of bacteria fixed in a distribution
system. Studieshave pointed out that the roughness of the material
used for the distribution of potable water contributes to bacterial
attachment (Pedersen, 1990; Percival etal., 1998). Pedersen (1990)
compared biofilm devel opment on stainlesssteel and PV C surfaces
exposed to flowing municipal drinking water. After 167 d he
measured a number of micro-organisms growing on the surface.
Although there was no difference in the number of cells on the
hydrophabic el ectron polished stainless steel and the hydrophobic
PV C, the author reported that rougher stainless steel had 1.4 times
more micro-organismsthan el ectro-polished steel . Mombaand co-
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workers (1998) reported a higher yield in viable bacteria on
stainless steel coupons than on cement coupons during the first
8 h of their experimental study. Although smoother surfacesdelay
initial buildup of attached bacteria, smoothness does not signifi-
cantly affect the total amount of biofilm that will attach to the
surface. In general, on smooth surfaces, biofilmsform at aslower
initial ratethan on rough ones, but biofilm formation after aperiod
of daysisinevitable (Van der Wende and Charaklis, 1990).

Piping materials on which micro-organisms cannot adhere
have yet to be discovered (Mayette, 1992). Experimental studies
have shown that biofilmsattach to theinner surface of the distribu-
tion system even in the presence of free residual chlorine concen-
tration higher than 2.5 mg-£* (De Beer et a., 1994; Mombaet al.,
1999; Momba and Binda, 2002). Zacheus and co-workers (2000)
reported that ozonation had no effect on biofilm formation on
polyvinyl chloride (PVC), polyethylene (PV) and stainless steel.
Lund and Ormerod (1995) also found that ozonation and ultra-
violetirradiation (UV) could not prevent biofilm formation on the
surface of high-density polyethylene. Momba and co-workers
(1998) reported the effectiveness of monochloramine in control-
ling biofilm regrowth on the stainless steel and cement surfaces
when compared to chlorine, ozone and UV. In another study,
Momba and Binda (2002) showed that a combination of chlorine
and monochloramine provided an effective treatment for theinhi-
bition of biofilm on the surface of stainless steel and galvanised
mild steel aslong as an effective monochloramineresidual of 0.35
mg-£* was maintained throughout the system. Chloramination as
a second disinfectant was statistically proven to be the best and
safest water purification process.

To be more efficient in the control of biofilms, a better
understanding of the mechanisms involved in biofilm develop-
ment, and especially those factors affecting the rate of bacterial
colonisation and regrowth are necessary (Costerton et al., 1987).
The present study is aimed at comparing the effect various pipe
materialson biofilm formation in chlorine and combined chlorine-
monochloramine treated water systems. During the study period,
surface water was used as the water source; plastic-based (PVC,
UPVC, MDPE) and cement-based (C and AC) material swereused
as test pipes for the study of biofilms. The concentrations of
inorganic and organic compounds in treated water systems were
also taken in account. Using statistical analysis, a comparative
study was performed. The study was planned to provide more
information that could assist the South African water authoritiesto
establish a regulation that will help drinking water producers to
choose pipe materias, which could minimise the possibility of
biofim development in an effort to improve the quality of potable
water.

Materials and methods
Identification of pipe materials

A questionnairerel ating to the type of pipematerialsused in South
Africafor the distribution of potable water, main disinfectant and
initial dose used for the disinfection of drinking water, and prob-
lems linked to bacterial regrowth and biofilm formation in the
distribution systemswas designed and sent to 500 water treatment
authorities. Datacollected from thisquestionnairereveal ed that 11
types of pipe materials are used in the following percentage:
polyvinyl chloride-PVC (25%), asbestos cement-AC (21%), as-
bestos(19%), unplasticised polyvinyl chloride-UPV C (16%), steels
(8%), cement-C (4%), bitumen coated (3%), high density
polyethylene-MDPE (2%), copper (1%), galvanised mild steel
(1%), mortar lined steel (1%), cast iron (1%). Data from the
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questionnaire also reveal ed that 84.2% of water treatment authori-
ties use only chlorine (especialy chlorine gas) as the main disin-
fectant. Theinitia chlorine dose used to disinfect the intake water
remains unknown (65%); mainly for rural water treatment plants.
Moreover, theproblem of bacterial regrowthandbiofilmformation
is well known only in urban water treatment plants (15.8%)
whereas 84.2 % of the water treatment authoritiesin rural commu-
nities do not understand or ignore it due to the fact that no
monitoring of the microbiological quality of water isperformedin
such water treatment plants. This study considered three plastic-
based pipe materials (PV C, UPV C, MDPE) and two cement-based
pipe materials (cement and asbestos cement).

Test water source

The experiment was performed using surface water fromthe Alice
purification system. The Alice plant isaconventional water treat-
ment plant (coagulation, hydraulic flocculation, sedimentation,
filtration, chlorination), treating water from the Binfield Dam on
the Tyume River. The coagulants are dosed at the same point just
ahead of a 90° V-notch weir and hydraulic jump. Powdered
hydrated lime and granular alum are mixed with domestic water in
separate dissolving/slurry tanks and then fed under gravity to the
dosing point. Flash mixing results from the turbulence generated
over the hydraulic jump. At the foot of the jump, the water enters
arelatively short hydraulic flocculator before flowing to a three-
way flow splitter. From the splitter the water flows to three
horizontal settling tanks. Settled water overflows into a common
channel, which flows to the filters. The filter influent is split
between three 4.3 m diameter autonomous valveless sand filters.
Chlorine gas is added to the combined filtrate just ahead of a
100 ke in-plant reservoir. Water leavesthe plant viaa900 mm line
and entersthe town’ s bulk distribution system. The test water was
collected after filtrationjust beforeit reached the chl orination tank.

Sampling of test waters

Water samples were collected in four 50 £ sterile polyethylene
drums and one sterile bottle from the filtration tank. The water
sample in the sterile bottle was used to check theinitial bacterial
counts in water. Before use, the drums were washed with the
detergent, rinsed with hot tap water and distilled water, and then
disinfected with 5 mg-£* of chlorine for 24 h. Twenty-four hours
after disinfection, sodium thiosulphate (ca17.5 mg-£*) was added
to the drums to stop further chlorination and neutralise any disin-
fectant residual. The drums were then rinsed with sterile distilled
water, after which atotal microbiological count was doneto check
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thesterility of thedrum. Samplewaterswerethentransportedtothe
laboratory and analysis proceeded immediately.

Laboratory-scale unit

The experimental study was performed using the laboratory-scale
unit (Fig. 1), described for thefirst timefor the study of biofouling
by Jacobs et al. (1996) and repeatedly used by Momba (1997) and
Mombaand co-workers (1998,1999; 2000; 2002) for the study of
biofilm in potable water systems. The laboratory-scale unit con-
sisted of 1 x 50 £ polyethylene drum, which was attached in series
to aperistaltic pump, aflow-through glasstube, a Pedersen device
(26 x 10 x 3cm) and atap. All components were connected using
latex tubing (8 mm diameter, 4 m length), which allowed the
circulation of water in the system. The purpose of aflow-through
glasstubewasthevisualisation of thebiofilm. The Pedersen device
was used to allow biofilm formation to be studied on plastic-based
materials (PVC, UPVC and MDPE) and cement-based materials
(Cement-C and Asbestos Cement-A/C). Twenty slides of each
pipematerial (plastic-based slides- 75 x 25 x 1 mm; cement-based
dlides- 25x 25x 10mm) wereinstalled vertically into one Pedersen
device. Prior to use, all four laboratory-scale units and the slides
were treated in the same manner asthe drums. Water circul ated at
arate of 2.8.2:h*.

Disinfection processes

Prior to disinfection, the chlorine demand of the water was deter-
mined. Thepartially treated surface water (water after sedimenta-
tion and sand filtration) was disinfected with the initial free
chlorine of 2.5 mg-£* prior to being transferred into four separate
|aboratory-scaleunitsdesignedfor theexperimental study. Twenty-
four hours after the circulation of the test waters in the different
systems, 1.5 mg-£'* monochloramine was separately added to the
chlorinated water systemstoform chlorine-monochl oraminetreated
water. The monochl oramine solution was prepared by reacting the
chlorinesolutionwithammoniumsulphateat aNH,: Cl massration
of 4:1.

To obtain statistically meaningful results, two runs of the
experimental study were done for the disinfected water. For each
run, two water systemsweredisinfected with chlorineonly and the
other two systems with combined chlorine and monochloramine.
The experimental study was conducted for a period of 672 h for
each water system. Disinfected water samples were taken before
the circulation of water in the laboratory-scale systems and after
monochloramination and thereafter once a week for physico-
chemical and microbiological analyses. No neutralisation of any
disinfectant in the laboratory-scale units was done during the
experimental period, with the exception of samples on which
microbiological analyses were conducted.

Physico-chemical analyses

Concentrations of initial and residual disinfectants (free chlorine
and monochloramine) were measured using N, N-diethyl-p-phe-
nylenediamine (DPD, Sigma) ferrous titrimetric method (APHA,
1998). Temperature, pH and turbidity were determined according
to standard methods (Sandard Methods, 1998). Calcium (Ca?*),
magnesium, (Mg?") chemical oxygen demand (COD), total nitro-
gen (N), phosphate (PO,*), sulphate (SO, ) concentrations were
determined using the spectroquant NOVA 60 Manual (1998) and
photometric test kits (Merck Laboraty Supplies (Pty) Ltd, South
Africa). Samples for dissolved organic carbon (DOC) were pre-
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pared according to Mathieu et al ., (1993). Sterile pre-treated glass
bottles (pre-treatment: 200°C for 8 h) containing the DOC samples
were hermetically sealed, placed on ice and sent to the CSIR,
Pretoria, South Africa, for the measurement of DOC concentra-
tions.

Biofilm analyses

Biofilm experimentswere conducted for the chlorinated water and
the combined chlorine-monochloramine treated water. The colo-
nised pipe sides were removed aseptically from the Pedersen
devices. The removed slides were put into sterile plastic bottles
with20ml sterileMilliQwater. For eachtypeof pipematerias, two
slides(75x 25 x 1 mm) wereremoved. To detach biofilmsfromthe
slide surfaces, the bottles were vortexed for 2 min using a vortex
mixer (VM-3000, Millipore, South Africa). Attached coliform
bacteria were enumerated by the membrane filtration procedure
using the filter membrane with 0.45 um pore size and 47 mm
diameter (Millipore). Membraneswere placed on Chromocult agar
(Merck), and al plates were incubated at 37°C for 24 h. Analyses
were carried out in triplicate. Heterotrophic plate count bacteria
were enumerated by the standard plate spread method using R2A
agar (Oxoid), incubated at 28°C for 7 d (Standard Methods, 1998).
Analyseswere carried out in duplicate. Attached bacterial counts
were expressed in cfu-cm?, and calculated using the following
equation:

Attached viable count (cfu-cm?) =N x D /surface areaof sides

where:
N = average number of coloniesand
D = dilution factor.

Statistical analyses

To compare variations in treatments, ANOVA (x = 0.05) was
applied to the bacterial counts with the latter as the dependent
variable. The number of heterotrophic plate count bacteria was
transformed by taking the logarithm base 10 to stabilise the
variance. The numbers of the hours as well as the pipe materials
were used to identify their effect of biofilm formation. A correla-
tion was established between attached bacterial counts and disin-
fectant residual concentrations and between bacterial counts and
the concentrations of organic and inorganic compoundsin waters.

Results
Microbiological features on slides

Coliform bacteria

Figure 2illustratesthe results of atwo-way ANOV A for the mean
coliformbacterial countswhen considering factorsof timeand pipe
materials (polyvinyl chloride-PV C, unplasticised polyvinyl chlo-
ride-UPVC, medium density polyethylene-MDPE, cement and
asbestos cement-AC) exposed to chlorine and chlorine-mono-
chloramine treated waters.

Chlorinated water — The attachment of coliform bacteria on test
pipes exposed to chlorinated water was apparent within 20 min
(Fig. 2). Twenty-four hours after chlorination, an increase in
coliform counts was observed on the surface of all pipes with a
higher number on the cement pipe than on the other pipe materials
(Fig. 2). The coliform counts progressively increased between
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) p<0.05and p<0.01(Fig. 3).

Figure 3

Mean of heterotrophic plate count bacteria (log.cfu-cm?) by time and pipe
materials within chlorine (0 h - 672 h) and combined chlorine-monochloramine

(24 h - 672 h) treated water systems

336 and 672 h. Mean bacterial counts between 48 and 168 h were
comparatively lower than those recorded between 336 and 672 h
(Fig. 2). Acrossthepipes, themean countson AC and C pipeswere
significantly lower than those on PV C, UPV C and MDPE pipesat
P<0.01

Combined chlorine-monochloraminated water system — The
addition of 1.5 mg-£* mochloramine to the chlorinated water
system resulted in the removal of coliform bacteriaon the surface
of all pipe materials between 24 and 48 h, after which a gradual
increase in bacterial counts occurred on PVC, UPVC and HDPE
between 168 and 672 h (Fig. 2). Coliform regrowthon Cand AC
pipes exposed to the combined system occurred within 336 h.
Between 336 and 672 h; the numbers of coliform bacteriareached
3 and 2 cfu-cm? respectively. The mean bacteria counts were
significantly lower on the cement-based pipe materialsthan on the
plastic-based pipe materias at p < 0.05.

Heterotrophic plate count bacteria
The bacterial countsfor HPC were transformed into log values to
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Chlorine-monochloramine treated water
— Although attachment of bacteria was ob-
served on al pipe materials within 20 min
after chlorination, the addition of 1.5 mg-£*
monochloramine in the chlorinated water system resulted in a
gradual decrease of bacteria count. Less than 1 cfu-cm? was
observed on the surface of test pipes between 24 and 72 h, after
which the number of HPC bacteria progressively increased and
reached the maximum total numbers of 3 log cfu-cm? and 2 log
HPC-cm? on plastic-based pipes and cement-based pipes respec-
tively (Fig. 3). Acrossthe pipes, C and AC showed astatistically
significant differencein mean countsof HPC bacteriacompared to
PVC, uPVC and MDPE at p < 0.05 and also at p < 0.01.

Physico-chemical quality of test waters
With the exception of DOC levels, the concentrations of inorganic
compoundsand thelevel of turbidity inall water systemsreflected
the limits allowed for potable water (Table 1). Compared to the
initial water, an increased temperature value was noted in treated
watersand thistemperaturewassimilar inall treated water systems
(Table 1).

Although aninitial concentration of chlorine (2.5 mg-£*) was
added to al four batch reactors to produce chlorinated water
systems, a quicker decrease of the concentration of free chlorine
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monochloramine in both combined water systems

TABLE 1
Physico-chemical values (range) of the test waters in different batch reactors
Test Parameters
water
T (°C) pH NTU coD DOC N PO S0,”
(mg£Y) | (mg£h) | (mg£h) | (mgLh) | (mg-L?
Limit for no risk
< 25°C 6-9 0-1 NS 0-5 0-6 NS 0-200
WI, 19-22 61-73 | 09-13 40-48 | 140-190| 06-1.2 <05 3643
BRPC 19-22 6.7-77 | 03-038 <40 120-210| 06-18 <05 32-42
BRCC 19-22 73-77 | 03-08 <40 80-130 | 0.8-21 <05 34-48
BRPM 19-22 73-80 | 04-09 <40 32-50 | 05-19 <05 31-44
BRCM 19-22 73-81| 03-09 <40 69-88 | 05-20 <05 32-50
Wi, — Initial water; BRPC — Batch reactor with plastic
BRPM — Batch reactor with plastic slides in chlorine-monochloramine treated water system
BRCC - Batchreactor with plastic slidesin the chlorine water system
BRCM — Batch reactor with cement slides in the chlorine-monochloramine treated water systems
residual was noted in chlorinated water systems 8
with plastic-based materials than in those withce- 5 25 |
ment-ba;ed materials within the_first 24 h. _S_imilar -% 5 =P RP-chlo
observations were also noted with the addition of e
. . = —#— BRC-chlo
monochloramine in the chlorinated water systems, S 1.5
despite a longer persistence of the residual B BRP-mono
£ 1 BRC-mono
a

(Fig. 4).

Correlation between mean bacterial
counts and the concentration of inorganic
and organic compounds in test waters
Inchlorinated water systems, thetemperature, DOC
and total nitrogen showed weak negative correla-
tions with coliform bacteria attached to plastic-
based pipe materialsand cement-based pi pe materi-
als, while the pH, turbidity and sulphate showed weak positive
correlations. In both cases, these correlations were not significant
at p <0.05 Similar statistical observations were also noted in
chlorine-monochloramine water systems although positive corre-
lations were registered between mean counts of coliform bacteria
and the values of temperature, pH, turbidity and sulphate, and
negative correlations were recorded for DOC and total nitrogen
(Table 2).

With the exception of the turbidity and the sulphate, negative
correlations were registered between the number of heterotrophic
plate count bacteria attached to plastic and cement-based pipe
materials exposed to both chlorine and chlorine-monochloramine
treated water. Statistical evidence showed nosignificant difference
between bacterial counts and physico-chemical parametersat p <
0.05 (Table 3).

Correlation between mean bacterial counts and the
concentrations of disinfectant residuals in test waters
Although negative correlations were registered between the con-
centrations of disinfectant residuals and the attached bacterial
counts, thewater treated with acombined chlorine-monochloramine
disinfectant showed high correlation values compared to the water
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0 0333 24 48 72 168 336 504 672

Time (h)
Figure 4

Decay of chlorine and monochloramine residuals (average values)

in treated water systems

treated with chlorine only, and the correlations were significant at
p<0.05 (Table 4).

Discussion

From the present study, important relations can be drawn; firstly
between the formation of biofilm and the type of disinfection
processes, and secondly between the density of fixed cellsand the
generic type of pipe materials.

General dataindicated thecol onisation of all test pipematerials
by micro-organisms under chlorination (Figs. 2- 3). This biofilm
included both coliforms and herotrophic plate count bacteria. The
possihility of the cell attachment (especially within 20 min) onthe
surface of test pipe materials exposed to chlorinated water is
supported by weak correl ationsof freechlorineresidual concentra-
tions with bacterial numbers (Table 4). Statistically none of these
correlations were significant at p < 0.05, which means, although
therewereinverserelations, theserelationswere not as significant
as might have been expected. Bacterial biofilms developing in
distribution systemsreceiving chlorinated water have been repeat-
edly reported by previousinvestigators (LeChevallier et a., 1987,
1988, 1990; Van der Wende and Characklis, 1990; Camper et al.,

ISSN 0378-4738 = Water SA Vol. 30 No. 2 April 2004 179



TABLE 2

Correlations between attached coliform bacterial counts (mean) and Physico-chemical
values (means) in treated water systems (between 48 h and 672 h at p<0.05)

Mackey et al.,
1998; Camper et
al.,1999; Momba
etd., 1999). The
capability of E.

r -

correlation, p<0.05
not considered.

Parameter Test water coli to survive a
) ) ) highfreechlorine
Chlorinated water Chlorine-monochloraminated water residual dose of

p-1
BRP BRC BRP BRC 0.7:mg:" and to
attachonpipema-
r p R p r p r p terials such as
stainless steels
T (°C) -0.46 0.43 -0.41 0.50 0.64 0.24 0.69 0.19 was reported by
pH 0.23 0.71 0.50 0.40 0.27 0.34 0.18 0.77 Momba and co-
NTU 0.27 0.67 0.27 0.66 0.12 0.85 0.15 0.80 workers in 1999.
COD (mg-£%) - - - - - - - B, The  authors
DOC (mg-¢?) | -0.41 0.50 -0.18 0.77 -0.44 -0.46 -0.54 0.35 pointed out that
N (mg-£2) -0.37 0.54 -0.46 0.43 -0.49 0.40 -0.56 0.32 therewerenosig-
PO,* (mg-£™) - - - - - - _ . nificant differ-

4 .

SOz (mgL?) | 0.28 0.65 0.45 0.90 0.28 0.68 0.08 0.44 ences in attached
E. coli counts be-
BRP  — Batch reactor with plastic-based pipe materials tween the non-
BRC — Batch reactor with cement-based pipe materials disinfected water

and chlorinated
water. The above
findings clearly

showed the inef-
e

Correlations between attached heterotrophic bacterial counts (mean logcfu-cm) and physi- o
) . iting the forma-
co-chemical values (mean) in treated water systems (between 48 h and 672 h at p<0.05) tion of biofilm in
Parameter Test water potablewater sy_s—
tems. Both coli-
Chlorinated water Chlorine-monochloraminated water forms. and HPC
bacterial groups
BRP BRC BRP BRC may pose a Sig-
nificant public
r p R p r p r p health risk. Pro-
motingbiofilmin-
T (°C) -0.06 0.93 -0.07 0.91 -0.39 0.51 -0.42 0.48 hibition/removal
pH -0.42 0.49 -0.44 0.46 -0.04 0.95 -0.02 0.98 directly or devel-
COD (mg-£?) - - - - - - - - for adequate con-
DOC (mg-£1) -0.08 0.90 -0.08 0.90 -0.47 0.42 -0.47 0.42 trol measures
N (mg-£1) -0.27 0.66 -0.28 0.65 -0.41 0.50 -0.43 0.47 would therefore
PO, (mg-£™) - - - - - - - - appear to be an
SO» (mg-L™) 0.04 0.45 0.02 0.97 0.51 0.38 0.48 0.42 attractivealterna-
tive approach for
BRP — Batch reactor with plastic-based pipe materials water industries.
BRC — Batch reactor with cement-based pipe materials Duringtheex-
r — correlation, p<0.05 perimental study,
- — not considered. monochloramine

1999; Mombaet al., 1998,1999, 2000, 2002). Although the present
investigation did not deal with the identification of various patho-
genic and opportunistic pathogens, the survival and multiplication
of heterotrophic bacteria such as Escherichia coli, Pseudomonas,
Aeromonas, Klebsiella, Legionella spp., Mycobacterium, Cam-
pylobacter, Salmonellatyphimuriumand Helicobacter pylori have
been observed within biofilms occurring in potable water systems
with standard chlorineresidual concentrations (Engel et a., 1980;
Wadowsky et al., 1982; Burke et al., 1984; Armon et a., 1997;
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was used as sec-
ondary disinfect-
ant for theinhibition of biofilm formation in the chlorinated water
system. Negative correlations were also found between mono-
chloramineresidual concentrationsand attached bacterial numbers
under the chlorine-monochloramine treatment. Compared to the
chlorine treatment, these negative correlations were found to be
much stronger and more significant (at p < 0.05) in the combined
chlorine- monochloraminewater system (Table4). Thestrength of
thesenegativecorrel ationsaddstotheevidenceof theeffectiveness
of monochloramine in the chlorinated water system, which was
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found prominent
duringthefirst 168
h of the treatment
(Figs.2-3). Theoc-
currence of bacte-
rial regrowth on

Correlations between attached bacterial counts (mean counts for coliform bacteria, mean
log counts for heterotrophic plate count bacteria) and the concentrations of disinfectant
residuals in treated water systems (between 48 and 672 h)

TABLE 4

the surface of test Organism

Disinfectant residuals

pipematerialsdur-
ingthisperiodwas

Chlorine

Monochloramine

linked to the de-

pletion of the mo- BRP

BRC BRP BRC

nochloramine re- r P
sidual concentra-

r P r P R p

tion. At the de-
creased mono-
chloraminelevels,

CB
HPC

-0.50
-0.39

0.39
0.52

-0.39
-0.41

0.52
0.49

-0.87
-0.54

0.05
0.35

-0.93
-0.63

0.02
0.25

biofilm cellstend-
ed to increase at

BRP -

: BRC -
higher counts, CB - coliform bacteria,
henceaffectingthe HPC — heterotrophic plate count,
microbiological r — correlation, p<0.05.

quality of treated

Batch reactor with plastic-based pipe materials
Batch reactor with cement-based pipe materials

water within the
distribution systems (Momba et al., 1998; 2000).

Although both treatments led to the formation of biofilms on
the surface of test pipe materials, statistical evidence showed that
acombination of chlorine and monochloramine remains an attrac-
tive approach for theremoval and inhibition of bacterial biofilmin
potablewater systems. Thestudy therefore suggeststheimplemen-
tation of the combined chlorine-monochloramine processin devel-
oping countries to ensure adequate control of the formation of
biofilmin potablewater distribution system. Becausethedisinfect-
ant decaysaswater flowsthrough the pipes, chlorinated water may
again receive additional monochloramine doses at critical loca-
tions.

It isimportant to note that the generic type of pipe materialsas
well asthefactor time greatly influenced the density of bacteriain
treated water systems (Figs. 2-3). Cement-based materials (C and
AC) support lessfixed bacteriathan plastic-based materials (PVC,
uPVC and MDPE). This observation was also confirmed when
using SEM techniques (Momba and Binda, 2002). Similar bacte-
rial densitieswere then recorded on each generic type of test pipe.
Statistical evidence showed no significant difference in fixed
bacterial densities between cement and asbestos cement. Similar
statistical trendswere al so observed when comparing PVC, uPvVC
and MDPE. Thisimpliesthat pipe materials with similar porosity
and roughness seemto support similar densitiesof fixed bacteriaas
also observed by Niquette and co-workers (2000). Compared to
stainless steel, the lowest densities of bacteria fixed on cement
exposed to chlorine, monochloramine, ozone, UV and hydrogen
peroxidetreated water have been previously recorded within 8 d of
the experiment by Mombaet a. (1998). Although the densities of
bacteriafixed on cement-based materialsincreased with the expo-
suretime, the highest bacterial countswere noted on the surface of
plastic-based materials. Evenif similar generic type of pipesalone
could not show a statistically significant difference in bacterial
counts, their interaction over time resulted in a significant differ-
encein bacterial counts. Thismeansthat thetimefactor cannot be
ignored in determining the effect of pipe materials on bhiofilm
formation and aso in devising a solution for the inhibition of
biofilmin potablewater distribution systems. Considering thetime
factor, the addition of monochloramineresidual in the chlorinated
water system at some critical locations might be recommended
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every 168 h after the initial chlorine-monochloramine treatment.

Theexposuretimea waysdependson thedistance betweenthe
treatment point and the end points. Power and Nagy (1999)
reported that the Warragamba zone, a fully treated water system
with short distancesbetween thetreatment point and theend points,
experienced the least problems with bacterial regrowth when
compared to other zoneswhich contained dead end pointsbetween
20 and 41 km. It would be therefore interesting in future work to
determine some critical |ocations between the treatment point and
the end points and to quantify the effect of the distance on biofilm
regrowth after the addition of monochloramine in the chlorinated
water system.

Other studies have shown adecrease in nutrients available for
growth of micro-organismsinwater distribution systems, implying
the utilisation of substrates by micro-organisms (LeChevallier et
al., 1987). During the present experimental study, the levels of
organic and inorganic compounds were measured before and after
thetreatment of test watersinall batchreactors(Table 1). Although
a decrease in the levels of certain physico-chemical parameters
(pH, COD, DOC) wasrecorded, statistical evidenceshowedthat all
system parametershad no significant effect on bacterial numbersat
p < 0.05 (Tables 2-3).

The findings of the present study clearly showed that the
presence of an effective disinfectant residual in water distribution
remains one of the most important factors that contribute to the
control of bacterial biofilms. Thegenerictypeof pipematerialsalso
playsarolein devising a solution to biofilm formation in potable
water distribution system.

Conclusions and recommendations

Thisinvestigation indicated the colonisation of all test pipe mate-
rials (PVC, uPVC, MDPE, cement and asbestos cement) by
coliforms and heterotrophic plate count bacteria within 20 min
under chlorination treatment. The addition of monochloraminein
the chlorinated water system resulted in the removal of coliforms
and HPC attached to the pipe materials and less than 1 cfu-cm
coliforms and heterotrophic plate count bacteria (except for PV C)
was observed on the surface of test pipes between 48 and 168 h.
Statistical evidence showed that the generic type of pipe materials

ISSN 0378-4738 = Water SA Vol. 30 No. 2 April 2004 181



greatly influenced the density of bacteria in the water system.
Cement-based materials (cement and asbestos) support less fixed
bacteriathan plastic-based materials(PV C, uPVCand MDPE). No
significant difference in attached bacterial counts was found be-
tween the generic types of pipe materials. The time factor also
cannot be ignored in determining the effect of pipe materials on
biofilmformationin potablewater distribution systems. Statistical
evidenceal so showed that all system parameters (temperature, pH,
turbidity, dissolved organic carbon, total nitrogen, sulphate) had
no significant effect on bacteria biofilmsat p<0.05, implying that
the presence of an effective monochloramineresidual inachlorin-
ated water system remains one of the most important factors in
controlling the effect of pipe materials on biofilm formation. This
study, therefore, recommends the use of cement and asbestos-
cement pipefor thedi stribution of chlorine-monochl oraminetreated
water. Because the disinfectant decays as water flows through the
pipes, chlorinated water may again receive an additional
monochloramine dose at critical locations every 168 h.
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