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Effect of PVC installation on quality and stability of tap water
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ABSTRACT

The article presents the research into the effect of an experimental installation made of PVC, on the
quality and chemical and biological stability of drinking water. Physicochemical and microbiological
parameters of water remaining in the installation for 24 and 72 h were analyzed. Water leaving the
experimental installation was characterized by changed parameters in relation to the water flowing
into the installation. As a result of the contact with the PVC material, an increase in turbidity, content
of organic compounds (TOC, oxidizability, UV absorbance) and nitrites. At the same time, a reduction
in the content of chlorine occurred. The bacteriological quality of water also deteriorated, an increase
in the number of mesophilic and psychrophilic bacteria occurred, and the presence of Escherichia coli
was found. The obtained research results indicate that PVC materials release nutrients (C, P, N) that
stimulate the growth of microorganisms in the experimental installation. Biological processes took

place on the pipe surfaces.
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1. Introduction

The water supply system should be designed and made
in such a way so as to reduce to a minimum the possibility of
the water stability loss. Water is stable when there is a balance
between processes of dissolving and precipitating chemical
compounds on the boundary water-pipeline (the surface of
armature of water supply devices) and there are no chemical
or biological processes causing changes in the values of water
quality indicators. Water biological stability is understood as
the lack of susceptibility to the secondary regrowth of micro-
organisms in the water supply system [1,2].

Water biological stability is conditioned by both the con-
tent of non-organic nourishing substances, that is nitrogen
and phosphorus, and the content of organic nutritional sub-
strates creating conditions for the growth of heterotrophic
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organisms, including also pathogenic microorganisms
[3]. The measure of water biological stability is achieving
the threshold values of biogenic substances conditioning
the lack of growth of microorganisms. The values limiting
the secondary growth of microorganisms in the distribu-
tion systems are: biodegradable dissolved organic car-
bon (BDOC): <0.25 mg C/L [3], assimilable organic carbon
(AOC): 10-20 pg C/L (in unchlorinated water) [4,5] and
50-100 pug C/L (in chlorinated water) [6], PO}:<0.03 mg P/L[3],
) Nimrg: <0.2 mg N/L [3].

The intensity of the biofilm growth in the water distribu-
tion system depends on many factors, among which there are
the quality of water introduced into the system, the amount
of disinfectant and hydrodynamic conditions in the water
supply network [7-13]. The type of material the water sup-
ply pipes are made of also significantly affects the rate at
which biofilm forms, its structure and biodiversity [14-19].
Chemical composition of the installation material, as well as
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its properties, that is roughness and susceptibility to corro-
sion are considered as one of the basic causes of the increased
colonization of microorganisms [16,20,21]. The multiplicity
of factors conditioning the formation and growth of biofilm
makes the prevention of this phenomenon very troublesome
[19,22-25].

In the recent years, more and more often, the construction
of new water supply pipelines involves the use of materials
made of plastics, that is polyethylene, polyvinylchloride,
polypropylene and polybutylene. It was expected that syn-
thetic materials, characterized by a slight roughness would
decrease the risk of the secondary contamination of water.
The exploitation of pipelines made of plastics did not allow
to confirm this thesis. The research conducted so far indicates
that biofilm is formed on all installation materials, but each of
them creates different conditions for the regrowth of micro-
organisms [24].

While selecting materials for the construction and mod-
ernization of the water supply networks and installations, the
current knowledge on causes of the loss of chemical and bio-
logical stability of water in the water supply systems must be
taken into account. During the selection of materials, not only
easily corrosive materials must be avoided but also attention
should be given to leaching of non-organic and organic sub-
stances from pipelines. They increase the rate of chlorine dis-
appearance in the water supply network and contribute to
the biofilm growth [26,27].

Secondary bacterial growth in the distribution system
is a major problem that water treatment plants are trying
to deal with. Particular danger is associated with the pres-
ence of growths of biofilms in the water supply systems of
hospitals and nursing homes, where patients with reduced
immunity reside [28]. Tap water is a source of microorgan-
isms that mainly cause gastrointestinal or respiratory dis-
eases when inhaled. The entry of microorganisms into the
body through damaged mucous membranes can result in a
multifocal infection. It is estimated that in the United States,
560,000 people get waterborne diseases each year, 7.1 mil-
lion people get infections, with 12,000 deaths annually [29].
Biofilm constitutes an undoubtedly serious risk to the human
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health; therefore, effective methods allowing to prevent this
phenomenon are being searched for [3]. Water delivered to
water consumers must be characterized by the appropri-
ate quality not only at the moment of its supplying into the
water distribution network but also at the moment of deliv-
ery to consumers. The increase in the effectiveness of water
purification, and particularly, the elimination of biogenic
substances may contribute to the reduction of the second-
ary growth of microorganisms in the water supply network
[8,19]. However, there is not sufficient and unambiguous
information on the effect of materials used in the construc-
tion of water distribution systems on changes in the quality
of water being in contact with them and the rate of the bio-
film growth on internal surfaces of pipes.

The article presents the research into the effect of the
internal installation made of PVC on the quality and biologi-
cal stability of drinking water.

2. Materials and methods

The research installation used in the study consisted of
three main parts: (1) a tap water connection, (2) circulation
in the experimental system, and (3) discharge of water from
the system. Two ball valves and a water meter measuring the
fresh tap water flow were installed on the connection con-
duit. The experimental water supply system is a closed cir-
cuit made of PVC DN 32 pipes with a length of 6.8 m. In the
installation, the circulation is ensured by an installed pump.
The circuit is equipped with a separate water meter, drain
and vent lines, flow decrease installation, and disinfectant
injection point (Fig. 1).

Before the commencement of the research, the instal-
lation was disinfected by means of sodium hypochlorite,
and then rinsed and filled with tap water. The experimen-
tal installation was supplied with surface water treated on
water treatment plant based on the processes: pre-ozonation,
coagulation (using PAX-18), sedimentation, fast filtration,
intermediate ozonation, sorption on activated carbons and
disinfection (using ClO,/CL). The treated water met the qual-
ity requirements for drinking water.

—
1 2 3, 4
2 (e 7
L2
'@\, tap water meter tap water connection
tap water g - tested water supply system
_p—’ DQ @ =i puIng - flow decrease installation
8 '@\ water-meter of water circulating in the system disinfectant injection point

< - ball valve

discharge to
sewer

Fig. 1. Scheme of a research installation.
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Due to the consumption of large amounts of water with
continuous flow, water in the installation was changed once
a day (Monday to Friday). Therefore, the water remained in
the experimental installation for 24 h and 72 h in the forced
flow with the speed of 0.3 m/s. Changes in the quality of
water leaving and supplying the experimental installation
were checked three a week for the period of 3 months.

The following were subjected to the physicochemical and
bacteriological analyses:

¢ water after the final disinfection from the tank of water
treated at the water treatment plant (directed to the water
supply network),

e water before the experimental installation — taken from
the internal installation of a building at a distance of
about 5 km from the water treatment station,

e water after remaining for 24 h (Monday-Tuesday), and
72 h (Friday-Monday) in the experimental installation.

Samples of water were taken three a week in the period
from November till February. Physicochemical parameters
were determined in the laboratory tests (Table 1).

The analyzes allowed to determine the biological and
physicochemical stability of water. Unstable water causes
overgrowth of deposits of calcium carbonate in water pipes
and contributes to corrosion of deposits. There are many
parameters which determine the corrosive properties of

Table 1
Analytical methods and procedures used in research
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water, among them are those related to the state of calcium
carbonate equilibrium: the Langelier saturation index (1) (1)
and the Ryznar Index () (2):

IL = [pH]o - [pHL (1)
IR = z[pH]_g - [pH]o (2)

where [pH], - pH of the examined water sample, [pH] - pH
in saturated state [30].

3. Research results

During the transport of water to the building in which
the experimental installation was placed the quality of water
changed: turbidity, oxidizability, absorbance UV and content
of phosphorus compounds increased, the content of nitrog-
enous total organic carbon and conductivity decreased. An
increase in the number of mesophilic and psychrophilic
microorganisms was also found (Tables 2 and 3). Water leav-
ing the experimental installation was characterized by the
changed parameters in relation to the water supplying the
installation (Tables 2 and 3). As a result of the contact with
the PVC material, an increase in turbidity, content of organic
compounds (TOC, oxidizability, UV absorbance) and nitrites.
At the same time, a reduction in the content of chlorine (total
and free chlorine) compounds occurred.

Parameter Analytical method/standard

pH Multifunction meter CX-505
Conductivity, ps/cm Multifunction meter CX-505

Turbidity, NTU 2100P ISO TURBIDIMETER HACH (Diisseldorf, Germany)
Oxidizability, mg OZ/L Permanganate method with KMnO A

TOC, mg C/L TOC analyzer Sievers 5310 C (SUEZ, Boulder, CO, USA)
UV absorbance

Dissolved oxygen, mg O,/L

Spectrophotometric method using Hach-Lange DR 5000 spectrophotometer
Electrochemical method using a Hach-Lange oxygen probe (Diisseldorf, Germany)

Ammonium nitrogen, mg
N-NH;/L

Nitrite nitrogen, mg N-NO;/L
Nitrate nitrogen, mg N-NO;/L

Phosphates, mg PO/L

Total chlorine, mg Cl,/L

Free chlorine, mg ClZ/L

Total number of bacteria at 37°C
(mesophilic bacteria) and at
22°C (psychrophilic bacteria),

CFU/mL
Escherichia coli, CFU/100 mL

Spectrophotometric method 8155 (sachet tests — ammonia salicylate(1) and cyanurate(2)) using
Hach-Lange DR 500 spectrophotometer (Diisseldorf, Germany)
Colorimetric method by nitrite test Merck 1.14408 (Darmstadt, Germany)

Spectrophotometric method 8039 (sachet tests — NitraVer5) using Hach-Lange DR 500
spectrophotometer (Diisseldorf, Germany)

Spectrophotometric method 8048 (sachet tests — PhosVer3) using Hach-Lange DR 500
spectrophotometer (Diisseldorf, Germany)

Spectrophotometric method 8167 (sachet tests — DPD reagent) using Hach-Lange DR 500
spectrophotometer (Diisseldorf, Germany)

Spectrophotometric method 8021 (sachet tests — DPD reagent) using Hach-Lange DR 500
spectrophotometer (Diisseldorf, Germany)

Heterotrophic plate count (HPC) method using R2A Agar (CM0906) manufactured by Oxoid
Thermo Scientific (UK) (incubation 7 d) and an A Agar (P-0231) manufactured by BTL Sp. z
0.0., Department of Enzymes and Peptones (Poland) (incubation 2-d mesophilic bacteria and
3 d psychrophilic bacteria)

Membrane filtration procedure using Chromocult® Coliform agar (CCA) manufactured by
Merck (Darmstadt, Germany)
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In the first days after the installation start-up, the concen-
tration of PO} ions increased systematically from the value of
0.05-0.15 mg PO}7/L (for the third analysis), after 26 d no further
increase in this parameter was observed (Fig. 2). Phosphorus
leached into water in a smaller amount was used by the
increased number of bacteria developed in the installation.
A similar dependence was noted in the case of total organic
carbon (TOC). The concentration of TOC after the 72 h-long
flow through the installation increased from 1.52 mg C/L to
the value of 3.26 mg C/L (Table 3). Organic compounds feed
and develop bacteria and different other organisms [31].

The bacteriological quality of water also changed, the
increase in the number of mesophilic and psychrophilic bac-
teria occurred. Despite the earlier disinfection of the instal-
lation, the presence of Escherichia coli (0-200 CFU/mL) was
noted (Figs. 3-5).

Changes in parameters of water leaving the installation
indicated the biological processes occurring inside pipes.
The concentration of total chlorine (Fig. 6) and free chlo-
rine was significantly reduced below the normative value of
0.3 mg CL/L (Fig. 7).

The water residence time in the PVC installation did not
affect the majority of physicochemical parameters. The noted
differences between water circulating for 24 and 72 h con-
cerned turbidity (Fig. 8), content of TOC (Fig. 9), nitrogenous
compounds (Fig. 10), phosphorus compounds and the num-
ber of microorganisms.
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Fig. 2. Change of phosphates content after (a) 24 and (b) 72 h.
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Data included in Table 4 prove that the admissible con-
centrations of nutritional substrates N, P, C were exceeded
in water introduced into the experimental system, which
could significantly affect the water biological stability loss.
Biodegradable dissolved organic carbon (BDOC) content
was estimated on the basis of data published by Wolska
[30]. Studies have shown that in the case of surface waters, a
non-biodegradable fraction is the dominating DOC fraction,
and the content of BDOC constitutes about 10.6% DOC [32].
During water residence in the PVC installation, the risk of
the biological stability loss increases due to leaching organic
and phosphorus compounds from the material used for the
construction of the installation.

The analyses concerning changes in the chemical stability
of the examined water indicated that tap water supplying the
experimental installation is chemically unstable water with a
tendency to dissolve sediments (the Langelier index values
averaged 0.03 and 0.06). Moreover, with the possibility of the
occurrence of a delicate corrosion (the Ryznar index values
averaged 7.49 and 7.46) (Table 5). For the water outflow from
the experimental installation, the Ryznar index value did not
change (after 24 h and 72 h I, was 7.41 and 7.40, respectively;
Table 5). On the other hand, the analysis showed an increase
in the Langelier index value (after 24 and 72 h I, was 0.09
and 0.1, respectively). This indicates that the installation
experienced the phenomenon of a delicate section reduction
of pipes. Although for the assessment of water corrosiveness
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Fig. 3. Change of total number of mesophilic bacteria after (a) 24 and (b) 72 h.
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the numerous indices are used, due to the complexity of the
corrosion process, none of them provides a complete assess-
ment of the rate of corrosion in aquatic environment. The cal-
culation formula of I, and I, are the simplest one among other
indicators, and considers only water pH [33].

4. Discussion

In accordance with the adopted parameters of risk assess-
ment criteria presented in Pietrucha-Urbanik et al. [30], the

analysis showed that the quality of waters at the inflow and
outflow from the experimental installation are at the level of
controlled risk. The level of controlled risk means the pos-
sibility of changes in the chemical stability of water in the
water supply network and the need to control and reduce
corrosivity parameters. The phenomenon of corrosion facili-
tates the biofilm formation [26] and creates the additional risk
of the loss of biological stability of tap water [1]. Striving for
achieving water biological stability is connected to the need
to ensure the extremely low content of nutritional substrates
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Fig. 9. Change of total organic carbon content after (a) 24 and (b) 72 h.

for microorganisms developing on the surface of pipelines.
This is a very difficult task, especially in the case of water
subjected to purification in conventional systems (chemical
oxidation, coagulation, filtration, disinfection). The effective
elimination of organic substances and biogenic elements:
nitrogen and phosphorus is necessary to ensure water bio-
logical stability [32]. To maintain the stability and reduce to
a minimum the risk of the secondary bacteriological contam-
ination of water, two out of three biogens determining the
regrowth of microorganisms must be eliminated [1].

In the case of water containing NOM and non-organic
nitrogen, phosphorus ions are of the basic importance
[16,20]. Their too low content hinders the growth of microor-
ganisms to a significantly larger extent than it is the case for
the remaining biogens [34]. Lehtola [35] inform that due to
the lowest required content of phosphorus, it is this element
that limits the growth of microorganisms [35]. Attention
should be given also to the fact that phosphorus as well as
other nourishing substances in the first days of the use of sys-
tems and water installations made of plastics, can be leached
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Fig. 10. Change of inorganic nitrogen content after (a) 24 and (b) 72 h.
Table 4
Acceptable values and average concentrations of N, P, C in the test water
Stability criterion Water treatment plant Inlet (24 h) Outlet (24 h) Inlet (72 h) Outlet (72 h)
Mean
IN,,,<02mgN/L 0.930 0.629 0.425 0.627 0.556
PO} <0.03 mg PO}/L 0.027 0.053 0.038 0.049 0.048
Dissolved organic carbon (DOC) 2.160 1.500 2.440 1.520 3.260
mg C/L
Biodegradable dissolved organic 0.229 0.159 0.259 0.161 0.346
carbon (BDOC) BDOC = 10.6% DOC
BDOC <£0.25 mg C/L
Table 5
Descriptive statistics of the Langelier index (I,) and Ryznar index (I,) values
Water treatment plant Inlet 24 Outlet 24 Inlet 72 Outlet 24
Value of Langelier index — I,
Min - -0.63 —-0.34 -0.14 -0.17
Max - 0.30 0.29 0.34 0.35
M -0.17 0.03 0.09 0.06 0.10
Me - 0.05 0.14 0.07 0.11
SD - 0.24 0.17 0.14 0.17
Value of Ryznar index — I,
Min - 7.06 7.13 7.08 6.98
Max - 8.27 8.21 7.94 7.99
M 7.67 7.49 741 7.46 7.40
Me - 7.44 7.32 7.41 7.37
SD - 0.36 0.29 0.24 0.29

from these materials causing the quicker biofilm growth
[16,19,36,37]. Precisely such a situation could have taken
place in the discussed case.

The increase in biofilm depends on water temperature,
residence time in the system, as well as on the type and con-
centration of disinfectant used [38—40]. Due to the fact that

the research was conducted in the winter-spring period, tem-
perature of water influenced greatly the growth of microor-
ganisms. Temperature of water flowing into the installation
changed within 14.4°C-22.6°C. Additionally, temperature
of water after its passage through the installation increased
to 24.8°C. Zamorska [38] by means of the analysis of the
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temperature (5°C, 15°C and 22°C) effect on the microbio-
logical quality of water additionally confirmed the lack of
stability of water introduced into the water supply network.
According to literature data, metabolic activity of microor-
ganisms increases along with temperature, at temperature of
17°C it is higher by 50% than at temperature of 7°C [8].

The study also observed an increase in turbidity to
1.41 NTU (after 24 h) and 2.28 NTU (after 72 h). Water with
high turbidity may pose an epidemiological hazard due to
suspended particles used as a support for pathogenic bacte-
ria. Water turbidity results from suspended substances such
as organic substances, small inorganic substances, finely
divided suspensions or microorganisms [31]. The number
of microorganisms at the outflow increased 80 times for
mesophilic bacteria (their number was on average 2,393 and
2,329 CFU/mL after 24 and 72 h, respectively). In contrast,
the average number of psychrophilic bacteria after 24 h cir-
culation in the installation increased from 50 to 5,544 CFU/
mL, and after 72 h from 96 to 6,373 CFU/mL. The deteriora-
tion of bacteriological quality was also confirmed by a 35%
reduction in dissolved oxygen in water. The highest number
of Escherichia coli was recorded during 4 weeks. This could
be due to the highest concentration of nutrients in the water
flowing into the installation. In particular the increased con-
tent of phosphorus compounds 0.19 mg PO}/L (C:N:P ratio
was 100:74:20, respectively). In addition, leaching of phos-
phorus compounds from the experimental installation was
observed for the 4 weeks. Despite the fact that no Escherichia
coli were found in the incoming water, they could have
been found in the installation in a persistent form (despite
disinfection).

The concentration of total chlorine and free chlorine in
water leaving the research system in comparison with water
flowing into the system lowered to the value of, accord-
ingly: 0.025 and 0.012 mg CL/L (after 24 h) and 0.026 and
0.007 mg CL/L (after 72 h). Total chlorine concentration
decreased by 74% on average after 24 and 72 h, while free
chlorine by 63% after 24 h and 79% after 72 h. Chlorine is
a disinfectant and guarantor of the microbiological safety
of water which in this case was clearly impaired. In Poland,
there is no specified admissible residence time of water in the
water supply network, called the water age; however, it is a
fact that along with the water age, the risk of its stability loss
increases. Computer simulations allow to separate these sec-
tions of water supply networks in the water supply system in
which the water residence time in pipelines is longer due to
low water consumption, and taking the kinetics of chlorine
and chlorine dioxide disappearance into account it is possi-
ble to determine areas vulnerable to the secondary growth of
bacteria in water [6,9,41].

In Poland, the required concentration of free chlorine in
water directed to the water supply network should be equal
to 0.2-0.5 mg CL/L. According to WHO recommendations,
residual chlorine should be maintained throughout the entire
distribution system. At the point of consumption by the con-
sumer, the minimum free chlorine concentration should be
0.2 mg CL/L. However, the drinking water supplier is not
required to maintain a minimum amount of free chlorine in
the water supply, and factors such as pipe length and chlorine
demand mean that the actual concentration of free residual
chlorine may be less than the recommended value [42]. It was

demonstrated that in the distribution systems of water with
the concentration of free chlorine below 0.5 mg CL/L, water
contained a greater number of bacteria cells [14]. Francisque
et al. [43] also shows that the number of heterotrophic bac-
teria was significantly higher in samples of water with the
chlorine content <0.3 mg CL,/L.

The phenomenon of insufficiently effective influence of
chlorine on microorganisms in the water supply network may
constitute a danger to the health of consumers. Helicobacter
pylori bacteria occurred in biofilm at the concentration of
chlorine of 0.2-1.2 mg CL/L even to 26 d, and microorgan-
isms of faecal origin remained resistant to the concentration
of 1 mg Cl,/L [44]. Bacteria resistance to disinfectants can be
significant at a small content of biogenic compounds; it was
found that, among others, Legionella pneumophila was six- to
nine-times less sensitive than other bacteria strains, more
demanding in terms of the content of nutritional compounds
[44]. Also, the presence of filamentous fungi, yeast, amoeba
and other pathogenic protozoa was found in chlorinated
water [45]. The research results presented in the article con-
firm the research by Grabinska-Loniewska and Sinski [46],
Sokotowska and Olanczuk-Neyman [47]. Authors indicated
that a 100-fold increase in the number of microorganisms
at the ends of the water supply network caused a three-fold
increase in TOC, released from the deposited sediments
inside pipes. At the same time, a decrease in the concentra-
tion of chlorine and chlorine dioxide to 0.03 mg CL/L and
0.027 mg ClO,/L was observed [46,47]. In our case also an
increase in the content of TOC and phosphorus as a result
of leaching from the PVC installation was observed. During
the materials contact with water, phosphorus or carbon being
nutritional substances for microorganisms may be passed into
water in the form of microbiologically available phosphorus
(MAP) [16] or AOC [21], accelerating the biofilm formation.

Although the material may influence the biofilm forma-
tion [48-50], in the case of research by Inkinen et al. [51] con-
ducted on the actual sections of pipes after a year of contact
with tap water, no such a dependence was noted. However,
it was found, that water temperature and conditions of flow
had a particular influence on the process of biofilm formation
[51]. The use of concentrations of disinfectants greater than
recommended is dangerous to health. The by-products of
disinfection cause cancer, gastritis, anemia, damage to neural
system, eye and skin irritations [48].

In conclusion, it should be noted that despite numerous
studies, the problem of effective disinfection ensuring the
removal of pathogenic microorganisms and achieving bio-
logical stability still exists. Studies on the biofilm formation
should include measurements of quantities by methods other
than the culture identification method due to the fact that
only 2%-26% bacteria forming biofilm is capable of grow-
ing on cultivation media. Hydraulic parameters affecting the
growth of biofilm inside pipes and uncontrolled detachment
of biofilm fragments increasing the risk of drinking water
contamination should also be taken into account.

5. Conclusions

The research confirmed the results obtained by other
researchers that not only the parameters of water introduced
into the installation (i.e., content of nutrients, disinfectant)
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determine its biological stability. The material from which the
installation is made also affects the formation of biofilm and
the quality of water at the consumer.

It was also confirmed that as a result of contact of PVC
pipes with tap water, its quality and stability deteriorated,
despite the absence of phosphorus compounds in the incom-
ing water. An increase in turbidity and leaching of phos-
phorus and organic compounds from the installation was
observed, which affected the microbiological contamination
of water. There was a significant increase in the number of
mesophilic and psychrophilic bacteria and Escherichia coli
was found in the water leaving the installation. The obtained
research results indicate that PVC materials release nutrients
(C, B, N) that stimulate the growth of microorganisms. The
residence time of the water in the installation had an impact
on the increase in turbidity (increase by 38%) and the TOC
content (increase by 25%). It should be emphasized that
the number of mesophilic and psychrophilic bacteria and
Escherichia coli increased in the first 24 h, further water reten-
tion in the installation up to 72 h did not affect the bacterio-
logical quality of the water.

Obtained research results indicate the need to search for
installation materials that are not only resistant to corrosion
but also do not change the biological stability of water. The
problem of disinfection efficiency and maintaining the bio-
stability of tap water still exists.
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