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Abstract: In the conducted study, an attempt was made to verify and evaluate the impact of the biofilm
formed on the surfaces of the installation material on the quality and sanitary safety of tap water
reaching the consumer. For biofilm studies, fractal analysis and quantitative bacteriological analysis
were used. The quality of tap water flowing through the experimental installation (semi-technical
scale) was determined using physicochemical and microbiological parameters. The quantitative
analysis of the biofilm showed that an increase in the number of microorganisms was observed in
the initial phase of biofilm formation (reached 1.4 × 104 CFU/mL/cm2 on day 14). During this
period, there was a chaotic build-up of bacterial cells, as evidenced by an increase in the roughness
of the profile lines. Unstable elevations of the biofilm formed in this way could be easily detached
from the structure of the material, which resulted in deterioration of the bacteriological quality of
the water leaving the installation. The obtained results indicate that the biofilm completely and
permanently covered the surface of the tested material after 25 days of testing (the surface roughness
described by the fractal dimension decreased). Moreover, the favorable temperature (22.6 ◦C) and the
recorded decrease in the content of inorganic nitrogen (by 15%), phosphorus (by 14%), and dissolved
oxygen (by 15%) confirm the activity of microorganisms. The favorable environmental conditions
in the installation (the presence of nutrients, low chlorine concentration, and high temperature)
contributed to the secondary development of microorganisms, including pathogenic organisms in
the tested waters.

Keywords: biofilm; drinking water; water quality; water supply system; biostability; pipe material;
fractal analysis

1. Introduction

The drinking water distribution system (DWDS) is one of the most important infras-
tructures that collect, treat, store, and distribute water from its source to the point of use [1].
However, before the water reaches the tap, it must often flow through kilometers of water
pipes, which may change its parameters [2–4]. An inherent element of the DWDS are
microorganisms that can occur directly in the water column and the form of biofilm located
on the inner surfaces of pipes [5,6]. The results of the research by Liu et al. suggest that most
of the bacteria in the distribution system come from treatment plants, while bacterial cells
detached from biofilm constitute only a few percent [7]. On the other hand, the research
by Maurice et al. suggests that as much as 58% of the bacteria in the distributed water
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came from the biofilm. The water treatment technology had a great impact on the results
obtained [8]. The presence of biofilm is not only a reservoir of pathogens but also affects
the aesthetics of the water and promotes the corrosion of pipes [9].

The number and type of microorganisms determined in tap water flowing through the
DWDS may vary depending on: (1) the type of treated water, (2) the method of its treatment,
(3) the construction and operation of the distribution system (e.g., pressure and velocity
of water flow in the network, type of installation material, disinfectant residues), and
(4) seasons [10–15]. The size of the DWDS also dictates the time it takes for the water to flow
through the system. Therefore, extensive and highly looped systems will be characterized
by water, the parameters of which, due to the lower chlorine content, may support the
growth of microorganisms and the formation of biofilm [16]. The long residence time
of the water in the distribution system also favors the degradation of residual chlorine
and the formation of disinfection by-products, such as trihalomethanes (THM) [12]. It
should be emphasized that domestic drinking water systems, which include the plumbing
between the water meter and the tap, are the most vulnerable place where water quality
can deteriorate. Plumbing in buildings faces additional challenges, including: (1) increased
water stagnation, (2) increased water temperature, and (3) small pipe diameters [17,18]. The
long residence time of water in the system, combined with the temperature above 15 ◦C
(caused by the installation in heated rooms or near heat sources), favors the intensification
of microbial multiplication [19–24]. Microbial secondary development is also enhanced
by interaction with hydraulic materials such as plastic tubing and rubber fittings, which
have significant potential to promote microbial growth [25]. Smaller pipe diameters result
in increased contact between microorganisms and the pipes, leading to the increased
interaction of the pipe material, including biofilm formation and lower residual disinfectant
concentrations [19].

The formation of biofilm is a multi-stage process consisting of the natural ability
of microorganisms to adhesion, multiply, and settle in a gelatinous matrix consisting
of extracellular polymeric substances (EPS) [9]. During biofilm formation, four basic
stages can be mentioned: (1) reversible adhesion—the initial movement of bacterial cells
towards the inhabited surface. Reversible adhesion does not ensure the stability of the
biofilm and can therefore be easily removed at this stage by physical and chemical means;
(2) irreversible adhesion—starts when the cells are less than 1.5 nm from the surface of the
material. Extracellular polymers (EPS) play a key role in this process, thanks to which it is
possible to adhere bacterial cells to the surface of materials. Irreversible adhesion enables
the formation of microcolonies; (III) biofilm maturation—in this phase, the multiplication
of microorganisms and their gradual differentiation takes place. In bacterial cells, the
expression of certain genes is activated or inhibited, which results in giving them the
appropriate phenotypic features; (IV) dispersion of microorganisms from biofilm—biofilm
after reaching the so-called critical thickness gradually ceases to maintain the existing
form, the consequence of which is detachment of bacterial cells and colonization of new
surfaces [9,26].

Due to its nutritional and protective properties, biofilm enables the development
of various microorganisms such as: bacteria (e.g., Escherichia coli, Campylobacter spp.,
Legionella spp., Pseudomonas spp., Listeria sp., Salmonella spp.), intestinal viruses (e.g., ro-
taviruses, adenoviruses, noroviruses), fungi (e.g., Aspergillus, Penicillium, Cladosporium),
and parasitic protozoa (e.g., Cryptosporidium parvum). Consumption of chemically or biolog-
ically contaminated water can cause many hygiene problems in humans, especially in the
most sensitive (newborns, children, the elderly, or people with immunosuppression) [14,22].
Examples of infections caused by microorganisms present in tap water include urinary
tract infection, inflammation of the upper respiratory tract, typhoid, and diarrhea) [9].

Despite the enormous improvement in the quality and safety of tap water, it continues
to be contaminated with pathogens, and water-borne diseases are still reported. The water
industry is constantly looking for new ways to make the water safe, but let us be aware
that the water we drink will never be sterile. The entire water distribution system—every
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reservoir, every well, every pipe, and every faucet—is home to hundreds or thousands of
species of bacteria, algae, invertebrates, and viruses, most of which are completely harmless
to humans [27].

Every year there is a growing awareness that the microorganisms present in the
biofilm play a large role in shaping the quality of tap water. Therefore, knowledge and
understanding of the dynamics of the microbial community present in DWDS biofilms is
essential for the safe delivery of quality water to consumers [4].

In the conducted study, an attempt was made to verify and evaluate the influence of
the biofilm formed on the installation materials on the quality and sanitary safety of tap
water reaching the consumer.

2. Materials and Methods
2.1. Experimental Installation

The studies of biofilm formation and changes in the quality of tap water were carried
out under specific laboratory conditions. To determine the number of microorganisms
forming a biofilm on the inner surface of the water pipes, an experimental installation
was built (Figure 1). The experimental system was supplied, with surface water treated
at a water treatment plant located 5 km from the research site (49◦99′ N, 21◦96′ E). The
technological scheme of water purification consisted of the following processes: initial
ozonation, coagulation, sedimentation, fast filtration, intermediate ozonation, sorption on
activated carbon, and disinfection. Fresh tap water was introduced into the installation
once a day, and then the water circulated in a closed circuit in the installation for 24 h
(water circulation was ensured by the installed pump). The water flow velocity in the
experimental system was 0.3 m/h. The installation is made of DN32 PVC pipes.
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Figure 1. The scheme of an experimental installation.

Prepared PVC plates (1 cm × 1 cm) were used to test the adhesion of bacterial cells,
which were placed inside the experimental installation. The tested material was attached
with a stainless metal rod to the PVC plugs together with a rubber gasket. Plates were
mounted on modified tees separated by ball valves (Figure 1). There were 21 plates in the
installation, which were pulled out successively during the tests (in the 1st, 4, 6, 7, 8, 11, 12,
13, 14, 15, 20, 27, 34, 41, 55 days). Before starting the tests, the installation and the plates
were disinfected with 15% sodium hypochlorite.

The work includes: (1) quantitative analysis of biofilm, (2) measurement of structural
changes in the surface of water pipes, and (3) assessment of the quality of water flowing in



Water 2022, 14, 2401 4 of 17

and out of the installation. The water was collected using a tap with a valve installed on
the conduit supplying and discharging water from the experimental system to the sewage
system (Figure 1).

2.2. Detachment the Biofilm from the Surface of the Material

The biofilm was detached from the surface of the plate using a sterile cotton swab.
Next, the swab with detached materials was transferred to 50 mL sterile glass beakers
containing 30 mL of sodium chloride buffered solution. Filled beakers were placed in an ice
bath to prevent excessive temperature rise during sonication (which has a direct impact on
the activity of bacteria) and exposed to ultrasounds for 60 s using a Vibra-CellTH ultrasonic
processor (28 W) (Sonics, Labo-Plus, Poland).

2.3. Quantitative Analysis of Biofilm Microorganisms on the Surface of the Plates

The quantitative determination of microorganisms in the biofilm was carried out
using: (1) The heterotrophic plate count (HPC) method at 22 ◦C and 37 ◦C using R2A
Agar (CM0906) manufactured by Oxoid Thermo Scientific (UK) (incubation 7 days), by
PN-EN ISO 6222. (2) ATP analysis was performed with the LuminUltra Photonmaster Lu-
minometer (BacTiter-Glo Microbial Cell Enviability Assay, Promega), according to Promega
Corporation protocols.

2.4. Fractal Analysis of Biofilm Formation on the Surface of the Plates

The surface roughness analysis of the samples was carried out using a Talysur CLI
1000 laser profilometer (Taylor Hobson) with the TalyMap analytical software and the
FRAKTAL_W dim2D software. The fractal dimension was adopted as the parameter
describing the roughness of the surface and the profile line separated from this surface.
Fractal analysis was performed using the box method. It is a universal method that can be
used both for the analysis of the profile line and the entire surface of the material. It consists
in covering the 2D/3D structure with boxes with the size of the side of the box changing at
each step. The concept of fractal dimension was defined according to the formula:

D = log (N)/log(1/s) (1)

where: N—the number of parts making up the initial fractal figure,
s—the degree of reduction of the elements forming the fractal at subsequent stages of

its construction (scaling factor) [28].
In the case of the applied method, the determination of the fractal dimension D consists

in calculating the tangent of the angle of the slope of the line describing the dependence of
the bilogarithmic number of boxes calculated for a given box size (log(N(εi))) on the side
length (log(εi)). Fractal analysis was performed on 5 mm long profile lines separated from
the surface. From each tested surface, 15 profile lines were separated. As shown in [29],
it is a sufficient number to estimate the fractal dimension. The shape of the profile lines
obtained in the scanning process, with the use of a laser profilometer, was described by a set
of 10,001 points. The number of points describing the shape of the profile line resulted from
the adopted discretization step of 0.5 µm. Due to the shape of the samples used for the test
(cylinder side surface), the fractal analysis was carried out in the direction of the cylinder
forming after prior leveling of the profile line. The total height of the roughness profile Pt
was assumed as an additional fractographic parameter used to describe the roughness of
the profile lines.

2.5. Analysis of Tap Water

Selected parameters of water supplying and leaving the experimental system were
estimated by the applicable test procedures and the manufacturer’s recommendations,
see Table 1.
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Table 1. Summary of analytical methods for laboratory experiments.

Parameter Analytical Method/Standard Range

Dissolved oxygen Electrochemical method using a Hach–Lange
oxygen probe (Germany) 0.00–20.00 mg O2/L

Temperature Multifunction meter CX-505 (Elmetron, Poland) −50–199.9 ◦C

Turbidity 2100P ISO turbidimeter (Hach, Germany) 0–1000 NTU

Total organic carbon (TOC) TOC analyzer Sievers 5310 C
(SUEZ, Boulder, CO, USA) 0.004–50 mg C/L

Biodegradable organic carbon (BDOC) DOC (dissolved organic carbon) = 88% TOC;
BDOC = 7% DOC [24] -

Ammonium nitrogen

Spectrophotometric method 8155 (sachet
tests—ammonia salicylate (1) and cyanurate (2))

using Hach-Lange DR 500
spectrophotometer (Germany)

0.01–0.50
mg NH3–N/L

Nitrite nitrogen Colorimetric method by Nitrite Test Merck
1.14408 (Germany)

0.0015–0.03
mg N-NO2

−/L

Nitrate nitrogen
Spectrophotometric method 8039 (sachet

tests—NitraVer5) using Hach–Lange DR 500
spectrophotometer (Germany)

0.3–30.0
mg N-NO3

−/L

Phosphates
Spectrophotometric method 8048 (sachet

tests—PhosVer3) using Hach–Lange DR 500
spectrophotometer (Germany)

0.02–2.50
mg PO4

3−/L

Total and free chlorine
Spectrophotometric methods 8167 and 8021

(sachet tests—DPD reagent) using Hach-Lange
DR 500 spectrophotometer (Germany)

0.02–2.00 mg
Cl2/L

The heterotrophic plate count
(HPC) method

at 22 ◦C and 37 ◦C

HPC method at 22 ◦C and 37 ◦C using R2A Agar
(CM0906) manufactured by Oxoid Thermo

Scientific (UK) (incubation 7 days) and A Agar
(P-0231) manufactured by Department of

Enzymes and Peptons (Poland) (HPC at 22 ◦C
(3 days) and 37 ◦C (2 days); According to the

PN-EN ISO 6222: 2004 standard.

The methods allow to determine
the number of

viable and capable
development microorganisms in

the tested water volume.Escherichia coli
Membrane filtration procedure using Endo agar
WG ISO 9308-1 (BTL, Poland); According to the

PN-EN ISO 9308-1:2014-12 standard.

Pseudomonas aeruginosa
Membrane filtration procedure using King agar
WG ISO 9308-1 (BTL, Poland); According to the

PN-EN ISO 16266:2009 standard.

ATP analysis
LuminUltra Photonmaster Luminometer
(BacTiter-Glo Microbial Cell Enviability

Assay, Promega)
0–106 RLU

3. Results
3.1. The Process of Biofilm Formation

Based on the obtained test results, it was found that the number of bacterial cells taken
from the installation material initially increased, reaching the maximum value on the 14th
day (number of bacteria growing at 37 ◦C—2.7 × 104 CFU/mL/cm2 and bacteria growing
at 22 ◦C—1.4 × 105 CFU/mL/cm2) (Figure 2). After the 14th day, a decrease in the number
of bacteria was observed, and from the 27th day, the HPC at 37 ◦C values fluctuated at the
level of 1.0 × 103 CFU/mL/cm2, and the HPC at 22 ◦C was below 5.0 × 104 CFU/mL/cm2

(Figure 2). The number of HPC bacteria at 22 ◦C and 37 ◦C were correlated with each
other (Pearson’s correlation was 0.84) (Table 2). A similar relationship was observed when
assessing the surface of installation materials using the ATP bioluminescence test. The
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ATP values during the research were in the range of 3630–81974 RLU (Figure 2). A very
high correlation has been demonstrated between ATP analysis and HPC culture methods.
The Pearson coefficient for the ATP method and the HPC method at 37 ◦C—0.90, and the
ATP value and HPC value at 22 ◦C—0.93 (Table 2). The ATP method is a quick method of
assessing the quality and bacteriological safety of the water. The bioluminescence test can
be an alternative to HPC methods.
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Figure 2. Microbiological analysis of biofilm taken from plates: (a) HPC method (R2A agar),
(b) ATP analysis.

Table 2. Pearson’s correlation coefficient between the examined microbiological parameters.

Parameters Bacteria Growing at
37 ◦C

Bacteria Growing at
22 ◦C ATP Analysis Sum of Bacteria

Grown at 22 and 37 ◦C

Bacteria growing at 37 ◦C 1.00 0.84 0.92 0.89

Bacteria growing at 22 ◦C 1.00 0.93 1.00

ATP analysis 1.00 0.95

Sum of bacteria grown at
22 and 37 ◦C 1.00

Note: 0–0.3—negligible correlation; 0.3–0.5—low correlation; 0.5–0.7—moderate correlation; 0.7–0.9—high correla-
tion; 0.9–1.0—very high correlation [30].

A detailed analysis of the biofilm structure was carried out based on the structural
photos (Figure 3) and the obtained profile lines (15 for each series). Representative profile
lines are shown in Figure 4. The calculated fractographic parameters are summarized
in Table 3.
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Table 3. Summary of the results of the fractographic examination of profile lines.

Series *
Fractographic Parameter

Fractal
Dimension D

±Standard
Deviation

±Standard Error
of the Mean

Total Height of the
Roughness Profile Pt

±Standard
Deviation

±Standard Error
of the Mean

A 1.41 0.096 0.025 37.1 4.4 1.13

B 1.45 0.040 0.010 35.8 13.5 3.48

C 1.24 0.023 0.006 35.6 3.3 0.85

D 1.23 0.026 0.007 35.0 4.8 1.23

Note: * A: the reference material, B: material covered with biofilm after 15 days; C: after 30 days, D: after 45 days.

3.2. Water Quality in DWDS

The quality of the water supplied to and exiting the experimental installation was also
analyzed. The conducted research showed a difference in the quality of both waters. The
values of dissolved oxygen in the water flowing out of the installation were on average
15% lower than in the flowing water, and their values were 10 mg O2/L and 8.5 mg O2/L,
respectively. The temperature of the water flowing into the experimental installation was
22 ◦C, and at the outflow, it was 22.6 ◦C. The differences in the total organic carbon (TOC)
content were at the level of 9.51%, i.e., 2 mg C/L—inflow and 2.21 mg C/L—outflow.
The values of individual forms of nitrogen at the inflow and outflow were respectively:
ammonium nitrogen 0 mg NH4

+/L and 0.02 mg NH4
+/L, nitrite nitrogen 0.00045 mg

NO2
−/L and 0.002 mg NO2

−/L, and nitrate nitrogen 0.88 mg NO3
−/L and 0.70 mg

NO3
−/L. Meanwhile, the mean content of phosphates decreased by 14% from the value of

0.04 mg PO4
3−/L to 0.03 mg PO4

3−/L (Tables 4 and 5).

Table 4. The quality of the water flowing into the experimental installation (n = 18).

Parameter Unit Min Max Mean Median Standard
Deviation

Guidelines for
Drinking Water

According to [31]

Dissolved oxygen mg O2/L 9.03 10.67 10.00 10.02 0.52 -

Temperature ◦C 21.20 23.60 22.01 21.80 0.77 -

Turbidity NTU 0.35 5.04 1.01 0.65 1.35 <1

TOC mg C/L 1.79 2.28 2.00 1.96 0.17 -

BDOC mg C/L 0.11 0.14 0.12 0.12 0.01 -

Ammonium nitrogen mg N-NH3
+/L 0.00 0.00 0.00 0.00 0.00 0.5

Nitrite nitrogen mg N-NO2
−/L 0.000 0.001 0.0005 0.001 0.0004 0.5

Nitrate nitrogen mg N-NO3
−/L 0.60 1.30 0.88 0.90 0.20 50

Phosphates mg PO4
3−/L 0.02 0.06 0.04 0.04 0.01 -

Bakteria growing at
37 ◦C (A agar) CFU/mL 0.00 57.00 6.83 2.00 14.27 -

Bacteria growing at
22 ◦C (A agar) CFU/mL 0.00 79.00 10.00 4.00 18.64 <200

Bacteria growing at
37 ◦C (R2A agar) CFU/mL 2.00 630.00 163.94 57.00 204.77 -

Bacteria growing at
32 ◦C (R2A agar) CFU/mL 100.00 971.00 368.11 311.50 221.68 -

E. coli CFU/100 mL 0.00 1.00 0.06 0.00 0.24 0

Pseudomonas CFU/100 mL 0.00 0.00 0.00 0.00 0.00 0

ATP RLU/100 µL 5579 43,140 18,876 16,614 9978 -

Total chlorine mg Cl2/L 0.02 0.5 0.11 0.08 0.14 -

Free chlorine mg Cl2/L 0.00 0.04 0.01 0.01 0.01 0.3
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Table 5. The quality of the water flowing out of the experimental installation (n = 18).

Parameter Value Min Max Mean Median Standard
Deviation

Guidelines for
Drinking Water

According to [31]

Dissolved oxygen mg O2/L 7.58 8.89 8.48 8.54 0.38 -

Temperature ◦C 21.50 23.60 22.59 22.50 0.61 -

Turbidity NTU 0.95 5.15 2.75 2.45 1.60 <1

TOC mg C/L 1.87 4.06 2.21 2.03 0.66 -

BDOC 0.12 0.25 0.14 0.12 0.04 -

Ammonium
nitrogen

mg
N-NH3

+/L 0.00 0.09 0.02 0.02 0.03 0.5

Nitrite nitrogen mg
N-NO2

−/L 0.00 0.01 0.0020 0.00 0.00 0.5

Nitrate nitrogen mg
N-NO3

−/L 0.40 1.10 0.70 0.70 0.24 50

Phosphates mg PO4
3−/L 0.02 0.05 0.03 0.03 0.01 -

Bakteria growing at
37 ◦C (A agar) CFU/mL 0.00 782.00 358.83 320.00 240.17 -

Bacteria growing at
22 ◦C (A agar) CFU/mL 20.00 7625.00 2816.67 1462.50 2678.41 <200

Bacteria growing at
37 ◦C (R2A agar) CFU/mL 120.00 42,000.00 8503.56 4063.50 10,539.56 -

Bacteria growing at
32 ◦C (R2A agar) CFU/mL 330.00 69,500.00 22,253.78 14,025.00 20,390.17 -

E. coli CFU/100 mL 0.00 5.00 0.59 0.00 1.37 0

Pseudomonas CFU/100 mL 0.00 6.00 0.59 0.00 1.50 0

ATP RLU/100 µL 2765 132,590 45,627 37,739 35,042 -

Total chlorine mg Cl2/L 0.02 0.06 0.03 0.03 0.01 -

Free chlorine mg Cl2/L 0.00 0.02 0.01 0.01 0.01 0.3

In the flowing water to the experimental installation, the number of controlled bacteria
grown on A agar did not exceed 79 CFU/mL. In the case of the outflowing water, an increase
in the number of bacteria was noted (the highest value was 7.6·103 CFU/mL) (Figure 5).
The number of microorganisms determined with the use of R2A agar reached 10 times
higher values compared to A agar (the low nutrients in the medium give higher counts than
the highly nutritious medium) (Figure 6). The use of the adenosine triphosphate (ATP) test
allowed for quick measurements of the total content of microorganisms. Average values at
the inflow and outflow from the experimental installation were 18,866 RLU/100 µL and
46,627 RLU/100 µL, respectively (Figure 7).

The study also monitored the presence of E. coli bacteria, which are the basic indicators
of the sanitary quality of water. In the flowing water, the presence of Escherichia coli was
recorded in one sample (1 CFU/100 mL), while in the outflow in four analyzed water
samples (1–5 CFU/100 mL) (Tables 4 and 5). The presence of Pseudomonas aeruginosa
bacteria was also determined. The presence of these pathogens in the water flowing out of
the installation was found in four analyzed samples (1–6 CFU/100 mL) (Tables 4 and 5).

It should be noted that after the 21st day of observation, the water quality in the
experimental installation was relatively stabilized over the time of the formation of a
permanent biofilm. This may indicate that microorganisms are being trapped from the
circulating water during the formation of the biofilm structure.
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Figure 5. Microbiological quality of water in the inflow and outflow of the system: (a) bacteria
growing at 37 ◦C, (b) bacteria growing at 22 ◦C (A agar).
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Figure 6. Microbiological quality of water in the inflow and outflow of the system: (a) bacteria
growing at 37 ◦C, (b) bacteria growing at 22 ◦C (R2A agar).
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Figure 7. The results of the ATP analysis in the inflow and outflow of the system.
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4. Discussion and Analysis of the Results
4.1. Mechanism of Biofilm Formation

Based on the fractal analysis and microbiological determinations, it was found that
biofilm was formed on the inner surfaces of the pipes of the experimental installation
and on the installed plates. The fractal analysis showed an initial increase in the fractal
dimension (D = 1.45) and then a decrease in its value (D = 1.24) (Table 3). Increasing the
fractal dimension is a symptom of an increase in the roughness of the profile line, and
thus the roughness of the material surface. Initially, possibly due to the variation in the
reference material, a relatively small number of higher peaks were visible on the surface of
the material (Figures 3a and 4a). After the first exposure period (after 15 days), changes
in both the material surface (Figure 3b) and the profile line (Figure 4b) are visible due to
the deposition of biofilm on the surface. The biofilm formed in a very diverse (chaotic)
manner, both on high elevations and in plate depressions. The uneven coverage of the plate
with biofilm is evidenced by the large dispersion of the results of the total height of the
roughness profile Pt (Table 3) (greater than in other cases). Some valleys have been filled
with biofilm, and in some cases, biofilm has created new elevations. In the subsequent
stages of the material exposure (30–45 test days), it may be suspected that the material
surface has been completely covered with biofilm. There was a reduction in the roughness
of this surface described by the fractal dimension with slight (statistically insignificant)
changes in the total height of the roughness profile Pt parameter (Table 3). By analyzing
only the first two series, it can be stated that there is no homogeneity of variance in both the
fractal dimension D and the total height of the roughness profile Pt. Such behavior proves
the influence of an external factor deciding about the smaller/larger scatters of the results.
Thus, the influence of the formed biofilm on the structure of the tested material is visible.

Bacteriological analysis of biological material collected from plates confirmed the
pattern of biofilm development obtained using fractal analysis. In the initial phase of the
research, intensive development of microorganisms was found, both in the water and on
the surfaces of the plates (the water in the installation was biologically unstable, which
created appropriate conditions for the development of bacteria). Moreover, the reduction
in the content of inorganic nitrogen (by 15%), phosphorus (by 14%), and dissolved oxygen
(by 15%) in the water leaving the installation confirms the activity of microorganisms. On
the 27th day of the experiment, the number of microorganisms stabilized and reached
the values of 1.0 × 104 CFU/mL/cm2—HPC at 37 ◦C and 4.0 × 104 CFU/mL/cm2—
HPC at 22 ◦C (Figure 2). The obtained results of microbiological analyses of the biofilm
were also confirmed by the structural analysis of the plate surface. A comparison of
the surface view of the reference material and the biofilm-coated material after 15, 30,
and 45 days of exposure are shown in Figure 3. Initial observation of the surface of the
reference material and the material after 15 days of exposure shows the difference in
surface roughness. The differences are especially visible in the first period of exposure.
In the period from 30 to 45 days of exposure, no differences in the structure of materials
were found (Figure 3). Similar results were obtained in [15], the biofilm obtained a stable
structure within 4–8 weeks of exposure.

The research presented in [18] shows that different biofilm compositions can exist
within one DDWS, which is influenced by the environmental conditions inside the installa-
tion, the microclimate in the house, and the frequency of water consumption. In the studies
carried out by Candida, a higher number of biofilm microorganisms was obtained, their
number was on average 1.0 × 107 bacteria/cm2 (the plateau was reached on days 2–3) [32].
Whereas Zlatanovic et al. showed that after 14 months of operation, biofilms collected
from the kitchen tap and shower were only 6 and 3 CFU/cm2 (the proportion of bacteria
grown in the biofilm is 0.01% of all bacteria) [10]. A study by [33] showed that the number
of culturable bacteria (HPC) in two-year-old biofilms was higher than that of one-year
biofilms. After one year of culturing, the number of HPC in the four tested pipelines was
in the order of 105 CFU/cm2 (in the range 1.04 × 105 ÷ 8.76 × 105 CFU/cm2). The number
of bacteria in the biofilm ranged from 1.68 × 105 CFU/cm2 to 4.15 × 106 CFU/cm2. The
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disinfection by-product content was also 50% higher for the two-year-old biofilms [33]. The
sequencing analyses performed show that the most dominant group of bacteria, both in
water and biofilm samples, is Proteobacteria (ranging from 61% to 80%) [34–37]. Another
important group of microorganisms present in DWDS are iron-oxidizing and iron-reducing
bacteria, which are responsible for intensifying the corrosion processes of pipes and de-
teriorating the color, taste, and mineral composition of water. In the study [4], several
iron-transforming genera were detected in the pipelines (e.g., Sediminibacterium, Gallionella,
Leptothrix, Geobacter, Geothrix. The differences in the number of microorganisms may result
not only from the conditions of biofilm formation but also from the method of removing
it from the surface of plates [38]. In the initial stages, removing biofilm from the plates
with a cotton swab was effective (the biofilm structure was not yet compacted). After
about 20 days, a decrease in the number of bacteria removed with a cotton swab from
plates was noted. This may be due to the strengthening of the biofilm structure and the
ineffectiveness of its removal by the swab method or the use of insufficient ultrasound
intensity (verification in the next stage of the research).

In the water circulating in the installation, there was a secondary development of
microorganisms (a higher total number of bacteria and the presence of Escherichia coli and
Pseudomonas aeruginosa at the outflow were found) (Tables 4 and 5). The detection of these
bacteria in the water excludes the possibility of using these waters for drinking or hygienic
purposes. In most cases, coli bacteria are not harmful to humans, and their presence
usually indicates the presence of other pathogenic bacteria. E. coli bacteria can cause
urinary tract infections and meningeal infections [39,40]. In turn, Pseudomonas aeruginosa
mainly colonizes damaged areas of the skin and mucous membranes, e.g., postoperative
wounds or the respiratory tract of people with respiratory diseases. Primarily susceptible
to colonization by P. aeruginosa are patients with cystic fibrosis (in whom it may lead to
severe progressive pneumonia) [39]. Research [41,42] also showed the presence of these
bacteria in internal installations. Hydraulic materials (e.g., flexible hoses) are susceptible
to microbial colonization (P. aeruginosa number was 7.0 × 106 CFU/mL). These bacteria
are common in humid environments with limited nutrients and can colonize taps, sinks,
drains, toilets, and showers [41–43].

4.2. Influence of the Quality of Water Supplying the Installation on the Development of
Biofilm—The Role of Water Biostability
4.2.1. Nutrients Content

The water supplied to the installation was biologically unstable and could have condi-
tioned the increased growth of microorganisms. Water is biostable when the following con-
ditions are met: N < 0.2 mg Nnorg/L, P < 0.03 mg PO4

3−/L, and BRWO < 0.25 mg C/L [44].
During the conducted research, only the content of the BRWO fraction did not exceed
the limit value (values ranged between 0.11–0.14 g C/L) (Table 4). However, in the case
of N and P, in 60% of the samples, values above 0.2 mg Nnorg/L and 0.03 mg PO4

3−/L
were obtained. Failure to meet two out of three conditions means that there is a risk of
secondary water contamination in the network. Nutrients in distribution systems intensify
the growth of microorganisms and influence the consumption of disinfectants [17]. Liu
et al. confirmed that changes in the concentrations of N, P, and C and increased turbidity of
water contribute to changes in the DWDS environment, causing the growth of microorgan-
isms [45]. To achieve the biological stability of water, waterworks should strive to minimize
the concentration of nutrients supporting the growth of bacteria in the water [44–47]. This
is especially important for water utilities that add nutrients to their distribution systems,
e.g., chloramination (ammonia) or corrosion control (phosphorus) [48,49].

4.2.2. Free Chlorine Concentration

A reduction in the residual disinfectant concentration or an increase in water turbidity
in DWDS indicates reduced biostability of the water [50]. A minimum concentration of free
chlorine of 0.5 g Cl2/L is recommended in distribution systems to ensure biologically safe
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water [39]. According to WHO recommendations, residual chlorine should be maintained
throughout the distribution system, and the free chlorine concentration at the water intake
point should be 0.2 mg Cl2/L [39]. The observed deterioration of the bacteriological quality
of water was associated with a 70.8% decrease in total chlorine concentration. The water
supplied to the installation contained on average 0.11 mg Cl2/L of total chlorine, and after
leaving the installation, the values were only 0.03 mg Cl2/L. The value of free chlorine
on the inflow was 0.01 mg Cl2/L. The stability conditions were not met, which is also
confirmed by a 79% increase in water turbidity (Tables 4 and 5). In the work [14], it was
shown that the change of the water chlorination dose in the range of 0.05–0.42 mg/L of
free chlorine had a greater impact on the HPC density of the biofilms than the water flow
velocity in the range of 0.3 m/s–1.0 m/s.

4.2.3. Temperature

Water temperature is another factor determining biological processes—biological
activity increases twice when the temperature increases by 10 ◦C [51]. The temperature of
the water supplying the experimental installation was on average 22 ◦C. Obtaining such
a high temperature is the result of the thermal equilibrium between the water filling the
installation and the air in the laboratory. The rate of increasing the tap water temperature to
room temperature may be about 0.1 ◦C/minute [18,52]. According to the existing standards,
the air temperature in rooms should be 22 ◦C in winter and 24.5 ◦C in summer [53].
The difference between the water temperature in installations with cold water and the
temperature of water in distribution networks in winter can be up to 20 ◦C. The increase in
temperature may result in the intensification of biological activity [51].

The deterioration of the microbiological quality of water is correlated with the water
temperature, the type and concentration of the disinfectant used, and the residence time in
the system [10,19,54]. A useful indicator of changes in water quality is the color of water,
which may be associated with the release of biofilm fragments or metals from the surface
of pipes (copper, galvanized steel) [55,56]. In addition, tap water may remain in internal
installations for hours, days, or even weeks before it is consumed by consumers. The pro-
longed time of water stagnation adversely affects the physicochemical and microbiological
parameters of water. The practice of rinsing the taps for 1 to 5 min before use may reduce
the risk of water intake with an increased number of bacteria (a procedure recommended in
inactive areas for extended periods) [19]. Biofilm samples collected in situ from the network
had a greater number of bacteria in the summer months (1.1 ÷ 2.3 × 104 CFU/cm2) than in
the winter months (3.6 × 101 ÷ 2.0 × 103 CFU/cm2) [57].

5. Conclusions

Biofilm analysis is a key element in understanding water quality changes in the
distribution system. These structures increase the possibility of water contamination and
are vectors for many diseases, so they pose a risk to the health of consumers. Although
the plate methods have their limitations, they are very promising as they allow the surface
roughness of installation materials to be analyzed and thus the biofilm visualization without
having to interfere with the structure of the distribution pipes.

The quantitative analysis of the biofilm showed that in the initial phase of biofilm
formation, an increasing number of microorganisms was noted (1.4 × 105 CFU/mL/cm2

was reached on day 14). During this period, the settling of bacterial cells chaotically took
place, as evidenced by an increase in the roughness of the profile line. The resulting unsta-
ble biofilm elevations could be easily detached from the structure of the material, which
resulted in deterioration of the bacteriological quality of the water leaving the installation.
The obtained results indicate that the biofilm completely and permanently covered the
surface of the tested material after 25 days of research. Further exposure did not affect
the structural appearance of the biofilm (fractal dimension was D = 1.23 ÷ 1.24) and the
number of microorganisms (HPC values at 37 ◦C and 22 ◦C were 1.0 × 103 CFU/mL/cm2

and 4.0 × 104 CFU/mL/cm2, respectively). To determine the number of biofilm microor-
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ganisms in a DDWS installation, the method of its effective removal from the surface of
pipes should be improved. The swab method seems to be sufficient only in the initial stages
of biofilm formation.

The leaching of nutrients from the pipes and the instability of the water supplying
the installation intensified the growth of bacteria inside the installation. Moreover, the
favorable temperature (22.6 ◦C) and the recorded decrease in the content of inorganic
nitrogen (by 15%), phosphorus (by 14%), and dissolved oxygen (by 15%) confirm the
activity of microorganisms. The favorable environmental conditions in the installation (the
presence of nutrients, low chlorine concentration, and high temperature) contributed to the
secondary development of microorganisms, including pathogenic organisms, in the tested
water. On the outflow, the HPC number at 37 ◦C and 22 ◦C obtained two and three orders
of magnitude higher values about the inflow water.

To analyze the biofilm on the installation materials, an experimental installation was
used, in which biofilm is formed under simulated conditions. These reactors significantly
help to understand potential changes in biofilm but cannot fully replicate the conditions of
real drinking water distribution systems. Consequently, further research should focus on
the analysis of biofilms in situ (i.e., in the actual distribution system).
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