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Abstract: The analysis of free chlorine concentrations in swimming pool water makes it possible to
assess the antiseptic effect of the disinfectant. The concentration of combined chlorine determines
the comfort of swimming and indicates if there is a threat from DBP (disinfection by-products).
The distribution of free and combined chlorine concentration was analyzed in four basins differing
in seasonality of use and in the applied water flow systems. After considering the distribution
of free and combined chlorine content in characteristic points of pools, an attempt was made to
determine the most reliable point for assessing the quality of water and its suitability for swimming.
Such searches should aim to identify the places with the worst water quality. The most uniform
distribution of the concentrations of both free and combined chlorine was observed at the middle
point of swimming pools, while at points near the corners and walls of swimming pools a varied
distribution was observed. Such a control strategy, based on the least favorable test results at a point
considered as characteristic, would make it possible to verify the parameters of the swimming pool
water treatment system and thus minimize the risk to swimmers’ health.

Keywords: free chlorine concentration; combined chlorine concentration; reliable sampling points;
swimmers’ health; pool hydraulic system; control strategy

1. Introduction

The operation of modern swimming pool systems is based on closed water circulation with
active overflow and treatment in the installation, as presented in Figure 1. In public swimming pools,
the obligatory process of swimming pool water treatment is the disinfection with chlorine compounds
due to the antiseptic effect of so-called “free chlorine”, and its ability to oxidize organic and inorganic
compounds. As a side effect of this method, disinfection by-products (DBP) are formed [1-5].

The amount and type of DBP in swimming pool water depends on the treatment technology,
the number of swimmers and the intensity of swimming, the pool’s hydraulic system, the number of
water exchanges during the day, swimming pool construction (capacity, water surface area) and the
type of pollution introduced into the water together with the bathers [6-10]. Most DBPs are harmful to
health [11-13].

The indicator of the DBP content in swimming pool water is combined chlorine [4,14-16]. These two
parameters (the content of free and combined chlorine) are the basic parameters of swimming pool
water quality, determining the level of health-safe bathing [1,17-20].
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Figure 1. Diagram of typical water treatment installation in swimming pools.

To ensure the health safety of swimmers, it is necessary to achieve a very good level of mixing
water in a pool basin with treated water supplied with disinfectants. Water inlets should be located in
a pool basin so that the treated water containing disinfectants quickly reaches all places of the basin.
At the same time, the shortest route should be prepared to let out the polluted water. Overflow gutters
and nozzles are used for this. Depending on the location of the nozzles, the water flow in the pool
may be vertical or horizontal. In the case of a vertical hydraulic system, water is supplied to the pool
through a distribution system placed on the bottom of the pool. In the horizontal flow, treated water is
introduced through the holes in the opposite walls of the pool. In newly built pools, it is recommended
that the long walls of the pool be used for this purpose. Older pools use the water inlet in the short
walls. In these solutions, on the opposite side of the inlet, a certain volume of water is released from
the bottom of the basin using the pool water pumps [10,21,22].

The pool water treatment and disinfection fulfills its task only if the hydraulic system cooperates
with the pool basin geometry. Water flowing through the pool can create zones that are not involved in
circulation. In these so-called “dead zones”, the degree of mixing the disinfectant with water can be
different. In consequence, the effectiveness of microorganisms’ deactivation and the health effects on
bathers may be different. Even the best-designed pool water treatment system, with multi-stage and
modern disinfection, will not protect bathers” health if the flow of water through the pool leads to the
creation of areas where microorganisms (including pathogens) may develop or even survive. It should
be emphasized, however, that in order to prevent excessive introduction of pathogens into the pool
water, it is necessary that users observe the swimming pool hygiene rules (showering before entering
the pool hall, using toilets, etc.) and that they are educated on how to use swimming pools [20,23-25].

The results of the pool water quality analysis largely depend on the place where the water sample
is taken for testing. The inconsistency in water quality at different points of the basin makes it difficult
to give an unambiguous, final assessment of the pool water quality (suitable for bathing or not). Rapid
assessment of water quality is also very important, and this, according to the authors’ knowledge and
experience, could be initially determined on the basis of in situ tests of free and combined chlorine.
Such a control strategy, based on the least favorable test results at a point considered to be characteristic,
would make it possible to verify the parameters of the swimming pool water treatment system and
thus minimize the risk to swimmers” health.

After the analysis of the chlorine content in various points of swimming pool basins and
supplementary parameters, the authors made an attempt to find reliable sampling points for assessing
the quality of pool water in terms of health safety for swimmers. Such searches should aim to identify
the places with the worst water quality. It is very likely that if the water adheres to the quality
requirements in places considered to be the most vulnerable to higher concentration of pollutants,
it will most certainly meet the requirements in places where such concentrations will not occur or
where it will not be so high [10,18,21].
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The main aim of the research was to determine the concentration of the free and combined chlorine
in various points of different swimming pool basins. An attempt was made to find the reliable sampling
points for a quick assessment of the suitability of water for bathing in public pools.

2. Materials and Methods

2.1. Characteristics of Research Objects

Four different public swimming pools (listed in Table 1) located in Poland were selected for the
study. Their function and water treatment scheme are similar. The main differences are: hydraulic
system (vertical in SP1 and SP2, horizontal with nozzles in the long pool wall in SP3 and horizontal
with nozzles in the short pool wall in SP4), type of basin (SP2 is outdoor, while the others are indoor),
filter type (vacuum, open with diatomaceous earth in SP2 and pressure, closed with sand-anthracite
bed in others) and disinfection method (sodium hypochlorite + UV lamp in SP 1 and SP2, only sodium
hypochlorite in SP3 and SP4). Because the kind of compounds that are formed in the water subjected
to chemical disinfection is influenced by the type of disinfectant used, the pools selected for the study

use the same disinfectant (14.5% stabilized sodium hypochlorite solution).

Table 1. The characteristics of tested swimming pools.

Swimming Pool SP1 SP2 SP3 SP4
Function of basin sport and recreation sport and recreation with ~ swimming lessons sport a.nd
hydromassage (school pool) recreation
Type of basin indoor outdoor indoor indoor
Dimensions of the 12525 124 x 25 72%12.5 10 25
pool basin, m X m
Depth of the pool 1.1-1.8 12 12 1.35-2.80
basin, m
Volume of the pool 453 342 162 576
basin, m
Usable area (UA), m? 312.5 285.0 90.0 250.0
Attendance, person/h 16-18 34-54 20-25 15-20
Actual UA, 17.4-19.5 53-84 3.6-4.5 12.5-16.6
m~/person
. vacuum, open, washed
Filter type pressure, closed with diatomaceous earth pressure, closed pressure, closed
Number of filters 2 1 2 2
Filter size, mm @ 2000 4183 x 1870 x 1500 QD 630 Q1600

diatomite (diatomaceous

Type of filter bed sand-anthracite earth) sand-anthracite sand-anthracite
Filtration flow, m3/h 188.6 123.0 40.5 121.3
Filtration velocity, 30 5 30 30
m/h
The time of one
water change in the 24 2.8 4.0 4.75
pool basin, h
; horizontal with horizontal with
Hydraulic system of . . . .
vertical vertical nozzles in the long  nozzles in the short
the water flow

pool wall pool wall
14.5% stabilized solution  14.5% stabilized solution 14.5% stabilized 14.5% stabilized
of NaOCl, automatic of NaOCl, automatic solution of NaOCl, solution of NaOCl,
dosage (2 mg/L/h) and dosage (2 mg/L/h) and automatic dosage automatic dosage
Disinfection method control to get a control to get a (2 mg/L/h) and (2 mg/L/h) and
concentration 0.3-0.6 mg  concentration 0.7-1.0 mg control to get a control to get a
Clp/L + low pressure UV Cly/L + low pressure UV concentration concentration

lamp (600 J/m?)

lamp (600 J/m?)

0.3-0.6 mg Cl/L

0.3-0.6 mg Cl/L
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2.2. Water Samples

Water samples for analysis were collected early in the morning before the swimming pools’
opening time in order to avoid swimmers’ impact on the obtained results. In each of the basins,
based on the results of model tests on hydraulic systems in swimming pools and the author’s results of
previous research in this area, points located near the walls, in corners, on shallower and deeper side
and in the central part of the pool were selected as characteristic (Figure 2) [26-28]. Samples from each
pool had been taken for five days over a one-week period. Sampling took place in accordance with the
guidelines of the unified standard (PN-EN ISO 5667-3:2013-05), and they were taken from a depth of
about 30 cm below the water surface.

SP1 SP2 SP3 SP4
Lenght, m 25 25 12.5 25
Width, m 12.5 12.4 7.2 10

O.Srn w
%5W-o5m oy
“0.5m
0.5 m

Figure 2. Location of sampling points in tested swimming pools.

2.3. Chlorine and Additional Parameters Measurement

The concentration of free chlorine and total chlorine was determined in situ for each water sample,
using the colorimetric method performed with the use of portable Pocket Colorimeter TM II by Hach®
(Loveland, CO, United States). The concentration of combined chlorine was calculated as the difference
between total and free chlorine concentration.

To access the overall quality of swimming pool water, additional parameters were determined.
They included redox potential (sensION meter + MM150 DL, Hach®, Loveland, United States), turbidity
(TN 100 turbidity meter, Eutech®, Singapore), nitrate content, chemical oxygen demand—COD and total
trihalomethanes—THM (DR 5000 spectrophotometer; Hach®, Loveland, United States), total organic
carbon—TOC (TOC-L total organic carbon analyzer; Shimadzu®, Kioto, Japan), number of colony
forming units (cfu), Pseudomonas aeruginosa (membrane filtration method according to PN-EN ISO
16266:2009) and the Escherichia coli cfu number (membrane filtration method according to PN-EN ISO
9308-1:2014-12/A1:2017-04), and total number of mesophile microorganisms (PN-EN ISO 6222:2004).
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The analysis of the research results was based on the Microsoft Excel data analysis package.
Each sample was analyzed three times and the presented results are the average values of
these repetitions.

3. Results and Discussion

In all tested basins, there was a large variation in the chlorine content, depending on both the
point of sampling and the day of measurement. The statistical analyzes were performed in MS Excel.
The difference test and median test between mean values were carried out at the assumed level of
significance « = 0.05. The distribution of free and combined chlorine in the selected points of the
basins is shown in Figures 3 and 4, respectively. The presented results are the average values of the
measurements from 5 days. It can be observed that the average variability (measured as the standard
deviation of free chlorine content, SD) due to the point of sampling in SP1 (SD = 0.02) and SP2 (SD =
0.03) was lower than in SP3 (SD = 0.07) and SP4 (SD = 0.08).
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Figure 3. The distribution of free chlorine in the selected points of the basins.
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Figure 4. The distribution of combined chlorine in the selected points of the basins.

That indicates a better mixing of water in the vertical hydraulic system of water flow (SP1 and
SP2) than in the horizontal system (SP3 and SP4). In every case, chlorine content in the central part of
the pool (point 7) was the most similar to the average value for the whole basin, which indicates that
mixing of water is best in the central part of the pool.
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Each sample was analyzed 3 times. The deviations did not exceed 5%, which indicates a high
repeatability of results. The results of the research were compared with the recommendations of the
regulation on the requirements for water in swimming pools [1,29,30].

Figure 5 presents the correlation between the content of free chlorine and the combined chlorine
in the tested pools. The calculated r-Person correlation coefficient was equal to 0.883, which means
that the correlation between the content of free and combined chlorine is significant. The formula of
the regression equation with the coefficient of determination is presented in Figure 5.

1.00 . e
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0.80 . ®
.

0.70
=) e %8P VT -0.9314x + 0.9758
O 0.60 .'. ... R==0.7708
g o e o.% 'o ®
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5 ™ 5" . .
S 040 h
e )

e,
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0.20 . . . .
See 0@ " * . .
0.10 o+ . * o . -
. O .o
L . ®
L
0.00
0.00 0.20 0.40 0.60 0.80 1.00 1.20

Combined chlorine [mgCly/L]

Figure 5. The correlation between the content of free and combined chlorine in tested pools.

The daily variability of free and combined chlorine content is presented in Figures 6 and 7,
respectively. The presented results are the average values of the measurements from different points of
sampling, collected every day of the study. The average free chlorine content meets the requirements
(0.3-0.6 mg Cl,/L) in the indoor pools (SP1, SP3 and SP4), but exceeds them considerably in the outdoor
pool (SP2). The specificity of the outdoor swimming pool compared to the indoor swimming pools (the
greater load of swimmers, the more intense sunlight on the surface of the water, greater exposure to
contaminants from the pool beach and cosmetics) resulted in higher doses of disinfectant, used in order
to limit the growth of unwanted bacteria. On the other hand, average concentrations of combined
chlorine in indoor pools ranged from 0.23 mg Cl,/L up to 0.62 mg Cl,/L and repeatedly exceeded the
limit value, i.e., 0.3 mg Cl,/L. Meanwhile, in SP2, the combined chlorine concentrations were very
small, from 0.10 mg Cly/L to 0.13 mg Cl,/L. Such a difference in the content of combined chlorine
(chloramines) was the effect of using different doses of disinfectant (Table 1).
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Figure 7. The daily variability of combined chlorine in different swimming pools.

The strength of the dosed disinfectant solution is calculated based on the pool capacity, circulation
speed and maximum bath load. The chlorine dosing system should be adjusted so that the concentration
of free chlorine is 0.7-1.0 mg Cl,/L in outdoor pools, and 0.3-0.6 mg Cl,/L in indoor pools. To maintain
a stable level of a disinfectant, it is necessary to combine effective distribution and automatic control
system with dosing pumps of the right size and a disinfectant of known strength (14.5% NaOCl was
used for the tested pools).

To avoid problems associated with maintaining the appropriate quality of pool water, including
adhering to the required concentrations of free and combined chlorine, pool facility managers should
in particular: frequently monitor and adjust pH values, redox potential and levels of disinfectants
to the applicable requirements, regularly conduct microbiological tests, effectively clean the walls
of swimming pools and filtration devices, including periodic disinfection of filter beds (in which
microorganisms can form a biological membrane), control the number of pool users, encourage them
to comply with the rules of personal hygiene and conduct educational activities in this regard.

It needs to be remembered that testing swimming pool water quality for the content of combined
chlorine (chloramines) should be connected not only with the control of free chlorine and redox
potential, but also with the chemical oxygen demand (COD) and total organic carbon (TOC).

The higher doses of disinfectants in SP2 also influenced the other water quality parameters
(Table 2). To compare, the average redox potential value in SP2 pool was 714 mV, while in SP1 it was
664 mV, in SP3 634 mV and in SP4 628 mV; the average COD in SP2 was 0.53 mg O,/L, while in SP1,
SP3 and SP4 it was more than 1.50 mg O,/L. The average content of TOC in SP2 was 0.72 mg C/L,
while in SP1 3.29 mg C/L, in SP3 7.12 mg C/L and in SP4 9.26 mg C/L. The other analyzed parameters did
not differ markedly (turbidity was between 0.18 + 0.20 NTU, nitrate 2.7 + 3.5 mg NOz /L, THM 0.040
+ 0.041 mg/L). The analysis of the complementary parameters also indicates a better quality of water in
pools with a vertical hydraulic system (SP1 and SP2).
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Table 2. The overall quality of swimming pool water determined by the additional parameters.

Parameter, Units SP1 SP2 SP3 SP4

Redox potential, mV 664 714 634 628

Nitrate content, mg NO3;~/L 2.8 2.7 3.0 3.5
Turbidity, NTU 0.18 0.19 0.18 0.20

Chemical oxygen demand—COD, mg O,/L 1.55 0.53 1.54 1.53
Total trihalomethanes—THM, mg/L 0.040 0.040 0.040 0.041
Total organic carbon—TOC, mg C/L 3.29 0.72 7.12 9.26

The results of the microbiological analysis of pool water sampled from pools SP1, SP2 and SP3
did not raise any objections. No presence of the cfu of the total number of microorganisms (at 36 °C +
2 °C after 48 h), Escherichia coli and Pseudomonas aeruginosa was found in these pools, while in the water
samples from SP4 pool, 2 cfu/100 mL of Escherichia coli were present. The water circulation system
used in SP4 pool is not recommended for public swimming pools. The inflow in the short wall of
the basin, the number of inlet nozzles and the outflow of water from the bottom do not comply with
the requirements of a modern swimming pool. The high variability of the concentration of the tested
parameters at various sampling points of this pool indicates the insufficient mixing of water and a
worse overall sanitary condition of water.

4. Summary and Conclusions

The distribution of free and combined chlorine concentration was analyzed in four basins differing
in seasonality of use and in the applied water flow systems. The parameters selected in the study
are the most important, and easy to determine, chemical parameters that are used in the analysis of
the health risk to people using swimming pools. The analysis of free chlorine concentrations in the
characteristic points of the pools makes it possible to assess the antiseptic effect of the disinfectant,
protecting against bacteriological contamination of water and the spread of pathogenic microorganisms.
In turn, the concentration of combined chlorine determines the comfort and safety of swimming in
terms of threat from DBP.

The type of hydraulic system undoubtedly influenced the cleanliness of the water. The flow time,
location and distance between the inflow and outflow nozzle clearly contribute to the better quality of
water in pools with a vertical hydraulic system. The results of analysis confirm the better efficiency
of this kind of hydraulic system. The cooperation of the hydraulic system with the treatment and
disinfection system guarantee that the quality of the pool water is safe for its users. The flow of water
through the basin should not cause the "dead" zones that do not take part in the circulation. To avoid
them, the flow of water through the basin should be as short as possible.

Variation in chlorine concentrations was observed in samples taken from various points in the
same measurement series. The most uniform distribution of the concentration of both free and
combined chlorine was observed in the middle point of swimming pools. However, at points near the
corners and walls of swimming pools, the distribution of concentrations varied (the largest deviations
from the average value).

According to Polish law, the concentration of combined chlorine in water sampled from the
pool basin may not exceed 0.3 mg Cly/L. There was a variation in the combined chlorine content
and non-compliance with the requirements in this matter in indoor pools. Very low concentrations
of combined chlorine in the outdoor pool resulted from the use of high doses of disinfectant and
maintaining higher than necessary concentrations of free chlorine.

In the case of recurring problems with maintaining adequate concentrations of free and combined
chlorine, it is worth considering using at least two-stage disinfection. In addition to chlorine
disinfection, alternative processes could be included: electrochemically generated mixed oxidants,
ultraviolet irradiation (UV) and UV-based advanced oxidation processes (AOPs), such as UV/H,0O,,
ozone (O3) and ozone-based AOPs, such as O3/H,O, and O3/UV.
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This is an initial work on assessing the health safety of water in public pools. Determining the
content of free chlorine and combined chlorine at various (but characteristic) points of pool basins can
help to quickly assess the potential health risk to swimmers.

The results of the tests confirm the need for further, multi-parameter tests and observations in
the field of chemical and bacteriological pollution distribution in pool waters and their impact on the
assessment of pool water quality and health safety of swimmers and staff.

Based on the obtained test results, and in order to assess the degree of pool water pollution, the
authors recommend collecting pool water samples from several characteristic points. The risk to the
health of persons in a swimming pool should be assessed on the basis of the least favorable results.
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