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Abstract: The microbial water quality of therapeutic pools operating without disinfection is recur-
rently compromised, posing a risk to bathers’ health. The complex composition of such waters and the
sensitivity of their therapeutic components hinder the use of traditional chlorine-based disinfectants.
The present study aimed to investigate the applicability of a hydrogen peroxide-based disinfectant in
therapeutic water in comparison with hypochlorite. Disinfection efficacy, byproduct formation, and
the fate of therapeutic components were tested for both disinfectants under laboratory conditions,
applying different doses and contact times. Disinfection efficacy was found to be matrix-dependent,
especially that of hydrogen peroxide against Pseudomonas aeruginosa (a 10- to 1000-fold difference).
Hypochlorite treatment presented a significant chemical risk through the generation of byproducts,
mainly brominated and iodinated compounds and combined chlorine. Of the alleged therapeutic
components, sulfide ions were eliminated (≥86% loss) by both disinfectants, and hypochlorite reacted
with iodide ions as well (≥70% removal). Based on their composition, only 2% of Hungarian thera-
peutic waters can be treated by chlorination due to high concentrations of ammonia and/or organic
compounds. Hydrogen peroxide is applicable to 82% of the waters, as the presence of sulfide ions is
the only limiting factor. Due to the matrix effect, close control of residual disinfectant concentration is
necessary to ensure microbial safety.

Keywords: water quality; disinfection; balneology; baths; swimming pools; mineral waters; hydrogen
peroxide; sodium hypochlorite; Pseudomonas aeruginosa; Escherichia coli

1. Introduction

Balneotherapy is a long-standing tradition in Europe. It is a recognized complementary
therapy in the treatment of musculoskeletal, dermatological, and gynecological problems,
among others [1,2]. At the same time, bathing in spas can pose a risk to health if the water
is microbiologically unsafe, especially for the elderly and immunocompromised people
who are the primary target audience of balneotherapy [3–6].

Traditionally, pool water quality in therapeutic pools is ensured by dilution-based
methods (large-scale water replenishment, frequent water exchange) and user behavior
(limited pool load and improved bather hygiene). While these measures are important, they
are often insufficient against microbial contamination. Several pool water-related diseases
can be associated with untreated therapeutic waters [4,7,8]. In Hungary, according to
monitoring data from the public health authorities, microbial water quality is significantly
more frequently non-compliant in therapeutic fill-and-drain pools than in other types of
bathing facilities, e.g., in swimming pools [9,10].
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An ideal disinfectant for the treatment of therapeutic pools would eliminate pathogens
while leaving the healing effects of the water unchanged. Hungarian regulations link
the certification of therapeutic waters, and thus implicitly their therapeutic effect, to the
presence of certain chemical components. The components designated in the Ministerial
Decree on natural healing factors are: total mineral content; iodide, bromide, sulfide, and
lithium ions; metasilicic acid; free carbon dioxide; and radon gas [11].

Their complex composition, frequently high organic and mineral content, and gen-
erally high temperature are further challenges in the chemical disinfection of therapeutic
waters. Several alternative methods have been suggested for disinfecting thermal and
therapeutic waters, while others may be considered based on experiences in other fields;
these include ultraviolet (UV) light treatment [4,12], ultrafiltration [13], and the use of nano-
materials [14,15]. Advanced oxidation processes (AOP) based on different methods such
as the combination of UV/H2O2/O3, nanomaterials, or electrocoagulation are becoming
widespread [16–18]. However, alternative methods often entail high costs, and the fouling
of UV lamps can be significant in waters with a high mineral content. Physical methods
only act at the point of application, and do not provide protection against bather-derived
contamination in the pool. Due to the high oxidative power and complex chemistry of AOP
processes, the overall composition of therapeutic water may change significantly over time.
For the components considered to be therapeutic, UV and ultrafiltration methods have
been shown not to alter the sulfide ion or metasilicic acid content of the treated water [4,13].

Most common chemicals used in swimming pool water disinfection contain chlorine-
based active ingredients such as chlorine gas or sodium hypochlorite. Their main advan-
tages are good disinfection efficacy, easy handling, and low cost. Although their disinfection
efficiency has been demonstrated in tap water, it may be different in therapeutic waters
with different compositions. The formation of byproducts which are often harmful to health
is a serious limitation on the use of chlorine-based disinfectants in waters with high organic
matter content [19–21].

Alternatively, disinfectants containing hydrogen peroxide may be applied [22–24].
Hydrogen peroxide-based disinfectant products usually contain a stabilizer and/or other
biologically active ingredients to enhance disinfection efficacy, e.g., silver or quaternary
ammonium polymers. Due to their slower mechanism of action and higher price range, they
are less common in swimming pool water treatment and are typically used in lower-load
home pools or children’s pools [6,25]. Their advantage in therapeutic water disinfection
may be the absence of byproduct formation, although evidence is limited in this area.
Recently, a hydrogen peroxide-based disinfectant containing a quaternary ammonium
polymer, N-methyl-methanamine-(chloromethyl)oxirane, has been introduced in several
Hungarian spas.

Both active chlorine and hydrogen peroxide have oxidizing properties, and can therefore
react with the presumptive therapeutic components of these waters. Their reactions with
sulfide [26–30], bromide [31–33], and iodide ions [34–37] have been described in the literature;
however, reaction conditions are not always similar to those in therapeutic waters.

The aim of our series of experiments was to compare chlorine-based and hydrogen
peroxide-based disinfectants. Certified therapeutic water was treated in laboratory model
experiments with two commercially available pool water disinfectants. The efficacy of
the disinfectants and their effects on chemical composition and byproduct formation were
investigated to obtain a complex picture of their respective advantages and disadvantages.

The available literature on the disinfection options of therapeutic waters is scarce.
To ensure microbial safety of the pools as well as to identify suitable means of cleaning
is indispensable. The present study is the first attempt to investigate the applicability
of a hydrogen peroxide-based disinfectant. The results shed light on the challenges of
hypochlorite treatment of therapeutic waters, including byproduct formation and the fate
of therapeutic components. As compositional data on Hungarian therapeutic waters was
at our disposal, the treatability of domestic waters became quantifiable as well, presenting
an important data source for domestic spa operators and stakeholders.
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2. Materials and Methods

Test water
Water from a certified therapeutic well in Budapest was used for the disinfection

experiments. The water was of a mixed nature, with the main ions Na+, Ca2+, Mg2+, Cl−,
SO4

2−, and HCO3
−. While its certification was based on total mineral content, it contained

sulfide-, bromide-, iodide-ions, and metasilicic acid. A detailed description of the water is
presented in the Results and Discussion section. Test water was collected directly from the
well and transported to the laboratory, where it was processed immediately or stored at
4 ◦C until use.

Disinfectants
Commercially-available formulated pool disinfectants were used for the disinfection

experiments. Both products are approved biocides. Active ingredients were (1) hydro-
gen peroxide (47.9%) and N-methyl-methanamine-(chloromethyl)oxirane (2.4%) and (2)
sodium hypochlorite (12–15%); hereinafter, these are referred to as hydrogen peroxide and
hypochlorite.

The applied doses were selected based on the values used in pools in practice [38].
Nominal concentrations for sodium hypochlorite (measured as free active chlorine) were
(1) below breakpoint, (2) 0.5, and (3) 1 mg/L free active chlorine residuals. In the case
of hydrogen peroxide, concentrations of 30, 100, 200 mg/L were used. The required
reagent doses were determined by preliminary demand tests. In the case of sodium
hypochlorite, the time required for the reaction to be completed was determined in advance.
The respective hydrogen peroxide and free chlorine concentrations of the disinfectants
were determined before each experiment. All treatments were replicated at least three
times. After the desired contact time, disinfectant residues were neutralized using sodium
thiosulfate.

Disinfection efficacy test
Test water samples were sterilized by membrane filtration on mixed ester filters with

a 0.45 µm pore size. The matrix effect control was tap water sterilized and dechlorinated
by autoclaving. The test microorganisms were Escherichia coli, HNCMB 35033 (hereinafter:
E. coli) and Pseudomonas aeruginosa, HNCMB 170554. Prior to inoculation with the test
organisms, the level of disinfectant was adjusted to the desired level. The time required
for the reaction of hypochlorite with chemical components to be completed was 10 min
in most cases. Sterile tap water was inoculated as a control with and without disinfectant.
During the test, samples were continuously stirred at ambient temperature. The contact
time was 5 min for sodium hypochlorite and 30 min for hydrogen peroxide, due to the
latter’s slower disinfection mechanism. At the end of the reaction time, residual disin-
fectants were measured and the reaction was stopped by the addition of excess sodium
thiosulfate. Aliquots of the sample (test samples: 1–300 mL, non-disinfected control sample:
0.1 mL) were concentrated by membrane filtration and bacterial counts were determined by
standard culture methods (ISO 9308-1:2000 for E.coli and ISO 16266:2006 for Pseudomonas
aeruginosa, Table 1.

Investigation of the effect of disinfectants on the chemical composition
Aliquots of the test therapeutic well water were treated in the laboratory with the

selected disinfectants in a closed bottle at room temperature. In the case of sulfide ions, due
to the volatility of the component the disinfectants were added on site (at the therapeutic
water well) and the closed bottles were delivered to the laboratory.

After the addition of the disinfectant, the samples were homogenized. The contact
time was 1 h (simulating the disinfectant addition step of the water treatment) and 12 h
(simulating the residence time of the water in the fill and drain systems). Untreated
control samples were handled in the same manner, except for disinfectant dosing. The
concentrations of the disinfectants were measured at the beginning and at the end of the
contact time.

Measured parameters were electrical conductivity (inoLab Cond Level 2, WTW, Wel-
heim, Germany), pH (pH330i/SET, WTW, Welheim, Germany), alkalinity, hardness, thera-
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peutic components (total mineral content, lithium, iodide, bromide, sulfide, metasilicate
ions, silicon) and certain potential oxidation products (sulfate, iodate, bromate ions). Anions
were measured by ion chromatography (Dionex ICS-5000+, Thermo Scientific, Waltham,
MA, USA) except for sulfide and metasilicate ions which were measured with a UV-1800
UV-VIS spectrophotometer (Shimadzu, Kyoto, Japan). Lithium and silica were measured
by ICP-MS (iCAP RQ ICP-MS, Thermo Scientific, Waltham, MA, USA). All chemicals used
were purchased from Merck (Merck Group, Darmstadt, Germany).

Table 1. Analytical methods and standards used for characterization of water samples.

Compound Analytical Method Standard Detection Limit

Hydrogen peroxide Titration in acidic media
with KMnO4

EPA guidance [39] 0.1 mg/L

Total, free and bound
active chlorine Titrimetric method ISO 7393-1:2000 0.05 mg/L

Escherichia coli Membrane filtration
method ISO 9308-1:2000 -

Pseudomonas aeruginosa Membrane filtration
method ISO 16266:2006 -

pH Potentiometry Hungarian standard 1484-22:2009 -
Electrical conductivity Conductometry ISO 7888:1985 -

Alkalinity (hydrogen carbonate, carbonate,
hydroxyl ions) Acid-base titration ISO 9963-1:1994

ISO 9963-2:1998 0.1 mmol/L

Hardness Complexometry Hungarian Standard 448-21:1986 1.0 mg/L CaO
Evaporation residue at 180 ◦C Weighing Hungarian Standard 448-19:1986 23 mg/L

Anions

Br−

Ion chromatography

ISO 10304-1:2009 0.05 mg/L
I− ISO 10304-3:1999 0.03 mg/L

SO4
2− ISO 10304-1:2009 5 mg/L

IO3
− ISO 10304-1:2009 2 mg/L

BrO3
− ISO 15061: 2002 0.03 mg/L

ClO3
− ISO 10304-4:2000 0.05 mg/L

Sulfide ion Spectrophotometry Hungarian Standard 448-14:1990 1 0.1 mg/L

Metasilicic acid
Spectrophotometry Hungarian standard 448-26:1991 2 2.0 mg/L

As silicon by ICP-MS ISO 17294-2:2017
Lithium ICP-MS ISO 17294-2:2017

Ammonium ion Spectrophotometry ISO 7150-1:1984 0.02 mg/L

Total Organic Carbon (TOC) Thermal oxidation,
IR detection EN 1484:1997 0.3 mg/L

Trihalomethanes (THMs) Purge&Trap-GC-MS Hungarian standard 1484-5:1998 1.0 µg/L

1 Modified to avoid interfering with the disinfectants: ZnS precipitate was filtered off and diluted with an equal
volume of deionized water before the addition of the color-forming reagent. 2 Measured against disinfectant-
containing blanks.

The total mineral content of water is a sum parameter expressing the total amount of
dissolved ions, and was calculated according to Equation (1):

Total mineral content =
cHCO−

3

2
+ evaporation residue (180 ◦C) (1)

Analytical methods and standards used for the characterization of water samples are
summarized in Table 1.

The effect of disinfectant treatment on the therapeutic components was expressed as
the percentage difference of the mean concentrations measured in the treated and control
samples. The significance of the difference between sample groups was analyzed by paired
t-test at a 95% confidence level.

Analysis of disinfection byproducts
Chlorinated, brominated, and iodinated trihalomethanes (chloroform, bromodichloromethane,

dibromochloromethane, bromoform, dichloroiodomethane, bromochloroiodomethane,
dibromoiodomethane, diiodochloromethane, diiodobromomethane, iodoform) were mea-
sured. The ten trihalomethane (THM) compounds listed above are hereinafter referred to
as THM10, and the iodinated ones as iTHM. THMs were measured by the Purge&Trap gas
chromatography–mass spectrometry method (GC-MS; 7890B GC, 7000C MS TripleQuad,
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Agilent, Santa Clara, CA, USA; Stratum Purge&Trap, Teledyne Tekmar, Mason, OH, USA).
Distribution of THM species was characterized by incorporation factor. Bromine incorpora-
tion factor (BIF); Equation (2) is defined by Gould as the ratio of the molar concentration of
bromine incorporated into a given class of disinfection byproducts (DBPs; here THM10) to
the molar concentration of DBPs in that class, as presented in Equation (2) [40]:

BIF =
CHBrCl2 + 2 ∗ CHBr2Cl + 3 ∗ CHBr3 + CHBrClI + 2 ∗ CHBr2I + CHBrI2

CHCl3 + CHBrCl2 + CHBr2Cl + CHBr3 + CHCl2I + CHBrClI + CHBr2I + CHClI2 + CHBrI2 + CHI3
(2)

For our analysis, incorporation factor was defined for iodine as well (IIF); Equation (3):

IIF =
CHCl2I + CHBrClI + CHBr2I + 2 ∗ CHClI2 + 2 ∗ CHBrI2 + 3 ∗ CHI3

CHCl3 + CHBrCl2 + CHBr2Cl + CHBr3 + CHCl2I + CHBrClI + CHBr2I + CHClI2 + CHBrI2 + CHI3
(3)

Chlorate and bromate ions were measured by ion chromatography (Dionex ICS-5000+,
Thermo Scientific, Waltham, MA, USA).

Qualitative GC-MS fingerprint measurements were carried out to identify potential
unknown disinfection byproducts. GC-MS fingerprints were prepared from 1 L of control
and treated samples extracted with 3 × 20 mL dichloromethane and adjusting the pH to
2, 7 and 10. The eluate was concentrated and analyzed by GC-MS (HP 6890 GC, HP 5973
MSD, Hewlett Packard, Palo Alto, CA, USA) in scan mode. The peaks were identified by
Agilent software based on NIST MS spectra library.

3. Results
3.1. Disinfection Efficacy

The disinfection efficacy of the tested disinfectants was characterized by the loga-
rithm of the removal rate (the reduction of colony forming units, CFU, compared to the
untreated control).

The efficacy of hydrogen peroxide for E. coli elimination in therapeutic water was above
four orders of magnitude at all concentrations, and log reduction values were between
4.60 and 5.01, exceeding the values measured for hypochlorite (3.83–4.93). However, its
efficacy against Pseudomonas was significantly lower; mean log removal rates were 1.0,
2.5 and 3.9 for 30, 100 and 200 mg/L hydrogen peroxide, respectively (Figure 1). Sodium
hypochlorite was more potent against Pseudomonas than the hydrogen peroxide-containing
product; the average removal efficiency for this bacteria was between 3.44 and 4.09 for the
tested concentrations.
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Figure 1. Efficacy of hypochlorite and hydrogen peroxide against E. coli and Pseudomonas aeruginosa
in tap water and therapeutic well water, expressed as log removal rates. Tap: dechlorinated tap
water; well: therapeutic water. Dose 1 = below breakpoint at hypochlorite/30 mg/L hydrogen
peroxide, Dose 2 = 0.5 mg/L free chlorine/100 mg/L hydrogen peroxide, Dose 3 = 1 mg/L free
chlorine/200 mg/L hydrogen peroxide.
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In tap water, both disinfectants effectively removed the tested bacteria even at the
lowest concentration. Average log reduction values in all cases exceeded four orders of
magnitude (Figure 1). Hypochlorite reduced E. coli and P. aeruginosa counts by 4.31–5.01
and, 4.22–4.39 orders of magnitude, respectively; as the tap water did not contain ammonia,
the lowest hypochlorite dose below breakpoint was not tested. For hydrogen peroxide, log
reduction rates ranged from of 4.92–5.03 for E. coli and 4.55–5.17 for Pseudomonas.

Removal rates of E. coli were similar in both types of matrix regardless of the type of
disinfectant. The disinfection efficiency for Pseudomonas was significantly better in tap water
than in the therapeutic well water. However, using the hypochlorite-based disinfectant,
the difference was not significant in either case; in order to reach the same free chlorine
concentration in the therapeutic water, a larger amount of hypochlorite was required due
to the excess quantity required for the oxidation of ammonia.

3.2. Disinfection Byproducts
3.2.1. Disinfection Byproducts Generated during Hypochlorite Treatment

• Trihalomethanes (THM10)

The total concentration of THM10 (chlorinated, brominated, and iodinated trihalomethanes)
varied between 1.4–4.5 µg/L (Figure 2a) in the treated therapeutic water. Mean concen-
tration was higher above than below the breakpoint. However, the difference between
below breakpoint and 0.5 mg/L free chlorine was not significant, possibly due to a high
standard deviation at the latter dose. The effect of contact time was more pronounced; after
12 h, THM10 concentration increased by 132%, 102%, and 124% for increasing free chlorine
doses compared to 1 h contact time. The most significant difference between the doses
was the proportion of iodinated THMs. Below the breakpoint iodinated compounds were
dominant, accounting for 74% and 85% of the total THM10 concentration at 1 h and 12 h,
respectively. Above the breakpoint, iodinated THMs were negligible compared to THM4
(the four regulated compounds) (Figure 2a).
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Figure 2. Chlorination byproducts of hypochlorite treatment in therapeutic water: (a) Concentration
of total I-THM and THM4 compounds; (b) Incorporations factors for chlorine (ClIF), bromine (BIF),
and iodine (IIF). Denotion of nominal concentrations: Dose 1 = below breakpoint, Dose 2 = 0.5 mg/L
free chlorine, Dose 3 = 1 mg/L free chlorine.

At the 0.5 and 1 mg/L free chlorine concentrations brominated compounds dominated.
The most prevalent species was bromoform, accounting for 84–92% of the total THM10
concentration. Chloroform was not detected in any of the samples (Table 2). The halogen
incorporation factors reflected this difference; BIF values for THM10 were high (2.77 and
2.78 of the total value 3), while ClIF (chlorine incorporation factor) and IIF were between
0.06–0.17 (Figure 2b). The effect of contact time was not significant; BIF value increased
slightly further, by 3.2–3.5%. Below the breakpoint, the distribution of THM species showed
a very different picture. The most prevalent species were those containing only bromine
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and iodine (CHBr3, CHBr2I, CHBrI2, CHI3), of which iodoform became dominant at higher
contact time (Table 2). The incorporation factors were in line with this observation; BIF was
slightly higher than IIF at 1 h, and the rate was reversed at the 12-h contact time (Figure 2b).

Table 2. Mean concentrations of THM10 compounds at hypochlorite treatments. The darker green
color indicates an increasing concentration in the experiment.

Concentration (µg/L)

CHCl3 CHBrCl2 CHBr2Cl CHBr3 CHCl2I CHBrClI CHBr2I CHClI2 CHBrI2 CHI3

Below breakpoint—1 h 0.0 0.0 4.4 21.4 0.3 4.2 20.5 0.3 24.4 25.1

0.5 mg/L free chlorine—1 h 0.0 1.1 9.4 84.2 0.2 2.1 3.2 0.2 0.3 0.3

1 mg/L free chlorine—1 h 0.0 0.8 8.9 84.8 0.2 2.2 3.3 0.2 0.4 0.4

Below breakpoint—12 h 0.0 0.0 2.2 12.3 0.1 2.3 15.2 2.8 20.7 44.5

0.5 mg/L free chlorine—12 h 0.0 0.9 6.0 90.3 0.1 1.0 1.8 0.1 0.2 0.2

1 mg/L free chlorine—12 h 0.0 0.6 5.4 91.3 0.1 1.0 1.7 0.1 0.2 0.2

• Chlorate ions

Chlorate is formed through the degradation of hypochlorite during storage, not during
the disinfection procedure. It has known adverse health effects, mainly oxidative damage
to red blood cells [41]. Chlorate ions were detected in the hypochlorite-treated samples in
concentrations proportional to the applied disinfectant dose (mean concentration 1.1, 1.5,
1.6 mg/L, respectively), and concentrations was not affected by contact time or the matrix.

• Combined chlorine

Combined chlorine was generated from the reaction of hypochlorite with the ammo-
nium content of the therapeutic test water. Its mean concentration below the breakpoint
(after complete elimination of free chlorine) was 0.32 mg/L. At higher doses of hypochlo-
rite above the breakpoint, ammonia was completely consumed by hypochlorite in a rapid
reaction taking approximately 10 min. Combined chlorine concentration after the reaction
was 0.05–0.1 mg/L, close to the limit of detection.

3.2.2. Disinfection Byproducts Generated during Hydrogen Peroxide Treatment

In the comparison of fingerprint MS scans of the treated and untreated therapeutic
water, only one compound, epichlorohydrin, was identified as unique to the treated wa-
ter. The source of epichlorohydrin was probably the disinfectant, as it is a monomer of
the quaternary ammonium compound (epichlorohydrin-dimethylamin polymer) used as
an additive.

The organic matter content of the tested water (total organic carbon (TOC) = 1.1 mg/L)
was relatively low among Hungarian therapeutic waters. According to the database on the
characteristics and composition of Hungarian therapeutic waters maintained by the Hun-
garian National Public Health Center (NPHC), the mean and median TOC concentration in
Hungarian therapeutic waters is 12.1 mg/L and 5 mg/L, respectively. However, the tested
water does contain numerous different organic compounds. The diversity of the natural
organic constituents of the water poses a challenge for identifying potential disinfection
byproducts generated during treatment with the hydrogen peroxide-based product.

3.3. Effect on Therapeutic Components
3.3.1. Sulfide Ions

Sulfide ions were found to be the most sensitive therapeutic component investigated in
this study. The initial concentration (0.7 mg/L) decreased below the LOD (0.1 mg/L; ≥86%
elimination) after treatment in every case, even at the shortest contact time and lowest dose
of either disinfectant. (Table 3) In aqueous solutions, sulfide speciates into compounds with
different degrees of protonation. Due to the volatility of H2S, evaporation contributes to
the loss of sulfide [42,43]. However, the results from multiple control experiments in the
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present study indicated that oxidation by the disinfectant is a more rapid reaction than
evaporation. In the presence of either oxidant sulfide was eliminated within 10 min, while
without disinfectant the required time for complete removal was about 2 h. Thus, during
the 10-min contact time a maximum of 14% of the loss can be attributed to evaporation,
and the remaining 86% of the initial sulfur content is likely to be present in the solution as
a different oxidized sulfur species. The main oxidation products of sulfide are elemental
sulfur and sulfate ions [28,29]. The pH of the treated water (Ph = 7.8) and the excess of the
oxidizing agent promotes the formation of sulfate ions. However, quantitation of sulfate
formed by oxidation was not possible because of the relatively small increase (maximum
2.1 mg/L, <1%) compared to the original sulfate concentration of the water (approximately
350 mg/L).

Table 3. Mean concentrations of therapeutic components in control and treated samples.

Sample Type

Disinfectant Target Concentration Sulfide
Ion

Iodide
Ion

Bromide
Ion Lithium Silica

Total
Mineral
ContentFree Chlorine Hydrogen Peroxide

mg/L

H
yp

oc
hl

or
it

e
tr

ea
tm

en
ts

Control <0.05 0.7 1.27 7.03 0.45 15.6 1335
Below breakpoint—1 h below breakpoint <0.1 0.39 6.87 0.44 15.7 1335

Below breakpoint—12 h below breakpoint <0.1 0.29 7.00 0.45 15.6 1346
0.5 mg/L free chlorine—1 h 0.5 <0.1 <0.03 7.01 0.45 15.9 1365
0.5 mg/L free chlorine—12 h 0.5 <0.1 <0.03 6.87 0.42 15.6 1363

1 mg/L free chlorine—1 h 1 <0.1 <0.03 6.98 0.44 15.7 1318
1 mg/L free chlorine—12 h 1 <0.1 <0.03 6.97 0.44 15.5 1319

H
yd

ro
ge

n
pe

ro
xi

de
tr

ea
tm

en
t

Control <0.1 0.7 1.24 7.03 0.49 16.6 1335
30 mg/L—1 h 30 <0.1 1.16 6.83 0.48 16.4 1385
30 mg/L—12 h 30 <0.1 1.12 6.78 0.47 16.5 1410
100 mg/L—1 h 100 <0.1 1.16 6.76 0.46 16.9 1418

100 mg/L—12 h 100 <0.1 1.17 6.73 0.46 16.6 1426
200 mg/L—1 h 200 <0.1 1.12 6.54 0.46 16.6 1405

200 mg/L—12 h 200 <0.1 1.20 6.54 0.46 16.3 1391

3.3.2. Iodide Ions

Hydrogen peroxide treatment did not significantly affect the concentration of iodide
ions (1.21–1.35 mg/L) (Table 3). The maximum difference between the mean concentrations
of the treated and control samples was 9.8%, and no correlation was observed between the
disinfectant dose and the contact time.

In the samples treated with hypochlorite, a significant loss of iodide ions was observed.
The lowest dose (below the breakpoint) reduced the iodide concentration by 70% and 77%
after 1 h and 12 h, respectively. Iodide was eliminated completely (to below the LOD
of 0.01 mg/L) at higher hypochlorite concentrations, regardless of the contact time. The
main oxidation products of iodide under the test conditions were hypoiodite and, by its
further oxidation, iodate [34]. End products were not detectable due to the high LOD
(2 mg/L, which is higher than the theoretical calculated maximum amount of iodate that
can be formed from the initial iodide ion content) of iodate with the IC method used in this
matrix. The quantity of iodide incorporated into iTHMs (see Section 3.2.1) was negligible
(0.06–2.3 µg/L, max. 0.18%).

3.3.3. Bromide Ions

Hydrogen peroxide treatment slightly reduced the initial concentration of bromide
ions (6.7–7.3 mg/L), especially at higher disinfectant doses, with a maximum loss of 8.8%
(Table 3). The differences between the treated and control samples and between the different
contact times and disinfectant doses were not significant.

Hypochlorite treatment did not alter the concentration of bromide ions (6.7–7.3 mg/L);
the maximum difference between the treated and control samples was 2.3%. Neither disin-
fectant dose nor contact time had a significant effect. The quantity of bromide incorporated
into THMs and iTHMs (see Section 3.2.1) was negligible compared to the initial amount
present (0.57–5.0 µg/L, less than 0.1%).
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3.3.4. Total Mineral Content

The total mineral content (TMC) was not altered significantly by either disinfectant,
regardless of the dose and contact time. The largest deviation from the control was 6.8%.

3.3.5. Metasilicic Acid

No significant decrease in the initial silicon concentration (16 mg/L Si) was observed
after disinfection. The maximum deviation from the control was 2.1% and 1.7% using
hydrogen peroxide and hypochlorite, respectively. There were no significant differences
between the different doses or contact times with either disinfectant.

3.3.6. Lithium

The initial mean concentration of lithium (0.45 mg/L) was not affected by the applied
disinfectants. There was no significant difference between the untreated and treated
samples in either case, regardless of the applied dose or contact time. The maximum
deviation was 6.3% and 5.7% for hydrogen peroxide and hypochlorite, respectively.

4. Discussion
4.1. Disinfection Efficacy

Hypochlorite proved to be effective for the elimination of E. coli and Pseudomonas
aeruginosa in the tested therapeutic water at all applied concentrations, while the efficacy of
the hydrogen peroxide-based product against Pseudomonas was only sufficiently effective
at 200 mg/L and removal rates dropped with decreasing concentrations. The efficacy of
disinfection proved to be dependent on the matrix; in the tap water control, the difference
in the disinfection efficacy of the two products was not significant (paired t-test, 95%
confidence level). Water quality variables can influence the efficacy of disinfection in
several ways, including through reducing available disinfectant quantity (constant reagent
demand due to oxidizable compounds), influencing the activity through altering chemical
properties or reaction rate of disinfectants (pH, temperature), or by increasing the resistance
of microorganisms (presence of particles, conditions promoting biofilm formation) [44]. The
efficacy of sodium hypochlorite has been investigated in several studies, and it is known
to be dependent on temperature and pH [45,46] while being unaffected by high mineral
content [47]. The latter was confirmed in the present study. However, factors determining
the efficacy of hydrogen peroxide and the quaternary ammonium compound have been
less widely studied.

Based on the results, P. aeruginosa may present an important risk factor when using
hydrogen peroxide-based products. P. aeruginosa is a well-known waterborne pathogen
associated with acute folliculitis in pools, known as “hot tub rash” [48], and is an indicator of
biofilm formation potential. In our case study of disinfected therapeutic pools in Hungary,
P. aeruginosa was the most common reason for non-compliance in pools treated with
hydrogen peroxide [38]. As efficacy is considerably reduced with decreasing concentration,
maintaining the appropriate level of disinfectant is especially important in waters with
significant matrix effects. Close attention should be paid to preventing biofilm formation,
which can support the growth of microorganisms and protect them from disinfectants.
Effective preventative measures include regular shock disinfection treatments and the
introduction of additional disinfectants (e.g., chlorine dioxide) at high risk points such as
filters [49,50].

4.2. Disinfection Byproducts

The use of hypochlorite in disinfection is known to be associated with the formation of
disinfection byproducts where precursor organic or nitrogen compounds are present [51].
While the phenomenon is well-characterized in drinking water and pool water, limited
data are available for thermal mineral waters used for therapeutic bathing.

Of the measured THM10 compounds, concentrations of the regulated THM4 molecules
were below the parametric values of the Hungarian regulations (50 µg/L for the sum of
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THM4). Regulation has not yet been established for I-THM compounds, either in Hungary
or worldwide. The most significant THM in swimming pools is usually chloroform [52];
however, in our experiments brominated and iodinated compounds dominated. Because
their precursors, bromide and iodide ions [53], are common in therapeutic waters (maxi-
mum 25 and 22 mg/L, median 0.65 and 0.26 mg/L, respectively, according to the NPHC
database) this phenomenon can be considered general in the field of therapeutic water
treatment. Species distribution showed a very different picture at doses below and above
the breakpoint. In accordance with previous studies, below the breakpoint iodinated com-
pounds predominated [54]. In the presence of free chlorine, the proportion of brominated
compounds was significant.

There are open questions about the health effects of THMs; however, several species
have been associated with negative health impacts including genotoxicity and carcinogenic-
ity. Among THM4 compounds, harmful effects increase through oral exposure with the
amount of incorporated bromine, with iodinated THMs are considered to represent the
most genotoxic group [55,56]. In swimming pools, unacceptable level of health risk due
to THMs have been identified mainly due to inhalation of chloroform evaporating from
the water [52]. Volatility of THMs, and therefore exposure by inhalation, decrease with
increasing bromide and iodide content; lower THM concentrations in the air may reduce
the overall health risk. However, among the examples of THM4 bromoform permeates
most readily through the skin, while chloroform is the least permeable [57] and no data are
currently available for iodinated compounds. Thus, the health risks of dermal absorption
may be higher.

Of the investigated disinfection byproducts, combined chlorine levels were below the
parametric value required by the Hungarian regulations (0.5 mg/L) in all experiments. The
formation of combined chlorine is common in chlorinated pool water due to the presence
of nitrogen precursor chemicals of human origin, particularly ammonium ions and urea
(which can be readily decomposed to ammonium ions) in the 0.1–5 mg/L concentration
range [6,58,59]. However, thermal waters from deep aquifers often contain high concen-
tration of ammonium ions naturally from geological origins in addition to bather-derived
contamination. According to the NPHC database, the ammonium ion concentration of
Hungarian therapeutic waters can reach a maximum of 57 mg/L (median 5.6 mg/L), and
is absent (<0.02 mg/L) only in 2% of such waters. If hypochlorite is underdosed (i.e., the
applied dose of hypochlorite is insufficient for the complete oxidation of the ammonia,
as simulated with the lowest dose in the present study) no free chlorine will be present
in the treated water for disinfection. If the hypochlorite dose is sufficient for microbial
safety, the presence of combined chlorine residual is inevitable and can reach a high con-
centration if initial ammonium levels are high, as observed in a case study of disinfected
spas [38]). Combined chlorine consists of different organic and inorganic chloramines.
While monochloramine has a small disinfectant effect, it is not as effective as free chlo-
rine [60]; several other chloroamine compounds have adverse health impacts, such as
causing asthma [61,62]. As they are often volatile, the risk to health will be present in sitting
pools, including therapeutic pools.

In addition to the formation of chloramines, other problems arise if the ammonia con-
centration is high in the water; costs are higher due to increased consumption of chemicals,
and maintaining a proper disinfectant level is more difficult or requires complex technology.
The most common method of removing ammonia is to use breakpoint chlorination; this
process requires vigorous oxidation with a large excess of chemicals followed by filtration
on activated carbon, which fundamentally changes the composition of the water.

Measured concentrations of chlorate ions were proportional to the applied dose,
indicating their formation by the slow disproportionation of hypochlorite over time during
storage, in line with the literature [41,63]. All measured values were below the WHO
guideline value for pools (3 mg/L). Information on the detrimental health effects of chlorate
is limited; oxidative damage to red blood cells is the primary concern [41]. As the main
exposure route for chlorate is through oral ingestion, the risk may be reduced by the
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fact that therapeutic pools are used primarily as sitting pools, and thus water ingestion
is limited.

When assessing the health effects of chlorinated bathing water, the general conclusion
is that the beneficial effects of exercise (swimming) outweigh the risks posed by byprod-
ucts [6,64]. In therapeutic sitting pools, the beneficial effect of exercise cannot prevail. A
study comparing the benefits of spa pools with the risks posed by byproducts has not yet
been conducted. Further water and air measurements of disinfected therapeutic pools and
risk assessment are necessary in order to quantify the health effects.

The use of hydrogen peroxide-based disinfectants is less common, and the related
literature is scarce and mainly focuses on combined methods such as UV + hydrogen-peroxide
or advanced oxidation processes. In our experiments, no DBPs were identified that would
be produced from the reaction of hydrogen peroxide and the natural organic compounds in
the water. The only compound introduced during treatment was epichlorohydrin, which is
likely to originate from a secondary active ingredient in the disinfectant, epichlorohydrin-
dimethylamin polymer. Epichlorohydrin is a possible human carcinogen [65] and a quaternary
ammonium biocide, and is currently under review in the EU Biocides Review Programme, by
the end of which more information on this issue is expected.

Our measurements are only the first step towards understanding byproduct formation
in hydrogen peroxide treatment. Further research is necessary in order to identify potential
byproducts, and assess their health effects.

4.3. Effects on Therapeutic Components

Both hydrogen peroxide and hypochlorite have oxidative properties, and therefore
can react with oxidizable components in water. Both disinfectants have been previously
shown to oxidize sulfide [26,28,29], bromide [31–33], and iodide ions [34–37], though the
reaction conditions were not always the same as in therapeutic waters.

During our experiments, the results for hypochlorite treatment were in line with
these findings, except with respect to bromide ions, where no significant decrease was
measured. Hypochlorite is known to react with bromide ions in a highly pH-dependent
reaction (HOCl being 106 times more reactive than OCl−), mainly producing hypobromite
ions (OBr−) [31,66]. The reaction rate is five orders of magnitude lower than that of the
oxidation of iodide ions [53], which may explain the observed differences. During our case
study assessing the application of disinfectants to therapeutic spa waters, the concentration
of bromide ions decreased considerably in the pools compared to untreated therapeutic
well water, which can possibly be explained by the longer contact time and continuous
disinfectant dosing applied in circulated pools [38].

Dosing with the hydrogen peroxide-based product reduced only the concentration of
sulfide ions, with bromide, and iodide ion concentrations remaining unchanged; this is in
line with the results of on-site measurements in spas using this product for disinfection [38].
Though hydrogen peroxide is a stronger oxidant (E0 = 1.76 V) than hypochlorite (E0 = 0.89 V),
its reactions can be kinetically inhibited at near-neutral pH [67]. For example, at acidic pH,
peroxide is able to oxidize bromide ions, while at neutral pH this reaction is much less
significant [68].

For the other therapeutic components, reactions with the disinfectants were not ex-
pected based on their chemical properties, and this hypothesis was confirmed by the results.
The main ions of the tested waters contributing to the total mineral content were Na+, Ca2+,
Mg2+, Cl−, SO4

2−, and HCO3
−. These components are typically not very reactive, and are

not known to react with hydrogen peroxide or hypochlorite under the study conditions.
Silicon can exist in water in various forms, dissolved as acids or hydroxides or as polymers,
colloids, or particles [69]. As silicon is usually present in oxidized form in these compounds,
it is unlikely to react with oxidants. Lithium is not oxidizable under the test conditions [70].

Based on the NPHC therapeutic waters database, total mineral content is the most
commonly-met criteria for classification as mineral water in Hungary; in 88% of currently-
certified therapeutic well waters it exceeds 1000 mg/L, the value required for classification.
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For 42%, this is the sole basis of classification. Many contain metasilicic acid and iodide ions
as well (28.5% and 26.1%, respectively), while bromide ions and sulfide ions are slightly
less characteristic (both present in 17.5% of the waters). Only 7.9% of all therapeutic waters
contain lithium, and only 4.3 and 0.4% contain free carbon dioxide and radon, respectively,
in sufficient quantity for certification. The presence of sensitive therapeutic components
can thus be a limiting factor for the application of sodium hypochlorite and hydrogen
peroxide-based agent in 44% and 18% of domestic therapeutic waters, respectively.

Although legislation links the certification of therapeutic waters to the presence of
allegedly biologically-active components, the therapeutic effect of waters is connected
to the water as a whole, including its temperature and physical comfort. Dose-response
relationships and the mechanisms of action for the specified components are mostly un-
clear, except for some studies on sulfide [71,72]. Indeed, most studies in evidence-based
balneotherapy have failed to establish a connection to the exact chemical composition.
Therefore, changes in chemical state (oxidation) do not necessarily lead to a reduction in
the therapeutic effect. Clinical trials with disinfected water would be required to assess
this question. However, the formation of harmful disinfection by-products is an important
consideration for the selection of disinfectants.

4.4. Applicability of the Tested Disinfectants for the Treatment of Therapeutic Waters

Therapeutic waters are diverse in composition, and there can be no universal solution
for their treatment. As microbial water quality in pools must be ensured, various methods
should be tested in order to find appropriate treatments. The proposed methods for
disinfecting thermal and therapeutic waters available in the literature are mainly physical
procedures [4,12–14]. However, based on our results chemical disinfection can be applied to
particular therapeutic waters. The respective advantages and limitations of several possible
methods are presented in Table 4.

Table 4. Characteristics of disinfection methods investigated in the present study and recommended
in the literature for therapeutic water treatment.

Treatment Advantages Limitations and Difficulties in Therapeutic Water Treatment

Hydrogen peroxide-based
product

Fewer toxic byproducts, therapeutic
components unaffected (except for sulfide),
more acceptable to bathers (“chlorine-free”)

Medium costs,
close control of residual disinfectant concentration is needed

(matrix effect), possible non-identified byproducts

Sodium hypochlorite Low costs, convenient, easy handling, high
efficacy

Toxic byproducts, dosing difficulties and excess demand in the
presence of ammonia, loss of therapeutic components sulfide

and iodide
UV treatment [12] Low costs, high efficacy, no chemical dosing No residual effect, fouling of lamps, toxic byproducts

Ultrafiltration [13] Composition remains nearly unaffected, no
byproduct formation

No residual effect, fouling of membrane, expertise is required
for operation

Nanomaterials [14] No chemical dosing, photocatalytic effect Higher costs, may fundamentally change composition

Taking all factors (disinfection efficacy, byproduct formation, reaction with the speci-
fied components) into account and assessing the results against the national database of
therapeutic waters, hypochlorite is only suitable for the treatment of about 2% of certified
waters, mainly due to the presence of ammonia and to a lesser extent organic matter content.
Hydrogen peroxide is more widely applicable; the chemical composition of 82% of the
therapeutic waters is compatible with disinfection by this agent. The observed decreased
disinfection efficacy of the hydrogen peroxide-based product in therapeutic water at lower
concentrations means that close attention to appropriate dosing is required in practice.

4.5. Strengths and Limitations of this Study

This study presents a complex approach to the effects of chemical disinfection on
therapeutic waters, investigating the ability to ensure microbial safety as well as the
chemical risks and the fate of the therapeutic components.
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Laboratory experiments were carried out with therapeutic water representing the
composition of the majority of Hungarian therapeutic waters. Thus, these findings can
be applied to many other therapeutic pools. The applied doses and contact times were
identical to those used in practice. Therefore, the results can be easily translated into
practical application by pool operators.

However, future work remains necessary in order to extend the scope of the study
to waters with different compositions. For instance, the possible effects of iron and man-
ganese were not addressed in the present study, as the test water did not contain them
in significant concentrations. These components can react with both hypochlorite and
hydrogen peroxide, although they may be a less significant limiting factor than ammonia
as they are typically present in lower amounts (median 0.11 and 0.01 mg/L, maximum 6.9
and 0.74 mg/L, respectively) and are often removed during pretreatment even in pools
operating without disinfection.

The current study was based on laboratory model experiments; however, in everyday
practice other factors could affect water quality and the effectiveness of water treatment
technologies. For example, in our series of experiments disinfectants were administered in
a single dose, while in practice disinfectant dosing (as well as the release of contaminants
from both the environment and bathers) is continuous. Laboratory experiments should be
considered complementary to on-site case studies in disinfected therapeutic pools [38].

5. Conclusions

Based on our results, chemical disinfection with hydrogen peroxide and sodium
hypochlorite can be applied to certain therapeutic waters, taking their respective limitations
into account.

The two tested disinfectants did not react with most alleged therapeutic components,
and only sulfide ions and (when using hypochlorite) iodide ions were observed to be
eliminated to some extent. While the impact on water composition and especially on
the components considered biologically active are the main reasons for forgoing disinfec-
tion, our data suggest that this is not the primary concern. The formation of disinfection
byproducts which pose a risk to bathers’ health as well as the matrix-dependent loss of
disinfection efficacy are more serious limitations. The former mainly arose when using
hypochlorite, while the latter is a problem for hydrogen peroxide-based products. Presump-
tive byproducts generated during treatment with hydrogen peroxide-based disinfectant
were identified, although the characterization of these compounds and their health effects
require further research. Selection of a water treatment procedure should always take
into account the local conditions, including water quality characteristics, bather load, and
management practices. It should be noted that even with disinfection, good operational
practices and hygienic education of bathers are essential to ensuring adequate water quality
in therapeutic pools.
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