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Abstract

Reactions between nitrogen-containing compounds and free chlorine in swimming pools
produce several undesirable by-products, with trichloramine (TCA) being especially prob-
lematic due to its odor and hazardous properties, causing respiratory symptoms and skin
and eye irritation for swimmers and personnel. To address this issue, this study investi-
gates electrochemical oxidation as a potential technique for reducing TCA concentrations
in various pool water environments. Specifically, the results show that electrolysis, using a
mixed metal oxide (MMO) electrode as the anode, affects the amount of free chlorine and
significantly reduces TCA in synthetic pool water containing urea and sodium hypochlorite.
This approach is further validated in large-scale systems with real swimming pool water.
In two long-term experiments, TCA released from the pool water falls from a baseline of
1.42 mg/m3 to 0.94 mg/m3 in a 680 m3 pool, a reduction of 34% (p < 0.001), and from
0.77 mg/m3 to 0.35 mg/m3 in an 85 m3 pool, a reduction of 55% (p < 0.001). Water from a
third pool was used to map the potential dependence. Importantly, the anode potential is
critical for TCA reduction, with 1.8 V vs. RHE identified as optimal and a working window
of 1.7–1.9 V. The system operates at approximately 1 A/m2 and 2 W/m2. Overall, this
electrolysis process reduces the trichloramine burden of swimming pool water, which is ex-
pected to lower airborne trichloramine in swimming halls and thereby improve conditions
for users and personnel.

Keywords: swimming pool water; disinfection by-products; trichloramine; water treatment
process; electrolysis

1. Introduction
Swimming pools are popular for both sports training and leisure activities worldwide.

To maintain a healthy environment for swimmers, continuous disinfection of the swimming
pool water (SPW) is crucial, as swimmers secrete biological matter, such as urine, sweat,
hair, skin particles, and cosmetics Beech et al. [1], Powick [2], LaKind et al. [3]. The most
widely used method for disinfecting SPW is chlorine dosing, especially using sodium
hypochlorite or a saltwater chlorination system [4–6]. An important disadvantage of
chlorination is the formation of undesired disinfection by-products (DBPs), which leads
to an optimization problem for swimming pool maintenance: inadequate disinfection
causes retention of bacteria, viruses, and other microbes [7], whereas a higher concentration
increases the formation of harmful DBPs [8–11]. More than 100 DBPs have been identified
in SPW [12], and some of the most investigated ones are chloramines, trihalomethanes,
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haloacetonitriles, haloacetic acids, and nitrosamines [6,13]. Among the possible irritant
DBPs, it has been shown that chloramines are the most important and are most often
detected in non-negligible concentrations [14,15]. Recent reviews continue to characterize
the precursors, formation, occurrence, and health risks of these DBPs, noting that pool water
concentrations run one to two orders of magnitude higher than in drinking water [16].

Trichloramine (NCl3) is the main chloramine present in the air surrounding indoor
swimming pools, and this volatile compound is easily detected by its penetrating odor [6].
It is of particular concern since several adverse health effects have been reported and
assumed to be caused by trichloramine, for example, lung hyperpermeability, asthma,
eye irritation, skin irritation, and upper respiratory tract irritation [14,17–20]. Recent mea-
surements across Swedish indoor pools confirm that trichloramine remains the dominant
airborne irritant, with free chlorine in the pool water identified as a determinant of air-
borne levels [21]. WHO has set a guideline concentration of trichloramine at 0.5 mg/m3

in air, but several countries have legislated lower limits; for example, France has set a
limit of 0.3 mg/m3 [22]. The toxicological and epidemiological basis for such limits has
been critically reviewed, with asthmatic and atopic individuals identified as more sensitive
to chloramine exposure [23]. Field measurements further indicate that gas-phase NCl3
in indoor pool facilities frequently exceeds the WHO guideline value, particularly under
heavy use [24].

Urea (H2NCONH2) is the primary nitrogen compound introduced into the SPW by
the swimmers and also the most important trichloramine precursor [4,6,25]. In general,
the chemical reactions occurring in SPW are complex multistep reactions. The overall
reaction mechanism presented by Blatchley [26] for the chlorination of urea is

CO(NH2)2 + Cl2 −→ H2NCONHCl + Cl− + H+ (1)

H2NCONHCl + HOCl −→ CO(NHCl)2 + H2O (2)

CO(NHCl)2 + HOCl −→ Cl2NCONHCl + H2O (3)

Cl2NCONHCl + HOCl −→ CO(NCl2)2 + H2O (4)

CO(NCl2)2 + HOCl −→ H+ + Cl− + CO2 + NCl3 + NCl (5)

NCl + OH− −→ NOH + Cl− (6)

2NOH −→ H2N2O2 (7)

H2N2O2 −→ N2O + H2O (8)

NCl3 + HOCl + 2H2O −→ NO−
3 + 4Cl− + 5H+ (9)

Reactions (1)–(4) show the sequential chlorination of urea to form CO(NCl2)2, which
is the main route of TCA formation (Reaction (5)). Two features of this scheme are central to
the present work. First, the initial chlorination in Reaction (1) requires molecular chlorine
and is the step that limits progress through the whole sequence [26]. Any process that raises
the local concentration of molecular chlorine therefore accelerates the route to trichloramine.
Second, trichloramine is an intermediate rather than a terminal product. Reactions (6)–(8)
show the formation of the unstable intermediate NOH and its decay to nitrous oxide;
Reaction (9) also shows that TCA is unstable, being oxidized further to nitrate by free
chlorine. Recent work on the oxidative degradation of urea during chlorination confirms
that urea-nitrogen ends as gaseous nitrogen products and nitrate rather than accumulating
as trichloramine [27].
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Under electrolysis, two further reactions act on this network. Trichloramine can be
oxidized directly at the anode,

NCl3 + 3H2O −→ NO−
3 + 3Cl− + 6H+ + 2e− (10)

at a cost of two electrons per trichloramine molecule. The anode also oxidizes chloride,
which is abundant in chlorinated pool water,

2Cl− −→ Cl2 + 2e− (11)

Cl2 + H2O −→ HOCl + HCl (12)

regenerating active chlorine. The regenerated chlorine drives the urea chlorination sequence
of Reactions (1)–(5), whose overall mineralization can be written

CO(NH2)2 + 3HOCl −→ N2 + CO2 + 2H2O + 3HCl (13)

Cho and Hoffmann [28] reported N2 and CO2 as the primary gaseous products of
urea oxidation by electrogenerated reactive chlorine, with urea-nitrogen recovered as N2

(91%) and NO−
3 (9%), and identified the initial chlorination as the rate-determining step,

in agreement with Blatchley [26]. Direct electron transfer from urea to the anode cannot be
excluded, but it is inefficient on noble-metal-oxide surfaces at near-neutral pH [29], and the
chlorine-mediated route is expected to dominate here. Reaction (10) removes trichloramine
that has already formed, whereas Reactions (11)–(13) act on the precursor. Both compete
for anodic current with chlorine evolution and oxygen evolution, which is the basis of the
potential dependence discussed in Section 3.4.

Free chlorine is defined as the combined concentration of HOCl, OCl−, and Cl2. At neu-
tral pH, typical for SPW, the trichloramine concentration correlates linearly with the free
chlorine concentration [30]. However, the trichloramine concentration shows no significant
correlation with the combined chlorine parameter, which represents chlorine present in
chemical combinations with ammonia or organic nitrogen. Furthermore, trichloramine
and dichloramine only contribute to about 15–20% of the total combined chlorine [4,31].
Assuming a constant free chlorine concentration, the trichloramine concentration in the
air surrounding the indoor swimming pool is mostly dependent on air ventilation and
water splashing from both swimmers and different water attractions [4,24,32,33]. The two
obvious solutions to improve water and air quality are to increase the air ventilation
rate and freshwater exchange in the treatment cycle; however, both are expensive and
environmentally unfriendly.

Existing SPW treatment techniques include, for example, granular activated car-
bon [34], for which several reports have shown removal of chloramines in SPW [35–37], and
ultraviolet light, which is effective for microorganisms but has somewhat unclear effects
on DBPs [38–43]. These techniques have the disadvantage of relatively high running costs;
both need to be replaced at intervals of approximately 1 year, and UV lamps operate at
high power. Recent modeling of DBP formation and fate in pools further highlights the
value of interventions that act on the water phase to control precursor-driven by-product
formation [44].

Schmalz et al. [4] reported that the trichloramine mass transfer from water to air is
slow compared to a typical treatment cycle, and therefore, removal of trichloramine in
the SPW would be an attractive solution for water and air quality. This study presents
a method to reduce the trichloramine concentration in SPW using electrolysis. Related
electrochemical approaches have recently been applied in situ to swimming pool water
to degrade bather-derived pollutants without additional chlorine-based chemicals [45].
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Laboratory experiments were performed on synthetic pool water containing urea and
sodium hypochlorite, as well as real SPW from various pools. The results showed that it
is possible to simultaneously remove trichloramine and regenerate free chlorine, and that
the removal of trichloramine is critically dependent on anode potential. Furthermore,
the method was shown to reduce trichloramine concentrations in large swimming pools
in long-term experiments, creating a healthier environment for swimmers and personnel.
These results were obtained without changing parameters that may alter the trichloramine
concentrations [24,46], such as water temperature, pH, free chlorine concentration, number
of swimmers, and air ventilation.

2. Materials and Methods
2.1. Materials and Reagents

To fabricate synthetic pool water, deionized water at room temperature was first
stirred with 0.05 vol% sodium hypochlorite solution (14% Cl2 in aqueous solution, VWR
Chemicals, Radnor, PA, USA). Secondly, 10 mM potassium sulfate (MQ100, Merck, Darm-
stadt, Germany) was added to increase the conductivity, and thereafter, 0.03 vol% of a
5.0 wt% urea (99.0–100.5%, Sigma-Aldrich, St. Louis, MO, USA) aqueous solution was
added. The synthetic pool water had a pH of 10.4.

Real pool water samples were collected from three public swimming pools, and labora-
tory experiments began within 1 h of sample collection. The three public swimming pools
were a swimming pool at Gibraltargatan in Göteborg, Oasen in Kungälv, and Åbybadet
in Mölndal, all of them located in Västra Götaland County, Sweden. The swimming pool
at Gibraltargatan measures 16 × 7 m and has a volume of 85 m3, with a flow of 58 m3/h
through the purification system comprising filters and UV light. The water temperature
is 30 ◦C, with a free chlorine setpoint of 0.5 mg/L, a pH of 7.4, and a water exchange
rate of 0.5 m3/h, whereby the pool water is replaced with non-chlorinated tap water. The
pool in Oasen measures 25 × 20 m with a volume of 680 m3, and has setpoints for free
chlorine of 0.8 mg/L, pH of 7.2, and water temperature of 26 ◦C. The flow through the
purification system (sand filters and flocculation) is 130 m3/h, and the water exchange is
0.5 m3/h. Åbybadet measures 25×20 m, and the volume is 640 m3. Setpoints are 0.5 mg/L
free chlorine, pH of 7.4, and water temperature of 29 ◦C. The purification system comprises
sand filters, UV light, activated carbon filters, and flocculation, and the water flow through
the purification system is 200 m3/h with a water exchange of 1.0 m3/h.

Chemical reagents for analysis were a chloride reagent set (Chloride-51 and Chloride-
52, Tintometer, Dortmund, Germany) and DPD free/total chlorine (VWR Chemicals).
The MMO electrodes were obtained from REGUL ’Electronique (Lorgues, France), Baoji
Ruicheng Titanium Industry Co., Ltd. (Baoji, China), and Permascand AB (Ljungaverk,
Sweden). Sample cassettes for trichloramine analysis were obtained from Syclope Electron-
ique (Sauvagnon, France). The MMO electrodes consist of a titanium substrate carrying
a mixed metal oxide coating based on ruthenium and iridium oxides, of the type used
commercially for chlorine evolution. The exact coating composition, the Ir/Ru ratio, and
the noble metal loading are proprietary to the suppliers and were not disclosed, and we
therefore refrain from quoting nominal values. Since electrodes from all three indepen-
dent suppliers reproduce the same potential-dependent behavior reported in Section 3.4,
the effect is attributed to the general MMO surface chemistry rather than to one specific
coating formulation.
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2.2. Analytical Methods

The chlorine concentrations were analyzed using the photometric DPD method [47]
with the Scuba II instrument from Tintometer (Dortmund, Germany), in which 10 mL of
the water sample was used for each analysis.

Measuring trichloramine requires air sampling, which was performed with pumps
from SKC (Deluxe 224-PCMTX8, Seoul, Republic of Korea) and Buck (Libra Plus LP-5,
Los Angeles, CA, USA). The sampling cassettes were fabricated according to a previous
method [18] and comprise a Teflon filter followed by two Na2CO3 + As2O3-soaked quartz
fiber filters. The Teflon filter prevents chlorides in airborne water droplets from reaching
the soaked quartz fiber filters, which reduces trichloramine to chloride. The trichloramine
concentration was determined from the sampling cassette as proposed by Syclope Electron-
ique (Sauvagnon, France). First, the quartz fiber filters were shaken in 10 mL of deionized
water for 30 s, and then 2.5 mL of the solution was filtered through a syringe filter (0.2 µm
PVDF membrane) for analysis. 200 µL of the reagent Chloride-51 and 150 µL of the reagent
Chloride-52 were then added before the solution was shaken for 30 s. Finally, the solu-
tion was diluted with 2.5 mL of deionized water and then analyzed in the photometer
(Trichloramine, Syclope Electronique).

For electrochemical experiments in a three-electrode configuration, the applied voltage
was controlled by a Gamry Reference 600 potentiostat and measured with respect to an
Ag/AgCl reference electrode in saturated KCl. The potential was converted to the RHE,
according to the equation

ERHE = EAg/AgCl + E0
Ag/AgCl + 0.059 · pH , (14)

where E0
Ag/AgCl = 0.197 V vs. RHE in saturated KCl at 25 ◦C [48].

2.3. Experimental Procedures

Synthetic pool water was used to investigate how electrolysis affects the free chlorine
and trichloramine concentrations. A 1 L sample of synthetic pool water was prepared,
and electrolysis began 20 min after urea was added. The electrolysis was conducted in
a two-electrode (4 × 6 cm) configuration in a closed, one-compartment cell with a total
volume of 5 L. The current was set to 600 mA, resulting in a cell voltage of 6.7 V. The airflow
through the sampling cassette for trichloramine was 2.0 L/min, and the cassettes were
replaced every 45 min. New air was added to the closed cell at the same flow rate to
maintain constant pressure. Air was added to the water through a plastic tube to stir it and
simulate activity in the pool. The cell is sealed, and the only route by which air leaves the
vessel is through the trichloramine sampling cassette. Trichloramine that is stripped from
the water into the gas phase therefore cannot be lost from the system unmeasured: it either
leaves through the cassette, where it is captured and counted, or it remains in the vessel’s
gas phase, from which it can still partition through the cassette. Enhanced volatilization
would thus raise the measured air-phase concentration, not lower it, so a reduction in the
measured trichloramine cannot be an artifact of stripping.

Electrode areas are quoted throughout as the total electrode area, that is, the sum of
the anode and cathode areas, and current densities and areal powers are normalized to this
total area.

To analyze the long-term effects in a real swimming pool, six electrode packages, each
with 480 cm2 of anode area and 480 cm2 of cathode area, were connected to the purification
system at Oasen in Kungälv. The total flow of 40 m3/h was evenly divided among the six
parallel electrode packages. The system was controlled with a cell potential of 2.15 V, which,
after a voltage drop in the cables, was measured at 1.83 V, resulting in a current of around
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700 mA. The anode and cathode polarities were reversed every hour for self-cleaning.
Another long-term experiment was conducted at the pool on Gibraltargatan. Two electrode
packages, each with a surface area of 2500 cm2 for the anode and 2500 cm2 for the cathode,
were connected in parallel to the purification system, with a flow rate of 10 m3/h through
each electrode cell. An applied voltage of 1.80 V produced a current of approximately
1.0 A, and the anode and cathode polarities were reversed once daily for self-cleaning.

This method, illustrated in Figure 1a, provides a better measurement of the water
quality than a poolside measurement, where factors such as ventilation and the number of
swimmers affect the trichloramine concentration.

Furthermore, two laboratory experimental series with real swimming pool water, one
from Gibraltargatan and one from Åbybadet, were performed to investigate trichloramine
reduction as a function of the anode potential. A three-electrode configuration was used,
with Ag/AgCl as the reference electrode, and anode potentials in the range 1.6–2.0 V
vs. RHE were studied. The same analysis method, but with 5 L pool water samples,
was applied. In the first series from Gibraltargatan, electrodes with a 20 cm2 area (Baoji
Ruicheng Titanium Industry Co., Ltd., Baoji, China) were used, whereas the second series
from Åbybadet used larger electrodes of 480 cm2 (REGUL ’Electronique). The air sampling
and electrolysis started simultaneously and continued for 90 min, with a filter cassette
change after 45 min. A reference container with SPW not affected by electrolysis was
measured simultaneously. For each anode potential, two to three sequential trichloramine
determinations were made on the electrolyzed water at 45 min, 1.5 h, and 2 h 15 min, and the
same number on the paired reference water sampled from the same pool at the same time.
The potential series were not repeated as independent campaigns at each potential; the
replication in this study is across systems rather than within them, comprising three pool
waters of different composition, electrodes from three suppliers and two electrode sizes.
A third experimental series, this time with in situ measurements, was performed at Oasen.
SPW was sampled before and after the electrode packages for different applied potentials,
as illustrated in Figure 1b. The samples before and after the electrodes were measured
simultaneously, and the same analysis method, as mentioned previously, was used with an
airflow of 1.5 L/min for 45 min.

2.4. Statistical Analysis

Trichloramine concentrations from the long-term studies are reported as the mean with
the sample standard deviation and the 95% confidence interval of the mean. Baseline and
treated periods were compared using Welch’s two-sample t-test, which does not assume
equal variances, and the Mann–Whitney U test was applied as a distribution-free check; the
two tests agree in every comparison reported. Stability of the baseline period was assessed
by Spearman rank correlation of concentration against measurement order. Treated-period
means are reported both for the steady-state period and for the complete record including
the settling transient, so that the effect of the exclusion is visible to the reader. The settling
period is defined as the interval following a change in electrode configuration during which
the pool has not yet reached a new steady state, comprising the first three measurements
after the start of electrolysis at Oasen and the first four measurements after the installation
of the second electrode cell at Gibraltargatan. Error bars in all figures are estimated from
the analytical methods and represent a 95% confidence interval.
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Figure 1. (a) Schematic illustration of how trichloramine molecules are sampled from swimming pool
water in a controlled way. (1) A total of 5 L of pool water is poured into a 50 L sealed plastic container.
(2) Air from the container is sampled through the filter at a rate of 1.5 L/min for 45 min. (3) The filter
is removed and later analyzed to determine the trichloramine concentration. (b) Illustration of the
collection of water samples for the in situ measurements. Water sample a is collected before the
electrode cell with water tap I, and water sample b is collected after passage through the electrode
cell with water tap II.

3. Results and Discussion
The effect of electrolysis on synthetic pool water, in terms of TCA and free chlorine,

was investigated. The indicated TCA reduction was then further evaluated in two long-
term experiments; one in a smaller pool of 85 m3 and one in a larger pool of 640 m3. This
was followed by a study of TCA reduction as a function of anode potential, evaluated using
water from three swimming pools.

3.1. Electrolysis on Synthetic Pool Water

Synthetic pool water with precisely known amounts of chemicals was prepared to
enable controlled, reproducible experiments. Concentrations of sodium hypochlorite and
urea were selected to ensure a reasonable reaction time between the reactants, resulting in
concentrations about 100 times higher than those typically found in swimming pool water.
The effect of electrolysis on the free chlorine concentration is shown in Figure 2a. In the
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reference measurement without any electrolysis, a linear decrease from the initial 68 mg/L
down to 42 mg/L of free chlorine is observed during the experimental time of five hours.

In the case of electrolysis, the free chlorine concentration decreases much faster initially,
and almost all free chlorine is consumed after an hour and a half. Then, the free chlorine
regenerates, and at the end of the measurement, the free chlorine concentration is slightly
higher than that in the reference measurement. A possible explanation for the initially
increased consumption of free chlorine follows from the reaction network above. Chlo-
rination of urea is rate-limited by its first step, which requires molecular chlorine [26,28].
By oxidizing chloride at the anode (Reactions (11) and (12)), the electrolysis raises the local
concentration of molecular chlorine and thereby accelerates precisely the step that limits
progress through Reactions (1)–(5), driving urea and its chlorinated intermediates toward
trichloramine faster than in the reference and consuming free chlorine as it does so. The re-
generation of free chlorine at later times is similar to the process in a saltwater chlorinator
and reflects the re-oxidation of the chloride released by Reactions (1)–(5) and (10). We
present this as a working hypothesis consistent with the chlorination sequence rather than
as a demonstrated mechanism, since confirming it would require quantification of the
chlorinated urea intermediates, which we have not performed.

Two limitations of the synthetic system should be stated explicitly. First, the sodium
hypochlorite and urea concentrations are approximately two orders of magnitude above
those of real pool water. This was necessary rather than convenient. An early synthetic
series prepared at realistic concentrations produced no changes in free chlorine or trichlo-
ramine resolvable against the analytical uncertainty over four to five days and was aban-
doned; that run was treated at the time as a failed pilot rather than as a result; no measure-
ments from it were retained, and it is noted here only as the reason for the concentrations
subsequently used. Second, the hypochlorite dose sets the pH of the synthetic water at 10.4.
The HOCl in Reactions (2)–(5) and (13) originates from the hypochlorite dose, which es-
tablishes the HOCl/OCl− equilibrium in water. Calculated from the dissociation constant,
at pH 10.4, well above the dissociation point near 7.5, the free chlorine is present over-
whelmingly as OCl−, whereas in real pool water at pH 7.2–7.4 HOCl and OCl− are present
in comparable proportion, which is the more reactive regime for the chlorination sequence.
Free chlorine was measured as the total of HOCl, OCl− and Cl2; HOCl and OCl− were not
determined separately, so the speciation quoted here is calculated rather than measured.
The synthetic experiments therefore serve as a controlled proof of concept demonstrating
that electrolysis simultaneously consumes and regenerates free chlorine while reducing
trichloramine, and the quantitative values obtained from them are not transferred to pool
conditions. Validation under operational chemistry rests on the real-pool studies presented
in Sections 3.2 and 3.4, which were performed at native concentrations and at pH 7.2–7.4.

The trichloramine measurements for the same experiments are shown in Figure 2b.
A linear decrease from 3.51 mg/m3 down to 2.51 mg/m3 TCA is observed in the reference
measurement without any electrolysis. In the electrolysis experiment, an initially increased
TCA concentration of 4.54 mg/m3 is observed. However, after a few hours, the TCA
concentration is lower than the reference sample. The last data point of 0.79 mg/m3 TCA
is 69% lower than the reference sample, even though the two samples have similar free
chlorine concentrations. The total amount of trichloramine from the measurement is shown
as a cumulative graph in Figure 2c. During this limited experimental time, the electrolysis
sample resulted in 28% less TCA, which is expected to decrease even further with longer
experimental time.
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Figure 2. Effect of electrolysis on synthetic pool water. Panel (a) shows free chlorine concentrations,
panel (b) shows TCA concentrations, and panel (c) shows the cumulative amount of trichloramine
for the same measurement. In (a,b), measurements from the electrochemically treated water are
shown as red crosses and the reference water, of the same initial composition but not subjected to
electrolysis, as blue dots. The dashed lines are guides for the eye and are not fitted models; no rate
law is inferred from them. The values in (c) are sums of the individual determinations in (b) and
carry the corresponding analytical uncertainties propagated in quadrature. Error bars are estimated
from the analytical methods and represent a 95% confidence interval.

3.2. Trichloramine Reduction in a Large-Scale Swimming Pool

Two long-term experimental series were performed in real swimming pools, one in
a smaller pool of 85 m3 and one in a larger pool of 640 m3. In the larger pool at Oasen,
an electrode surface area of 0.6 m2 was used, and the electrolysis resulted in a 34% reduction
in TCA in the pool water over time. The experiment lasted 113 days, from 21 September
2018 to 22 January 2019, with the first 78 days used to obtain baseline values without
the effect of electrolysis. All TCA measurements, performed with the method presented
in Section 2.3, are shown in Figure 3a. The swimming pool shows daily variations in
TCA concentrations, as expected due to changes in the number of swimmers and free
chlorine levels. Temporal and spatial variability of airborne DBPs has been documented
across multiple indoor pool facilities [49]. Because of these variations, it is important to
collect many measurements and analyze mean values. The mean value from the baseline
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measurements is 1.42 mg/m3, with all data points within the interval of 1.27–1.67 mg/m3.
Over 19 measurements, the baseline standard deviation is 0.11 mg/m3, a coefficient of
variation of 7.7%, and there is no significant trend over the collection window (Spearman
ρ = −0.22, p = 0.37), confirming that the pool was in a stable state before treatment. When
the electrolysis is started, relatively high TCA concentrations are measured in the following
days, consistent with the start-up transient discussed in Section 3.3. However, after ten days
and beyond with electrolysis, significantly lower TCA concentrations are measured with a
mean value of 0.94 mg/m3, and all measurements are within the interval 0.77–1.16 mg/m3.
The reduction of 34% is significant against the baseline (Welch t = 10.3, p = 1.3 × 10−8;
Mann–Whitney p < 0.001). Including every measurement without exception, that is,
without omitting the start-up transient, the treated mean is 1.07 mg/m3, a reduction of 25%
that remains significant at p = 3.3 × 10−4. The exclusion of the settling points therefore
changes the magnitude of the reported reduction but not the conclusion. All values are
collected in Table 1.

The second long-term series in the smaller pool located at Gibraltargatan, shown in
Figure 3b, ranged from 1 February to 25 June 2019. The first 56 days were used to obtain
baseline values, with a mean value of 0.77 mg/m3 and all data points within the interval
0.70–0.88 mg/m3. This baseline is likewise stable, with a standard deviation of 0.06 mg/m3

over 13 measurements, a coefficient of variation of 7.4%, and no significant trend over the
window (Spearman ρ = 0.35, p = 0.25). In the first 12 days of electrolysis, a single-electrode
cell with a 0.5 m2 area was used at a flow rate of 10 m3/h. This resulted in a 36% reduction in
TCA, with a mean of 0.50 mg/m3 and all data points within the interval 0.39–0.59 mg/m3

(p = 3.8 × 10−6). A second electrode cell was then installed in parallel, resulting in a
55% reduction in TCA relative to the initial baseline. After about two weeks of system
stabilization, a mean value of 0.35 mg/m3 was achieved, and all data points were within the
range of 0.25–0.44 mg/m3 (p < 10−15). Including every measurement of the two-cell period,
the mean is 0.41 mg/m3, and the reduction is 47%, still significant at p < 10−9. The step
between the one-cell and two-cell periods is itself significant (p = 8.5× 10−4). This two-step
response is important for attribution: a confounding variable would have to coincide with
both the start of electrolysis and the later installation of the second cell, and to scale with
electrode area, in order to reproduce the observed pattern. No operating setpoints were
altered when electrolysis was switched on, and the pool control systems held temperature,
pH and free chlorine at the values given in Section 2.1 throughout. Continuous logs of these
parameters were not archived, and the attribution above therefore rests on the stability
of the baselines, on the two-step dose response, and on the paired in situ measurements
of Section 3.4, in which water sampled immediately before and immediately after the
electrode cell shares by construction the same swimmer load, ventilation, temperature, pH
and free chlorine. This long-term experiment has been ongoing for more than a year, and no
wear has been observed on the electrodes, indicating a long lifetime for the electrode cells.
Electrodes of the same type returned to the manufacturer after three years of continuous
operation were assessed as showing negligible wear. The cells run at fixed cell voltage,
so any loss of active surface, whether by coating wear exposing the titanium substrate or
by fouling, would appear as a fall in current; no such decline has been observed at any
installation. That this measure is sensitive is shown by an early configuration operated
without polarity reversal, in which the electrodes became inactive within a week and the
fall in current was immediate. Direct surface characterization before and after operation,
for example by SEM, EDX or XPS, together with a measured current efficiency, would
strengthen the durability claim and is planned for future work.
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Table 1. Trichloramine released from swimming pool water in the two long-term studies, measured
by the sampling method of Section 2.3. Reductions are relative to the baseline mean of the same
pool. Steady-state periods exclude the settling transient defined in Section 2.4; the complete record
includes every measurement without exception. p-values are from Welch’s two-sample t-test against
the baseline; the Mann–Whitney U test gives p < 0.001 in every comparison.

Pool Period n Mean ± SD (mg/m3) 95% CI Reduction

Oasen Baseline 19 1.42 ± 0.11 1.37–1.47 —
Electrolysis, complete record 13 1.07 ± 0.26 0.91–1.22 25%
Electrolysis, steady state 10 0.94 ± 0.12 0.85–1.03 34%

Gibraltargatan Baseline 13 0.77 ± 0.06 0.74–0.81 —
One cell 7 0.50 ± 0.07 0.43–0.56 36%
Two cells, complete record 17 0.41 ± 0.12 0.34–0.47 47%
Two cells, steady state 13 0.35 ± 0.06 0.32–0.39 55%
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Figure 3. Long-term TCA reduction in two swimming pools. Panel (a) shows the pool at Oasen from
21 September 2018 to 22 January 2019, and panel (b) the pool at Gibraltargatan from 1 February to 25
June 2019, measured with the method presented in Section 2.3. Blue dots represent baseline values,
and red crosses are measurements with ongoing electrolysis. The dashed lines show mean values
over the steady-state periods defined in Section 2.4, omitting the first three measurements after the
electrolysis start in (a) and the first four measurements after the installation of the second electrode
cell in (b). Means including all measurements are given in Table 1. Error bars are estimated from the
analytical methods and represent a 95% confidence interval.

https://doi.org/10.3390/w18151828

https://doi.org/10.3390/w18151828


Water 2026, 18, 1828 12 of 18

3.3. The Start-Up Transient

Both the batch experiment of Figure 2b and the pool study of Figure 3a show a transient
rise in TCA when electrolysis begins, but on very different time scales, and the two have
different origins.

In the closed batch experiment, the rise lasts a few hours and reflects the chem-
istry described in Section 3.1. Chlorine generated at the anode accelerates the rate-
determining first chlorination of urea, driving urea and its chlorinated intermediates
through Reactions (1)–(5) to trichloramine faster than Reaction (10) removes it. Once the
precursor pool is depleted, oxidation of the accumulated trichloramine overtakes its forma-
tion, and the concentration falls below the reference.

In the pool, the elevated period lasts of order ten days, and the time scale is set by
the pool rather than by the electrode. The cell treats only the water passing through it,
at 40 m3/h against the pool volume, so that the pool as a whole relaxes slowly toward a
new steady state. During this relaxation, the pool works through the precursor inventory
accumulated before treatment, and the concentration settles once the removal rate through
the cell balances the formation rate across the pool. The two transients therefore share
a chemical origin in the precursor inventory but are governed by different rate-limiting
processes, electrode kinetics in the batch case and pool turnover in the continuous-flow case.

3.4. Potential Optimization of Trichloramine Reduction

The potential dependence of the electrolysis effect on TCA was investigated using pool
water from all three swimming pools. All three experimental series showed an optimal
anode potential of 1.80 V vs. RHE, which is illustrated in Figure 4. This anode potential
corresponds to a current density of about 1 A/m2; hence, the power consumption of the
system is around 2 W/m2. The experimental series at Oasen was performed with the
same electrode setup as the long-term experimental series presented in Section 3.2 and
showed no effect at a low potential of 1.5 V vs. RHE. The optimal anode potential of 1.80 V
vs. RHE yields a 22% reduction in TCA in water as it passes through the electrode cells.
An increased anode potential results in a lower effect on TCA reduction. This indicates
that TCA reduction with electrolysis has a critical dependence on potential; hence, two
laboratory experimental series with less pool water and longer electrolysis times were
performed to clarify this dependence. The first series from Gibraltargatan results in a 36%
TCA reduction at 1.8 V vs. RHE, while 1.6 V vs. RHE and 2.0 V vs. RHE result in an
increase of TCA. To further clarify this effect, larger electrodes were used for the following
laboratory series with pool water from Åbybadet, which resulted in a 60% TCA reduction
at the optimal 1.8 V vs. RHE, whereas 2.0 V vs. RHE gave a 50% increase of TCA, which
further demonstrates the crucial dependence of TCA reduction on the anode potential in
swimming pool water.

The range was scanned at roughly 0.1 V spacing in three independent pool waters,
using electrodes from three suppliers and two electrode sizes, and all three series converge
on an optimum near 1.8 V vs. RHE with a working window of about 1.7–1.9 V. The range
was not scanned at 0.05 V steps. Because the effective window spans roughly 0.2 V, practical
operation does not depend on reaching 1.8 V precisely, and a finer scan is of interest for the
mechanism rather than for application.

The existence of an optimum rather than a monotonic improvement follows from
a competition between reactions. Below approximately 1.7 V vs. RHE, the anode does
not oxidize trichloramine and its precursors fast enough to overcome ongoing formation,
and little net reduction is observed, consistent with the absence of any effect at 1.5 V at
Oasen. Near 1.8 V, the potential is sufficient to drive Reaction (10) while chlorine evolution
remains moderate, and the net reduction is largest. Above approximately 1.9 V, chlorine
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evolution through Reaction (11) increasingly dominates the anodic current and raises the
local concentration of molecular chlorine, which accelerates the rate-determining first step
of the urea chlorination sequence and drives Reactions (1)–(5) toward trichloramine faster
than the electrode oxidizes the trichloramine already present. The electrode then acts
more as a chlorine generator than as a trichloramine sink, and the balance tips toward net
formation, as observed at 2.0 V vs. RHE for both the Gibraltargatan and Åbybadet series.
The narrowness of the window is consistent with the charge budget estimated in Section 3.5,
where the delivered charge dose is only about twice the stoichiometric requirement of
Reaction (10) for the trichloramine present, leaving little margin when current is diverted
into chlorine evolution.

This potential dependence also constitutes evidence that the removal is chemical rather
than physical. Gas evolution at the electrodes increases monotonically with current, so if
trichloramine were being stripped from the water by evolved gas, removal would increase
monotonically with potential. The opposite is observed: removal peaks near 1.8 V and
reverses above 1.9 V, with net formation at 2.0 V despite higher current and greater gas
evolution. A physical stripping process cannot produce an optimum followed by a net
increase. Two further observations support this.

The cell is sealed, and the only route by which air leaves the vessel is through the
trichloramine sampling cassette. Trichloramine that is stripped from the water into the
gas phase therefore cannot be lost from the system unmeasured: it either leaves through
the cassette, where it is captured and counted, or it remains in the vessel’s gas phase,
from which it can still partition through the cassette. Enhanced volatilization would thus
raise the measured air-phase concentration, not lower it, so a reduction in the measured
trichloramine cannot be an artifact of stripping. In the in situ pool measurements, the water
traverses the flow-through cell in seconds, leaving negligible time for gas stripping, yet
trichloramine after the cell is lower than before it.
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Anode potential (V vs. RHE)
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Figure 4. Electrochemical effect on TCA at different anode potentials. ∆ Trichloramine is the difference
between the electrochemically affected pool water and the non-affected water sample collected from
the swimming pool at the same time. The series from Oasen consists of measurements before and
after the electrodes in the purification system at Oasen. In contrast, the other two series used pool
water samples collected from where electrolysis was performed during the TCA measurements.
The dashed lines are guides for the eye. Error bars are estimated from the analytical methods and
represent a 95% confidence interval.
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3.5. Energy Consumption and Charge Efficiency

Table 2 lists the operating parameters of the two long-term installations. Both operate
at a current density of about 1 A/m2 and an areal power of about 2 W/m2, and the cells sit
within the existing circulation loop, so that they add no measurable pumping load.

Table 2. Operating parameters and energy consumption of the two long-term installations. Electrode
areas are total areas, the sum of the anode and cathode areas. Power refers to the electrochemical
cells only.

Gibraltargatan Oasen

Electrode cells 2 × 0.10 m2 6 × 0.10 m2

Total electrode area 0.20 m2 0.60 m2

Current 0.2 A 0.6 A
Current density 1.0 A/m2 1.0 A/m2

Cell voltage 1.8 V 1.8 V
Cell power 0.36 W 1.08 W
Areal power 1.8 W/m2 1.8 W/m2

Flow through cells 20 m3/h 40 m3/h
Charge dose 36 C/m3 54 C/m3

Energy per m3 treated 18 mWh/m3 27 mWh/m3

An estimate of the charge efficiency follows from the charge dose. The sampling
protocol draws 0.0675 m3 of air through the filter from a 5 L water sample, so the Oasen
baseline reading of 1.42 mg/m3 corresponds to approximately 19 µg/L of trichloramine
released from the water. Complete conversion of this quantity by Reaction (10) requires
31 C/m3, against the 54 C/m3 delivered at 0.6 A and 40 m3/h. At the 22% single-pass
removal measured in situ at 1.8 V vs. RHE, the charge attributable to trichloramine
oxidation is therefore of order 13% of the total, with the balance consumed by chlorine
evolution, oxygen evolution, and the oxidation of urea and other organics. This is an
order-of-magnitude estimate rather than a measurement. It rests on the assumption that
the sampling releases essentially all trichloramine from the sample, which we have not
independently verified, and it is a lower bound in two respects, since incomplete release
would imply a higher waterborne concentration and any pathway requiring more than two
electrons per trichloramine molecule would imply a larger charge requirement.

A quantitative comparison of running costs with granular activated carbon and UV
is outside the scope of this study. Cost, maintenance, and operational complexity for
those techniques are strongly site-specific, depending on bather load, media and lamp
specification, replacement policy, local energy and labor prices, and on whether the unit is
sized for microbial control or for by-product removal. The facilities studied here operate
carbon and UV within existing treatment trains that were neither instrumented nor varied
in this work, so figures quoted for them would derive from the literature or from supplier
data rather than from measurement, and a comparison on that basis would carry an
unearned precision. The figures in Table 2 are given so that the reader may place them
against published values for either alternative. Qualitatively, granular activated carbon and
UV both carry recurring consumable costs, with media and lamps typically replaced on an
annual cycle, and UV lamps operate at high power, whereas the electrode cells reported
here have run for more than a year without replacement or measurable wear. A controlled
side-by-side comparison at a single facility is identified as a valuable follow-up study.
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4. Conclusions
The electrochemical oxidation of trichloramine in swimming pool water using MMO

electrodes was investigated. The results demonstrated that this process significantly re-
duced TCA, with 34–55% reductions reported in large-scale swimming pools, in both cases
with p < 0.001 against a stable pre-treatment baseline. The reduction level is probably
related to water quality, composition, water volume, pH, free chlorine concentration, elec-
trode area, and flow rate through the electrode cells. Further, the results showed that the
effect on TCA reduction strongly depends on the applied anode potential, with 1.7–1.9 V vs.
RHE being the optimal potential window, and 1.8 V vs. RHE showing the greatest reduc-
tion, a dependence reproduced independently in water from three pools using electrodes
from three suppliers. The results also indicated that the electrochemical process regenerates
free chlorine, which may reduce the sodium hypochlorite consumption at swimming pools.
This electrolysis system is a newly developed method for reducing TCA in the SPW. TCA is
a volatile DBP of particular concern due to its adverse health effects. This method provides
for—as requested by Schmalz et al. [4]—the removal of TCA in the pool water treatment
cycle. The electrolysis system also has desirable properties such as low energy consumption
and a long lifetime, resulting in very low running costs.

The mass transfer of trichloramine from water to air is slow relative to a typical
treatment cycle [4]. Lowering the trichloramine burden of the water is therefore expected
to lower airborne trichloramine in the hall and to improve conditions for swimmers and
personnel. We emphasize that this study demonstrates the water-phase reduction and
does not measure ambient air in the pool hall or any health endpoint. The measurements
reported here quantify trichloramine released from a sampled volume of water under
controlled off-gassing, which is not the same quantity as the ambient air concentration to
which the WHO guideline of 0.5 mg/m3 and the French limit of 0.3 mg/m3 refer, and the
two should not be compared directly even though they share units. The air-quality and
health benefits are therefore presented as the expected consequence of the demonstrated
reduction rather than as a measured outcome, and confirming them requires ambient air
monitoring in the hall.

Several limitations remain. Chlorate, perchlorate, bromate, and halogenated organic
by-products were not quantified. The mild operating conditions of approximately 1.8 V
vs. RHE and 1 A/m2 lie below the high-potential, high-current-density regime associated
with substantial chlorate and perchlorate generation, and this window was selected in part
for that reason, but a targeted by-product survey is needed. Nitrate, ammonium, and total
nitrogen were not measured, so the nitrogen mass balance is not closed and the mechanistic
pathway is presented as consistent with the data rather than as demonstrated by them.
Durability rests on operating performance and on the absence of any decline in current
at fixed cell voltage rather than on direct surface characterization. Scale-up to larger or
differently configured facilities, the influence of seasonal and swimmer-load variation,
which drives the scatter in the baseline data, and direct ambient air monitoring in the hall
are identified as the appropriate next steps.
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