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 UVOX technology can inactivate chlorine-resistant microorganisms.
 In chlorinated pool water, UVOX inﬂuenced the formation of brominated DBPs.
 Removal of the selected micropollutants was largely due to chlorination.
 UVOX enhanced the removal of ibuprofen in chlorinated water.
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Alternative disinfection technologies may overcome some of the limitations of conventional treatment
applied in swimming pools: chlorine-resistant pathogens (e.g. Cryptosporidium oocysts and Giardia cysts)
and the formation of chlorinated disinfection byproducts. In this paper, results of full scale validation of
an alternative disinfection technology UVOX Redox® (hereinafter referred to as UVOX) that combines
ozonation and UV irradiation are presented. The performance was assessed in terms of microbial inactivation, disinfection byproduct formation and micropollutant removal. UVOX was able to achieve 1.4
e2.7 log inactivation of Bacillus subtilis spores at water ﬂows between 20 and 76 m3/h. Lower formation
of trichloromethane and dichloroacetic acid was observed with UVOX followed by chlorination when
compared to chlorination alone. However, due to the use of ozone and the presence of bromide in the
pool water, the formation of trihalomethanes and haloacetic acids shifted to more brominated
byproducts. Chlorine alone was able to remove the target micropollutants: acetaminophen, atenolol,
caffeine, carbamazepine, estrone, estradiol, and venlafaxine (>97% removal) after 24 h, with the exception of ibuprofen (60% removal). The application of UVOX in chlorinated water enhanced the removal of
ibuprofen. The application of UVOX could lower the usage of chlorine to the level that provides an
adequate residual disinfection effect.
© 2018 Published by Elsevier Ltd.
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1. Introduction
1.1. Swimming pool water disinfection
The main components of a typical water treatment scheme in
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swimming pools consist of coagulation-ﬂocculation followed by
ﬁltration and disinfection (WHO, 2006). Disinfection is applied to
ensure microbial inactivation, and the presence of residual disinfectant provides protection against subsequent microbial contamination. Chlorination is widely used for disinfection in swimming
pools due to its efﬁcacy against a wide range of pathogens, its
availability and cost effectiveness. Chlorine has strong disinfecting
power and provides residual disinfectant effects, but some
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pathogens have been proven to be resistant to chlorine, e.g. the
faecally-derived protozoa, Giardia lamblia cysts and Cryptosporidium parvum oocysts (Jarroll et al., 1981; Korich et al., 1990).
Additionally, chlorine reacts with organic and inorganic constituents in water to form disinfection byproducts (DBPs) which are
associated with adverse health effects (Florentin et al., 2011;
Richardson et al., 2010; Xiao et al., 2012; Vlaanderen et al., 2017).
Disinfection technologies, such as UV irradiation and ozonation
have been utilized for decades in drinking water and wastewater
treatment (Betancourt and Rose, 2004; Bolton and Linden, 2003;
USEPA, 1999). UV irradiation has proven to be effective against
chlorine resistant pathogens (Clancy et al., 2000; Craik et al., 2000,
2001; Shin et al., 2001). Signiﬁcant inactivation of Cryptosporidium
oocysts and Giardia cysts was observed at UV ﬂuence <20 mJ/cm2
(Chevreﬁls et al., 2006; Hijnen et al., 2006). Ozonation is also a
stronger disinfectant than chlorine (Korich et al., 1990). Studies
have shown that 99% inactivation of Cryptosporidium oocysts and
Giardia cysts can be achieved at CT (concentration x contact time)
values < 10 mg.min/L and <1 mg.min/L at 20  C pH 7.0, respectively
(Jacangelo et al., 2002; Rennecker et al., 1999). Moreover, ozone
improves the inactivation of Cryptosporidium oocysts in subsequent
use of chlorine (Corona-Vasquez et al., 2002; Driedger et al., 2000;
Rennecker et al., 2000). In swimming pool water treatment, ozone
and UV could be applied to lower the dependency on chlorine as a
primary disinfectant.

1.2. DBPs in swimming pool water
The presence of DBPs has been a major concern in disinfected
waters. Some DBPs are carcinogenic and mutagenic; and their
presence has been associated with asthma, irritation to skin, throat,
and eyes (Richardson et al., 2010). Exposure to DBPs due to
swimming in chlorinated pool water may cause alterations in
serum immune markers (Vlaanderen et al., 2017). The route of
exposure to DBPs is not only through ingestion but also through
inhalation and dermal absorption (Villanueva et al., 2007). Sources
of DBP precursors in swimming pools are organics derived from
humans (e.g. urine, sweat) and from the water source itself (Kanan
and Karanﬁl, 2011). Consequently, continuous addition of disinfectant (e.g. chlorine) in the presence of organic loads may lead to
high levels of DBPs (Yeh et al., 2014). While more than 700 DBPs
have already been identiﬁed in disinfected waters, trihalomethanes
(THMs) and haloacetic acids (HAAs) are still the most prominent
DBPs investigated in swimming pools (Teo et al., 2015). THMs and
HAAs are commonly detected in chlorinated waters
(Nieuwenhuijsen et al., 2000) while brominated DBPs are also
detected during ozonation (Glaze, 1986).
The effect of ozone and/or UV on DBPs formation in swimming
pool applications have been demonstrated in many studies
(Cheema et al., 2017; Cimetiere and De Laat, 2014; Hansen et al.,
2013, 2016; Mao et al., 2014; Spiliotopoulou et al., 2015). Hansen
et al. (2016) showed that ozone (0.7e3.4 mg/L) followed by chlorination with sodium hypochlorite (1e3 mgCl2/L of residual chlorine) resulted in lower total THMs formation when compared to
chlorination alone (1e3 mgCl2/L of residual chlorine) in batch experiments using body ﬂuid analogue (BFA) to simulate anthropogenic pollutants in swimming pool water. Mao et al. (2014) showed
an increase in THM concentrations with an increase in ozone dose
from 0 to 2 mg/L during subsequent chlorination. Cimetiere and De
Laat (2014) demonstrated an increase in THMs formation and little
effect on HAAs by applying high UV doses (23.5 and 47 kJ/m2) using
low-pressure UV in chlorinated water while no effect on THMs was
observed using medium-pressure UV with or without free chlorine
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(Spiliotopoulou et al., 2015). Some studies in real swimming pools
investigated the effect of UV followed by chlorination, but the results were contradictory; in fact, this resulted in an increase of
THMs (Cassan et al., 2006), a decrease of THMs (Beyer et al., 2004),
and no effect (Kristensen et al., 2009). Weng et al. (2012) observed
higher formation of dichloroacetonitrile and cyanogen chloride by
increasing UV dose while no change was observed in chloroform
levels.
1.3. Occurrence and treatment of micropollutants in water
Nevertheless, DBPs are not the only concern in swimming pools.
Organic micropollutants (at low concentrations, in the range of mg/L
or ng/L) of anthropogenic source, such as pharmaceuticals and
endocrine disrupting compounds (EDCs) are of concern due to
adverse health effects to wildlife and humans (Richardson and
Ternes, 2011). These compounds can enter swimming pools via
human body ﬂuids (e.g. urine and sweat) and/or human skin during
swimming (some lotions may contain pharmaceuticals). Several
commonly used pharmaceuticals, such as acetaminophen, carbamazepine and ibuprofen, have been detected in different swimming pool settings (Ekowati et al., 2016; Suppes et al., 2017; Teo
et al., 2016; Weng et al., 2014), while EDCs (e.g. estrone, estradiol)
have been mainly investigated in environmental waters (Campbell
et al., 2006; Li et al., 2015; Petrovic et al., 2004; Yoon et al., 2010).
The European Commission has placed estrone and estradiol on the
watch list of substances for Union-wide monitoring in the ﬁeld of
water policy (European Commission, 2018). Pharmaceuticals, such
as carbamazepine and venlafaxine, were included in the list of 12
indicator substances established by the Swiss Federal Ofﬁce of the
Environment (FOEN, 2015) for evaluation of upgrading wastewater
treatment plant.
Studies have shown that some micropollutants can be either
persistent or susceptible to treatment. Weng et al. (2014) shows
that acetaminophen reacted fast (less than 5 h of chlorine exposure) to chlorination (12.78 mgCl₂/L of initial free chlorine). Acetaminophen, carbamazepine, estrone and estradiol were easily
degraded by chlorine (3.5 and 3.8 mg/L) or ozone (Westerhoff et al.,
2005). The application of chlorine and UV separately showed only
<10% removal of ibuprofen and carbamazepine while the combination of treatments improved the removal to 98% (Wang et al.,
2016; Xiang et al., 2016).
1.4. Objectives
Microbial contamination may continuously occur in swimming
pools, hence chlorine is still needed to provide residual disinfection
in the pool water despite the formation of chlorine-derived DBPs.
The application of alternative disinfection technologies, such as
ozone and UV, which are effective for microbial inactivation and
form little or no DBPs could help in lowering chlorine dosage and
eventually minimizing the formation of chlorinated DBPs in
swimming pool water. Although many studies have investigated
the application of ozone and UV for swimming pool applications,
the studies generally targeted microbial inactivation, DBP formation, and removal of micropollutants, separately. Thus, the goal of
this research was to assess a commercial technology which combines ozone and UV for all aforementioned objectives. Moreover,
the technology was applied in a full scale outdoor swimming pool
of a large tourist facility, which then gave the opportunity to
observe the overall system performance inﬂuenced by hydraulic
conditions, longer treatment duration, water recirculation, and
continuous disinfection.

178

Y. Ekowati et al. / Chemosphere 220 (2019) 176e184

2. Materials and methods
2.1. Microorganisms and chemicals
2.1.1. Bacillus subtilis spores
Bacillus subtilis spores have been used as a surrogate for Cryptosporidium parvum oocysts in many disinfection studies (Cho et al.,
2006; Choi et al., 2007; Driedger et al., 2001; Jung et al., 2008)
because of their similar behaviour with respect to disinfection
methods such as chlorination, UV and ozonation. B. subtilis spores
are used as a biodosimeter (a UV calibrated microorganism) for UV
reactor validation (Sommer et al., 2004).
UV-253.7 nm calibrated B. subtilis spores ATCC 6633 was purchased from HAI-SO GmbH, Austria. The inactivation curve of the
€
spores according to Austrian National Standard ONORM
M 58731:2001 and M 5873-2:2003 was provided by the supplier
(Supplementary material Fig. S1).
2.1.2. Body ﬂuid analogue
BFA was added to pool water to simulate the human body ﬂuid
released in swimming pool water. BFA solution for spiking the pool
water consists of urea, creatinine, histidine, hippuric acid, uric acid,
citric acid, sodium phosphate and ammonium chloride. It was
prepared using the same composition and proportion as described
by Judd and Bullock (2003). All compounds were purchased from
Sigma-Aldrich. The concentration of total organic carbon (TOC) in
water samples was measured using a TOC-VCSH (Shimadzu)
instrument.
2.1.3. Micropollutants
All pharmaceuticals and EDCs: acetaminophen, atenolol, carbamazepine, ibuprofen, venlafaxine hydrochloride, estrone, estradiol, and caffeine were purchased from Sigma-Aldrich. Isotopically
labelled compounds were used as internal standards; acetaminophen-d₄, ibuprofen-d₃, and caffeine-d₃, were purchased from
Sigma-Aldrich, atenolol-d₇ from Toronto Research Chemicals, carbamazepine-d₁₀, venlafaxine-d₆, estradiol-17b-2,4-D₂, and estrone2,4,16,16-D₄ from Cluzeau Info Labo. Further details are described in
Supplementary material Table S1.
HPLC-grade methanol, acetonitrile, water (LiChrosolv), ammonium acetate, formic acid and Na₂EDTA were purchased from Merck
(Germany). Nitrogen (99.995% purity) for drying was obtained from
 Linde (Spain). All the samples collected during the experiAbello
ment were ﬁltered through 0.45 mm polyvinylidene ﬂuoride
membrane ﬁlters (Merck Millipore, Germany).
2.2. Analytical methods
2.2.1. Enumeration of Bacillus subtilis spores
The freeze dried B. subtilis spores were suspended in sterile
deionized water for 24 h prior to use. The enumeration of the
spores was done by using the pour plate method with Columbia
blood agar base (Oxoid). The plates were incubated at 37  C for
44 ± 4 h.
2.2.2. Analysis of pharmaceutical active compounds
In each sample for pharmaceutical analyses, a suitable volume of
0.1 M Na₂EDTA solution was added to achieve a ﬁnal concentration
of 0.1% (g solute/g solution). Samples were pre-concentrated using
Oasis HLB cartridges (60 mg, 3 mL) (Waters Corp., Milford, MA,
USA) which were conditioned with 5 mL of methanol followed by
5 mL of HPLC grade water. 25 mL of sample was loaded to the cartridge at 1 mL/min. After sample pre-concentration, cartridges
were rinsed with 6 mL of HPLC grade water and were dried with air

for 5 min for total water removal. Analytes were eluted with 6 mL of
pure methanol. Extracts were evaporated to dryness under a gentle
nitrogen stream and reconstituted with 1 mL of methanol. 10 mL of
extract were diluted in 1 mL of methanol/water. Finally, 10 mL of an
internal standard mixture (at 1 mg/L) were added to the extract.
Samples were further analysed using Ultra-Performance™ liquid
chromatograph system (Waters Corp. Milford, MA, USA) coupled to
a quadrupole-linear hybrid ion trap mass spectrometer (5500
QTRAP, Applied Biosystems, Foster City, CA, USA) with a turbo Ion
Spray source. Chromatographic separation was carried out using
Acquity HSS T3 column (for positive electrospray ionization) and
Acquity BEH C18 column (for negative electrospray ionization)
(Waters Corp. Milford, MA, USA). The detailed procedure of the
analysis was as described by Gros et al. (2012). The recovery of the
analytes is shown in Supplementary material Table S1.
2.2.3. Analysis of endocrine disruptors and related compounds
All samples were ﬁltered through 0.45 mm polyvinylidene ﬂuoride membrane ﬁlters. Samples were extracted using Strata-X cartridges (200 mg, 6 mL) (Phenomenex) which were conditioned
with 5 mL of methanol followed by 5 mL of HPLC grade water.
Samples (50 mL) were loaded at 1 mL/min. Finally cartridges were
dried under vacuum conditions in order to carry out the elution
with a mixture of dichloromethane:methanol (50:50). The extract
was reconstituted with 1 mL of methanol:water and 50 mL of internal standard was added. Samples were analysed by an Ultra
Performance Liquid Chromatography (Thermo Fisher Scientiﬁc)
system coupled to a triple quadrupole mass spectrometer (TSQ
Vantage, Thermo Fisher Scientiﬁc). Chromatographic separation
was carried out using a LUNA OMEGA C18 1.6 mm (100  2.1 mm)
(Phenomenex) column. The detailed procedure of the analysis was
described by Gorga et al. (2013) and Kassotaki et al. (2019). The
recovery of the analytes is shown in Supplementary material
Table S1.
2.2.4. Analysis of DBPs
Water samples were analysed for THMs, HAAs and bromate
content. In the experiments described in section 4.2, four THMs
(trichloromethane (TCM), dibromochloromethane (DBCM), bromodichloromethane (BDCM), tribromomethane (TBM)) and
bromate levels were analysed by Water Technology Center (TZW),
Karlsruhe, Germany using headspace GC/MS (DIN EN ISO 10301)
and IC-ICP-MS, respectively. Nine HAAs (monochloroacetic (MCAA),
dichloroacetic (DCAA), trichloroacetic (TCAA), monobromoacetic
(MBAA), dibromoacetic (DBAA), tribromoacetic (TBAA), bromochloroacetic (BCAA), bromodichloroacetic (BDCAA), chlorodibromoacetic (CDBAA) acids) were analysed by LEITAT Technological
Center in Barcelona, Spain based on the US EPA Method 552.2
(USEPA, 1995). The relative standard deviation of DBP analytical
methods is shown in Supplementary material Table S2.
2.3. On site measurements
Temperature, pH, free and total chlorine were measured on site,
each time a sample was collected. Chlorine concentration was
measured using Hach cuvette LCK310 and Hach spectrophotometer
DR2800 (Hach Lange GmbH, Germany). Temperature and pH were
measured using a portable probe (pH meter 3310 from WTW).
Ozone concentration was measured using Hach Ozone AccuVac®
(MR) ampules and a portable Hach colorimeter DR890.
3. Study site and equipment
The commercial ozone/UV system was installed in an outdoor
swimming pool in a large Mediterranean tourist facility. The
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swimming pool is composed of two connecting pools, the main
pool has a volume of 560 m3 and the children's pool has a volume of
10 m3. The conventional treatment system in the pool consists of
two units of rapid sand ﬁltration and chlorination (15% sodium
hypochlorite solution is dosed into the recirculated pool water
using a membrane dosing pump). The ozone/UV system was placed
between the sand ﬁlters and the chlorination step (Fig. 1).
The ozone/UV system was provided by Wapure International
GmbH, Germany (UVOX Redox® type UVOX-2000, referred to as
UVOX). The system is composed of four amalgam low-pressure UV
lamps (each 180 W), positioned vertically, each housed in a quartz
sleeve located inside a cylindrical reaction chamber (HDPE, dia.
20 cm, net vol. 22 L). The reaction chamber was equipped with a
temperature sensor and a UV sensor (D-SiCONORM-LP). The UVOX
technology combines ozone generation and UV irradiation in a
single unit system. Air suction is created by means of a Venturi and
the sucked air travels through the UV reaction chamber (inside the
quartz sleeves) where ozone is generated by conversion of oxygen
in the air when exposed to UV irradiation at 185 nm. The mixture of
water and air ﬂows into the UV reaction chamber, where it is
exposed to UV irradiation at 254 nm.
Before starting the experiments, baseline measurements on the
UVOX were performed after the pool was ﬁlled with municipal tap
water. The maximum UV irradiance was 17.47 mW/cm2. The
mixture of ozone and air ﬂow was ﬁxed at 16 L/min in all experiments and the dissolved ozone concentrations in the water before
entering the UV chamber varied between 0.01 mg/L and 0.46 mg/L.
UV irradiance was monitored during the experiments. The UV
doses (IT) reported were calculated as the UV irradiance (I)
measured by the UV sensor during the experiment multiplied by
the contact time (T).
4. Experimental design
4.1. Microbial inactivation
A stock solution containing B. subtilis spores (~10⁷ CFU/mL) and
BFA was spiked into the water ﬂow from point 2 in Fig. 1 using a
dosing pump to achieve a ﬁnal concentration ~10⁴ CFU/mL in the
feed water to the UVOX system. Different concentrations of BFA
were added to vary the UV transmittance (UVT) of the model water.
Water samples for microbial analysis were collected in 50 mL sterile
plastic cups from the inlet (point 3 in Fig. 1) and outlet (point 4 in
Fig. 1) of the UVOX system. During the experiment, water samples
from inlet and outlet of UVOX were collected in triplicates.
Before starting the experiments, a blank experiment was performed in which the UVOX system was switched off; the purpose
was to observe the effect of hydraulic conditions on the viability of
B. subtilis spores. Pool water temperature during the experiments
was 12e13  C and pH was 8.3.
Two experiments were performed by applying UVOX without
ozone generation and with ozone generation. The experiments for
microbial inactivation were carried out without pool water
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recirculation and without chlorination since the primary objective
of these experiments was to test the microbial inactivation of UVOX
alone.
4.2. DBPs and micropollutants
Experiments designed to assess DBPs formation and removal of
micropollutants were performed in a recirculating system. The
experiment only used 30% of the pool volume (approx. 170 m3 of
water) in order to have an optimum water turn over time of 2.8e3 h
as recommended by the UVOX manufacturer. The water ﬂow rate in
all experiments was 56.7 ± 0.5 m3/h which was also the maximum
water ﬂow that could be achieved. Water temperature ranged from
10.5 to 12.5  C and pH 8.0 ± 0.2.
Four different experiments were performed as described in
Table 1. Sodium hypochlorite solution (15%) was continuously
dosed at a constant rate (1000 mL/h), aiming at 0.3 mgCl₂/L of free
residual chlorine (lower limit of free residual chlorine according
German standard of water quality in swimming pools (DIN, 2012)).
The experiments were conducted sequentially without pool water
renewal.
At the start of each experiment, 1 L of BFA stock solution (~170
gC/L) was added to the pool water in order to achieve a ﬁnal concentration of 1 mgC/L of BFA in the pool. A mixture of pharmaceuticals and EDCs in 150 mL of methanol was added to the pool to
achieve a ﬁnal concentration of ~5 mg/L and ~1 mg/L, respectively.
Both BFA and micropollutants were added to the pool water by
injecting concentrated solutions into the circulation pipe through
point 4 in Fig. 1. Subsequently, the pool water was recirculated for
3 h without inference from the sand ﬁlters to ensure proper mixing
of added compounds with the pool water. The sand ﬁlters were
then re-connected before starting the experiment.
Water samples for micropollutant analysis were collected using
100 mL amber PET bottles. Immediately after sample collection, the
water samples for pharmaceutical analyses were quenched by
adding 1 mL ascorbic acid (25 mg/L). Separately, water samples for
DBPs analysis were collected in 250 mL brown glass bottles with no
headspace and were kept at 4  C. Samples for THM analysis were
quenched by adding 1 mL of sodium thiosulfate (20 mg/L) and
samples for HAA analyses were quenched by adding 25 mg of NH₄Cl
in 250 mL sampling bottles.
5. Results and discussion
5.1. Inactivation of Bacillus subtilis spores
The dose response curve (Fig. 2) shows the inactivation of
B. subtilis spores under different conditions; the curves are
compared on the basis of the UV dose applied. The UV disinfection
curve showed an increase in removal from 0.9 log at an IT of 5.8 mJ/
cm2 up to 1.3 log at 24 mJ/cm2, and above this UV dose, the inactivation of B. subtilis spores was not optimum. This might be due to
the hydraulic conditions as a consequence of lower ﬂow in the
Table 1
Experimental design for DBPs formation and micropollutants removal.

Fig. 1. Schematic of pool water treatment. Point 2: dosing point in microbial inactivation experiments; point 4: dosing point in DBP and micropollutant experiments;
point 1, 3 and 4: sampling points.

Exp.

Treatments*

Sampling
points**

Sampling period (h)
DBPs

Micropollutants

1
2
3
4

SF
SF þ UVOX
SF þ Cl₂
SF þ UVOX þ Cl₂

1
1, 3, 4
1
1, 3, 4

0, 3, 6, 24

0, 0.5, 1, 1.5, 2, 3, 6, 24

* SF: sand ﬁltration, Cl2: chlorination by sodium hypochlorite.
** as shown in Fig. 1.
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Fig. 2. Bacillus subtilis spores inactivation by UVOX. UV is UVOX without ozone generation. Error bars indicate the standard deviations of triplicate samples.

reaction chamber. The UVOX disinfection curve showed enhanced
disinfection of B. subtilis spores (39%e99%) (Fig. 2). The increase of
B. subtilis spores inactivation was more substantial at higher UV
doses. In UVOX, mixtures of ozone and air are injected to the pool
water stream at a constant ﬂow, even when the pool water ﬂow
rate changed. Therefore, the amount of ozone injected to the pool
water stream at low ﬂow rates (corresponds to high UV doses) will
be relatively higher than at high ﬂow rates (corresponds to low UV
doses). The experiments using UVOX demonstrated that the addition of ozone signiﬁcantly enhanced the overall inactivation of
B. subtilis spores compared to applying UV alone. This result is in
agreement with previous studies demonstrating synergistic effects
of combined ozone and UV or sequential use of ozone followed by
UV on inactivation of microorganisms (E.coli, MS2, B. subtilis spores,
total and faecal coliforms) (Bustos et al., 2010; Fang et al., 2014; Jung
et al., 2008; Wu et al., 2015).
Pool Water Treatment and Advisory Group (PWTAG) recommends that the UV dose for UV installation in swimming pools
should be able to deliver minimum 3 log inactivation in the viability
of Cryptosporidium parvum oocysts (PWTAG, 2016). The UV dose
required for 3 log inactivation of C. parvum oocysts is < 20 mJ/cm2
(Hijnen et al., 2006). According to the biodosimetry test performed
(Cabaj et al., 1996), the actual UV dose of 20 mJ/cm2 for inactivation
C. parvum oocysts is equivalent to UV dose of <10 mJ/cm2 from
UVOX which can be achieved at the maximum water ﬂow rate
tested (Supplementary material Figs. S2 and S3).

experiments, applying UVOX followed by chlorination and chlorination alone (Fig. 3). As expected, the increase of THM concentrations observed followed the order TCM > BDCM > DBCM > TBM as
reported in other studies (Cassan et al., 2006; Lourencetti et al.,
2012; Panyakapo et al., 2008; Weaver et al., 2009) and total THM
(TTHM) was highly dominated by TCM. During UVOX followed by
chlorination, TCM, BDCM and DBCM were formed at similar concentrations. The increase of TBM formation was negligible in both
experiments.
Bromine incorporation factors (BIF) of THMs at sampling period
0, 3, 6, and 24 h with chlorine alone were 0.422, 0.260, 0.246, and
0.260, respectively. Higher BIFs from experiments with UVOX
(0.154, 1.098, 1.097, and 0.825, respectively) were observed after 3 h
of experiment. Higher BIF values suggest that the formation of DBPs
shifted to the brominated species which is attributed to the addition of ozone (Mao et al., 2014). In the presence of bromide, ozone
and chlorine in the form of HOCl/OCl oxidized bromide to aqueous
bromine (HOBr/OBr) (Farkas et al., 1949; Haag and Hoigne, 1983)
which react 10 times faster than chlorine with organic matter
(Westerhoff et al., 2004). Consequently, the addition of ozone may
have caused the formation of more brominated DBPs. This may
explain the results in our study where TCM concentrations
observed during experiments with chlorination alone were 2e4
times higher than in experiments with UVOX followed by chlorination. On the other hand, formation of brominated species (BDCM
and DBCM) in experiments with UVOX followed by chlorination
were observed higher than in experiments with chlorination alone.
Additionally, bromide was already present in the ﬁlling water
for the pool. During the experiments with chlorination alone and
with UVOX followed by chlorination, the initial bromide concentration were 76 mg/L and 160 mg/L, respectively due to decreasing
bromide concentration during the period of experiments. As a
result, the bromide concentration at the start of experiment with
chlorination was half of the initial concentration in the experiment
with UVOX followed by chlorination. Since an increasing bromide
concentration resulted in higher formation of TTHM (Bond et al.,
2014; Chowdhury et al., 2010), higher initial concentration of bromide might also contribute in higher THMs formation in experiment with UVOX, particularly for brominated DBPs.
From the nine HAAs analysed, only DCAA, DBAA and BCAA were
detected at concentrations above the limit of quantiﬁcation
(Supplementary material Table S2) and showed noticeable changes
in concentration during the experiment. Of the chlorinated HAA
species, DCAA, was observed as the dominant HAA formed during
experiments with chlorination while in UVOX followed by chlorination, the detected HAAs species were formed at similar concentrations (Fig. 4). The formation of DCAA during experiments with
UVOX followed by chlorination was negligible in comparison to the
concentrations formed during experiments with chlorination,

5.2. DBPs and micropollutants experiments
Chlorine was added at a constant rate during the experiments
and BFA was only added at the beginning of each experiment. A
gradual increase of free chlorine levels was observed and the increase was more evident between 6 and 24 h experiments
(Supplementary material Fig. S4). This increase might be due to the
absence of photolysis of chlorine during the night (Nowell and
, 1992).
Hoigne
The experiments were conducted in series and the water was
reused hence higher organic carbon concentration was observed in
the later experiments.
5.2.1. Formation of DBPs
An increase in THM formation was observed within 24 h in both

Fig. 3. Increase of THMs in pool water treated with chlorination and UVOX followed by
chlorination.
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experiments using sodium hypochlorite, bromate may be already
present as an impurity from commercial sodium hypochlorite solution (Asami et al., 2009; Garcia-Villanova et al., 2010). This suggests that the increase was likely due to continuous chlorine
addition rather than bromide in the water.

Fig. 4. Increase of HAAs in pool water treated with chlorination and UVOX followed by
chlorination.

while the concentrations of brominated species were similar in
both experiments.
DCAA and TCAA are the most abundant HAAs detected in
chlorinated water (Teo et al., 2015). However, in this study, TCAA
detected was below the limit of quantiﬁcation (<3 mg/L). The reason
might be that the model precursors in this study have propensity to
form dihaloacetic acids than trihaloacetic acids. As model precursors, some BFA compounds such as citric acid, have shown to
generate higher TCM and DCAA, in comparison to other BFA compounds (Kanan and Karanﬁl, 2011; Yang et al., 2016). The pH used in
this study (pH 8) was also not favourable for TCAA formation. It was
suggested that THMs and TCAA have a similar precursor structure
and in alkali conditions, base-catalysed hydrolysis dominates,
leading to formation of THMs while TCAA will be formed in acidic
conditions (Liang and Singer, 2003).
BIF of HAAs at sampling period 0, 3, 6, and 24 h with chlorine
alone were 0.492, 0.246, 0.252, and 0.128, respectively. Higher BIFs
from experiments with UVOX (0, 0.995, 0.735, and 1.013, respectively) were observed after 3 h of experiment. Similarly to THMs,
BIF values of HAA suggest that the formation of DBPs shifted to
brominated species which is attributed to the addition of ozone
(Mao et al., 2014).
Bromate were also present in pool water during experiments
with chlorination alone and UVOX followed by chlorination at
initial concentrations of 91 mg/L and 33 mg/L, respectively which
then increased up to 140 mg/L and 82 mg/L. Chlorination, ozonation,
and UV/chlorination can form bromate in the presence of bromide
(Fang et al., 2017; Margerum and Huff Hartz, 2002; von Gunten and
Hoigne, 1994). However, the increase in bromate observed in both
experiments after 24 h was in the same order (49 mg/L) regardless
of the treatment applied; with or without UVOX. In chlorination

5.2.2. Removal of pharmaceuticals and EDCs
The concentration proﬁles of pharmaceuticals and EDCs in water
samples collected from the pool in 24 h experiments are shown in
Fig. 5. In chlorinated pool water, most of the selected pharmaceuticals and EDCs were removed after less than 3 h of chlorination
except for caffeine, atenolol and ibuprofen. After 24 h of chlorination, 97% removal was achieved for most of the compounds while
only 60% of ibuprofen was removed. By adding UVOX to the treatment train, ibuprofen was completely removed after 24 h. It can be
concluded that the removal of the target compounds was mostly
driven by chlorine except in case of ibuprofen with UVOX
enhancing the removal. In both experiments, acetaminophen,
venlafaxine, estrone and estradiol were removed faster compared
to other compounds (Supplementary material Table S3). Atenolol,
carbamazepine, venlafaxine, estrone and caffeine were found to
have slower reaction rate when UVOX was used.
High removal of acetaminophen after 24 h of contact time with
chlorine and more recalcitrance of ibuprofen and caffeine to chlorination were also observed in the literature (Weng et al., 2014;
Westerhoff et al., 2005). Westerhoff et al. (2005) also demonstrated
high removals of estrone, estradiol, and carbamazepine. In a study
by Wang et al. (2016), only 5.5% degradation of carbamazepine was
observed by chlorination. The differences in results are likely due to
the experimental protocol (e.g. contact time, pH and dose). The use
of UVOX without chlorination has shown partial removal of
estrone, estradiol and acetaminophen (<75%) and no effect on
other compounds (data not shown) while combining UVOX and
chlorination leads to complete removal of ibuprofen. A recent study
by Xiang et al. (2016) shows little or no effect of applying UV and
chlorine separately in the degradation of ibuprofen while the
combination of UV and chlorine signiﬁcantly increased the degradation rate. The presence of bromide in water also increased the
degradation rate of caffeine and carbamazepine but reduced the
degradation rate of ibuprofen during UV/chlorine treatment (Cheng
et al., 2018). Westerhoff et al. (2005) showed that ozone was able to
oxidized >80% of acetaminophen, carbamazepine, ibuprofen,
estrone and estradiol. Bromine, chlorine and ozone could effectively oxidize phenolic compounds (Alum et al., 2004; Gallard et al.,
2003; Westerhoff et al., 2005). Subsequently, higher degradation
rates of micropollutants, such as acetaminophen, estrone and
estradiol are expected. However, it should be noted that most

Fig. 5. Concentration proﬁles for pharmaceuticals and EDCs in pool water treated with chlorine and UVOX followed by chlorination. (E1: estrone, E2: estradiol, CAFF: caffeine, APAP:
acetaminophen, ATN: atenolol, CBZ: carbamazepine, IBU: ibuprofen, VLX: venlafaxine).
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studies on removal of micropollutants use higher doses of UV and
ozone (Wang et al., 2016; Xiang et al., 2016). In this study, the use of
low concentrations of ozone and the competition with NOM and
BFA, limit the oxidization of pharmaceuticals and EDCs by UVOX.
In this study, chlorine was dosed continuously resulting in
continuous elimination of micropollutants. However, bromide
might also contributed in the process due to formation of HOBr/OBr
which has higher reaction rate compared to HOCl/OCl. These
compounds were continuously exposed to chlorine which provides
more time for degradation of compounds with lower reaction rates.
Regardless of the effectiveness of the treatment, the degradation of
pharmaceuticals and EDCs can generate transformation products
which may be more hazardous than the parent compounds
(Michael et al., 2014; Noguera-Oviedo and Aga, 2016) and should be
considered in future studies.
6. Conclusions
UVOX treatment is a promising technology for swimming pool
water treatment. It has proven to be effective in inactivation of
chlorine resistant microorganisms. In chlorinated pool water, inclusion of UVOX reduced the formation of TCM and DCAA, however,
as expected, brominated DBPs (BDCM, DBCM, DBAA and BCAA)
were detected at higher concentrations. Consequently, the presence of bromide in water has to be taken into account when using
UVOX as pool water treatment, even though low concentrations of
ozone were used.
Chlorination was able to remove most pharmaceuticals tested,
however, longer contact time was needed for complete removal of
caffeine and atenolol while 40% of ibuprofen was still persistent
even after 24 h. In treatment combining UVOX and chlorination, the
removal of micropollutants was mainly inﬂuenced by chlorine. It
was observed that UVOX enhanced the degradation of ibuprofen,
the most resistant pharmaceuticals in chlorinated water in this
study.
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