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Abstract

Water and air quality of eight seawater swimming pools using chlorine disinfection was
measured during four sampling campaigns, spread on one full-year, and in four
thalassotherapy centres located in Southeast of France. Concentrations of trihalomethanes
(THMs) in air and in water as well as concentrations of parameters, including non purgeable
organic carbon (NPOC), free residual chlorine (Cly), pH, Kjeldhal Nitrogen (KN), salinity,
conductivity, bromide ions and, water and air temperature, were measured. Water and air
samples were collected in triplicates morning -at the opening of the pools-, noon and night -at
the closing of the pools-, in summer and winter. Data analysis was performed by Principal
Component Analysis (PCA) and rotated component matrix, from both data quality and other
parameters such as TOC, aromaticity (UVas4), pH, hygrometry, and free residual chlorine
(Cly). This statistical analysis demonstrates a high correlation between TOC, Cls and UVs4
and THM levels found in air and water, particularly for the major ones (CHBr3 in water. 300.0
ng.L! mean, 1029.0 pg.L"' maximum; CHBr;3 in air : 266.1 pg.m™ mean, 1600.0 pg.m™
maximum, and CHCIBr; in water: 18.9 pg.L"' mean, 81.0 pg.L" maximum; CHCIBr; in air :
13.6 pg.m™ mean, 150.0 pg.m™ maximum). These high levels of bromoform (CHBr3) are
particularly worrisome in such health institutions, even these levels do not exceed the

Permissible Exposure Limit (PEL) of 5 mg.m™ as an 8 hour time-weighted average currently



fixed by various administrations, such as Occupational Safety and Health Administration

(OSHA).

Keywords : Trihalomethanes, bromoform, air, seawater, swimming pool, brominated

compounds.

1. Introduction

Thalassotherapy (term coined by the French doctor de la Bonnardiére in 1869) has begun
establishing health therapy centers for early 1920’s, at first in France and then in Great Britain
and Germany (Schwartz, 2005). This practice has been defined by the French Medical
Academy in 1960 as being the use of seawater, seaweed, sea mud or other sea resources
and/or the marine climate for the purpose of medical treatment with a medicinal effect
(Crecente et al., 2012). Till 1998, thalassotherapy was covered by French medical insurance
as a standard treatment for sore throats, digestive problems, rheumatic arthritis,
musculoskeletal injury, development disorders in children, respiratory problems (asthma and
bronchitis), endocrine imbalances and skin diseases (e.g. psoriasis) (Roullier, 1991; Shani et
al., 1995; Charlier and Chaineux, 2009). The decision to stop reimbursing these cures was not
linked to the questioning of the healing properties of this practice, but rather because it has
turned into tourism and leisure activities at the end of 1990’s. Thalassotherapy is indeed now
included in health or spa tourism, which already represents a $156 billion global industry but
is still an emerging and rapidly growing sector (Johnston et al., 2011; Cockerell, 1996).
Furthermore, health or spa tourism is currently one of the tourism products with the highest
rates of growth (Farnos, 2003).

Whereas some researchers question the healing properties of seawater cures (Robiner, 1990;
Lotti et Ghersetich, 1996; Tsuchiya et al., 2003a; Tsuchiya et al., 2003b; Boulet, 2006),
another area of concern is about the impact of chemical treatment on the physical-chemical
content of seawater. Indeed, supposed healthy benefits of seawater are partially connected to
their mineral salt contents that are believed to be absorbed through the skin during immersion
of users (Kazandjieva et al., 2008; Moss, 2010). However, as there is no specific legislation
concerning pools and other medical therapy equipments relating to hygiene and security rules,
in France and in most of European countries, the thalassotherapy pools use the public
swimming pool legislation (Chapuis et al., 2004; ANSES, 2013). This lack of specific

legislation on seawater swimming pools implies thus the use of chlorine-based compounds (in



France, only these compounds are authorized as chemical disinfectants since November 2011)
to prevent outbreak diseases caused by feces-associated microbes, such as viruses and bacteria
(WHO, 2006; Papadopoulou et al., 2008; Schets et al., 2011). Users represents not only a
major source of micro-organisms but also inputs of organic compounds (human body fluids
coming from urine, sweat, hair, mucus, skin and/or personal-care products) (Seredynska-
Sobecka et al., 2011; Weng and Blatchley III, 2011; Keuten et al., 2012; Duirk et al., 2013;
Santos et al., 2012). The combination of a residual disinfectant need (residual of free chlorine
higher or equal to 2 mg/L Cl, in France) with continuous inputs of organic compounds from
users leads to the formation of disinfection by-products (Judd and Bullock, 2003; Weaver et
al., 2009; Kanan and Karanfil, 2011; Manasfi et al., 2017a).

Adding of chlorine in rich-bromide waters leads to the rapid oxidation of bromide ions (Br’)
into hypobromous acid (HOBr), that is readily more reactive with organic matter than
hypochlorous acid (HCIO) (Kampioti and Stephanou, 2002; Fabbricino and Korshin, 2009;
Tian et al., 2013). The occurrence of brominated compounds in seawater swimming pools is
poorly documented whereas the toxicity of brominated compounds is known to be greater
than their chlorinated analogs (Erdinger et al., 2004; Richardson et al., 2007; Kogevinas et al.,
2010; Plewa et al., 2010). In a previous paper (Parinet et al., 2012), occurrence of brominated
compounds were investigated in water of seawater swimming pools : bromoform (CHBr3)
was the most abundant trihalomethane (THM) compound found with levels ranging from 28.7
mg/L to 930.7 mg/L (272.1 mg/L median) followed by dibromochloromethane (CHCI,Br)
with a median level of 14.85 mg/L (63.58 mg/L maximum). Bromoform has been classified
as a group B2 (probable human carcinogen) by US.EPA (ATSDR, 1990). Because
bromoform can be absorbed into the body through the skin but also by inhalation (Beech et
al.,, 1980; Xu et al., 2002), it seems thus important to determine the exposure levels of
seawater pools’ users to bromoform (and to the other THM) not only in water but also in air.
This study has thus been carried out to determine the THM-4 (Total THM, TTHM) levels of
exposure in air and water of four thalassotherapy centres located in Southeast of France

during four sampling campaigns, spread on two days in summer and two days in winter.

2. Materials and methods

2.1 Thalassotherapy centres.



Four seawater establishments (called after E1, E2, E3 and E4) from Southeast of France,
using chlorination agents (bleach or dichloroisocynauric acid) for water disinfection were
selected for this study. E1 and E2 possess 2 pools (E1.A, E1.B and E2.A and E2.B); E3
possesses only one pool (E3.A) and E4 possesses 3 pools (E3.A, E3.B and E3.C). Pools E1.A,
E2A, E4.A and E4.B are used only for relaxing or swimming activities (notice that E4.A is
not connected to other basins -E4.B and E4.C- in this establishment and is not heated),
whereas E1.B, E2.B and E4.C are used only for sport activities. E3.A is used equally for
relaxing or sport activities. Globally, water temperature of pools devoted to swimming or
relaxing are lower (29-32 °C) than those used for sport activities (33-34 °C). These
temperature are preset and kept constant, whatever the season, in the range measured. All the
swimming pools are disinfected continuously by bleach except E4.A and E4.C, which are
disinfected once a week by dichloroisocyanuric acid. The hydraulic characteristics and mean

daily frequentation of the whole pools are presented in Table S1.

Table S1: Functional parameters of the basins studied

Establishment | Number Code basin Temperature | Surface Volume \m Type of Mean daily. : ijl}- of
code of basins of water (m?) (m¥) E (n;) filtration frequentation nm'nter (%)
ELA 296°C 9 160 2208 sand 63 15%
El 2
ELB 323°C 24 32 13-13 25 pm filter 48 5-10%
E1A 294°C 143 193 13-135 sand 43 20%
E2 2
E1B 32°C 19 24 1-1.3 sand 16 20
E3 1 EiA 31.5°C 110 130 12-12 sand 31 3%
E4A 201°C 3 3 I-1 sand 1 Uk*
E4
< E4B 29.7°C 150 200 1325 sand 30 Uk*
E4C 332°C 1 25 3-13 sand 40 Uk*
* Uk: Unknown

These indoor-swimming pools received seawater from the Mediterranean Sea. Physical-
chemical and chemical quality of raw seawaters feeding these pools are reported in Table S2.
Physico-chemical parameters (conductivity, pH, turbidity, water and air temperature,
hygrometry, total residual chlorine) were recorded on-site at the time of sampling. Total
residual chlorine was measured (Urbansky et al., 2000) and the other physico-chemical
parameters were determined with specific electrodes. Free and combined bromine were

determined by the N-N-diethyl-p-phenylenediamine (DPD) colorimetric method (Lourencetti



et al., 2012). Bromide and chloride were measured with an ICS-3000 Dionex ion
chromatography system using a 30 mM NaOH eluent at 1.5 ml.min™' and 30 °C.

Table S2: Water quality of raw seawaters supplying pools under study

Establishment code El E2 E3 E4
Mean Mean Mean Mean
Paametes value " value A alie N gk i
rH 812 0.05 747 144 792 0.13 §.08 0.08
TOC (mg/L C) 31 21 20 15 36 0.0 27 21
TN (mg/L) 02 02 0.9 03 1.7 04 21 14
UVass (em™h) 0.03 0.02 0.02 0.00 0.03 0.02 0.02 0.01
SUVA (L'm*mg C) 0.75 0.46 13 12 1.5 13 1.0 0.5
Br(mgL) 862 10.2 80.7 172 70.0 213 90.7 38
Cl(gL) 20.0 12 200 25 173 1.5 216 7.6
Conductivity (mS/cm) 347 0.9 552 1 512 45 489 21
Salinitv (g/L) 35.7 0.3 36.0 04 34.0 14 338 14
ik

TOC =Total organic carbon, expressed in mgC/L; TN = Total nitrogen, expressed in mg IN/L; UV2s4 = Absorbance of sample at 2534 nm; SUVA
= Specific absorbance at 254 nm expressed following: SUVA = UV254/(TOC=100).

Water and air were sampled in triplicate at the opening and, at the closing of the basins,
during two consecutive days in winter (February 2016) and two consecutive days in summer
(August 2016), to study the potential influences of basin frequentation (higher frequentation
leading to higher organic load in the pools), and of potential supplementary organic inputs
from bathers in summer (e.g., sweat, sunscreens). Indeed, as observed during previous
campaigns, thalassotherapy user behaviour pattern in summer, alternatively consists in self-
tanning outside the pools and in cooling himself down inside the pools, bringing thus in the
pools a cocktail of organic compounds ready to react with HOBr (Manasfi et al., 2016;
Manasfi et al., 2017b). Moreover, people who attend thalassotherapy centres to be older in
winter ("curist" period) than in summer ("non-curist" period, including mainly families
accompanied with children). Overall, the number of bathers is the same in winter than in

summer (Table S1).

2.2 Sampling and analysis of water and air

3 air and 3 water samples were collected per day and per pool (1x2 in the morning, 1x2 at
noon and 1x2 at the closing of the pools. The total number of water (or air) samples is thus 6
(%2 for duplicates) in winter and 6 (%2 for duplicates) in summer.

Samples for TTHM analysis in the air were collected during 30 min on a 150 mg NIOSH
charcoal tube (MSA AUER Gmbh, Berlin, Germany) connected to a pump Escort ELF (MSA
AUER Gmbh, Berlin, Germany) at a flow rate of 1L.min"". The air sampling was spiked at 20
cm above the surface of the swimming pool. The charcoal was then eluted in 5 mL of toluene

(Analytical grade, Sigma-Aldrich) in an ultrasonic bath for 5 min.



TTHM in air were analyzed by Gas Chromatography coupled to an Electron Capture
Detection (GC-ECD). Separation of chloroform (CHClI3), dichlorobromomethane (CHCI,Br),
dibromochloromethane (CHCIBr;) and bromoform (CHBr3) in air was carried out using a
Perkin Elmer (Norwalk, CT, USA) GC Model Clarus 580 equipped with ®*Ni ECD system
and split-splitless injector was used. Helium 5.0 was used as carrier gas at a programmed flow
of 1 mL/min. For separation, a capillary column DB5-ms (30 m x 0.25 mm x 1 um) Perkin
Elmer (Norwalk, CT, USA) was employed. The calibration ranges, the limits of detection and
the RSD were evaluated based on the addition of 50 uL of a THM’s solution at 1 mg/ml on 7
charcoal tubes and where then extracted by 2 mL of Toluene. The detection limits were
determined for an air sample of 30 L. The extraction efficiency was calculated based on the
addition of 0.1 mL of a THM’s solution at 1 mg.mL" on 4 charcoal tubes and then eluted by 2

mL of toluene. All these analytical features are given in Table S3.

Table S3: Analvtical conditions and performances for the measurement of THM in air by GC-ECD in seawater swimming pools

e
Trhalomethanes (THMs) in air
CHCls CHCL:Br CHCI1Bnz CHBrz
GC (PerkinElmer. Clarus 580):
Injector temperature: 210 °C (split to 0.3 min, ratio : 30)
Column : DB-5ms (30 m = 0.25 mm = 1 pm)
Carrier gas (He): 1 mL/min
Analvtical conditions - Ovwen temperatures: 100 °C {10 min), 40 *C/min, 200 °C (5 min)
ECD (erkinElmer, Clarus 580)
Temperature : 280 °C
Offset : 5mV
Carrier gas (N2) : 30 L/min
Range (ug/L) 0to 500 pug/L in Toluene
Extraction efficiency (%0) 80 60 76 T
Retention time (min) 3.09 382 549 824
R2 0.99 0.98 0.99 0.99
Limits oflditection 25 14 19 23
(ug/m~)
RSD 5% 4% 4% 4%

Sample for TTHM analysis in water were collected in 60 mL glass bottles, filled until
overflowing with pool water and tightly sealed with a PTFE-lined screw cap. The water
sampling was carried out at 20 cm under the surface of the swimming pool. Prior to sampling,
0.1 mL of 100 gL' ascorbic acid was added to each 60 mL bottles to quench any residual
chlorine reaction (Lee et al., 2010). Samples were also collected in 1-L glass bottles for
analysis of Total Organic Carbon (TOC), Total Nitrogen (TN), UV absorbance at 254 nm
(UV3s4), bromide and chloride. All samples were refrigerated at 4 °C until analysis.

Analysis of TTHM in seawater swimming pools was carried out by headspace-gas

chromatography/mass spectrometry (HS-GC-MS) in Electron Impact (EI) mode. Separation



of chloroform (CHCIl;), dichlorobromomethane (CHCI,Br), dibromochloromethane
(CHCIBr;) and bromoform (CHBr3) in water was carried out using a Varian Saturn 2000 gas
chromatograph (Varian Inc., Walnut Creek, CA, USA) equipped with electronic flow control
(EFC) and a 1079 universal capillary injector that allows programmed temperature injection
(a PTV injection port). The gas chromatograph was also equipped with an autosampler
(CombiPAL autosampler, CTC Analytics) for 32 headspace vials composed of an oven for
sample heating/headspace generation and a robotic arm where the headspace syringe was
placed. Helium was employed as carrier gas. The operating conditions of the headspace are
presented in Table S3. Then 1 mL of the vial headspace was injected in the GC inlet heated at
140 °C, operated in splitless mode and equipped with a split open deactivated insert liner of 5
mm OD x 54 mm x 3.4 mm ID (Varian Inc., Walnut Creek, CA, USA). The column
temperature was set at 50 °C and remains constant during 5 min. After this time, the
temperature raised up to 220 °C at 10 °C/min. A constant column flow of 1.5 mL.min"' of
helium was used. An Agilent FactorFourVF-624 ms fused silica column of 60 m % 0.32 mm
1.d. and 1.4 pm of film size (Agilent, Santa Clara, CA, USA) was used for chromatographic
separation. Full scan data were acquired under the following: mass range 45-260 m/z, scan
time 1 s, solvent delay 10 min, manifold temperature 120 °C, and emission current 20 pA.

The limits of detection and the RSD, presented in Tables S3 and S4, have been evaluated
based on 7 samples at 0.1pg/L of each THM. The recoveries have been evaluated based on 4

seawater samples at 1 and 20 pg/L of each THM.

Table S4: Analytical conditions and performances for the method to measure THM in water by HS-GC-MS in seawater swimming pools

2l

Trihalomethanes (THMs) in water

CHCI; CHCl:Br CHCIBrz CHBr:
Headspaceinjection (CombiPAL) -

Sample volume : 10 ml,
- Vial volume : 20 mI,
Injected volume : 1 mL
- Temperature syringe : 85 °C
- Temperature incubator : 80 °C
Incubation time : 20 min
GC (Varian Satum 2000)

Analytical conditions - Injector temperature: 140 °C (split to 5 min, ratio : 20)
Column : VF 624ms (60 m = 0.25 mm = 1.4 um)
Carrier gas (He) : 1.5 mL/min
Oven temperatures: 50 °C (5 min). 10 °C/min, 220 °C (8 min)

MS (Vazizn Satum 2100 T) -
Mode : Electron Impact (EI)
- Emission current : 20uA
- Multiplicator : 100 V
Masses : 45 d 260 m/=

Range (ug/L) 0to 100 ugL
Qe onkioes 83485 §3+47 129+127 173
(m'z)
R 0.99 0.98 0.99 0.9
Limits of detection 0.02 0.12 0.05 0.12
RSD 5% 20% 11% 17%
Recovery 100% 100% 100% 100%




Details about oven program, sources of chromatographic standards, quantifications,
recoveries and methods of limits of detection of the analytes are reported in the Supporting

Information (Table S4).

2.3. Statistical Analysis

Statistical analyses were performed using SPSS statistics 17.0 (49), downloadable software
for analyzing data, distributed by Softonic®. The taking into account of a large number of
variables and the comparative study of different waters from seawater swimming pools has
imposed us to use multidimensional statistical data processing. Principal Component

Analysis, which is the tool of choice for this type of study, was therefore selected.

The objective of Principal Component Analysis (PCA) was to help differentiate between the
different physical-chemical parameters involved in the appearance of disinfection by-products
in water and air. Principal Component Analysis aims to turn the original variables (physical-
chemical parameters) into new variables, principal components (PC), which are orthogonal
and non-inter-correlated. The PCs are ordered in such a way that the first component
represents the largest fraction of the total data variance. In order to evaluate the influence of
each variable in the PCs, a varimax rotation is generally used to obtain the rotator factor
loadings, which represent the contribution of each variable to each of the principal
components obtained. The contribution of each variable to the construction of a component
can be evaluated through the coefficient of correlation (r) between the variable and
component. Together these coefficients make up the matrix of components. This matrix helps

us to understand the various processes involved.

All statistical processing of the data collected was carried out using the statistics software v.

17 from SPSS®.

3. Results and discussion

3.1 Occurrence of TTHM

3.1.1. TTHM in water
As previously observed in such seawater swimming pools (Parinet et al., 2012), CHBr;
represent the THM with the highest amount found (300.0 pg.L"' mean, 1029.0 pg.L”
maximum), about 95% of the sum of TTHM, followed by CHCIBr,, 4 to 5% of the sum of



THM-4 (18.9 ug.L’1 mean, 81.0 pg.L”" maximum), CHBrCl, (0.3 ug.L'1 mean, 2.2 pg.L”’
maximum) and CHCl; (0.1 ug.L'1 mean, 0.9 pg.L”' maximum) (Figure 1A). The larger
presence of brominated compounds as compared to chlorinated compounds results from the
rapid formation of hypobromous acid (HBrO) and hypobromite ions (BrO’), when chlorine-
based disinfectant are added into bromide-rich waters (Manasfi et al., 2017a). As a
halogenating agent, bromine is usually more reactive than chlorine especially with body fluids
compounds, brought by swimmers or bathers, leading to the formation of brominated products

(Manasfi et al., 2017b).
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Figure 1A : THMs concentrations (logarithmic scale) in the waters
of the different swimming pools studied

Levels were very different between establishments and even within the same establishments

and could be explained by temperature of water (20.1 to 33.2 °C), activities within pools

(relaxing or swimming vs aquagym), hydraulic residence times (rate and frequency of water

renewal) and mean daily frequentation of pools. Three pools are distinguished from others:

- E3.A with TTHM (1072.1 pg.L"' mean, 1092.9 pgL"' maximum), CHCl; (0.1 pgL’
mean, 0.2 pg.L”' maximum), CHBrCl, (1.0 ug.L"' mean, 1.1 pg/L maximum), CHCIBr,
(66.0 ug.L"" mean, 81.0 pg.L"' maximum) and CHBr; (964.7 pg.L"' mean, 1029.0 pg/L

maximum). CHBr; levels is 3 to 10-fold greater than the others pools.



E4.A and E4.C with relatively low levels of TTHM, as compared to other pools with
respectively: TTHM (81.0 pg.L' and 3.0 pug.L"' means, 119.6 pgL" and 6.7 pg.L"
maximums), CHCl; (0.3 pg.L" and 0.1 pg.L" means, 1. pg.L" and 0.2 pg.L"' maximums),
CHBrCl, (0.6 pg.L " and 0.1 pg L' mean, 2.2 ug.L"" and 0.3 pg.L"' maximum), CHCIBr,
(3.2 pgL" and 1.0 pg.L" mean, 6.5 pg.L" and 4.0 ug/L maximum) and CHBr;3 (70.3
ug.L'1 and 14.3 pg.L"' mean, 111.1 ug.L'1 and 74.0 pg. L' maximum).
We interpreted the discrepancy between these two establishments by a low level of daily
renewal of water, probably accompanied by a higher filtration rate, in Establishment 3,
whereas Establishment 4 must dilute their seawater pools with tap water. Indeed, bromide
levels measured within their pools are below the mean level of bromide found in

corresponding raw seawaters (around 76.7 mg/L in pools vs 90 mg/L in seawater)

3.1.2. TTHM 1n air

For the whole seawater pools under study, THM levels in air are related to their levels in
waters, with CHBr; the THM present at the highest level (266.1 pg.m™ mean, 1600.0 pg.m™
maximum) followed by CHCIBr, (13.6 pg.m™ mean, 150.0 pg.m” maximum), CHCl; (3.4
ug.m'3 mean, 29.0 ug.m'3 maximum) and CHBrCl, (2.5 ug.m'3 mean, 19.0 ug.m'3 maximum)

(Figure 1B).
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Figure 1B : THMs concentrations (logarithmic scale) in the airs
of the different swimming pools studied
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Levels were very different between establishments and even within the same establishments
and could be explained by concentrations of the corresponding THM in waters, temperature
of water (20.1 to 33.2 °C), activities within pools (relaxing or swimming vs aquagym),
hydraulic residence times (rate and frequency of water renewal), mean daily frequentation of
pools and air residence times (rate and frequency of air renewal). Two pools are distinguished
from others:

- E3.A (Figure 1B) with TTHM (955.8 pg.m™ mean, 1780.0 pg.m™ maximum), CHCl;
(7.5 pg.m”™ mean, 29.0 pg.m> maximum), CHBrCl, (1.6 pg.m™ mean, 2.6 pg.m"
maximum), CHCIBr, (48.9 pg.m'3 mean, 150.0 ug.m’3 maximum) and CHBr;3 (897.7
ug.m'3 mean, 1600.0 ug.m'3 maximum). CHBr; levels is 3 to 10-fold greater than the
others pools.

- E4.C (Figure 1B) with TTHM (69.5 pg.m” mean, 207.0 pg.m™ maximum), CHCl;
(5.0 ug.m'3 mean, 15.0 ug.m'3 maximum), CHBrCl, (3.6 pg.m’3 mean, 18 ug.m’3
maximum), CHCIBr, (2.8 ug.m’3 mean, 12.0 ug.m'3 maximum) and CHBr; (58.0
pg.m” mean, 200.0 pg.m™ maximum).

We interpreted the discrepancy of the establishment 3 by a low level of daily renewal of air
and the low levels of TTHM in the air of the pool E4.C is due to the chlorination once a week.
Whereas in swimming pools supplied with tap water the most commonly detected THM in the
air of swimming pools is chloroform -with averaged levels typically ranging from 3.1 to 320
pg.m™ (Table 1), the predominant molecule found during the present study was bromoform
(Figure 1B) with very high levels ranging from 80.0 pg.m™ (pool E2.A) to 1380.0 pg.m>
(pool E3.A) (964.7 pg.m™ mean).

Table 1 : Classical THM levels found in indoor air swimming pools

Air (ug.m's) References
n CHCl, CHCI,Br CHCIBr, CHBr3
Italy 5 19-58.6 2.9-13 0.3-6 <lod-0.8 Fantuzzi et al., 2001
. 1 18-61 8.2-23 6.4-22 5.9-22 Lourencetti et al., 2012
Chlorine-
based 12 11.9-61.6 7.5-23.4 6.1-26.2 4.4-22.6 Richardson et al., 2010
disinfectant
Canada 41 20.3-320.4 1.3-154.6 <lod-204.8 <lod-102.8 Tardif et al., 2016
5 19-58.6 2.9-14.7 0.3-6 <lod-0.8 Dyck et al., 2011
Bromine- 3 <lod <lod 36207  21.7-240.1  Manasfietal., 2017b
based
disinfectant or ltaly 1 1.8-6.9 1.9-4.2 6.4-8.7 55-92 Lourencetti et al., 2012
chlorinated
bromide-rich 7 1.7-4.8 1.7-2.8 6.0-7.7 53-77 Marco et al., 2015
waters
n =number of pools analyzed - <lod : below the limit of detection
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Bromoform represented between about 95% of TTHM with a mean of 266.1 pg.m™, followed
by dibromochloromethane (CHBr,Cl) representing about 4-5 % of the sum of THM-4.
Finally, dichlorobromomethane (CHCI,Br) and chloroform (CHCl;) were present at low
levels, representing less of 1 % of TTHM. As observed in waters, levels of CHBr3 are higher
at the closing of pools, and at higher concentrations in summer than in winter. However,
levels of CHBr3 in air are poorly correlated with levels found in water. These trends have also
1995; 2011).

Volatilization of THMs could be affected by several factors including water temperature, air

been observed in other studies (Aggazzotti et al., Bessonneau et al.,

temperature, concentration in water, intensity of air circulation (ventilation), and the
turbulence in water caused by vigorous activity of pool users (Hsu et al., 2009). In this study,
the high THM level in the air in basin E3.A seems related to poor ventilation in this facility

(partially defective ventilation system as described by the pool operator).

3.2. Seasonal variation

Two temporal variability factors also affect the levels of TTHM found in waters (and air). The
levels of CHBr3 found in water (and air) are clearly correlated to time of sampling, with high
increase of these levels between opening and closing of the pools (Figure 2), except for pool

E4.A, most likely because this basin is not heated and consequently not very frequented.
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Figure 2 : Temporal variations of CHBr; in water and air seawater swimming pools

under study
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Moreover, levels of CHBr; are also strongly related to the season, their levels being found to
be 1 to 40-fold higher in summer than in winter. This seasonal influence has already been
demonstrated in freshwater chlorinated swimming pools (Bessonneau et al., 2011), where
levels of chloroform and chloramines were systematically higher in summer than in winter.
This trends is often linked to the highest frequentation of swimming pools in hot season, but
this cannot be the only explanation when considering thalassotherapy. Indeed, in such
establishments, frequentation is the same in winter than in summer. Input of other compounds
than body fluids must thus be raised in summer and, use of sunscreens combined to the
absence of pre-swim showering may explained highest levels of DBPs (bromoform) found in
water. Indeed, several constituents of sunscreens have been proven to be reactive with
chlorine (Duirk et al., 2013; Manasfi et al., 2015).

This relationships is also found when comparing activities carried out in these pools, whatever
the season. CHBr; levels are indeed higher in pools where aquatic activities (aquagym) are
offered daily to bathers (E1B vs E1.A; E2B. vs E2.A). Several past studies have already
shown that heavy use of pools lead to a highest release of body fluids such as sweat that act as
precursors of DBPs (Judd and Bullock, 2003; Keuten et al., 2014; Afifi and Blatchley III,
2015).

However, pools E4.B and E4.C do not show the same pattern of evolution : levels of CHBr3
in the "relaxing" basin are higher than in the "sporting" basin. A possible explanation is the
use of botanicals and essential oils when curists (spa patients) are massaged in
thalassotherapy centres. The reactivity of these compounds with chlorine has not been yet
reported in the literature, but because of their aromatic structure they are supposed to be

highly reactive with chlorine (or bromine) and to be very efficient precursors of DBPs.

3.3 General study on TTHM in air and water using PCA

The objective of the PCA approach is to identify, in real environments, the water
characteristics and the operating conditions that may be involved in the appearance of DBPs
and to help better understand the origins of these molecules.

In general, PCAs only produce graphic interpretation resulting from the extraction of the first
two components. However, for most aquatic environments, the first four or five components

provide other information on the physical-chemical, biological and even climatic processes
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that govern the environment, for which the first two components are not always enough to
explain (Legendre and Legendre, 1998; Shirodkar et al., 2009).

In this study, to allow each component to be represented by robust variables, a varimax
rotation of different varifactors with factor loading was calculated using eigenvalues greater
than 0.3. PCA was applied to normalized data, and so the covariance matrix coincides with
the correlation matrix. To examine the suitability of these data for factor analysis, Kaiser-
Meyer-Olkin (KMO) and Bartlett's tests were performed. KMO is a measure of sampling
adequacy that indicates the proportion of variance which is common variance, i.e. which
might be caused by underlying factors. High KMO values (close to 1) generally indicate that
factor analysis may be useful, which is the case in this study: KMO = 0.567; if the KMO test
value is less than 0.5, factor analysis will not be useful. Bartlett's test of sphericity indicates
whether the correlation matrix is an identity matrix, which would indicate that variables are
unrelated. The significance level is 0 in this study; less than 0.05 indicates that there are
significant relationships among variables.

The PCA of the 19 parameters and rotated component matrix obtained for the varimax factor
analysis indicate that altogether five components (Kaiser normalization) explain 86% of the
total variance. The Kaiser normalization is a common strategy to select the “right” number of
components by selecting components with an eigenvalue > 1. This value is significant given
number of variables taken into account at the outset for the PCA. The interpretation of the
processes described for each component can be carried out based on the variables that are
used in their construction, we have retained uniquely the parameters in bold in the rotated

matrix component (Table 2):

- Component 1, which is built upon the variables: THMyater, CHBI3yater, CHB12Clyatel, NPOC,
Clg, UV254 (strong positive loadings). This component may explain the presence of the major
Br-DBPs in water in relation with precursors like: TOC, UV254 and Cl. The presence of Br-
DBPs is positively correlated to the aromaticity (UV254), carbonaceous organic matter
concentration (NPOC) and chlorine (Cly). In this study, bromine seems to be not correlated to
the component 1. This is probably explained by the fact that bromine is in large excess (65
mg.L" as compared to the ug.L™" levels of halogenated compounds). - Component 2 is based
on the following variables: CHBrClowater, CHCl3waer (strong negative loadings) and
conductivity and Br™ (strong positive loading). It is a component that may explain the minor
chlorinated DBPs concentrations found in the seawater swimming pools are inversely

correlated to bromide (Br’) and consequently to conductivity.
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- Component 3, which is comprised of the variables THM,;;, CHBr,Cl,ir, CHBr3,i; (strong
positive loadings). This component may explain the major Br-DBPs concentrations found in

the air of seawaters swimming pools.

- Component 4, which is comprised of the variables CHBrCl,,;;, CHCl3,;; and hygrometry
(strong positive loadings) and pH (moderate negative loading). This component may explain
the minor chlorinated DBPs concentrations found in the air of seawaters swimming pools.

These DBPs are correlated to hygrometry and inversely correlated to pH in water.

- Component 5, where we noted the presence of Tyaer and Tar 1s the component of
temperature. Temperature of the air seems to be independent to DBPs formation, that is not
the case for the temperature of the water which is positively correlated to component 1

(loading: 0.425) and component 2 (loading: 0.403).

Table 2: Rotated component matrix

Component
1 2 3 4 ]

TTHMuater 0.952

CHBrawated 0.952

CHBRClwater 0.947

NPOC 0.789 -0.408

Cli 0.732 -0.302
UV 254 0.687 0.400

CHClzwater -0.901

CHBrClawater -0.891

Conductivity 0.852
Br 0.822

THMair 0.913

CHBr3air 0.910

CHBr2Clair 0.733 0452

CHBrClzair 0.859

CHCI3air 0.735
hygrometry 0.728

pH -0.405 -0.641

Tair 0.894
Twater 0425 0.403 0.561

Figure 3 represents the score plots of the seawater swimming pools for different campaigns.
The component 1 is the component of the major DBPs found in waters and component 3 is

the component of the major DBPs found in airs. As we can see on this figure, the swimming
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pools plots of the establishments E1, E2, E3 and E4 are classified on the component 1 as

follows:

E3.A in the positive part of the component 1, which means that the concentrations of DBPs

in water are the highest.

E1.A, E1.B, E2.A and E2.B are in the central part of the component 1, which means that
the concentrations of DBPs in water are average and quite similar between the two
establishments. We note that these two establishments are in a relatively close geographic

area and are very similar in terms of size of the swimming pools and in attendance.

And finally, E4.A, E4.B and E4.C are in the negative part of the component 1, which
means that the concentrations of DBPs in water are the lowest. Nevertheless, we can notice
for the E4.B plots, they are relatively close to those of the establishments E1 and E2. This

can be explained by the fact that the seawater swimming pools are similar in size and in

attendance.
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Figure 3: Score plots PC1 vs. PC3
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As we can see on Figure 3, most of the swimming pools plots of the establishments E1, E2,
E3 and E4 are scattered along the component 3, which means that the concentrations of DBPs
in the air are variables. It is not the case for the swimming pool E4.C, where the plots are not
scattered along the component 3. This can be explained by the fact that there is no ventilation
in the halls of this swimming pool and is still closed, all others undergo changes in their
concentrations in the air due to ventilation. The seawater swimming pools plots of the
establishment E1 are less scattered than seawater swimming pools plots of establishment E2,
which indicates a lower variability of DBPs concentrations in seawater swimming pools of
the establishment E1, even before we saw that these basins have similar DBPs concentrations

in water.

Regarding the establishment E3 and its swimming pool E3.A, we observe that the plots of this
swimming pool are scattered along the component 3, so there is a wide variation in
concentrations of DBPs in the air of this swimming pool. The same observations can be made

for seawater swimming pools E4.A and E4.B, which are scattered along the component 3 too.

Based on this statistical study, we can conclude that PCA allows to distinguish pools
compared to DBPs concentrations found in air and water and help to establish where the
pollutions are highest, and how they vary. Moreover, PCA allows to observe the impact of
ventilation, and the influence of the raw water quality, size of the swimming pools and

attendance.

NPOC, Cls and UV254 are found to be the precursors of THM found in water, particularly to
the major ones (CHBI3yater and CHBrClyyer). It is not the case for the minor ones (CHCl3yqter

and CHBrCl,y,r), that are only correlated to NPOC.

Bromide concentrations are not linked to the formation of Br-DBPs probably due to their
excess in the seawater swimming pools (NPOC -organic loads brought by bathers- act as the

limiting reagent).

TTHM concentrations found in the hall air of seawater swimming pools are presumably
linked by a non-linear correlation to their concentrations in waters. This conclusion has been
done by the fact that they are on four different components (component 1 and 2 for THM in
water and component 3 and 4 for THM in air). Perhaps this is due to the operating conditions,

particularly the air renewal.

Temperature of water seems to be positively correlated to the formation of Br-DBPs in water

(the majors) and negatively to the chlorinated DBPs (the minors).
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4. Conclusions

This study shows that in chlorinated seawater pools the speciation of DBPs in the water and
air is predominantly brominated. Bromoform is the most abundant species (among THM)
found in air and water of seawater swimming pools. These high concentrations related to the
suspected carcinogenic effects of THM-Br are high of concern in seawater swimming pools
treated with chlorine-based disinfectants. The THM-Br are genotoxic, mutagenic and are
activated to mutagens by glutathion-transferase-theta-1 (GSTT1-1) (DeMarini et al., 1997,
Kogevinas et al., 2010) and a recent study found higher bladder cancer risks for people
expressing GSTT1-1 (Cantor et al., 2010). Bromoform induced sister chromatid exchanges
and micronuclei and is considered as a probable human carcinogen by US-EPA (IRIS, 1999;
ATDSR, 1990). Dibromochloromethane induced chromosomal aberrations and sister
chromatid exchanges (Kogevinas et al., 2010) and is considered to be a probable human
carcinogen by US-EPA (ATDSR, 1990).

This study also emphasizes the need to not only improve water treatment systems or to
decrease hydraulic retention time of water in pools (rate of renewal of water, rate of filtration
rate), but also to improve air treatment systems, as it has already been demonstrated that there
is a strong correlation between levels of Br-DBP found in ambient air and in exhaled breath of
pool attendants (Fantuzzi et al., 2001). Moreover, the levels of inhaled Br-DBPs are also
affected by physical activities of bathers in these pools (Font-Ribera et al., 2016).

Whatever these improvements in air or water treatments, nothing can replace bathers'
hygienic behaviour, consisting in a 60-s pre-swim shower with soapy water, and by wearing

clean bathing suits and swimming caps (Keuten et al., 2012).
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