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Abstract

This study investigated the formation and predictedicity of different groups of
disinfection byproducts (DBPs) from human exuda&teglation to chlorination of pool water
at different pH values. Specifically, the formatiaf the DBP groups trihalomethanes
(THMs), haloacetic acids (HAAs), haloacetonitril@dANs) and trichloramine (NG),
resulting from the chlorination of body fluid anglowere investigated at 60 pH < 8.0.
Either the initial concentration of active chorioe free chlorine was kept constant in the
tested pH range. THM formation was reduced by dsing pH but HAN, and NI
formation increased at decreasing pH whereas thmation of HAAs remained constant.
Under our experimental conditions, the formation M€l; (suspected asthma inducing
compound) at pH = 6.0 was an order of magnitudbdrighan at pH = 7.5. Furthermore, the
effect of the presence of bromide on DBP formati@s investigated and found to follow the
same pH dependency as without bromide present,tiétioverall DBP formation increasing,
except for HAAs. Estimation of genotoxicity and atgxicity of the chlorinated human
exudates showed that among the quantified DBP gradAN formation were responsible
for the majority of the toxicity from the measurBdBPs in both absence and presence of
bromide.

Keywords. pH; swimming pool; trihalomethane; haloacetolatrioxicity

1 Introduction

Swimming pools are used around the world for reeveal, rehabilitation purposes and
physical activity and therefore it is imperativathhe water and air quality are maintained at
safe levels to protect the health of bathers. @iddion is the most frequently applied method
for controlling pool water quality and preventingresading of pathogenic diseases among
bathers because of its residual disinfection eff€ttiorine exhibits a pH and temperature
dependent-equilibrium between the hypochlorous @4@ClI) and the hypochlorite ion (OCI

), with the sum of the two commonly known as freéodne (White, 1992). At 25°C and pH
= 7.54 both species are found in equal concentraitfpKas-c = 7.537; (Morris, 1966)), but
the concentration of HOCI is reduced to 35.3% @& #uded chlorine at pkic =7.8 and
t017.8% at pbk-c =8.2. HOCI is the main active specie responsitiatfe disinfection effect
of chlorine. Therefore it is crucial to closely nitmn and control pool water pH to ensure
disinfection effectiveness (White, 1992)..@Q) is also in equilibrium with HOCI, but the
proportion of chlorine that is found in this forms very low in the pH-range used in
swimming pools. E.g. in a swimming pool at pH 7rilyo0,0017% of the total chlorine is
found as Cl(aq) (20 °C, 2.5 g/L CIWhite, 1992).

In addition to potential contamination from patbog microorganisms, swimming pool
water is polluted by organic matter deposited ftbmbathers such as saliva, urine and sweat,
hair, moisturizing lotions and sunscreens, alsodknas bather load (Judd and Bullock, 2003;
Zwiener et al., 2007). Since chlorine is a strorglant it oxidizes the natural organic matter
(NOM) found in the source water and the organicemal deposited by the bathers. A part of
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the organic material is mineralized (Judd and BikJ&®003) while the rest form chlorinated
organic compounds commonly known as disinfectiospimducts (DBPs). Overall it appears
that all the organic bather load is eventually eitmineralized or evaporates (Judd and
Bullock, 2003). Currently, more than 600 differéBPs have been detected in chlorinated
drinking water (Richardson, 2011) but the identifieccompounds only comprise
approximately 30 — 50 % of the total organic halmérasner et al., 2006; Richardson et al.,
2007). In pool water approximately 50% of the tatedanic halogens are comprised by four
groups of DBPs: Trihalomethane (THM), haloacetida¢HAAS), haloacetonitriles (HANS),
and chloral hydrate (Brunet et al., 2010). THMsewére first carbon based DBP group to be
detected in chlorinated drinking water (Bellar ef 8974; Rook, 1974) and linked to NOM
for their formation. Other DBP groups include HAfGowman and Singer, 1996; Heller-
Grossman et al., 1993), HANs (Oliver, 1983), halmmethanes (Thibaud et al., 1987), and
haloketones (Suffet et al., 1976) have later bextaated in chlorinated drinking water. These
organic DBPs have been identified in swimming peater as well (Richardson et al., 2010)
together with inorganic nitrogenous DBPs like tiishmine (NC34) (Hery et al., 1995). The
major concern regarding DBP formation is their effeto human health because some
exhibit carcinogenic behavior (Richardson et aQ? while others are suspected to cause
asthma (Goodman and Hays, 2008; Thickett et aD2R0and irritations to the eyes and
mucous membrane (Chiswell and Wildsoet, 1989; Eetiret al., 1998). If bromide ions are
present in the water, they are oxidized by chlotméypobromous acid (HOBr), which can
form brominated DBPs that are generally more télan their equivalent chlorinated DBPs
(Muellner et al., 2007; Plewa et al., 2002; Plewalg 2008).

Regulations on levels of DBPs in swimming poolséhao far only focused on THMs
and combined chlorine (chloroamines), which arelyeasalyzed. However, recently other
chlorinated DBPs such as cyanogen halides, HAAsHRNS (Glauner et al., 2005; Zwiener
et al., 2007) has been shown to be far more dangeiar human health since they are
directly linked to cancer risk and are generallyrentoxic than the regulated DBPs. The cyto-
and genotoxic potency of HANs is higher than for A$Awhich is higher than for THMs
(Plewa et al., 2008). Recently two HANSs, dibromdenérile and bromochloroacetonitrile,
were found to be the main contributors to the di/¢oaicity of pool water (Kramer et al.,
2009). In addition, a study of seven public swimgnpools with different disinfection and
water treatment practices, measured higher geropmtency of the pool water compared to
the supply water (Liviac et al., 2010).

One approach to limit the formation of some DBRstd reduce the chlorine
concentration and the pH value, so that the HOQ@kentration, and thus the disinfection
efficiency, remains constant because HOCI is anggp disinfectant than OCTIThe validity
of this assumption is supported by a Danish fudllesstudy on a public indoor pool, where
the DBP formation at 0.4 mg chlorine/L and pH =,6afre compared to 1.5 mg/L of
chlorine at pH = 7.3. The study reported a decréaseHMs, absorbable organic halogen
(AOX) and combined chlorine while microbiologicalality was maintained at the lower pH
(Kristensen et al., 2007). Based on that studyag heen suggested to change the Danish
regulations for swimming pools and lower the lifioit pH from 7.0 to 6.8, while it has been
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suggested to depress the value of pH even lowgiHat 6.0. Though this may reduce the
formation of THM, AOX and combined chlorine it hast been considered how lowering
pool pH would influence the non-regulated but mbeemful DBPs groups. Studies on
drinking water chlorination at pH <7 reported des® in THMs concentration while HAA
formation increases or decreases depending orotheeswater (Bougeard et al., 2008; Liang
and Singer, 2003). A recent study with particlesuathropogenic origin found that THM and
HAA formations were reduced by decreasing pH whilaN formation increased with
decreasing pH (Hansen et al., 2012).

Though formation of DBPs has been recognized piollem in swimming pool water
for the past forty years, there are yet limiteddets on their formation especially from
anthropogenic precursors. Therefore studies okohgnhwater chlorination cannot be utilized
to optimize the treatment conditions of swimminglpeater. This study aimed to investigate
how variations of the pH level affect the formatiohTHMs, HAAs, HANSs, trichloramine
(NCl5), trichloronitromethane, dichloropropanone, aridhtoropropanone (see Table 1 for
the complete list) from an analog of human exudateeed body fluid analog (BFA; (Judd
and Bullock, 2003)) under controlled chlorinatianditions.

All the experiments were conducted as batch ewmaris with BFA in freshly made
reversed osmosiwvater. First the effect of chlorine dose on the FDBormation was
investigated in order to select experimental cooist for the DBP formation test. Then the
effect of pH was examined with respect to the ¢chioadded either as initial constant free
chlorine concentration (HOCI + OCbr as initial constant active chlorine (HOCI)pd 6.0,
6.5, 7.0, 7.5 or 8.0. This was done in order tesgtigate the difference between changes in
the pH value with and without changing the activdodne level. The two chlorination
approaches were chosen since in the experimentoeitgtant active chlorine concentration
the disinfection ability of chlorine was kept caast Bromide was also added to record its
effect on the formation of DBPs and solution toiciFinally, the toxic potency of each
compound was used to estimate the overall genotpx@nd cytotoxicity of the treated water
at the different pH levels.

2 Materials and methods

2.1 Reagents
All chemicals and standard solutions were purch&sed Sigma-Aldrich.

2.2 Analysis of THMs and HANs

Free chlorine in THM and HAN samples was quenchgdatbdding ammonium chloride
(APHA, 2005; Munch and Hautman, 1995) to 40 mL Isdicate glass vials before they were
filled head-space-free with the sample. The sampie® analyzed the same day by Purge
and Trap (Velocity XPT Purge and Trap Sample Comator, Teledyne Tekmar, with
autosampler AQUATek 70, Teledyne Tekmar) coupleth s GC-MS (HP 6890 Series GC
System - 5973 Mass selective detector, Hewlett &#d¢kThis method was also used for the
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detection of trichloronitromethane, dichloropropaep and trichloropropanone. For more
information refer to supplementary material (SM).

Table 1. List of investigated compounds and chemical stmest

Compound Abbreviation Chemical Structures
Trichlormethan TCM CHGI

THM Bromodichloromethane BDCM CHBrgl
Dibromochloromethane = DBCM CHRCI
Tribromomethane TBM CHRBr
Dichloroacetonitrile DCAN CHGECN

HAN Bromochloroacetanotile = BCAN CHBrCICN
Dibromoacetonitrile DBAN CHBCN
Trichloroacetonitrile TCAN CGECN
Chloroacetic acid CAA CHCICOOH
Bromoacetic acid BAA CrBrCOOH

HAA Dichloroacetic acid DCAA CHGCOOH
Bromochloroacetic acid  BCAA CHBrCICOOH
Dibromoacetic acid DBAA CHBCOOH
Trichloroacetic acid TCAA CGCOOH
Trichloronitromethane TCnitro CeNO,

Others Dichloropropanone DCprop CH@OCH;
Trichloropropanone TCprop C{IOCH;
Trichloramine \[e7}

2.3 Analysis of haloacetic acids

For the analysis of the haloacetic acids a modwiedion of the EPA 552.2 method (Munch
and Hautman, 1995) was used. Sulfuric acid, sodsutfate, surrogate standard (2-
bromobutanoic acid) and methyl-tertbutyl ether (HjBwas added to the samples and
extracted. The MtBE phase was transferred to atuest and acidified methanol was added.
The samples were placed in an oven &G6tbr 2 hours to methylate the haloacetic acids.
Afterwards the samples were neutralized by addatgrated sodium bicarbonate solution.
The MtBE phase was then transferred to a GC vidlamalyzed on a GC-MS (7890A GC
System - 5975C MSD, Agilent Technologies). Detailshe method can be found in the SM.

2.4 Analysis of chlorine, combine chlorine and trichloramine

The residual chlorine and the pH were measuredchatbeginning and the end of each
experiment. The hypochlorite stock solution (~10%vwSigma-Aldrich) and the free and

total chlorine of the samples were measured wiha@ometer (DR 2800, Hach Lange) using
the diethyl-p-phenylendiamine method from a cedt tet (LCK 310, Lange).
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Trichloramine was measured with a method for aialgsis described by Hery et al.
(1995) with modifications described by Lutzenkirohend Breuer (2006) (see SM for details).
Trichloramine was stripped from the water by aegtihe sample for 20 min and then the
trichloramine in the air was trapped on a filterem it was reduced to chloride. The filter
was equipped with protecting column consisting oifesnic acid impregnated silica gel,
which prevents airborne water droplets of chlori@nochloramine and dichloramine from
being included in the sample. The purge time fangas for trichloramine analysis was
checked by purging selected samples with high loremine content, a second time for
another 20 min. These samples gave results sirolaihe blank valuesChloride was
subsequently measured photometrically (Spectro@MNMDVA 60, Merck) with Chloride
Cell Test Spectroquant® from Merck. A more detaitigkcription of the method can be
found in the SM.

2.5 Range finding experiments

The effect of chlorine dose on the formation of BBFas examined by adding chlorine at
different levels at pH 6.0, 7.0 and 8.0. The watas buffer with phosphate buffer and BFA
was added corresponding to 1 mg/L TOC. After tiat20, 25 and 35 mg/L chlorine were
added and the samples were kept at 25°C for 48dneb&€HMs and HANs were measured.

2.6 DBP formation tests

The formation of DBPs from reaction of BFA with ohhe was investigated. Similar tests
have been used in other studies that investigaeg@dtential of formation of Ng(Schmalz
et al., 2011), THM and HAA in swimming pool waté&anhan and Karanfil, 2011), and THM,
HAN and HAA from particles from a swimming pool (k&en et al., 2012).

The main principle of these experiments was tleeaisexcess chlorine compared to the
theoretically required dose for complete oxidatafrthe organic material of the water. For
the experiments with constant free chlorine (HOGDEI) the initial concentration was 35
mg CL/L and the BFA dose 1.0 mg/L TOC. The selectiontlué initial free chlorine
concentration of 35 mg/L as basis for the desigthefDBP-formation experiments, is based
on the range finding experiment discussed in Se@&ia. Due to the pH dependent speciation,
the concentration of active chlorine (HOCI) vareald was calculated to be 34 mg/Clat
pH 6 and 9.1 mg GIL at pH 8. For the experiments with constant @ahitoncentration of
active chlorine (HOCI), chlorine was added accaydia the speciation at each given pH
value to obtain a calculated initial concentratohHOCI of 26.6 mg/L. So due to the
speciation the free chlorine concentration was g7/ak/L at pH 6 and 102 mg gL at pH 8.
The concentration of free chlorine and HOCI atuked pH values can be found in SM.

The ratio between the initial £and TOC in this formation test is much higher tiiaa
ratios between measured,Gnd TOC in swimming pools. This does not mean that
experimental conditions are unrealistic since nodghe TOC in pool water has been in the
water a long time and reflects the fraction of carladded over a long time period which is
not reactive to chlorine.
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2.7 Experiments performed

The body fluid analogue used for experiments ctedisf ammonia (2.00 g/L), urea (14.8
g/L), creatinine (1.80 g/L), histidine (1.21 g/lbippuric acid (1.71 g/L), uric acid (0.49 g/L)
and citric acid (0.64 g/L) (Judd and Bullock, 200Bpsed on the concentration of each
compound and their carbon content the total thaaetorganic carbon (TOC) was
determined to be 5.73 g/L.

The chlorination experiments were carried out aiehp experiments. Freshly produced
reversed osmosis water was buffered with phospha#ter (25 mM) at pH 6.0, 6.5, 7.0, 7.5
and 8.0, followed by the addition of BFA correspimgdto 1.0 mg/L (71 pmol/L) TOC (for
more details refer to the SM).

For the investigation of formation of THMs, HANsica HAAs the chlorination was
applied either as constant initial concentrationfree chlorine (HOCI + OCI or active
chlorine as described in the previous section. &periments were performed in headspace-
free borosilicate glass bottles sealed with capgb wiPTFE seal (SCHOTT DURAN®) to
avoid stripping of the volatile compounds. The lesttiwere kept at 25°C for 48 h, and then
samples were taken for analysis of THMs, HANs, HAZsd chlorine residues and for
measuring the pH. Table 1 contains the completeofithe compounds analysed and their
abbreviations. The experiments were repeated iprisgence of 1.0 mg/L (13 pumol/L) Br

For the investigation of trichloramine formatidretchlorination was applied as constant
initial concentration of free chlorine (35 mg/L)h&@ experiments were performed in different
sizes of borosilicate glass bottles at different p#dues to avoid overloading the filter.
Specifically, for pH values 6.0 and 6.5, the tatallume was 100 mL, while for pH values 7.0,
7.5, and 8.0 the volume was 250, 500, and 1000redpectively. To avoid any degradation
of NCl; due to UV-radiation the bottles were wrapped vaiilhminum-foil. The bottles were
allowed to react for 24 h at 25 °C before the N&is measured.

2.8 Estimation of cyto- and genotoxicity

Based on the measured concentration of the diffdd&#Ps, the cyto- and genotoxicity was
estimated as the sum of the concentration of eactpound divided by its Bfg (Equationl)

- L C
Toxicity = '
; ECso,i

(Equation 1)

All the EGso values were used as reported in the literaturee(Mer et al., 2007; Plewa
et al., 2002; Plewa et al., 2008). These referemaae chosen because all the investigated
compounds were tested in the same assay, excépordpropanone and trichloropropanone
which were not detected in the experiments. Theyassed was amn vitro cellular
toxicological assays based on Chinese hamster @efisyand the cytotoxicity was measured
as the reduction in cell density while the genatityxi was measured by single cell gel
electrophoresis (Muellner et al., 2007; Plewa et 2002; Plewa et al., 2008). The &C
values used for the estimations are given in T&@lén the SM.
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3 Results and discussion

3.1 Range finding for batch experiments

In swimming pools organic pollutants react with arile over a long time period as the
residence time of the pool water (the water exchaigyin the order of weeks to months (and
in some cases even years). As the TOC level in swiigp pools does not increase
significantly over time it can be assumed thatalis=d organic material added to the pool
water by bathers is consumed with reactions witlorgte to form either C@or volatile
DBPs (THMs, HANs etc.). This complete reaction offeopogenic derived organic matter
has also been found by Judd & Bullock (2003). Inlppvolatile DBP are stripped from the
pool continuously and the main exposure route thdya is believed to be through inhalation
with ingestion and dermal uptake as two other ingrdrexposure routes. Laboratory scale
batch experiments that aim to quantify the produnctof volatie DBPs under realistic
conditions are simulated best when exposure with &hlorine concentration is used.
Unfortunately, DBPs like HANs are not stable in @rabver timescales of several weeks
(Munch and Hautman, 1995; Oliver, 1983). This sstg¢hat a simulation test needs to be
made as an accelerated test. Increasing chlorineeatration will decrease reaction time.
Reactions may be proportional to chlorine exposhkrg. 70 days with 1.0 mg/L £€tan be
compared to 2 days (48 h) with 35 mg/L,.CThe drawback of this approach is that the
chlorine concentration may affects which DBPs awened. In the design experiment TCM,
TCAN and DCAN was formed when chlorine reacted v8fA (Figure 1). The brominated
species of THM and HAN were not formed since bramihs not added. The formation of
DCAN decreased with increasing chlorine dose (Fgdm). However, at pH 6.0 the
formation was constant for chlorine dosag25 mg/L and then decreasing at 35 mg/L. The
TCM formation increased with increasing chlorineseldor all three pH levels investigated
(Figure 1c). The results indicated that the spefmewed varied with chlorine dose. At pH
6.0, DCAN was formed at low chlorine doses, howevien the chlorine dose was increased,
TCAN was formed instead. At high chlorine doses 1§3%/L) DCAN and TCAN formation
decreased but TCM formation increased. Based orabloge and since in swimming pool
water the concentrations of THMs are generally @igthan the concentrations of HANs
(WHO, 2006), a chlorine dose of 35 mg/L was choasnthe basis for the experiments
conducted in this study. This approach, of utilighigh chlorine concentrations in relation to
the TOC, has been used by other researchers (KamérKaranfil, 2011; Schmalz et al.,
2011) and in some cases even at higher chlorinesgdesy. 50 mg/L Gwith 1.0 mg/L TOC.
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Figure 1. Effect of initial chlorine concentration and pH ®fM and HAN formation from
chlorination of BFA. (Reaction time = 48 h, tempgara = 25 °C and BFA addition = 1 mg
TOC/L). The dashed line indicates the limit of gufecation of the analysis. Abbreviation of
compounds is found in Table 1.

3.2 Effect of pH on THM, HAN and HAA formation

The reaction of chlorine with BFA formed chlorindtepecies of THMs, HAAs and HANs
(Figure 2). Control experiment with freshly madeeise osmosis water at pH 7.0 revealed a
low concentration of TCM (0.02 pmol/L) which maynge from the chlorine stock solution
and the reaction with NOM in the reverse osmositgew@ OC= 100 ug/L). The pH was
measured at the end of the experiments and thata®vifrom the target pH never exceeded
0.05. DBPs formation exhibited similar pH dependem¢hen the initial free or active
chlorine concentration was constant. However, i@ #xperiments with constant initial
concentration of active chlorine, slightly highetperimental total molar concentration of
DBPs (14 %) were observed in the experiment at pH5s with the increase in total molar
DBP concentration becoming more pronounced for pH.& (37 %) compared to the
experiment with constant initial concentration i&ef chlorine. This is due to the difference in
the initial free chlorine concentration which i%Xnd 3 times higher in the active chlorine
experiments at pH values 7.5 and 8.0, respectiViely.important to note that, although OCI
is a weaker oxidant compare to HOCI (White, 1992nhances DBP formation once found
in sufficiently high concentrations. This combimetiof high pH and very high total chlorine
is properly unrealistic for swimming pools since tincreasing concentration of O@iould
contribute to the disinfection power (White, 1992)d the high total chlorine would have
other undesired effects for swimmers.

The effect of the chlorination approach combinethwhe effect of pH on DBP
formation, differed for each of the investigated ®8roups. Specifically, THM concentration
in the constant free and active chlorine experisiemicreased with increasing pH. This
increase was particularly apparent for pH = 8.0emntbnstant active chlorine conditions,
indicating that THM formation depends on the pH,wadl as the chlorine concentration.
Apart from our study on chlorination of BFA, sintilpH dependency on THM formation was
observed in drinking water chlorination (Bougeatdleg 2008; Liang and Singer, 2003).
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Figure 2. Effect of pH on THM, HAN and HAA formation from trination of BFA with
constant initial concentration of free chlorine éad active chlorine (b), in the absence of
bromide. The error bars represent the standarctiewiof six replicates. (Reaction time = 48
h, temperature = 25 °C and BFA addition = 1 mg TIQCAbbreviation of compounds is
found in Table 1.

In general, the formation of dichlorinated HAAs sMavored over trichlorinated HAAs
(Figure 2), while no monochlorinated HAA was detectat any of the two chlorination
approaches. In addition, the concentration of HAas not affected by the pH, but increased
with increasing free chlorine concentration.

Since studies of DBP formation during chlorinatioh pool water are limited, our
findings were compared with studies on the chldima of drinking water. The main
difference between the organic matter found in kinig water and pools comes from the
anthropogenic DBP precursors in the pool water ki easier to oxidize and have higher
carbon to nitrogen molar ratio than NOM in drinkingter. As an example, in the study by
Kanan and Karanfil (2011) on formation of chlorioat byproducts in swimming pools the
C/N ratios in the investigated filling waters frofive drinking water treatment plants in
South Carolina varied between 6 and 24. This coesoar a calculated C/N ratio for the body
fluid analogue proposed by Judd and Bullock (200Bich was used both in this study and
by Kanan and Karanfil (2011) of 0.77. Two altematBFA formulas also used by Kanan
and Karanfil (2011) had calculated C/N ratios 0590.and 0.65.Some studies reported

10
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increasing HAA concentration with decreasing pHW@wan and Singer, 1996; Liang and
Singer, 2003) while others found contradictory pépendencies for two different types of
drinking water (Bougeard et al., 2008).

The formation of HANs was favored at low pH fortbba@hlorination approaches, with
the highest formation found when free chlorine Wagt constant (Figure 2). When pH
increased from pH = 6.0 to pH = 7.5 and free chriwas kept constant, HANs
concentration was reduced to one third, while fonstant active chlorine the HANs
concentration reduced to half. The BFA consist afirf compounds which may act as
precursor for HANs. Histidine has been identifiedpmecursor for dichloracetonitrile where
as creatinine was found not to form HANs (Li an@tBhley IIl, 2007). It is important to note,
that HANs are the most toxic DBP group examinedhis study (Plewa et al., 2008), and
HAN have also been reported to be the DBP groupcihratributes the most to the toxicity of
chlorinated pool water (Kramer et al., 2009). Tlane, in order to limit HAN formation it is
imperative to identify the conditions where HANg @roduced.

At pH 7.0 the relative DBP formation was 0.Q##ol mg* THMs/TOC, 0.27umol mg*
HAAs/TOC and 0.02%mol mg* HANs/TOC. Kanan and Karanfil (2011) reported ahleig
formation (THMs/TOC = 0.25umol mg' and HAAs/TOC = 0.51umol mg') when
chlorinating the BFA suggested by Judd and Bull@®03), however they used a higher
chlorine to TOC ratio (50 mg @Img TOC) compared to our study. The DBP formafrom
filling water has been reported at 0.¢2nol mg® THMs/TOC and 0.26umol mg*
HAAsS/TOC (Kanan and Karanfil, 2011). Regardlesstha# difference in chlorine to TOC
ratio both studies found higher formation of HAAwmmn of THM when chlorinating BFA,
while the opposite is the case for the filling wate
In addition to the above mentioned compounds, loromitromethane, dichloropropanone,
and trichloropropanone were also monitored in &i& texperiments. However, their
concentrations were close to the method detecitom &nd therefore, no conclusions on the
effects of pH and chlorination approaches on foromabf these can be made.

3.3 Effect of bromide

The effect of bromide on DBPs formation in pool @ravas also investigated, since studies
with drinking water have shown increased DBPs kuelthe presence of bromide, as well as
the formation of Br-based DBPs (Chang et al., 208da et al., 2006; Hua and Reckhow,
2008). This is due to the oxidation of Byy the HOCI, forming of hypobromous acid
(HOBr) (White, 1992). The hypobromous acid reacith whe dissolved organic matter and
forms brominated DBPs which at the same time reatts chlorine to form mixed Br-Cl-
DBPs. Since, the pKa of HOBr is 8.7 (White, 1998)pobromous acid, which is a stronger
oxidant than OBy was the dominant specie at all pH values tesiéd. conducted the
experiments under constant initial free and actWorine concentrations with constant
bromide concentration (1.0 mg/L Brin addition to the detection of the Cl-based [3BBr-
based DBPs were also characterized and quantifieggire 3). The identified Cl- and Br-
based DBPs were separated into HAAs, THMs and HiNsvaluate the individual effect of
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pH and chlorination approach, on their formation. deneral, the presence of bromide
increased the formation of DBPs (except for HAA4) al investigated conditions.
Specifically, the overall formation of HAAs at pH7~=0 decreased from 0.27 pmol/L to 0.11
pmol/L in the presence of bromide, while the forimaincreased from 0.077 pmol/L to 0.11
pmol/L for THMs and from 0.025 pmol/L to 0.056 prhofor HANS. It was expected that
the overall formation of the DBP groups would irage because the Br-C bond is easier
formed than the CI-C bond. However, it is not cie@y the formation of HAAs decreased in
the presence of bromide, but this may be due tdytare limitations, since higher degree
brominated—HAAs (dibromochloroacetic acid, brombébcoacetic acid and tribromoacetic
acid) were not detected with the method used.

Free chlorine Active chlorine
0.064 0.201
(@ (b) DCAA
~ 015 —— BCAA
S 0.044 ' = DBAA
IS —— TCAA
3 0.104
g 0.024
T 0.054
0.00 ?—f/%\%\% 0.00—p=—— T : T
6.0 6.5 7.0 7.5 8.0 6.0 6.5 7.0 7.5 8.0
0.08 0.08

DBCM
BDCM
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Figure 3. Effect of pH on THMs, HANs and HAAs formation froohlorination of BFA with
constant initial concentration of free chlorine ¢a,e) and active chlorine (b, d, f), in the
presence of bromide (1 mg/L). The error bars represhe standard deviation of three
replicates. (Reaction time = 48 h, temperature =Q@&nd BFA addition = 1 mg TOC/L).
Abbreviation of compounds is found in Table 1.
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As far as the effect of pH, there was no cleaeafbn HAA formation under constant
free and active chlorine conditions. However, undenstant active chlorine condition the
chlorine dosing affected the HAA formation (Figuie), especially at pH =8.0, since the free
chlorine concentration was high to achieve 26 mg/OCIl. For the higher degree of
brominated THMs (DBCM and TBM, abbreviation foundTiable 1) the effect of the pH was
more profound, when free chlorine was constantuff@g3c). For the same chlorination
approach, BDCM and TCM formation remained conséarall pH values. At constant active
chlorine conditions (Figure 3d), the DBCM formatifiactuated with increasing pH values
but overall the formation was not affected by the |evel. A slight reduction in the
concentration of TBM was observed with increasihtv@alues, while, the concentration of
BDCM and TCM increased with increasing pH valuéss lapparent that BDCM and TCM
formation was also affected from the chlorine dgsin addition to the pH. Finally, the
formation of HANs decreased when the pH increasath 6.0 to 7.0 and remained stable for
pH = 7.0 under both constant free and active chlofiigufe 3e & f).

Based on the above, the presence of bromide diaffext the formation tendencies of
three investigated DBP groups under different phHies and chlorination approaches but it
did increase the overall amount of DBPs formed.

3.4 Trichloramine

One of the most important and hazardous DBPs tle monitored in this study was
trichloramine (NCJ). NCl; is suspected to be responsible for the appearmahesthma to
swimmers, swimming teachers and lifeguards (Thtcketl., 2002) and to cause eye, nasal
and throat irritations (Massin et al., 1998; Thitlet al., 2002). NGlis a compound with low
solubility in water; it is four times more volatitban chloroform and has a penetrating odor,
which makes it one of the most important air palhus of indoor pools (Schmalz et al., 2011).
Studies have shown that urea (the major nitrogemagang component of urine) is the main
precursor of NGl formation (Li and Blatchley 1ll, 2007; Palin, 1958chmalz et al., 2011).
The BFA used in this study consisted of five nigngcontaining compounds besides urea:
ammonium, creatinine, L-histidine, hippuric aciddauric acid. Apart from the last two, all
the other compounds can potentially producesNsSIchlorination byproduct (Schmalz et al.,
2011).

The pH dependency on NClormation during constant free chlorine conditiomas
investigated in head-space free vials to minimigd;Noss due to volatilization before it was
purged out of the solution and trapped on filtess further analysis (see Materials and
methods and SM). The highest concentration ofsN¥&ls detected at pH = 6.0 (Figure 4) and
it decreased continuously with increasing pH valuéisder these experimental conditions,
the concentration of Nglat pH = 6.0 was an order of magnitude higher floarpH = 7.5.
Despite the low fractions of free chlorine thatasind as Cl(aq) it has been suggested that
Cly(ag) may be important for the kinetic of the fiss¢p of the reaction of chlorine with urea
(Blatchley and Cheng, 2010).
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Figure 4. Effect of pH on NG formation from chlorination of BFA at constant tial
concentration of free chlorine. The error bars eéspnt the standard deviation of treatment
duplicates. (Reaction time = 24 h, temperature 2@&nd BFA addition = 1 mg TOC/L).

It is also noticeable, that NgLformation at all pH values was about 10 to 100e8m
higher compared to the C-based DBPs (Figure 2eged@an the above, it is concluded that
NCl; formation is strongly depended on the pH levelisThH dependency was also
confirmed by other studies, since N@ one of the few DBPs where the pH effect on its
formation in pool water was previously investigat@hlin, 1950; Schmalz et al., 2011).
Other parameters which have been investigateddedine chlorine dosing (CI/N mass ratio)
as well as the different N-based compounds foungaal water which can act as NCI
precursors (Li and Blatchley Ill, 2007; Palin, 19%8xhmalz et al., 2011). Each compound
was investigated at different pH values to identifyindividual effect on NGl formation
(Schmalz et al., 2011). For example, the yield GidNrom urea is 95% at pH = 6.0 while at
pH = 7.7 it is significantly less, at 24% (Schmetal., 2011).

Recognizing the effect of pH on N{@brmation, legislators should take this into aguai it

is considered to reduce the legal limit of pH irblw swimming pools. Especially since, the
effect on bather's health from this compound wasogaized since the early 50s (Palin,
1950), and reinforced in this study.

3.5 Cytotoxicity and genotoxicity

To evaluate the effect of DBP formation on bath&eslth, the cyto- and genotoxicity of the
chlorinated BFA at the different pH values and dhniation approaches was estimated as
described in Materials and methods section usingaiion 1. When the pH level was
changed from pH 6.0 to pH 7.0, the cytotoxic poyem@s reduced by half in both the
experiments with constant free and active chlofffigure 5a & b). In the case of constant
free chlorine, the cytotoxicity did not change &t palues> 7.0, while for constant active
chlorine the calculated cytotoxicity was higherpét 8.0 than at pH 7.0 and pH 7.5. The
contribution of THMs to the overall solution toxigiwas negligible compared to the other
groups. However, the absolute value of THM toxiaitgreased with the increasing pH which
relates to the increasing THMs concentration showrFigure 2. Likewise, the HAA

14



Hansen et al., 2012. Water Research, 46(19), 82-6309
http://dx.doi.org/10.1016/j.watres.2012.09.008

contribution to toxicity was independent of the p&lue, as was the overall measured HAAs
concentration (Figure 2). Based on the above DBsumr(measured in this study) that
contributes most to the toxicity is HANs, followdy HAAs, and with THMs having the
least contribution.

Free chlorine Active chlorine

0 THM ' 0 THM

HAA HAA

HAN

HAN

> 40x104
2 e
s\
g
4770 V77777 B oomoam
G
0- 2
PA AP P PH
(© (d) _
12x102- 1 mg/L B 12x102- 1 mg/L Br
o 0 THM
— HAA

HAN

Figure 5. Estimated cytotoxicity of chlorinated BFA solutiowith constant initial
concentration of free (a,c) and active chlorined),at 6.0< pH < 8.0 in the presence and
absence of 1 mg/L Br

The presence of bromide drastically increased cytetoxicity of the formed DBPs
(Figure 5¢c & d). At pH 7.0, in the absence of brdejithe overall solution toxicity was
2.5.10" for both free and active chlorine while in the geece of bromide, the toxicity
increased to 7.7-T) which is 30 times higher. This was expected sBceased DBPs are
more potent than Cl-based DBPs. Though brominat&®P<were detected for all the
investigated groups, the HANs had the highest dmutton to the overall toxicity irrespective
of the chlorination approach and pH value.

The genotoxic potency (Figure 6) followed simitaends as the cytotoxicity. In the
absence of bromide only the HANs contributed togéeotoxicity (Figure 6a & b), while in
the presence of bromide, HAAs contributed to theralW genotoxicity as well (Figure 6¢ &
d). Based on the above, HANs are the most potei® B®up investigated in this study, and
are the main contributor of the investigated conmasuto the geno- and cytotoxicity of the
chlorinated BFA. Similar results were reported impraliminary study of real pool water
(Kramer et al., 2009).
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Figure 6. Estimated genotoxicity of chlorinated BFA solutiomith constant initial
concentration of free (a,c) and active chlorined),at 6.0< pH < 8.0 in the presence and
absence of 1 mg/L Br

4 Conclusions

In conclusion, pH and chlorination approach affddtee formation of the three DBP groups
(THMs, HAAs and HANs) and NGldifferently. At pH<7.0 the formation of the cuntby
regulated THMs decreased, while HAA formation remedi constant and HAN was increased.
The formation of NGl increased drastically at pH<7.0. Bromide was aldded to record its
effect on the formation of DBPs and solution totyiciOverall, the presence of bromide did
not affect the pH dependency on DBP formation,ibdid increase the total amount formed
each time, except for HAAs. Finally, the cyto- agehotoxic potency of the chlorinated BFA
was estimated in the absence and presence of oM pool water treated at pH = 6.0
had the highest cyto- and genotoxicity, which daseel with increasing pH. In addition,
HANs were the most toxic compounds detected in ghigly and though found at low
concentrations (<0.08mol/L, Figure 3e & f) they had the highest impanttoxicity. Based
on the above, reducing swimming pool water pH<iethuce THM concentration may not be
the best approach to control DBP formation, sinoe formation of more toxic DBPs
increases.
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Analysis of THMs and HANs

Free chlorine in THMs and HANs samples was quendyeddding 20QuL ammonium
chloride solution (50 g/L) to 40 mL borosilicateagt vials before it was filled head-space-
free with the sample and were analyzed the same Alayautosampler (AQUATek 70,
Teledyne Tekmar) with a 5 mL loop was used to femthe samples to the purge cell
(Velocity XPT Purge and Trap Sample Concentrat@ledyne Tekmar). The sample was
purged for 11 minutes by bubbling nitrogen withl@m rate of 44 mL/min. The compound
was adsorbed on a trap, VOCARB 3000, Telmark®. Jdraple was desorbed for 3 minutes
at 250 °C from the trap. Simultaneously, with deson from the trap, the GC (HP 6890
Series GC System, Hewlett Packard) was started avitbw rate of helium at 2.5 mL/min,
which was set to 1 mL/min after the 3 minutes. &nalysis was performed in split mode
with a ratio of 3:1. To clean the trap and minimcaeryover it was baked at 260°C with a
flow rate of 200 mL/min for 5 minutes. The composndere separated with a fused silica
capillary column (30.0 m x 0.25 mm i.D., 1.5 pumfithickness; VOCOL, Supelco). The
initial temperature of the oven was 45 °C for thstf3 minutes and then it increased with a
rate of by 25 °C/min until it reached 230 °C. Thmmpounds were detected with a mass
spectrometer (5973 Mass selective detector, HeWbatkard) set in SIM mode.

Table S1. Detection and quantification limit for the trihalathanes, haloacetonitrile,
halopropanone and trichloronitromethane based @n guantifier and qualifier ions.

Quantifier  Qualifier Detection Quantification
Compound ion ion limit [mol/l]  limit [mol/I]
Trichlormethan (TCM) 83 85, 47 4.2:90 1.4-10°
Bromodichloromethane
(BDCM) 129 83, 85 1.7-10 5.8-10°
Dibromochloromethane
(DBCM) 129 127,131 5.0-10 1.7-10°
Tribromomethane (TBM) 173 %; 175 56.101 7.6-10'
Dichloroacetonitrile (DCAN) 74 76, 84 7.7:10 2.6-10°
Bromochloroacetanotile 186) 1 B
(BCAN) 76 74, 155 1.9-18 1.9-10°
Dibromoacetonitrile (DBAN) 120 118, 199 1.140 1.5-1¢°
Trichloroacetonitrile (TCAN) 108 110, 73,82 1.6%10 1.6-10°
Trichloronitromethane 117 119 121 826.1.16°% 6.1.16°%)
(TCnitro) ’ ' ' '
Dichloropropanone (DCprop) 63 83 4.9°10 1.6-1¢°
Trichloropropanone (TCprop) 125 127, 97 8.310  8.3-10"

&) Detection and quantification limit are given basadthe lowest detected standard.

Preparation of standards

For each run a new calibration curve was prepamgti, a range of 1 - 100 pug/L and if
found necessary it was extended to 0.1 — 200 |[8jAndard solutions for HANs were made
from the EPA 551B Halogenated Volatiles Mix (200§/mL) standard mixture. The THMs
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standard solution (2000 pug/mL) was prepared bymgixne 4 individual THMs in methanaol,
based on their density.

Analysis of Haloacetic Acids

For the analysis of the haloacetic acids a modifiedion of the EPA 552.2 method was
used. To quench the residual chlorine of the sasripd® L of 50 g/mL sodium sulfite were
filled into each P&T vial, following by the additioof 30 mL of sample. The analysis was
subdivided into four main steps: extraction, meadkigh (i.e., derivatization), neutralization
and finally analysis in the GC-MS.

In order to extract the haloacetic acids, a stepwisdification of the water sample with
3 mL of concentrated 35Oy, was performed in order to avoid sudden changéseirsolution
temperature. In addition, the samples were cootedrdin an ice bath. 100 pL of the
surrogate standard, 2-bromobutanoicacid (0.1 g/meathanol) and approximately 9.5 g of
sodium sulfate were added to the samples. Followirgy the P&T vials were sealed with a
teflon-lined screw cap and were hand-shaken inrotdemake a saturated salt solution.
Finally, 2 mL of MtBE were added to the samplese HBamples were then sealed with the
caps and placed on a mechanical shaking tablenfithar 30 min.

Following that, time was given, so the two solutmitases (water vs. MtBE phase) were
separated, so that the MtBE phase can be trandfémte a conical tube. The control
derivatization standard was prepared by adding l%®futhe EPA 552.2 standard mix and
100 pL of surrogate standard to 1.5 mL of MtBE. 2l5 of acidified methanol (10% 430y)
was then added to each conical tube. The tubestigbitty sealed with a Teflon-lined screw
cap and placed into the oven at 60°C for 2 h.

The tubes were left to cool-down before the capsewemoved. The samples were
neutralized by adding 2 mL of saturated sodium rbicaate (50 g NaHCOin 400 mL
deionized water). After the neutralization the MtBEase was partly transferred to a GC vial,
sealed with a silicone/PTFE screw cap and analgzéte same day.

The samples were analyzed in a GC-MS (7890 A GQe8ysand 5975 C VLMSD,
Agilent Technologies). The compounds were separatedfused silica capillary column (30
m x 0.25 i.D. 1.5 pm film thickness; VOCOL, Supglc®he carrier gas was helium with a
flow rate of 1.3 mL/min. The starting temperaturasw5 °C for 1 min and then it increased
with a rate of 20 °C/min until 140 °C were reachékhen the temperature rate was reduced
to 10 °C/min until 155 °C. The third ramp was seb&C/min until 170 °C were reached,
followed by a rate of 15 °C/min until 190 °C. Filyah rate of 40°C/min was used to reach
230°C, which was held for 2 min.

Preparation of standards

For each run a new calibration curve was prepamti, a range of 2 — 100 pg/L and if
found necessary it was extended to 200 pg/L. Stdratdutions were made from EPA 552.2
Halogenated Acetic Acids Mix (20Q@/mL each component in methyl tert-butyl ether,
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Supelco). The standards were treated like the smm. extracted, derivatized, neutralized
and analyzed with the GC-MS.

Table S2. Detection and quantification limit of haloaceticids based on the quantifier and
qualifier ions.

Detection limit  Quantification limit

Compound Quantifier ion  Qualifier ion [mol/L] [mol/L]
%‘E;;’ace“c acid  10g 79,77 1,1-16% 1,1-10°%)
(BE;ZrK)Oace“C acid g3 121 3,6-16) 3,6-106°%)
Dichloroacetic acid

(DCAA) 83 85 3.0-18 9.0-10°
Bromochloroacetic "

acid (BCAA) 129 127 1.6-10 4.8:10°
Dibromoacetic acid 1.1-10% 3.2-10%
(DBAA) 173 171, 175

Trichloroacetic acid

(TCAA) 82 84, 59 1.5.18 4510
Surrogate standard 152 101 - -

&) Detection and quantification limit are given basedthe lowest detected standard.

Analysis of Trichloramine

The filter for the trichloramine analysis consistddwo 37 mm quartz fiber filters (with
one of them being a back-up filter) impregnatechvi®0 pL of a solution of arsenic (ll1)
oxide (8 g/L AsOg), sodium carbonate (106 g/L p&0s) and glycerol (40 g/L ¢HgOs3). The
two filters were placed in a sampling cassette rsdpd by polypropylene supporting pad and
in front of the filter a tube with impregnated &di gel (1.25g sulfamic acid/50g silica gel)
was placed to prevent airborne water droplets tricte, monochloramine and dichloramine
from being included in the sample. After samplitigge impregnated filters were desorbed in
10 mL Milli-Q water, sonicated for 15 min, and l&ft stand alone for 30 min before filtering
them with a syringe filter (0.4Bn nylon membrane syringe filter, PALL Life SciengeEhe
limit of quantification is determined to Op8nol/L (96 pg/L).

SM page 4



The formation potential tests

The amount of hypochloric acid (Table S3) in thepeximents with constant initial
concentration of free chlorine calculated basetherbuffer equation:

HOCI
H=pK_. -lo
ook, -1 10

Similarly, the concentration of free chlorine wastimated based on concentration of
HOCI wanted in the experiment with constant inidahcentration of active chlorine.

Table S3. Concentration of free and active chlorine (mglglin the experiments.

Constant initial concentration of

Free chlorine Active chlorine

Free chlorine Free chlorine
PH Hocl +ocly HO¢! Hocl + ocly HO¢!
6.0 35.0 33.4 27.0 26.6
6.5 35.0 32.2 28.9 26.6
7.0 35.0 26.6 35.0 26.6
7.5 35.0 18.2 51.0 26.6
8.0 35.0 9.1 102.0 26.6

The initial concentration of free and active chherifor the two chlorination approach is
depicted in Figure S1 as well.
Free chlorine constant

Active chlorine constant
100

— Free chiorine (HOCI + OCT) 7 - Free chlorine (HOCI + OCI)
= Active chiorine (HOCI) -+ Active chlorine (HOCI)

= -

(@)] - ~

2 50 S 5o

C L) L) L) L) L) C T T L} L) L)
6.0 6.5 7.0 7.5 8.0 6.0 6.5 7.0 7.5 8.0
pH pH

Figure S1. The initial concentration of free and active cimerin the two chlorination
approach: constant initial concentration of freeloche (left) and constant initial
concentration of active chlorine (right).
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Body fluid analogue (BFA)

The compound of the BFA used in the experiments thed concentration are listed
Table S4.

Table S4. The composition of the BFA

Compound CAS no. mg/L
Sodiumdihydrogenphosphat&NaH,PO, 7558-79-4 4300
Ammonium chloride NECI 7664-41-7 2000
Urea NHCONH, 57-13-6 14800
Creatinine GH7N3O 60-27-5 1800
Histidine GHoN3O,  71-00-1 1210
Hippuric acid GHyNO; 495-69-2 1710
Uric acid GH4N4,O3  69-93-2 490
Citric acid GHsOy 77-92-9 640

Based on the concentration of each compound amddidon content the total organic
carbon (TOC) was determined theoretically to 5./13 §his value was used to determine the
dose of BFA to achieve 1 mg/L TOC in the experirsent
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ECso values of cyto- and genotoxicity

The EGp value of cyto- and genotoxicity used for the eation of sample toxicity are
given in Table S3.

Table S5. The EGp values for cyto- and genotoxicity taken from Plegtaal. (2002),

Muellner et al. (2007) and Plewa et al. (2008).

Cytotoxicity EGy Genotoxicity EGg
(mol/L) (mol/L)
Trichlormethan *
(TCM) 9.1-10°
Bromodichloromethane 91.10° *
(BDCM)
THM :
Dibromochloromethane 59.10° .
(DBCM) '
Tribromomethane .
(TBM) 4.0-10°
Dichloroacetonitrile
(DCAN) 5.8:10° 2.8:10°
Trichloroacetonitrile 17.10" 10106
HAN (TCAN)hI |
Bromochloroacetanotile
(BCAN) 8.4-10° 3.2.1¢0
Dibromoacetonitrile
(DBAN) 2.9-10° 3.0-10
Chloroacetic acid
(CAA) 9.0-10* 4.1.10
Bromoacetic acid
(BAA) 9.8.1¢° 1.6-10°
Dichloroacetic acid 7 2.10° *
(DCAA)
HAA . ) )
Trichloroacetic acid 23.10° *
(TCAA) '
Bromochloroacetic acid
(BCAA) 8.4.10° 3.7:10°
Dibromoacetic acid
(DBAA) 5.2.10 1.7-10°
Trichloronitromethane
(TChitro) 5.2.10 9.1:10°

* The compounds were not found genotoxic in thepssed.
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