











Results and Discussion

Effect of Free Available Chlorine on DBP Formation

The required disinfectant residual levels in swimming pools vary widely around
the world ranging from as low as 0.3 mg/L to 5 mg/L as FAC (WHO, 2006; SC DHEC,
2007; Zwiener et al., 2007). To investigate the effect of FAC on the formation of DBPs in
swimming pools, three FAC levels were tested: 1, 3, and 5 mg/L. THM concentration
increased slightly, 5% for BFA(G)-MB and 14% for BFA(G)-SJWD, with increasing free
available chlorine concentrations from 1 to 5 mg/L (Table 8.1 and Figure 8.1). On the
other hand, the effect of chlorine concentration on HAA and HNM formation was greater
as compared to THM. Increasing chlorine dose from 1 mg/L to 5 mg/L, increased HAA
formation by 25% and 27% for BFA(G)-MB and BFA(G)-SJWD, respectively, (Table
8.1). HNM concentration was doubled during the same experiments in the two synthetic
swimming pool water solutions. The lower impact of chlorine concentrations on THM
than HAA and HNM was attributed to the impact of chlorine dose on the formation of
different DBPs. Previous research showed a linear relationship between chlorine demand
and THMs formation (Boccelli et al., 2003), and a weak correlation between the chlorine
levels and chloroform formation after satisfying the demand (Garcia-Villanova et al.,
1997). Consistent with these observations, the results indicate that once chlorine demand
was satisfied after five days of reaction time, there was no impact of chlorine dose on the
THM formation. Chloroform was the dominant species formed during the experiments

with very few or trace brominated species. The lack of brominated species of DBPs was
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Table 8.1: Trihalomethanes (THMs) and haloacetic acids (HAAs) formed from synthetic swimming pool water

THMs (ug/L) HAAS (ug/L)
S Syntheti s @ % X
= yntnetic © =
O 3 Q) - — 9 U
% pool water* 3 B 3 I E a 5 ?Ug o = @ (E 5 3 @ g 3 ;g' §
— o «Q«Q =
5 T 8 B = < 2 2 = z|®» £ 32 % ¥ z z 3 3
6 26 1 7 ambient | 84 4 1 ND 8 |[ND 8 3 8 ND 7 ND ND 178
BFA(G)-MB 6 26 3 7 ambient | 87 5 1 ND 93 |[ND 98 2 93 ND 7 ND ND 200
3 6 26 5 7 ambient | 89 4 1 ND 94 |ND 105 2 111 ND 4 ND ND 222
0 6 26 1 7 ambient | 73 7 1 ND 8 |ND 74 5 70 ND 11 ND ND 160
BFA(G)-SJWD 6 26 3 7 ambient | 77 9 2 ND 8 |ND 8 3 8 ND 7 ND ND 183
6 26 5 7 ambient | 84 9 1 ND 93 |ND 95 4 101 ND 4 ND ND 204
6 26 1 6 ambient | 71 4 1 ND 76 [ND 52 2 69 ND 5 ND ND 129
BFA(G)-MB .
S 6 26 1 8 ambient | 120 5 1 ND 126 |ND 115 3 98 ND 10 ND ND 226
T 6 26 1 6 ambient | 64 6 1 ND 71 |[ND 45 4 5 ND 8 ND ND 116
BFA(G)-SJWD 6 26 1 8 ambient | 106 9 1 ND 116 | ND 105 6 77 ND 13 ND_ND 201
11 26 1 7  ambient | 131 10 1 ND 142 [ND 111 3 141 ND 6 ND ND 262
_, BFA(G)-MB :
a 16 26 1 7  ambient | 154 8 1 ND 163 |ND 126 2 150 ND 6 ND ND 284
11 26 1 7  ambient | 117 12 1 ND 130 |ND 92 4 112 ND 10 ND ND 219
O BFA(G)-SIWD _
16261 7  ambient | 142 12 1 ND 155 |ND 112 4 150 ND_ 9 ND_ ND 275
. BFA(G)-MB 6 40 1 7 ambient | 176 6 <MRL ND 182 |[ND 158 3 120 ND 5 ND ND 287
BFA(G)-SJWD 6 40 1 7 ambient | 157 11 <MRL ND 168 |ND 146 7 103 ND 8 ND ND 264
6 26 1 7 100 88 47 11 1 147 | 4 8 21 66 3 3 6 0 218
BFA(G)-MB 6 26 1 7 300 52 68 51 13 184 | 6 62 31 39 10 45 23 2 218
W 6 26 1 7 600 36 78 87 38 238 | 8 42 39 26 20 45 36 6 222
"- 6 26 1 7 100 74 53 13 1 140 | 4 74 22 57 3 3 8 0 202
BFA(G)-SJWD 6 26 1 7 300 47 7 46 12 175 | 6 52 31 36 11 43 24 2 205
6 26 1 7 600 3L 75 73 33 212 | 8 44 39 27 21 43 35 6 223

* Synthetic pool water was prepared from BFA(G) and two different background waters: BFA(G)-MB= body fluid analog and Myrtle Beach water;

BFA(G)-SIJWD=body fluid analog and SJWD water. The values are the average of duplicate or triplicate measurements. TCM (chloroform), BDCM

(bromdichloromethane), DBCM (dibromochloromethane), and TBM (tribromomethane). THNM (total halonitromethane), DCAA (dichloroacetic acid),
BCAA (bromochloroacetic acid), TCAA (trichloroacetic acid), BDCAA (bromodichloroacetic acid), DBCAA (dibromoacetic acid), THAA (total

HAA).
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Figure 8.1: Effect of free available chlorine (FAC) on THM (a), HAA (b), and
HNM (c) formation during chlorination of two synthetic pool waters. (error bars
are standard deviation)
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attributed to the low bromide levels in the filling water samples (especially after dilution
to obtain 1 mg/L TOC) and high chlorine dose applied to satisfy the demand and achieve
the required free available chloride after five days.

In contrast to THMs, some dependence of HAA formation on chlorine dose was
observed, with the HAA formation increasing approximately 25% with increasing FAC
concentration from 1 to 5 mg/L. The dependence was attributed to the reaction(s) of
chlorine with albumin in BFA(G). With increasing dose, a higher degree of albumin
decomposition (hydrolysis) occurred generating more HAA precursors (free amino acids)
than THM. The observed dependence is consistent with the results presented in Table 7.1
in the previous chapter showing that under the same chlorination condition BFA(G)
formation of HAA was higher than THMs. As was observed for THMs, HAA formation
mainly consisted of chlorinated species (DCAA and TCAA). Similar to HAAs, formation
of HNMs increased with increasing FAC levels (Tables 8.1 and 8.2). Chloropicrin was

the only HNM species detected.

Comparison of the results between MB and SJWD samples showed that formation
of THM and HAA was approximately 10% higher in MB than in SJIWD water. Although
both synthetic pool waters had similar composition (1 mg TOC from filling water and 5
mg TOC from BFA(G)), slightly higher THM and HAA formation in MB than in SIWD
water was attributed to the more aromatic nature of the former than the latter source
waters. Although the filling waters had similar TOC values, MB water had somewhat

higher SUVAs4 (~2.0 L/mg-m) as compared to SIWD water (~1.7 L/mg-m) (Table 4.2),
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Table 8.2: Halonitromethanes (HNMs) formed from synthetic swimming pool water

o _ (_)I _ ; - HNMs (ug/L)
@D
3 Synthetlc* 58 3 8 o =, . o U o y 4
3 pool water s © 3 I S o T 5 O os) o T
E g 5 & =12 2 2B 2 2 2
= r O r < < z zZ < 2
6 26 1 7 ambient| 07 ND ND ND ND ND 0.7
BFA(G)-MB 6 26 3 7 ambient| 1.2 ND ND ND ND ND 1.2
; 6 26 5 7 ambient| 1.4 ND ND ND ND ND 1.4
Q) 6 26 1 7 ambient| 07 ND ND ND ND ND 07
BFAG)-SIWD 6 26 3 7 ambient| 1.0 ND ND ND ND ND 1.0
6 26 5 7 ambient| 1.4 ND ND ND ND ND 1.4
6 26 1 6 ambient| 06 ND ND ND ND ND 0.6
g BFA(G)-MB 6 26 1 8 ambient| 09 ND ND ND ND ND 0.9
L 6 26 1 6 ambient| 06 ND ND ND ND ND 0.6
BFA(G)-SIWD 6 26 1 8 ambient| 09 ND ND ND ND ND 0.9
11 26 1 7 ambient| 1.3 ND ND ND ND ND 1.3
6' BFA(G)-MB 16 26 1 7 ambient| 1.6 ND ND ND ND ND 1.6
A ] 11 26 1 7 ambient| 1.3 ND ND ND ND ND 1.3
BFA(G)-SJWD 16 26 1 7 ambient| 1.6 ND ND ND ND ND 1.6
= BFA(G)-MB 6 40 1 7 ambient| 1.9 ND ND ND ND ND 1.9
D
3
S BFAG)SIWD 6 40 1 7 ambient| 1.8 ND ND ND ND ND 1.8
6 26 1 7 100 07 25 09 24 <MRL <MRL 65
BFA(G)-MB 6 26 1 7 300 |[<MRL 63 01 24 18 45 154
w 6 26 1 7 600 |<MRL 86 0.0 22 20 11.5 245
o 6 26 1 7 100 [<MRL 32 16 25 ND ND 7.9
BFAG)-SIWD 6 26 1 7 300 |<MRL 6.6 03 24 19 36 151
6 26 1 7 600 |<MRL 6.6 01 22 1.9 12.1  23.1

* Synthetic pool water was prepared from BFA(G) and two different background waters: BFA-
MB= body fluid analog and Myrtle Beach water; BFA-SJWD=body fluid analog and SIWD
water. The values are the average of duplicate or triplicate measurements.

TCNM (trichloronitromethane), BNM (bromonitromethane), BCNM (bromochloronitromethane),
DCBNM (dichlorobromonitromethane), DBNM (dibromonitromethane), THNM (total
halonitromethane)
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indicating that the former filling water had slightly higher aromatic character than the

latter.

Effect of pH on DBP Formation

The pH of swimming pool water is continuously adjusted and maintained within
the values required by regulations, mainly to assure an acceptable level of disinfection
efficiency. In addition, pH control makes the water comfortable for swimmers and
prevents damage of the swimming pool structures and pipes. Some swimming pool
regulations require a pH maintained between 6.5 and 7.2 (Erdinger et al., 2005; Uhl and
Hartmann, 2005; Zwiener et al., 2007), while others demand a higher range between 7.2
and 7.8 (NSPF, 2006; Zwiener et al., 2007). The formation of DBPs was examined at
three pH conditions (6, 7 and 8). The results show that the three studied DBPs (THMs,
HAAs, and HNMs) increased with increasing pH (Figure 8.2). It has been previously
reported in the drinking water literature that THM formation increases with an increase in
pH, while the trend is the opposite for HAA formation (Hua and Reckhow, 2008).
However, in this study, an increasing trend was observed for both THM and HAA with
an increase in pH. The opposite behavior observed for pH dependence of HAAS in
synthetic swimming water solution was attributed to the hydrolysis of albumin, one of the
important ingredients in the BFA(G), and its reactivity with chlorine. Albumin hydrolysis
and reaction with chlorine is favored at higher pH (a base catalyzed reaction) (Mabey and
Mill, 1978); therefore, decomposition of albumin increases with an increase in pH,

releasing more precursors forming HAAs. The HNM formation was 30% higher at pH 8
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as compared to pH 6 (Table 8.2). Increasing HNM formation with increasing pH was also
reported by other researchers (Hu, 2009). The overall amount of HNMs (chloropicrin)
was very low compared to THMs and HAAs.

The observed pH trends for HAAs also indicate that filling water NOM was not a
major factor contributing to HAA formation in synthetic pool waters because in drinking
waters HAA concentration decreases with an increase in pH, as previously mentioned. At
all three pH conditions, the formation of THM and HAAs was about 10% higher in MB
water than in SWJD water, indicating that filling water characteristics had only a slight
impact on DBP formation. Finally, the results clearly indicate that reducing pH from 8 to
6 decreased THM and HAA formations approximately 40 to 60% (Table 8.1).
Furthermore, disinfection efficiency of chlorine increases with decreasing pH, especially
below the pK; of HOCI where HOCI is a more effective disinfectant agent than OCI
[AWWA, 1990; White, 1999]. Therefore, operating swimming pools at neutral pHs or

slightly below neutral conditions has an advantages for control of DBPs.
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Figure 8.2: Effect of pH on THM (a), HAA (b), and HNM (c) formation during
chlorination of two synthetic pool water types at three different pH levels. (error
bars are standard deviation)
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Effect of TOC on DBP Formation

In indoor swimming pools, body fluids and excretions are continuously released
by swimmers in the pool water and they constitute the main source of organic carbon and
precursors of DBPs. As a result, the TOC concentrations continuously increase in the
pool waters, as reported in the literature (Zwiener et al., 2007). In this study, the BFA
was used to increase the TOC in the synthetic pool water to imitate levels of TOC that
had been reported in swimming pools. The results for the effect of increasing TOC
concentration are provided in Figure 8.3. As expected, formation of DBPs (THM, HAA
and HNM) increased with the increase in the TOC concentrations. The dependence on
TOC concentration confirms that the DBP formation in swimming pools is highly
correlated with the bather load. However, the increase in DBP concentrations was not
proportional to the increase in TOC concentrations (Table 8.3). One reason for this
behavior was the fact that during the experiments the contributions of BFA and filling
water to the overall TOC of the synthetic swimming pool solutions increased with TOC
concentrations: for TOC 6 mg/L [1 mg filling water (17%) and 5 mg BFA (83%)], 11
mg/L [1 mg filling water (9%) and 10 mg BFA (91%)], and 16 mg/L [1 mg filling water
(6%) and 15 mg BFA (94%)]. As a result, the chlorine dose to TOC ratio to maintain 1
mg/L residual after five days of contact time also increased (Table 8.3) since BFA(G) had

higher chlorine reactivity than the filling water NOM, as demonstrated in Chapter Seven.
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Table 8.3: Trihalomethane (THM) and haloacetic acid (HAA) yields from different
chlorine to total organic carbon ratio

THM HAA

Synthetic swimming TOC Injected Cl, ClL/TOC Yield Yield

pool water mg/L mg/L ug/mg C  pg/mg C
6 75 12.5 15 30
BFA(G)-MB 11 150 13.6 13 24
16 225 14 10 18
6 75 12.5 13.5 27
BFA(G)-SIWD 11 150 13.6 12 20
16 225 14 9.7 17

TOC (total organic carbon), THM (trihalomethane), HAA (haloacetic acid)

However, it was also found that THM and HAA yields decreased with increasing TOC
concentrations despite the increase in the Cl,/TOC dose. The decrease in the yields was
attributed to the reactivity of BFA components with chlorine and formation of by-
products other than THM and HAA with increasing BFA fraction in the synthetic pool
water. This yield decrease also suggests that although continuous release of BFs by
swimmers increases THM and HAA concentrations in the pools, they also produce more
of other DBPs. In this study, the concentration of total organic halides (TOX) was not
measured because the necessary analyzer was not available. It will be beneficial to
monitor TOX concentrations in future studies. The yield of THMs and HAAs per mg C is
presented in Table 8.3. There is a clear decrease in the yield while the TOC is increasing

in both types of synthetic pool waters.
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Figure 8.3: Effect of TOC on the formation of THMs (a), HAAs (b), and HNM
(c) from two synthetic pool water types under the same conditions of swimming

pool operation parameters at TOC 6, 11, and 16 mg/L. (error bars are standard
deviation)
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Effect of Bromide on DBP Formation

Filling and make-up water of swimming pools are obtained from the distribution
system in the swimming pool area. As a result bromide concentrations in swimming
pools are highly dependent on the location and drinking water source of the pool.
According to previous studies and the Information Collection Rule monitoring conducted
by US EPA during 1997-1998 the bromide concentration at 500 water treatment plants in
the US ranged between 36 ug/L and 2230 pg/L with a mean of 69 ug/L (Amy et al.,
1994; Obolensky and Singer, 2005). Another important source of bromide is the
impurities in chemicals used for swimming pool operations. For example,
electrochemical generation of chlorine from sodium chlorine is used in swimming pools
and bromide is usually present in the sodium chloride. When bromide at three levels
(200, 300, and 600 pg/L) was spiked in the two synthetic pool waters (BFA(G)-MB and
BFA(G)-SJWD) at 6 mg/L TOC, the formation of both THMs and HAAs and the
concentrations of brominated species increased while the concentrations of chlorinated
species decreased (Table 8.1, Figure 8.4 and Figure 8.5). The impact of bromide was
higher on THM than HAA formation. On a mass basis, THM concentrations increased by
65-72%, 106-116%, and 162-167% in synthetic pool waters at 100, 300, and 600 ug/L
bromide concentrations, respectively. In order to evaluate bromine incorporation an
incorporation factor n (a dimensionless factor) was introduced by Gould et al. (1983).
The factor n is the molar amount of bromine in the halogenated compound (THM or

HAA) divided by the molar total of that halogen.
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Figure 8.4: Effect of bromide on the formation and speciation of THMs from
BFA-MB (a) and BFA-SJWD (b) synthetic pool water
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Figure 8.5: effect of bromide on the formation of HAAS and speciation from
BFA-MB (a) and BFA-SJWD (b) synthetic pool water.
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For THMs the following equation was used to calculate the bromide substitution.

_ CHBrCI2+2CHCIBr2 + 3CHBr3 .
n= TTHM =n= (8.1)

When n is 0 it means that the only formed compound(s) are chlorinated ones whereas n>0
mean that brominated species are starting to appear. For HAAs a similar equation was
used considering the nine HAA species. On the other hand, the increase in HAA
concentrations during the same experiments remained only between 22 and 39%.
Bromine incorporation factors calculated for THM and HAAs also confirmed this
observation (Figure 8.6). Results show that the presence of bromide will result in a higher
impact on brominated THM than HAA formation (Figure 8.6). When bromide was 600
ug/L the incorporation factor n was 1.3 for THMs but for HAAs its value was only 0.8 in
both synthetic swimming waters. This difference in bromide incorporation is also
consistent with higher bromine incorporation of THMs than HAASs in drinking water

samples (Kitis et al., 2002).
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Figure 8.6: BIF (bromide incorporation factor) (n) into THM (a) and HAA (b) at
three different bromide levels spiked into two synthetic pool waters
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The increase in bromide also increased HNM formation and shifted speciation
toward brominated species (Table 8.2 and Figure 8.7). In both synthetic pool waters the
HNMs ranged between 6.5 and 24.5 pg/L as bromide increased from 100 to 600 pg/L
(Table 8.3). These are very high levels considering the significantly higher geno- and
cytotoxicity of HNM as compared to regulated carbonaceous DBPs (C-DBPSs). These
HNM values are consistent with the measured values in swimming pools samples shown
in Chapter Five.

For the three DBPs discussed above, bromide is highly reactive in the formation
of DBPs and incorporation to form brominated species. Such bromide reactivity has also
been noticed by other researchers especially when precursors are hydrophilic low
molecular weight organic compounds similar to BF components. However, chlorine has
exhibited an opposite reactivity (Huang and Yeh, 1997; Kitis et al., 2002; Liang and
Singer, 2003). Chlorine acts more as an oxidant, while bromine is a more efficient as a
substituting halogen (Westerhoff et al., 2004).

Overall, these results clearly demonstrate using water with low bromide levels to
fill swimming pools or use as make up water is critical to reduce DBP formation,
especially THMs and HNMs. Likewise, using seawater or saline water as make-up or

filling water should be avoided to reduce the DBP formation in swimming pools.
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Figure 8.7: Effect of bromide on HNM formation and speciation during
chlorination of two synthetic pool waters, BFA-MB (a) and BFA-SJWD (b).
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Effect of Temperature on DBP Formation

Swimming pool water temperature is maintained constant using a heat exchanger
placed in the treatment train after filtration (Figure 2.1). The whole experimental matrix
and results discussed until now in this chapter were performed at 26°C, which is a typical
value used during the operation of indoor swimming pools. To examine the effect of
temperature on DBP formation, chlorination of the two synthetic swimming pool water
was also conducted at the highest temperature, 40°C, allowed in pools. This temperature
is typically used in therapeutic swimming pools, hot tubs, and whirlpool spas. The
increase in temperature effect doubled the amount of THMs and HNMs formed in both
synthetic pool waters used as compared to 26°C (Table 8.1 and 8.2, and Figure 8.8). The
increase in HAAs formation was about 60%. It is evident that exposure to DBPs in hot
tubs or any other type of elevated temperature indoor swimming pools will be
substantially higher, but usually people spend shorter time in hot tubs compared to
swimming time. The increase in DBP formation with temperature can be explained by
reaction of un-reacted DBPs precursors with chlorine and increase in the reactivity of

chlorine with precursors (Weisel and Chen, 1994; Al-Omari et al., 2004).
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from two synthetic pool waters. (error bars are standard deviation)
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HAAs and THMs Formation Relation

It was noticed that the yield of HAAs formed by chlorination of body fluids was
always more than THMs (Table 8.1). High HAAs vyields indicate that body fluid
components are richer with HAAs formation precursors than THM precursors. Reactivity
tests presented earlier in Chapter Seven and other studies of amino acids chlorination
showed that HAAs are formed at a higher yield than THMs from amino acids (Michael et
al., 1986; Hureiki, et al., 1994; Hong et al., 2008). The ratio of HAAs to THMs was
consistently around 1.9:1 when bromide was at ambient concentration and pH is not 6.
When bromide was at a higher concentration than ambient especially at 300 and 600
ug/L, the ratio of HAAs to THMs was around 1:1. The linership was strong when HAAs
vs. THMs formed under the same conditions (temperature 26°C and no bromide spiked)
were plotted against each other (Figure 8.9). The correlation () is about 0.8 and the
slope is 1.86. This linear relation between the two main DBPs that may be found at high
concentrations in swimming pools is an important tool to estimate the whole amount of
THMs that are partitioning between water and air. If this is applicable, THMs that escape
to the air can be estimated also from the measurement of HAAs and THMs in the pool

water.
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Conclusions

This part of the study has focused on the effect of different operational parameters

on the formation of DBPs under swimming pool chlorination conditions. Results obtained

show that:

The DBPs formation is affected by the chlorine residual maintained in the pool
water as FAC.

Decreasing the chlorine demand and maintaining lower FAC in the pool water is
an important factor to improve the health environment in swimming pools.
Increasing the efficiency of filtration and pathogen chlorine resistant removal may

be an alternative for the high chlorine residual required to maintain safe water.
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The approach of increasing pathogen removal by filtration and minimizing
chlorine will provide both chemical and biological safe water.

The pH as a controlled parameter can be lowered to about 7 for both increasing
the chlorine disinfection efficiency by favoring HOCI (which is more efficient as
a disinfectant) over OCI™ at lower pH and also hindering the DBPs formation.
This possibility is applicable since the pH effect on the three tested DBPs formed
from BFA is similar (increasing pH increased THMs, HAAs, and HNMs).

TOC increase caused an increase in the three investigated DBP classes. Bathers
load, which is proportional to the number of pool users at a time and per day,
should be carefully observed and regulated to keep the pool water organic content
as low as possible. Also the turnover rate and dilution of the pool water on a daily
basis and number of pool users will contribute greatly to preventing the
accumulation of DBPs (especially nonvolatile and highly soluble) and also their
precursors in the pool water.

Since temperature increased DBPs significantly, avoiding higher temperature of
pool water is important to reduce the DBPs formation in pool water.

Bromide increased the overall DBPs and enhanced the formation of brominated
species in the three DBPs measured in this study (THMs, HAAs, and HNMs).
Brominated species of DBPs are more toxic (Bull et al., 1995) than chlorinated

ones.
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e THMs overall formation increased when bromide was spiked into the synthetic
pool water. The overall HAAs increase with the addition of bromide was much

less than THMs. Bromide affected the HNMSs formation and speciation, too.
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CHAPTER NINE

TRIHALOMETHANES AND HALOACETIC ACIDS FORMATION DURING
TURNOVER TIME OF SWIMMING POOL WATER

Introduction and Objectives

The turnover period in swimming pools typically ranges from four to eight hours.
Therefore, from a DBP control perspective, when fresh body fluids (BFs) are released by
a swimmer, this is the retention time for BFs to react with chlorine in the pool before
water goes through treatment outside of the pool that may remove some of the BF
components (Figure 2.1). Given the fast DBP formation kinetics with chlorine in drinking
waters (Gallard and Gunten, 2002; Nikolaou et al. 2004) and much higher free chlorine
residual concentrations in swimming pools than in drinking waters, it is postulated that
DBPs will form very rapidly in swimming pools. To date, there is no information in the
literature regarding the DBP formation Kinetics in swimming pool conditions Therefore,
it is important to understand the formation kinetics of DBPs, especially at short reaction
times, at swimming pool conditions for developing DBP control strategies. The
objectives of the research presented in this chapter were to (i) determine how fast THMs,
HAAs, and HNMs are produced under swimming pool operation conditions, and (ii)
examine what percent of the one day and five day DBP formation levels are occurring
during the first ten hours, covering the range of water turnover periods in swimming
pools. The impact of bromide on DBP formation Kkinetics was also investigated due to its

practical relevance.
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Approach

DBP formation kinetics were studied for three solutions: (i) a synthetic pool water
at 6 mg TOC/L (5 mg/L from BFA(G) and 1 mg/L from MB as the background filling
water), (ii) 5 mg TOC/L BFA(G) DDW, and (iii) 1 mg TOC/L BFA(G) in DDW. Two
solutions of BFAs were examined in DDW at two concentrations (i) to examine the DBP
formation kinetics from BFs alone, and (ii) the formation kinetics at two Cl,/TOC ratios.
Each solution was chlorinated, and several DBP samples were collected at early reaction
times during the experiments that continued for five days (e.g., 0.5, 1.0, 3.0, 5.0, 7.0,
10.0, 15.0, 24.0, 48.0, 72.0, 96.0, 120.0 hours). To examine the bromide effect on the
DBP formation kinetics, the experiments were repeated by spiking the same three waters
with 200 pg/L bromide. An initial dose of 100 mg/L chlorine was used in the experiments
to have a residual of 3-5 mg/L free chlorine after five days of contact time. The

experiments for this part of the study are shown in Figure 3.4.

Materials and Methods
The composition of BFA(G) and characteristics of MB filling water were
provided in Chapter Four along with the analytical methods used for DBP measurements,

and are not repeated here.
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Results and Discussion
THMSs Formation as Function of Time

The results of the THM experiments are provided in Tables 9.1, 9.2, and 9.3. The
results showed that 53% to 68% of five-day THM formation occurred during the first five
hours in the presence and absence of bromide for synthetic pool water and BFA(G)
solutions. This is a faster rate of THMSs production at early contact times compared to the
rates reported in drinking waters. Gallard and Gunten (2002) and Nikolaou et al. (2004)
reported that 15-30% of THMs are only formed at five to six hours of chlorination of
different surface drinking water sources under drinking water chlorination scenarios. The
fast formation rate of THMs observed in this study indicates that a significant portion of
THMs will be formed in the pool before the pool water undergoes any treatment. Since
THM are volatile compounds, an appreciable fraction of the formed THM will also
partition in air once they are formed in water. Practically, these results strongly implies
that precursor (i.e., the release of human body excretes) control will be important in
reducing the formation of THMs in swimming pools. The precursor control requires
improving the practices and behavior of swimming pools users, and implementing more
strict hygienic conditions by swimming pools utilities. Better hygienic conditions include
showering immediately before swimming and not releasing urine intentionally during

swimming pool use.
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Table 9.1: Trihalomethanes (THMs) formation change during 5 days reaction time from
synthetic pool water produced from BFA(G) (5mg/L TOC) and MB water source
(Img/L), BFA(G)-MB, without and with bromide.

Synthetic pool Br Time TCM DCBM DBCM TBM TTHMs
water ug/L  hours pg/L  pg/lL pg/l pg/l pg/L

BFA(G)-MB 0 05 53 ND ND ND 53
BFA(G)-MB 0 1 55 ND ND ND 55
BFA(G)-MB 0 3 62 ND ND ND 62
BFA(G)-MB 0 5 70 ND ND ND 70
BFA(G)-MB 0 7 72 ND ND ND 72
BFA(G)-MB 0 10 74 ND ND ND 74
BFA(G)-MB 0 15 76 ND ND ND 76
BFA(G)-MB 0 24 83 ND ND ND 83
BFA(G)-MB 0 48 103 ND ND ND 103
BFA(G)-MB 0 72 111 ND ND ND 111
BFA(G)-MB 0 96 111 ND ND ND 111
BFA(G)-MB 0 120 133 ND ND ND 133
BFA(G)-MB 200 05 36 15 3 <MRL 54
BFA(G)-MB 200 1 38 17 3 <MRL 58
BFA(G)-MB 200 3 44 19 4 <MRL 68
BFA(G)-MB 200 5 48 27 4 <MRL 79
BFA(G)-MB 200 7 49 28 5 <MRL 82
BFA(G)-MB 200 10 56 32 5 <MRL 94
BFA(G)-MB 200 15 58 32 6 <MRL 96
BFA(G)-MB 200 24 64 37 7 <MRL 108
BFA(G)-MB 200 48 66 40 8 <MRL 115
BFA(G)-MB 200 72 76 47 10 <MRL 133
BFA(G)-MB 200 96 82 51 11 <MRL 144
BFA(G)-MB 200 120 91 51 11  <MRL 153

TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane),
and TBM (tribromomethane), TTHM (total trihalomethanes)
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Table 9.2: Trihalomethanes (THMs) formation change during 5 days incubation from
synthetic pool water produced from BFA(G) (5mg/L TOC) only, without and with
bromide.

Synthetic pool Br Time TCM DCBM DBCM TBM TTHMs

water Hg/L  hours  pg/L  pg/L pg/l pg/ll upg/L
BFA(G) 0 05 30 ND ND ND 30
BFA(G) 0 1 29 ND ND ND 29
BFA(G) 0 3 38 ND ND ND 38
BFA(G) 0 5 39 ND ND ND 39
BFA(G) 0 7 41 ND ND ND 41
BFA(G) 0 10 41 ND ND ND 41
BFA(G) 0 15 43 ND ND ND 43
BFA(G) 0 24 45 ND ND ND 45
BFA(G) 0 48 49 ND ND ND 49
BFA(G) 0 72 52 ND ND ND 52
BFA(G) 0 96 55 ND ND ND 55
BFA(G) 0 120 57 ND ND ND 57
BFA(G) 200 0.5 30 10 1 <MRL 41
BFA(G) 200 1 30 12 1 <MRL 44
BFA(G) 200 3 31 20 2 <MRL 53
BFA(G) 200 5 32 22 3 <MRL 57
BFA(G) 200 7 35 25 3 <MRL 63
BFA(G) 200 10 37 26 4 <MRL 67
BFA(G) 200 15 37 28 4 <MRL 69
BFA(G) 200 24 38 28 5 <MRL 72
BFA(G) 200 48 41 32 6 <MRL 80
BFA(G) 200 72 44 35 8 <MRL 89
BFA(G) 200 96 45 36 8 <MRL 90
BFA(G) 200 120 47 40 10 <MRL 97

TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane),
and TBM (tribromomethane), TTHM (total trihalomethanes)
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Table 9.3: Trihalomethanes (THMs) formation change during 5 days incubation from
synthetic pool water produced from BFA(G) (1mg/L TOC), without and with bromide.

Synthetic pool Brr Time TCM DCBM DBCM TBM TTHMs

water ug/L  hours  pg/L pg/lL pg/L ug/L ug/L
BFA(G) 0 0.5 18 ND ND ND 18
BFA(G) 0 1 18 ND ND ND 18
BFA(G) 0 3 21 ND ND ND 21
BFA(G) 0 5 21 ND ND ND 21
BFA(G) 0 7 22 ND ND ND 22
BFA(G) 0 10 24 ND ND ND 24
BFA(G) 0 15 25 ND ND ND 25
BFA(G) 0 24 25 ND ND ND 25
BFA(G) 0 48 28 ND ND ND 28
BFA(G) 0 72 30 ND ND ND 30
BFA(G) 0 96 33 ND ND ND 33
BFA(G) 0 120 35 ND ND ND 35
BFA(G) 200 05 18 4 1 <MRL 23
BFA(G) 200 1 19 6 1  <MRL 27
BFA(G) 200 3 20 9 2 <MRL 31
BFA(G) 200 5 20 10 2 <MRL 32
BFA(G) 200 7 21 10 2  <MRL 33
BFA(G) 200 10 21 11 2  <MRL 34
BFA(G) 200 15 22 11 2  <MRL 35
BFA(G) 200 24 24 12 3 <MRL 38
BFA(G) 200 48 27 12 3 <MRL 43
BFA(G) 200 72 30 13 4  <MRL 47
BFA(G) 200 96 35 15 5 <MRL 55
BFA(G) 200 120 37 16 5 <MRL 58

TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane),
and TBM (tribromomethane), TTHM (total trihalomethanes)

Figure 9.1(a) shows the percent of the five-day THM yield as a function of time
during the kinetic experiments for three solutions in the absence and presence of bromide,
respectively. Two BFA solutions (1 and 5 mg TOC/L) showed similar formation patterns

indicating that Cl,/DOC ratio (100 vs. 20 mg Cl,/mg TOC) did not have an impact on the
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formation rates of THMs. Furthermore, it has been shown that once all chlorine demand
was satisfied, additional chlorine did not increase the formation of THMs (Boccelli et al.,
2003). Since there is always a high Cl,/fresh BF DOC mass ratio in pool water, the
formation rates observed in this study is a representative estimate of THM formation in
swimming pools. This is especially true for swimming pools in the United States where
the dilution of pool water with the filling water is not regularly practiced and the water
age in the pools reach years. Therefore, chlorine demand of filling water is exhausted at
the very early period of operation after filling the pool. Afterwards, the THM formation is
primarily from the reactivity of BF components with chlorine.

Figure 9.1(a) also shows that in the absence of bromide, the presence of NOM in
water (i.e., BFA-MB) reduced the THM formation rates by about 20% during the first 24
hours as compared to the absence of NOM (BFA-5 mg). This behavior is due to the
higher reactivity of NOM compared to BFA with chlorine to form THM but which occurs

at a slower rate, as compared to BFA.
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Figure 9.1: THM formation fraction during five days without bromide (a)
and with bromide (200 pg/L) (b). THM; (THM formed at time t), THM12
(THM formed at 120 hours)
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Comparison of THM formation potential of MB filling water NOM and BFA(G)
at the same TOC level (1 mg/L) in Chapter Seven showed that THM yield of MB water
NOM (81 pg/mg TOC) was four times higher than the THM yield of BFA(G) (18 ng/ mg
TOC). Consistent with these observations, five-day THM concentration of synthetic pool
water solution (i.e., 5mg/L TOC from BFA(G) and 1 mg/L from MB) during the Kinetics
experiment was 133 ug/L, whereas it was only 57 ug/L for the 5 mg/L TOC BFA(G)
solution. These observations suggests that if swimming pool water is diluted using the
filling water from the distribution system, overall THM concentration in the pool will
increase until the chlorine demand of NOM is consumed. However, the rate of THM
formation in the pool during this period will be lower as compared to no dilution case,
where BF components control the formation rate.

Figure 9.1(b) also shows that in the presence of bromide, the difference in the
formation rates of synthetic pool water and BFA solutions diminished. The decrease is
due to higher formation rates of brominated THM species from NOM at high bromide
concentrations, as also has been observed in drinking water samples (Westerhoff et al.,
2004). As the results demonstrate, in the absence of bromide, TCM (chloroform) was the
only THM species present, and bromo/chloro THM species formed when bromide was

present (Tables 9.1, 9.2, and 9.3).
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HAA Formation as Function of Time

The results of the HAA Kinetics experiments are provided in Tables 9.4, 9.5, and
9.6. Only 15% to 30% of five-day HAA formation occurred during the first five hours in
the presence and absence of bromide for synthetic pool water and BFA(G) solutions. The
formation of HAA was lower as compared to the formation rates of THMs. HAA
formation was below the minimum reporting level or at 1 pg/L in the absence of
bromide. Although the five-day HAA vyields were higher than those of THMs since
BFA(G) is more reactive to the formation of HAA than THM, the slower rate of HAA
formation indicates that there is more opportunity to remove their precursors through
treatment processes during water turnover. In contrast to THMs, since HAAs are highly
soluble in water, they will remain in water as they are formed. These results further
support previous conclusions from the THM results that precursor (i.e., the release of
human body excretes) control is probably the best and the most feasible way to control

the formation of DBPs in swimming pools.
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Table 9.4: Haloacetic acids (HAASs) formation during 5days chlorination from synthetic
pool water BFA(G)-MB produced from BFA(G) (5mg/L TOC) and Myrtle Beach water
(Img/L).

Synthetic Brr Time BAA DCAA BCAA TCAA DBAA BDCAA DBCAA THAAs
poolwater ug/L hours pg/L  pg/L pg/L po/L pg/l ug/L pg/L ug/L

BFA(G)-MB 0 05 ND <MRL <MRL <MRL ND 1 ND 1
BFA(G)-MB 0 1 ND <MRL <MRL <MRL ND 1 ND 1
BFA(G)-MB 0 3 ND 13 <MRL <MRL ND 2 ND 15
BFA(G)-MB 0 5 ND 1 1 <MRL ND 4 ND 46
BFA(G)-MB 0 7 ND 41 2 60 ND 4 ND 107
BFA(G)-MB 0 10 ND 43 1 69 ND 4 ND 117
BFA(G)-MB 0 15 ND 61 1 82 ND 3 ND 148
BFA(G)-MB 0 24 ND 73 1 85 ND 4 ND 162
BFA(G)-MB 0 48 ND 95 1 92 ND 4 ND 192
BFA(G)-MB 0 72 ND 101 1 98 ND 4 ND 204
BFA(G)-MB 0 96 ND 103 1 99 ND 4 ND 207
BFA(G-MB 0 120 ND 109 1 113 ND 4 ND 228
BFA(G)-MB 200 05 <MRL <MRL <MRL <MRL <MRL 3 4 7
BFA(G-MB 2000 1 <MRL <MRL 1 <MRL <MRL 4 4 8
BFA(G-MB 200 3 <MRL 5 1 <MRL <MRL 11 7 24
BFA(G)-MB 200 5 <MRL 27 7 <MRL 1 21 6 62
BFA(G-MB 200 7 <MRL 29 7 51 1 25 8 121
BFA(G)-MB 200 10 <MRL 42 11 54 2 28 10 147
BFA(G)-MB 200 15 <MRL 54 15 55 2 31 11 168
BFA(G)-MB 200 24 2 58 15 56 2 32 12 176
BFA(G)-MB 200 48 2 67 17 56 2 32 11 189
BFA(G)-MB 200 72 3 86 21 58 2 35 10 214
BFA(G)-MB 200 96 3 84 21 59 3 35 11 214
BFA(G)-MB 200 120 3 88 23 66 3 42 13 237

BAA (bromoacetic acid), DCAA (dichloroacetic acid), BCAA (bromochloroacetic acid), TCAA
(trichloroacetic acid), DBAA (dibromoacetic acid), DBCAA (dibromoacetic acid), THAA (total
HAA)
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Table 9.5: HAAs formation during 5days chlorination from synthetic pool water
produced from BFA(G) (5mg/L TOC).

Sy”th?t'c Br Time BAA DCAA BCAA TCAA DBAA BDCAA DBCAA THAAs
ngtc; r pmg/L  hours pg/L pg/L pg/L pg/L po/L ug/L ug/L ug/L
BFAG) O 05  ND <MRL ND <MRL ND ND ND __ <MRL
BFA(G) 0 1 ND <MRL ND <MRL ND ND ND  <MRL
BFAG) O 3 ND 6 ND <MRL ND ND ND 6
BFA(G) 0 5 ND 22 ND <MRL ND ND ND 22
BFA(G) 0 7 ND 23 ND <MRL ND ND ND 23
BFA(G) 0 10 ND 38 ND 8 ND ND ND 45
BFA(G) 0 15 ND 46 ND 56 ND ND ND 102
BFA(G) 0 24 ND 53 ND 62 ND ND ND 115
BFA(G) 0 48 ND 61 ND 63 ND ND ND 124
BFA(G) 0 72 ND 71 ND 68 ND ND ND 139
BFA(G) 0 96 ND 77 ND 69 ND ND ND 147
BFAG) 0 120 ND 86 ND 71 ND ND ND 157
BFA(G) 200 05 <MRL <MRL <MRL <MRL <MRL 1 2 3
BFA(G) 200 1 <MRL <MRL <MRL <MRL <MRL 3 3 7
BFA(G) 200 3 <MRL 5 2 <MRL <MRL 8 6 21
BFA(G) 200 5 <MRL 22 5 <MRL 1 17 6 52
BFA(G) 200 7 <MRL 28 7 39 1 21 7 104
BFA(G) 200 10 <MRL 32 10 39 1 22 10 116
BFAG) 200 15 1 35 11 40 2 24 10 121
BFAG) 200 24 1 43 13 40 2 25 10 135
BFA(G) 200 48 2 51 15 41 2 28 11 150
BFAG) 200 72 3 59 19 44 3 27 11 165
BFAG) 200 96 3 64 19 44 3 26 10 169
BFA(G) 200 120 3 66 21 45 3 24 9 170

BAA (bromoacetic acid), DCAA (dichloroacetic acid), BCAA (bromochloroacetic acid), TCAA
(trichloroacetic acid), DBAA (dibromoacetic acid), DBCAA (dibromoacetic acid), THAA (total
HAA
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Table 9.6: Haloacetic acids (HAASs) formation during 5days chlorination from synthetic
pool water produced from BFA(G) (1mg/L TOC).

Sygf;‘ﬁ“c Br Time BAA DCAA BCAA TCAA DBAA BDCAA DBCAA THAAs
water pg/L  hours pg/L pg/L po/L pg/l g/l pg/L Mg/l Mg/l
BFA(G) 0 05 ND ND ND <MRL ND ND ND __ <MRL
BFA(G) 0 1 ND ND ND <MRL ND ND ND  <MRL
BFA(G) 0 3 ND ND ND 4 ND ND ND 4
BFA(G) 0 5 ND ND ND 5 ND ND ND 5
BFA(G) 0 7 ND ND ND 5 ND ND ND 5
BFA(G) 0 10 ND ND ND 5 ND ND ND 5
BFA(G) 0 15 ND ND ND 5 ND ND ND 5
BFA(G) 0 24 ND ND ND 7 ND ND ND 7
BFA(G) 0 48 ND ND ND 9 ND ND ND 9
BFA(G) 0 72 ND ND ND 10 ND ND ND 10
BFA(G) 0 96 ND ND ND 15 ND ND ND 15
BFAG) 0 120 ND ND ND 16 ND ND ND 16
BFA(G) 200 05 <MRL ND <MRL <MRL ND ND ND __ <MRL
BFA(G) 200 1 <MRL ND <MRL <MRL ND ND 3 3
BFA(G) 2000 3 <MRL ND <MRL 2 ND 1 3 6
BFA(G) 200 5 <MRL ND <MRL 2 ND 1 3 7
BFA(G) 200 7 <MRL ND <MRL 2 ND 1 3 7
BFA(G) 200 10 <MRL ND <MRL 2 ND 2 3 7
BFA(G) 200 15 <MRL ND <MRL 2 ND 2 3 7
BFA(G) 200 24 2 ND 1 2 ND 2 3 10
BFA(G) 200 48 2 ND 1 4 ND 4 4 15
BFA(G) 200 72 2 ND 1 4 ND 4 4 15
BFA(G) 200 96 2 ND 1 5 ND 4 4 17
BFA(G) 200 120 2 ND 1 5 ND 4 4 17

BAA (bromoacetic acid), DCAA (dichloroacetic acid), BCAA (bromochloroacetic acid), TCAA
(trichloroacetic acid), DBAA (dibromoacetic acid), DBCAA (dibromoacetic acid), THAA (total
HAA

Figure 9.2(a) shows the percent of the five-day HAA yield as a function of time
during the kinetic experiments for three solutions in the absence and presence of bromide,
respectively. The presence of NOM in water (i.e., BFA-MB) did not have an impact on

the formation rate of HAA as compared to the absence of NOM (BFA-5 mg). HAA
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formation potentials of MB filling water NOM (18 ng/mg) was lower than that of
BFA(G) (35 ug/mg) at the same TOC level (1 mg/L) as reported in Chapter Seven. This
is why probably filling water NOM did not have an impact on the formation rate of HAA

given the fact that the contribution of NOM to the total TOC was only 20%.
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Figure 9.2: HAA formation fraction during five days without bromide (a) and
with bromide (200 pg/L) (b). HAA; (HAA formed at time t), HAA;»x (HAA
formed at 120 hours)
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Figure 9.2(b) also shows that in the presence of bromide, the difference in the
formation rates of synthetic pool water and BFA solutions diminished. This is due to
higher formation rates of brominated HAA species from NOM at high bromide
concentrations. The fast rate of bromide substitution to organic material to form
brominated DBPs during chlorination is well reported in the literature (Adin et al., 1991;
Cowman and Singer, 1996; Richardson et al., 1999). In the absence of bromide, TCAA
and DCAA were the major HAA species present, and bromo/chloro HAA species formed
when bromide was present (Tables 9.4, 9.5, and 9.6).

Some difference was observed between the trends of the two BFA solutions (1
and 5 mg TOC/L) indicating that the increase in Cl,/DOC ratio (from 20 to 100 mg
Cly/mg TOC) reduced the formation rate of HAA. From Figure 9.3 and 9.4 it can be
observed that the increase in the Cl,/DOC ratio decreased both DHAA and THAA
formation although the decrease in DHAA formation as a function of time is more. The
difference in the decrease DHAA and THAA is due to the different pathways of their
formation. THAA can be formed directly or through halogenation of DHAA to THAA
(Hua and Reckhow, 2008). The Cl,/DOC ratio effect on decreasing DHAA formation
was noticed also on the experiments of formation potential of HAA as was shown in
Chapter Seven. In the presence of bromide (Figures 9.3 b and 9.4 b) the rate decrease was
observed but to a lesser degree due to the faster reaction of bromine than chlorine with

organic matter (Weserhoff et al., 2004).
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Figure 9.3: DHAA and THAA formation fraction at 20 Cl,/mg TOC in the
absence of bromide (a) and at 200 ug/L bromide (b). C; (concentration measured
at time t), Ci20 (concentration measured at 120 hours)
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The formation rate of THMs was higher than that of HAAs in swimming pools.

Figure 9.5 compares the rate of THM,4 and HAAg formation in synthetic swimming pool

water. THMs were formed almost instantaneously when chlorine reacted with BFs,
whereas HAA formation occurred at a slower rate.
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Figure 9.5: THM 4 and HAA, formation fraction during 5-day incubation (a) and
during the first 24 hours (b) from BFA(G) at TOC 5 mg/L, pH7, and T= 26°C.
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Conclusions

Greater than 50% of five-day THM formation occurred during the first five hours
in the presence and absence of bromide for synthetic pool water and BFA(G)
solutions. This indicates that a significant portion of THMs will be formed in the
pool before the water undergoes any possible treatment in addition to sand
filtration.

The Cl,/DOC ratio did not make an impact on the formation rates of THMs
Dilution using the filling water from the distribution system will increase the
overall THM concentration in the pool until the chlorine demand of NOM is met.
However, the rate of THM formation in the pool during this period will be lower
as compared to the no dilution case, where BF components control the formation
rate.

Only 15% to 30% of five-day HAA formation occurred during the first five hours
in the presence and absence of bromide for synthetic pool water and BFA(G)
solutions. HAA formation was below the minimum reporting level or at 1 ug/L in
the absence of bromide. Although the five-day HAA vyields were higher than
those of THMs since BFA(G) are more reactive to the formation of HAA than
THM, the slower rate of HAA formation indicates that there is more opportunity
to remove their precursors through treatment processes during water turnover.

The formation of THMs was faster than that of HAAs in swimming pools. THMs
were formed almost instantaneously when chlorine reacted with BFs, whereas

HAA formation occurred at a slower rate.
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e Higher CI,/DOC ratio suppressed DHAA formation and decreased THAA
formation also. In the presence of bromide this ratio effect is observed to a lesser

degree.
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CHAPTER TEN

CONCLUSIONS AND RECOMMENDATIONS
Conclusions:
The important conclusions for each objective of this study are summarized below.
Obijective (1): Determine the occurrence of THMs, HAAs, HNMs, HANs, and NDMA

in indoor swimming pool water in South Carolina, Georgia, and North Carolina.

e DBPs levels in pools are at higher levels than those found in drinking water.
THMs measured in this study were between 26 and 213 ug/L, HANs were in the
range of 5 to 53 ug/L, HNMs fall between 1.4 and 13.3 pg/L, HAAs ranged
between 172-9005 ug/L, and NDMA was between 2 and 83 ng/L.

e Brominated DBPs of all classes were higher in pools that generate chlorine
electrochemically in situ using sodium chloride.

e There is great variability in the levels of measured DBPs within pools and also
among different pools.

e During the sampling period (9 months), DBPs concentration in the same pool was
not the same always, but changed from time to time depending on the time of the

year and on specific pool events and activities on the time of sampling.

Objective (2): Conduct a multipathway risk assessment on disinfection by-products of

swimming pool water
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Indoor swimming pools are semi-closed systems that expose both swimmers and
other workers attending the pool to the hazardous DBPs especially the volatile
ones through the respiratory system.

Lifetime cancer risk and hazard indices estimated from DBPs in swimming pools
were considerably higher than those from DBPs in drinking water. Lifetime
cancer risk exceeded the negligible 10° by a factor of 10-10000. Also hazard
indices were mostly greater than 1 and reached 20 and 26. More risk can be
contributed to swimming in chlorinated water than drinking chlorinated water.
Most of the cancer risk and non-cancer risk estimated was due to chloroform

especially through inhalation route.

Objective (3): Determine the role and contribution of the two main precursors (i.e.,

NOM from the distribution system vs. body fluids from swimmers) to the formation of

trinalomethanes (THMs), haloacetic acid (HAAs), and halonitromethanes (HNMs) in

swimming pools

FP tests demonstrated that BFAs were more reactive toward chlorine than filling
water (i.e., treated drinking water) NOMs.

BFAs formed more HAAs than THMs, while filling water NOMs produced more
THMs than HAAs. On the other hand, both NOMs and BFAs produced similar
amounts of HNMs (chloropicrin), which was much lower compared to THM and

HAA formation.
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e Analysis of individual BFA components demonstrated that citric acid had
significantly higher reactivity toward THM and HAA formation than other
components, which had relatively similar THM and HAA yields.

e Filling waters collected from five different treatment plants exhibited comparable
THM formation relatively independent of time and location, whereas HAA vyields
exhibited more spatial and time dependent variability.

e Temperature (lowest 26°C and highest 40°C) affected THMs, HAAs, and HNMs
formation differently. At 40°C temperature more THMs and HAAs were formed.
THMs formation showed more temperature dependence than did HAAS
formation. The contact time increased both THMs and HAAs. More HAAS
increase was noticed by reaction time increase whereas less THMs increase was
noticed for the same contact time. Chloropicrin tended to decrease by increasing

contact time, although very slightly.

Objective (4): Investigate the impacts of swimming pool operational parameters:
chlorine residual (FAC), pH, bather load (TOC), water bromide content, and

temperature on the formation and speciation of THMs, HAAs, and HNMs

e DBPs formation is affected by the chlorine residual maintained in the pool water.
The effect of FAC was more pronounced for HAAs compared to THMs.
e Lower pH caused a decrease in the three DBP classes (THMs, HAAs, and

HNMs).
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e TOC increase caused an increase in the three investigated DBP classes although
the yield of DBPs decreased with TOC increase.
e Bromide increased the overall THMs and HNMs formation and enhanced the

formation of brominated species of the three DBP classes.

Objective (5): Study the formation kinetics of THMs and, HAAs from the body fluid

precursors in swimming pools, especially at short reaction times.

e DBPs formation rate under swimming pool operation conditions is fast. Within
the first three to six hours more than 50% of the total five-day THMs was formed.
A lower rate was noticed for HAAs (only 30% formed within the first three-six

hours)

Recommendations for Pool Operators and Swimmers

Swimming pools operational parameters, regulations and guidelines need to be revised
and issued considering the formation and control of DBPs in swimming pool water and
air. Regulations or guidelines for DBPs in pool water and air are important to maintain
and improve the health conditions and impacts on swimmers and workers in indoor
swimming pools. Recommendations depending on this research results and conclusions
are:

1. DBPs Precursors control:
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Improving swimmers personal hygienic conditions awareness is an
important factor that may contribute to decrease the DBPs formation in
indoor swimming pools.

Enforcing swimmers showering immediately before swimming can
minimize the organic input from swimmers bodies.

Bathers load for each indoor swimming pool should carefully enforce

during the day and per each working day too.

2. Operational parameters control

The pool water should be diluted according to the daily number of
swimmers. Replacement of well defined water volume by fresh water will
decrease the DBPs and their precursors accumulation in indoor pool
waters.

Aeration and good ventilation of the indoor pools atmosphere should be
considered to decrease the air content of volatile DBPs.

Lowering swimming pool water pH to decrease the THMs, HAAs, and
HNMs. Also the chlorine disinfection efficiency will increase.

Lowering the chlorine residual to 1 mg/L will decrease DBPs.

Avoiding electrochemical generation from sodium chloride that has

bromide impurities.

Recommendations for future research
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Research on alternative treatment processes or improvement during swimming
pool water recycling and treatment is required. Filtration media and improvement
of filtration via coagulation is an important issue to improve for increasing DBP
precursor removal.

Swimming pool water dilution and the dilution factor is also necessary to
investigate and verify its benefit in decreasing the accumulation of formed DBPs
and their precursors.

Ventilation strategies and ratios required to minimize pool atmosphere content of
DBPs is also another field of research that can improve pool air quality and
decrease the exposure to DBPs.

A risk assessment comparison of biological hazard vs. chemical hazard in
swimming pools is important and crucial to optimize chlorination and other
operational parameters that can give the least chemical hazard while keeping the
biological risk to a minimal level. Outbreaks from swimming pools and their
adverse health impacts should be studied more to evaluate them and allow for a
comparison between biological and chemical hazards in swimming pools.
Combination of more than disinfection methods in swimming pool to reduce

chlorine demand could be tested.
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Appendix A

Swimming Activity Distribution

Table A.1: swimming activity distribution among different gender and age*

Sex Age (years)
2 3
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% o | © S

* Table adopted from National Sporting Goods Association.

http://www.nsga.org/public/pages/index.cfm?pageid=864 [accessed June 26, 2009]

**Participants engaged in activity six times or more in the year.

212


http://www.nsga.org/public/pages/index.cfm?pageid=864

Appendix B

Guidelines and Regulations of DBPs

Table B.1: US EPA and EU MCL and WHO Guidelines of regulated DBPs (US EPA,
2006; EU Directive 98/83/EC; WHO, 2003)

Disinfection By-Product L gu\i/gle_:ﬁles
Ho/L Hg/L ug/L

THM4 80 100

Chloroform 300

Bromodichloromethane 60

Dibromochloromethane 100

Bromoform 100

HAA; 60

Monochloroacetic acid 70

Dichloroacetic acid 0 50

Trichloroacetic acid 20 100

MCL (maximum contaminant level), THM, (sum of four THM species), HAAs
(sum of five HAA species)
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Appendix C

DBPs Species in Three Monitored Indoor Pools

Table C.2: THM species determined in S16 swimming pool during the study

Date TCM BDCM DBCM TBM TTHM
Ho/L Ho/L Ho/L Ho/L Ho/L
22/5/2009 59 1 ND ND 60
22/5/2009 56 1 ND ND 57
22/5/2009 57 1 ND ND 57
24/5/2009 53 1 ND ND 54
24/5/2009 51 1 ND ND 52
30/5/2009 52 1 ND ND 53
2/6/2009 55 1 ND ND 56
6/6/2009 47 1 ND ND 48
9/6/2009 39 1 ND ND 40
18/10/2009 78 2 ND ND 81
25/10/2009 37 1 ND ND 38
22/12/2009
10/1/2010 28 0 ND ND 29
17/1/2010 52 2 ND ND 54
17/2/2010 61 2 ND ND 63

TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane), and TBM
(tribromomethane), TTHM (total trihalomethanes)

Table C.3: THM species determined in S17L swimming pool during the study

Date TCM BDCM DBCM TBM TTHM
Mo/l Mo/l Mg/l Mo/l pg/L
22/5/2009 71 17 4 ND 92
22/5/2009 68 17 4 ND 89
22/5/2009 67 18 4 ND 88
24/5/2009 63 19 4 ND 86
24/5/2009 66 19 5 ND 91
30/5/2009 65 15 3 ND 83
2/6/2009 63 11 2 ND 77
6/6/2009 67 8 1 ND 77
9/6/2009 70 11 2 ND 84
18/10/2009 75 3 0 ND 79
25/10/2009 76 3 0 ND 79
22/12/2009 50 12 2 ND 64
10/01/2010 24 21 21 6 72
17/01/2010 45 29 14 3 91
17/02/2010 82 11 2 ND 95

TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane), and TBM
(tribromomethane), TTHM (total trihalomethanes)
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Table C.4: THM species determined in S17T swimming pool during the study

Date TCM BDCM DBCM TBM TTHM
Ho/L Ho/L Ho/L Ho/L  pg/L
22/5/2009 157 6 <MRL <MRL 163
22/5/2009 154 6 <MRL <MRL 160
22/5/2009 156 6 <MRL <MRL 162
24/5/2009 165 6 1 <MRL 171
24/5/2009 155 6 1 <MRL 161
30/5/2009 166 25 7 1 199
2/6/2009 166 21 4 1 192
6/6/2009 129 7 1 <MRL 137
9/6/2009 144 13 3 <MRL 160
18/10/2009 236 19 3 <MRL 259
25/10/2009 239 9 1 <MRL 249
22/12/2009 172 4 <MRL <MRL 176
10/1/2010 157 20 5 <MRL 182
17/01/2010 179 8 1 <MRL 188
17/02/2010 207 6 <MRL <MRL 213

TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane), and TBM
(tribromomethane), TTHM (total trihalomethanes)

Table C.5: HAA species determined in S16 swimming pool during the study

Date BAA DCAA BCAA TCAA DBAA BDCAA DBCAA THAA
Mo/lL  pg/L  pg/l  pg/l pg/l Ho/L Ho/L Hg/L
22/5/2009 ND 603 6 1420 <MRL 10 ND 2039
22/5/2009 ND 603 7 1412 <MRL 9 ND 2031
22/5/2009 ND 614 7 1409 <MRL 9 ND 2039
24/5/2009 ND 548 7 1114 1 12 ND 1681
24/5/2009 ND 506 5 1100 <MRL 36 ND 1648
30/5/2009 ND 595 6 1109 1 14 ND 1725
2/6/2009 ND 591 8 1078 1 13 ND 1691
6/6/2009 ND 607 10 1068 3 15 5 1708
9/6/2009 ND 613 9 1031 2 15 3 1674
18/10/2009 ND 280 3 1502 <MRL 19 ND 1804
25/10/2009 ND 291 3 1359 <MRL 20 ND 1673
22/12/2009
10/1/2010 ND 342 8 1090 <MRL 37 ND 1479
17/1/2010 1 458 4 528 2 12 ND 1005
17/2/2010 ND 549 5 568 <MRL 20 1 1143

BAA (bromoacetic acid), DCAA (dichloroacetic acid), BCAA (bromochloroacetic acid), TCAA

(trichloroacetic acid), DBAA (dibromoacetic acid), DBCAA (dibromoacetic acid), TBAA
(tribromoacetic acid), THAA (total HAA)
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Table C.6: HAA species determined in S17L swimming pool during the study

Date BAA DCAA BCAA TCAA DBAA BDCAA DBCAA THAA

Mg/ pg/l  pgll ug/L ug/L Mg/l pg/ll  pgll
22/5/2009 <MRL NM NM NM NM NM NM NM
22/5/2009 <MRL NM NM NM NM NM NM NM
22/5/2009 <MRL NM NM NM NM NM NM NM
24/5/2009 <MRL 503 62 860 13 79 15 1531
24/5/2009 <MRL 460 67 813 11 73 13 1437
30/5/2009 <MRL 387 38 863 8 82 15 1392
2/6/2009 <MRL 392 38 853 7 79 10 1377
6/6/2009 <MRL 437 50 860 7 84 15 1434
9/6/2009 <MRL 459 52 855 7 82 14 1470
18/10/2009 <MRL 525 20 576 1 48 5 1174
25/10/2009 <MRL 249 18 564 1 37 0 1169
22/12/2009 <MRL 417 51 420 6 46 14 955
10/1/2010 <MRL 203 75 431 16 47 20 793
17/1/2010 3 271 52 213 11 86 31 667
17/2/2010 5 504 106 288 25 110 32 1070

BAA (bromoacetic acid), DCAA (dichloroacetic acid), BCAA (bromochloroacetic acid), TCAA
(trichloroacetic acid), DBAA (dibromoacetic acid), DBCAA (dibromoacetic acid), TBAA
(tribromoacetic acid), THAA (total HAA)

Table C.7: HAA species determined in S17T swimming pool during the study

Date BAA DCAA BCAA TCAA DBAA BDCAA DBCAA THAA
Mo/lL  pg/L  pg/l  pg/l pg/l Hg/L Ho/L Ho/L

22/5/2009 <MRL NM NM NM NM NM NM NM
22/5/2009 <MRL NM NM NM NM NM NM NM
22/5/2009 <MRL NM NM NM NM NM NM NM
24/5/2009 <MRL 503 62 860 13 79 15 1531
24/5/2009 <MRL 460 67 813 11 73 13 1437
30/5/2009 <MRL 387 38 863 8 82 15 1392
2/6/2009 <MRL 392 38 853 7 79 10 1377
6/6/2009 <MRL 437 50 860 7 84 15 1434
9/6/2009 <MRL 459 52 855 7 82 14 1470
18/10/2009 <MRL 525 20 576 1 48 5 1174
25/10/2009 <MRL 249 18 564 1 37 0 1169
22/12/2009  <MRL 7547 326 3700 39 75 9 11659
10/1/2010 <MRL 3322 343 3534 32 136 26 7392
17/01/2010 3 4215 169 1747 16 130 11 6291
17/02/2010 4 6787 176 1925 16 93 4 9005

BAA (bromoacetic acid), DCAA (dichloroacetic acid), BCAA (bromochloroacetic acid), TCAA
(trichloroacetic acid), DBAA (dibromoacetic acid), DBCAA (dibromoacetic acid), TBAA
(tribromoacetic acid), THAA (total HAA)
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Table C.8: HNM species determined in S16 swimming pool during the study

Date TCNM BNM BCNM DBNM  THNM
ug/L ug/L ug/L ug/L ug/L
22/5/2009 0.9 <MRL 4.1 <MRL 5.4
22/5/2009 0.8 <MRL 4.6 <MRL 5.8
22/5/2009 0.9 <MRL 45 <MRL 5.9
24/5/2009 0.2 <MRL 3.2 <MRL 3.4
24/5/2009 0.2 <MRL 34 <MRL 3.5
30/5/2009 0.2 <MRL 3.0 <MRL 3.2
2/6/2009 0.2 <MRL 3.0 <MRL 3.2
6/6/2009 0.5 <MRL 2.4 <MRL 3.1
9/6/2009 0.5 <MRL 2.3 <MRL 3.0
18/10/2009 0.4 <MRL 4.0 <MRL 4.4
25/10/2009 0.2 <MRL 3.1 <MRL 3.4
22/12/2009
10/1/2010 0.8 <MRL 4.1 <MRL 5.0
17/1/2010 0.9 <MRL 3.4 <MRL 4.2
17/02/2010 0.8 <MRL 2.6 <MRL 3.4

TCNM (trichloronitromethane), BNM (bromonitromethane), BCNM
(bromochloronitromethane), THNM (total halonitromethane)

Table C.9: HNM species determined in S17L swimming pool during the study

Date TCNM BNM BCNM DBNM THNM
Mo/l Mo/l Mo/l Mg/l po/L
22/5/2009 <MRL 4.4 4.8 ND 9.7
22/5/2009 <MRL 4.5 4.7 ND 9.7
22/5/2009 <MRL 4.6 4.9 ND 10.1
24/5/2009 <MRL 4.1 4.5 ND 8.7
24/5/2009 <MRL 4.1 4.2 ND 8.5
30/5/2009 <MRL 2.9 4.7 ND 7.8
2/6/2009 <MRL 1.7 4.6 ND 6.6
6/6/2009 <MRL 1.8 5.2 ND 7.5
9/6/2009 <MRL 3.1 54 ND 9.0
18/10/2009 <MRL 0.2 5.3 ND 5.8
25/10/2009 <MRL 0.3 5.7 ND 6.4
22/12/2009 <MRL 1.3 3.1 ND 4.7
10/1/2010 <MRL 4.8 2.6 ND 8.1
17/1/2010 <MRL 4.2 4.3 ND 9.2
17/02/2010 0.7 1.6 5.8 ND 8.1

TCNM (trichloronitromethane), BNM (bromonitromethane), BCNM
(bromochloronitromethane), THNM (total halonitromethane)
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Table C.10: HNM species determined in S17T swimming pool during the study

Date TCNM  BNM  BCNM DBNM THNM
Mo/l Mo/l Ho/L Mo/l po/L
22/5/2009 1.3 2.4 10.2 ND 13.8
22/5/2009 1.2 2.4 9.0 ND 12.6
22/5/2009 1.2 2.5 9.5 ND 13.2
24/5/2009 0.8 2.3 7.8 ND 10.9
24/5/2009 0.8 2.3 8.2 ND 11.3
30/5/2009 0.8 5.3 8.9 ND 15.0
2/06/2009 0.7 6.5 6.5 ND 13.7
6/06/2009 1.0 3.1 8.2 ND 12.2
9/06/2009 1.0 5.7 7.0 ND 13.7
18/10/2009 0.8 2.2 12 ND 15
25/10/2009 1.3 0.9 20.6 ND 22.9
22/12/2009 1 0.6 7 ND 8.6
10/01/2010 1.3 6 10.9 ND 18.1
17/01/2010 1.8 1.6 13.3 ND 16.7
17/02/2010 1.4 1 6.8 ND 9.2

TCNM (trichloronitromethane), BNM (bromonitromethane), BCNM
(bromochloronitromethane), THNM (total halonitromethane)
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Appendix D

Exposure Factors and Calculated Doses

Table D.1: Recommended ingestion water volumes during swimming as appeared in:
EXPOSURE FACTORS HANDBOOK: 2009 UPDATE*

Mean 95™" Percentile
Age group
mL/event® mL/hour mL/event mL/hour
Children 37 49 154 205
Adults 16 21 53 71
All NR NR NR 90

*Source: Dufour et al., 2006
& Event mean time 45 minutes
NR: Not Reported
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Table D.2: Swimming activity duration as appeared in: EXPOSURE FACTORS
HANDBOOK: 2009 UPDATE*

Mean 95" Percentile
Age group : :
Minutes Minutes
Children 139 181
Adults 145 181
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Table D.3: Adult competitive and noncompetitive male swimmers exposure dose calculations in S16 pool

DBP c c Exposure Non-competitive male Competitive male
" ar Route PDR PDRormalized ADD LADD PDR PDRormalized ADD LADD

pg/L  pg/m® mg/event mg/kg/levent mg/kg/day mg/kg/day mg/event mg/kg/event mg/kg/day mg/kg/day

Oral 1.33E-03 1.70E-05 5.58E-06 2.39E-06  6.63E-04 8.48E-06 5.53E-06 1.74E-06

TCM 53 7950  Dermal 9.15E-03 1.17E-04 3.85E-05 1.65E-05  9.15E-03 1.17E-04 7.64E-05 2.40E-05
Inhalation 7.95 0.1 3.35E-02 1.43E-02 25.44 0.33 0.21 6.68E-02

. Toa 79 01 33502 1ME02 2545 033 021  668E02
Oral 2.50E-05 3.20E-07 1.05E-07 451E-08  1.25E-05 1.60E-07 1.04E-07 3.28E-08

BDCM 1 66.7  Dermal 1.13E-04 1.44E-06 4.74E-07 2.03E-07 1.13E-04 1.44E-06 9.39E-07 2.95E-07
Inhalation 6.67E-02 8.54E-04 2.81E-04 1.20E-04 0.21 2.73E-03 1.78E-03 5.60E-04

_ Tol  668E02  856E04  281E04 121804 021 273803  L78E03  560E04
Oral 1.33E-02 1.70E-04 5.60E-05 2.40E-05  6.65E-03 8.51E-05 5.55E-05 1.74E-05

DCAA 532 0.18 Dermal 1.25E-02 1.60E-04 5.26E-05 2.25E-05  1.25E-02 1.60E-04 1.04E-04 3.28E-05
Inhalation 1.82E-04 2.34E-06 7.68E-07 3.29E-07  5.84E-04 7.48E-06 4.88E-06 1.53E-06

_ Tol 260802 33304 109E-04  469E05 1O7E-02 253E-04  L16SE-04  S5.1BE-05
Oral 3.09E-02 3.96E-04 1.30E-04 5.58E-05  1.55E-02 1.98E-04 1.29E-04 4.06E-05

TCAA 1237 0.68  Dermal 3.48E-02 4.46E-04 1.46E-04 6.28E-05  3.48E-02 4.46E-04 2.91E-04 9.13E-05
Inhalation 6.83E-04 8.74E-06 2.87E-06 1.23E-06  2.19E-03 2.80E-05 1.82E-05 5.73E-06

Cw (concentration in water), C, (calculated concentration in air, PDR (potential dose rate), ADD (average daily dose), LADD
(life average daily dose), TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane), DCAA
(dichloroacetic acid), TCAA (trichloroacetic acid)
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Table D.4: Adult competitive and noncompetitive female swimmers exposure dose calculations in S16 pool

Non-competitive female Competitive female
pep O C Exposure ~ PDR PDRpormaizza  ADD LADD PDR  PDRrormaiizea ~ ADD LADD
pg/L pg/m®  route mg/event mg/kg/levent mg/kg/day mg/kg/day mglevent mg/kglevent mg/kg/day mg/kg/day
Oral 1.33E-03 2.03E-05 6.66E-06 2.85E-06  6.63E-04 1.01E-05 6.61E-06 2.08E-06

TCM 53 7950 Dermal 7.97E-03 1.22E-04 4.01E-05 1.72E-05  7.97E-03 1.22E-04 7.95E-05 2.50E-05

Inhalation  7.95E+00 1.20E-01 4.00E-02 1.71E-02  2.54E+01 3.90E-01 2.50E-01 7.97E-02

Oral 2.50E-05 3.82E-07 1.26E-07 5.39E-08  1.25E-05 1.91E-07 1.25E-07 3.92E-08
1 66.7  Dermal 9.80E-05 1.50E-06 4.93E-07 2.11E-07  9.80E-05 1.50E-06 9.77E-07 3.07E-07
Inhalation  6.67E-02 1.02E-03 3.35E-04 1.44E-04  2.10E-01 3.26E-03 2.13E-03 6.69E-04

Oral 1.33E-02 2.03E-04 6.69E-05 2.87E-05  6.65E-03 1.02E-04 6.63E-05 2.08E-05
532  0.18 Dermal 1.09E-02 1.66E-04 5.47E-05 2.34E-05  1.09E-02 1.66E-04 1.08E-04 3.41E-05
Inhalation  1.82E-04 2.79E-06 9.17E-07 3.93E-07  5.84E-04 8.93E-06 5.82E-06 1.83E-06

DCAA

Oral 3.09E-02 4.73E-04 1.55E-04 6.66E-05  1.55E-02 2.36E-04 1.54E-04 4.85E-05
1237  0.68 Dermal 3.03E-02 4.63E-04 1.52E-04 6.53E-05  3.03E-02 4.63E-04 3.02E-04 9.50E-05
Inhalation  6.83E-04 1.04E-05 3.43E-06 1.47E-06  2.19E-03 3.34E-05 2.18E-05 6.85E-06

TCAA

Cw (concentration in water), C, (calculated concentration in air, PDR (potential dose rate), ADD (average daily dose), LADD
(life average daily dose), TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane), DCAA
(dichloroacetic acid), TCAA (trichloroacetic acid)
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Table D.5: Child (11-14 years) competitive and noncompetitive swimmers exposure dose calculations in S16 pool

Child (11-14 years) non-competitive Child (11-14 years) competitive
DBP Cuw Car Exposure  PDR PDRnormalized ADD LADD PDR  PDRnormalized ADD LADD
pg/L  pg/m® route mg/event mg/kg/event mg/kg/day mg/kg/day mg/event mg/kg/event mg/kg/day mg/kg/day
Oral 2.65E-03 5.50E-05 1.81E-05 1.03E-06  1.33E-03 2.75E-05 1.42E-05 8.14E-07

TCM 53 7950 Dermal 6.70E-03 1.39E-04 457E-05  2.61E-06 6.70E-03 1.39E-04 7.20E-05  4.11E-06
Inhalation 7.95E+00 1.70E-01 5.43E-02  3.10E-03 1.51E+01  3.10E-01 1.60E-01  9.28E-03

1 Oral 5.00E-05 1.04E-06 3.41E-07  1.95E-08 2.50E-05 5.19E-07 2.69E-07 1.54E-08
BDCM 66.7 Dermal 8.24E-05 1.71E-06 5.62E-07  3.21E-08  8.24E-05 1.71E-06 8.85E-07  5.06E-08
Inhalation 6.67E-02 1.38E-03 455E-04  2.60E-05 1.30E-01 2.63E-03 1.36E-03  7.78E-05

Oral 7.98E-02 1.66E-03 3.09E-04  1.76E-05 1.33E-02 2.76E-04 143E-04  8.17E-06
DCAA 532 0.18 Dermal 2.74E-02 5.69E-04 1.06E-04  6.06E-06 9.14E-03 1.90E-04 9.83E-05  5.61E-06
Inhalation 5.47E-04 1.14E-05 2.12E-06 1.21E-07 3.47E-04 7.20E-06 3.73E-06  2.13E-07

Oral 6.19E-02 1.28E-03 4.22E-04  2.41E-05 3.09E-02 6.42E-04 3.32E-04 1.90E-05
TCAA 1237 0.68 Dermal 2.55E-02 5.29E-04 1.74E-04  9.93E-06  2.55E-02 5.29E-04 2.74E-04 1.56E-05
Inhalation 6.83E-04 1.42E-05 4.66E-06  2.66E-07 1.30E-03 2.69E-05 1.39E-05  7.97E-07

Cw (concentration in water), C, (calculated concentration in air, PDR (potential dose rate), ADD (average daily dose), LADD
(life average daily dose), TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane), DCAA
(dichloroacetic acid), TCAA (trichloroacetic acid)
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Table D.6: Adult competitive and noncompetitive male swimmers exposure dose calculations in S17L pool

Non-competitive male Competitive male
DBP G Ciir Exposure
mg/event mg/kg/event mg/kg/day mg/kg/day mg/event mg/kg/event mg/kg/day mg/kg/day
Oral 1.70E-03  2.18E-05 7.16E-06  3.07E-06  8.50E-04 1.09E-05 7.10E-06  2.23E-06

TCM 68 1.02E+04 Dermal 1.17E-02 1.50E-04 494E-05  2.12E-05 1.17E-02 1.50E-04 9.80E-05  3.08E-05
Inhalation 1.02E+01  1.30E-01 4.29E-02 1.84E-02 3.26E+01  4.20E-01 2.70E-01  8.56E-02

Oral 3.25E-04 4.16E-06 1.37E-06  5.86E-07 1.63E-04 2.08E-06 1.36E-06  4.26E-07
BDCM 13 867.1 Dermal 1.46E-03 1.87E-05 6.16E-06  2.64E-06  1.46E-03 1.87E-05 1.22E-05  3.84E-06
Inhalation 8.70E-01 1.11E-02 3.65E-03 156E-03 2.77E+00  3.55E-02 2.32E-02  7.28E-03

Oral 7.50E-05 9.60E-07 3.16E-07 1.35E-07  3.75E-05 4.80E-07 3.13E-07  9.84E-08
DBCM 3 96.3 Dermal 2.27E-04 2.91E-06 9.55E-07  4.09E-07 2.27E-04 2.91E-06 1.90E-06  9.84E-08
Inhalation 9.63E-02 1.23E-03 4.05E-04 1.74E-04  3.10E-01 3.95E-03 2.57E-03  8.09E-04

Oral 1.06E-02 1.36E-04 4.48E-05 192E-05 5.32E-03 6.82E-05 4.45E-05 1.40E-05
DCAA 426 0.15 Dermal 1.00E-02 1.28E-04 4.21E-05 1.80E-05 1.00E-02 1.28E-04 8.35E-05  2.62E-05
Inhalation 1.46E-04 1.87E-06 6.15E-07 2.64E-07 4.68E-04 5.99E-06 3.90E-06 1.23E-06

Oral 3.43E-02 4.40E-04 1.44E-04  6.19E-05 1.72E-02 2.20E-04 1.43E-04  4.50E-05
TCAA 1373 0.76 Dermal 3.86E-02 4.95E-04 163E-04 6.97E-05 3.86E-02 4.95E-04 3.22E-04  1.01E-04
Inhalation 7.58E-04 9.70E-06 3.19E-06 1.37E-06  2.43E-03 3.11E-05 2.02E-05  6.36E-06

Cw (concentration in water), C, (calculated concentration in air, PDR (potential dose rate), ADD (average daily dose), LADD
(life average daily dose), TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane), DCAA
(dichloroacetic acid), TCAA (trichloroacetic acid)

224



Table D.7: Adult competitive and noncompetitive female swimmers exposure dose calculations in S17L pool

Non-competitive female Competitive female

Gy Cair Exposure PDR PDRpormalized ADD LADD PDR PDRnormalized ADD LADD
pg/L  pg/m?® route mg/event mg/kg/event mg/kg/day mg/kg/day mg/event mg/kg/event mg/kg/day mg/kg/day
Oral 1.70E-03  2.60E-05 8.55E-06  3.66E-06 8.50E-04  1.30E-05 8.47E-06  2.66E-06
TCM 68 1.02E+04 Dermal 1.02E-02 1.56E-04 5.14E-05 2.20E-05 1.02E-02 1.56E-04 1.02E-04 3.20E-05
Inhalation 1.02E+01  1.60E-01 5.13E-02  2.20E-02 3.26E+01  5.00E-01 3.30E-01  1.00E-01

DBP

Oral 3.25E-04 4.97E-06 1.63E-06  7.00E-07 1.63E-04 2.48E-06 1.62E-06  5.09E-07
BDCM 13 867.1 Dermal 1.27E-03 1.95E-05 6.41E-06  2.75E-06  1.27E-03 1.95E-05 1.27E-05  3.99E-06
Inhalation 8.70E-01 1.33E-02 436E-03  1.87E-03 2.77E+00  4.24E-02 2.77E-02  8.69E-03

Oral 7.50E-05 1.15E-06 3.77E-07 1.62E-07  3.75E-05 5.73E-07 3.74E-07 1.18E-07
DBCM 3 96.3 Dermal 1.98E-04 3.02E-06 9.94E-07  4.26E-07 1.98E-04 3.02E-06 1.97E-06  6.20E-07
Inhalation 9.63E-02 1.47E-03 4.84E-04  2.07E-04 3.10E-01 4.71E-03 3.07E-03  9.66E-04

Oral 1.06E-02 1.63E-04 5.35E-05  2.29E-05 5.32E-03 8.14E-05 5.31E-05 1.67E-05
DCAA 426 0.15 Dermal 8.71E-03 1.33E-04 4.38E-05 1.88E-05 8.71E-03 1.33E-04 8.69E-05  2.73E-05
Inhalation 1.46E-04 2.23E-06 7.35E-07  3.15E-07 4.68E-04 7.15E-06 4.66E-06 1.47E-06

Oral 3.43E-02 5.25E-04 1.73E-04  7.40E-05 1.72E-02 2.62E-04 1.71E-04  5.38E-05
TCAA 1373 0.76 Dermal 3.36E-02 5.14E-04 169E-04  7.25E-05 3.36E-02 5.14E-04 3.35E-04  1.05E-04
Inhalation 7.58E-04 1.16E-05 3.81E-06 1.63E-06 2.43E-03 3.71E-05 2.42E-05  7.60E-06

Cw (concentration in water), C, (calculated concentration in air, PDR (potential dose rate), ADD (average daily dose), LADD
(life average daily dose), TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane), DCAA
(dichloroacetic acid), TCAA (trichloroacetic acid)
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Table D.8: Children (11-14) competitive and noncompetitive swimmers exposure dose calculations in S17L pool

Child (11-14 years) non-competitive Child (11-14 years) competitive
Gy Copie Exposure PDR PDRormalized ADD LADD PDR PDRormatized ADD LADD
DBP
pg/L  pg/m® route mg/event mg/kg/levent mg/kg/day mg/kg/day mglevent mg/kg/event mg/kg/day mg/kg/day
Oral 3.40E-03 7.06E-05 2.32E-05  1.33E-06 1.70E-03 3.53E-05 1.83E-05  1.04E-06

TCM 68 1.02E+04 Dermal 8.59E-03 1.78E-04 5.87E-05  3.35E-06  8.59E-03 1.78E-04 9.24E-05  5.28E-06
Inhalation 1.02E+01  2.10E-01 6.96E-02  3.98E-03 1.94E+01  4.00E-01 2.10E-01 1.19E-02

Oral 6.50E-04 1.35E-05 4.44E-06  2.54E-07 3.25E-04 6.75E-06 3.49E-06  2.00E-07
BDCM 13 867.1 Dermal 1.07E-03 2.22E-05 7.31E-06  4.18E-07 1.07E-03 2.22E-05 1.15E-05  6.58E-07
Inhalation  8.70E-01 1.80E-02 5.92E-03  3.38E-04 1.65E+00  3.42E-02 1.77E-02 1.01E-03

Oral 1.50E-04 3.11E-06 1.02E-06  5.85E-08  7.50E-05 1.56E-06 8.06E-07  4.61E-08
DBCM 3 96.3 Dermal 1.66E-04 3.45E-06 1.13E-06  6.48E-08 1.66E-04 3.45E-06 1.79E-06  1.02E-07
Inhalation  9.63E-02 2.00E-03 6.57E-04  3.76E-05 1.80E-01 3.80E-03 1.97E-03  1.12E-04

Oral 6.39E-02 1.33E-03 2.47E-04 1.41E-05 1.06E-02 2.21E-04 1.14E-04  6.54E-06
DCAA 426 0.15 Dermal 2.20E-02 4.56E-04 8.49E-05  4.85E-06 7.32E-03 1.52E-04 7.87E-05  4.50E-06
Inhalation  4.38E-04 9.10E-06 1.70E-06  9.69E-08 2.78E-04 5.76E-06 2.98E-06 1.71E-07

Oral 6.87E-02 1.43E-03 4.69E-04  2.68E-05 3.43E-02 7.13E-04 3.69E-04  2.11E-05
TCAA 1373 0.76 Dermal 2.83E-02 5.87E-04 1.93E-04 1.10E-05 2.83E-02 5.87E-04 3.04E-04  1.74E-05
Inhalation  7.58E-04 1.57E-05 5.17E-06  2.96E-07 1.44E-03 2.99E-05 1.55E-05  8.85E-07

Cw (concentration in water), C, (calculated concentration in air, PDR (potential dose rate), ADD (average daily dose), LADD
(life average daily dose), TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane), DCAA
(dichloroacetic acid), TCAA (trichloroacetic acid)
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Table D.9: Adult competitive and noncompetitive male swimmers exposure dose calculations in S17W pool

Non-competitive male Competitive male
Hg/L  pg/m’ route mglevent mg/kglevent mg/kg/day mg/kg/day mglevent mg/kglevent mg/kg/day mg/kg/day
Oral 4.25E-03 5.44E-05 1.79E-05 7.67E-06  2.13E-03 2.72E-05 1.77E-05 5.58E-06

TCM 170 2.55E+04 Dermal 2.94E-02 3.76E-04 1.24E-04  5.30E-05 2.94E-02 3.76E-04 2.45E-04  7.70E-05
Inhalation 2.55E+01  3.30E-01 1.10E-01  4.60E-02 8.16E+01  1.04E+00 6.80E-01  2.10E-01

Oral 2.75E-04 3.52E-06 1.16E-06  4.96E-07 1.38E-04 1.76E-06 1.15E-06  3.61E-07
BDCM 11 733.7 Dermal 1.24E-03 1.58E-05 5.21E-06  2.23E-06  1.24E-03 1.58E-05 1.03E-05  3.25E-06
Inhalation 7.30E-01 9.39E-03 3.09E-03  1.32E-03 2.35E+00  3.01E-02 1.96E-02  6.16E-03

Oral 5.00E-05 6.40E-07 2.10E-07 9.02E-08  2.50E-05 3.20E-07 2.09E-07  6.56E-08
DBCM 2 64.2 Dermal 1.51E-04 1.94E-06 6.37E-07 2.73E-07  1.51E-04 1.94E-06 1.26E-06  3.97E-07
Inhalation 6.42E-02 8.22E-04 2.70E-04 1.16E-04 2.10E-01 2.63E-03 1.72E-03  5.39E-04

Oral 5.08E-02 6.50E-04 2.14E-04  9.16E-05  2.54E-02 3.25E-04 2.12E-04  6.66E-05
DCAA 2030 0.7 Dermal 4.77E-02 6.10E-04 2.01E-04  8.60E-05 4.77E-02 6.10E-04 3.98E-04  6.66E-05
Inhalation 6.96E-04 8.92E-06 2.93E-06 1.26E-06 2.23E-03 2.85E-05 1.86E-05  5.85E-06

Oral 1.10E-01 1.34E-03 4.42E-04 1.89E-04  5.25E-02 6.72E-04 4.38E-04  1.38E-04
TCAA 4201 2.32 Dermal 1.20E-01 1.51E-03 497E-04  2.13E-04 1.20E-01 1.51E-03 9.87E-04  3.10E-04
Inhalation 2.32E-03 2.97E-05 9.76E-06  4.18E-06  7.42E-03 9.50E-05 6.20E-05 1.95E-05

Cw (concentration in water), C, (calculated concentration in air, PDR (potential dose rate), ADD (average daily dose), LADD
(life average daily dose), TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane), DCAA
(dichloroacetic acid), TCAA (trichloroacetic acid)
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Table D.10: Adult competitive and noncompetitive female swimmers exposure dose calculations in S17W pool

Non-competitive female Competitive female
Sy Copie Exposure PDR PDRormalized ADD LADD PDR PDRnormatized ADD LADD

pg/L  pg/m? route mg/event mg/kg/event mg/kg/day mg/kg/day mg/event mg/kg/event mg/kg/day mg/kg/day

Oral 4.25E-03  6.50E-05 2.14E-05  9.16E-06 2.13E-03  3.25E-05 2.12E-05  6.66E-06

TCM 170 2.55E+04 Dermal  2.56E-02 3.91E-04 1.29E-04  551E-05 2.56E-02  3.91E-04 2.55E-04  8.01E-05
Inhalation 2.55E+01  3.90E-01 1.30E-01  5.49E-02 8.16E+01  1.25E+00 8.10E-01  2.60E-01

DBP

Oral 2.75E-04 4.20E-06 1.38E-06  5.92E-07 1.38E-04 2.10E-06 1.37E-06  4.31E-07
BDCM 11 733.7 Dermal  1.08E-03 1.65E-05 5.42E-06  2.32E-06  1.08E-03 1.65E-05 1.08E-05  3.38E-06
Inhalation 7.30E-01 1.12E-02 3.69E-03 1.58E-03 2.35E+00  3.59E-02 2.34E-02  7.36E-03

Oral 5.00E-05 7.65E-07 2.51E-07 1.08E-07  2.50E-05 3.82E-07 2.49E-07  7.83E-08
DBCM 2 64.2 Dermal  1.32E-04 2.02E-06 6.63E-07 2.84E-07 1.32E-04 2.02E-06 1.31E-06  4.13E-07
Inhalation 6.42E-02 9.82E-04 3.23E-04 1.38E-04 2.10E-01 3.14E-03 2.05E-03  6.44E-04

Oral 5.08E-02 7.76E-04 2.55E-04 1.09E-04 2.54E-02 3.88E-04 2.53E-04  7.95E-05
DCAA 2030 0.7 Dermal  4.15E-02 6.35E-04 2.09E-04  8.94E-05 4.15E-02 6.35E-04 4.14E-04  1.30E-04
Inhalation 6.96E-04 1.06E-05 3.50E-06 1.50E-06  2.23E-03 3.41E-05 2.22E-05  6.98E-06

Oral 1.10E-01 1.61E-03 5.28E-04  2.26E-04  5.25E-02 8.03E-04 5.24E-04  1.65E-04
TCAA 4201 2.32 Dermal  1.00E-01 1.57E-03 5.18E-04  2.22E-04 1.00E-01 1.57E-03 1.03E-03  3.23E-04
Inhalation 2.32E-03 3.55E-05 1.17E-05  5.00E-06  7.42E-03 1.13E-04 7.40E-05  2.33E-05

Cw (concentration in water), C, (calculated concentration in air, PDR (potential dose rate), ADD (average daily dose), LADD
(life average daily dose), TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane), DCAA
(dichloroacetic acid), TCAA (trichloroacetic acid)
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Table D.11: Children (11-14) competitive and noncompetitive swimmers exposure dose calculations in S17W pool

Child (11-14 years) non-competitive Child (11-14 years) competitive
DBR Gy Gty Exposure PDR PDRpormalized ADD LADD PDR PDRnormalized ADD LADD
pg/L  pg/m?® route mg/event mg/kg/event mg/kg/day mg/kg/day mg/event mg/kg/event mg/kg/day mg/kg/day
Oral 8.50E-03  1.76E-04 5.80E-05  3.32E-06 4.25E-03  8.82E-05 457E-05  2.61E-06

TCM 170 2.55E+04 Dermal 2.15E-02 4.46E-04 1.47E-04  8.38E-06  2.15E-02 4.46E-04 2.31E-04  1.32E-05
Inhalation 2.55E+01  5.30E-01 1.70E-01 9.95E-03 4.85E+01  1.01E+00 5.20E-01  2.98E-02

Oral 5.50E-04 1.14E-05 3.75E-06  2.15E-07 2.75E-04 5.71E-06 2.96E-06  1.69E-07
BDCM 11 733.7 Dermal 9.06E-04 1.88E-05 6.18E-06  3.53E-07 9.06E-04 1.88E-05 9.74E-06  5.56E-07
Inhalation 7.30E-01 1.52E-02 5.01E-03  2.86E-04 1.39E+00  2.89E-02 1.50E-02  8.56E-04

Oral 1.00E-04 2.08E-06 6.83E-07  3.90E-08  5.00E-05 1.04E-06 5.37E-07  3.07E-08
DBCM 2 64.2 Dermal 1.11E-04 2.30E-06 7.56E-07  4.32E-08 1.11E-04 2.30E-06 1.19E-06  6.80E-08
Inhalation 6.42E-02 1.33E-03 4.38E-04  2.50E-05 1.20E-01 2.53E-03 1.31E-03  7.49E-05

Oral 3.00E-01 6.32E-03 1.18E-03  6.73E-05 5.08E-02 1.05E-03 5.46E-04  3.12E-05
DCAA 2030 0.7 Dermal 1.00E-01 2.17E-03 4.05E-04  2.31E-05 3.49E-02 7.24E-04 3.75E-04  2.14E-05
Inhalation 2.09E-03 4.34E-05 8.08E-06  4.62E-07 1.32E-03 2.75E-05 1.42E-05  8.13E-07

Oral 2.10E-01 4.36E-03 143E-03  8.19E-05 1.10E-01 2.18E-03 1.13E-03  6.45E-05
TCAA 4201 2.32 Dermal 8.65E-02 1.80E-03 5.90E-04  3.37E-05 8.65E-02 1.80E-03 9.30E-04  5.31E-05
Inhalation 2.32E-03 4.81E-05 1.58E-05  9.04E-07 4.41E-03 9.15E-05 4.74E-05  2.71E-06

Cw (concentration in water), C, (calculated concentration in air, PDR (potential dose rate), ADD (average daily dose), LADD
(life average daily dose), TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane), DCAA
(dichloroacetic acid), TCAA (trichloroacetic acid)
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Table D.12: Lifeguard male and female exposure dose calculations in S16 pool

Male lifeguard Female lifeguard
DBP Cu  Car Exposure ~ PDR  PDRuomaiza  ADD LADD PDR  PDRuomaiza  ADD LADD
pg/L pg/m®  route mg/event mg/kg/event mg/kg/day mg/kg/day mglevent mg/kg/event mg/kg/day mg/kg/day
Oral
TCM 53 7950  Dermal
Inhalation  2,39E+01 3.10E-01  1.10E-01  1.55E-02 2.39E+01 3.60E-01  1.30E-01  1.86E-02
. Tol  239E+01  310E01 110E01 155E-02 239E+0L  360E-01  L130E-0L  L8GE-02
Oral
BDCM 1 66.7 Dermal
Inhalation  2,00E-01 2.56E-03  9.13E-04  1.30E-04  2.00E-01 3.06E-03  1.09E-03  1.56E-04
.~ Tol 20001  256E03 OI3E-04 130E-04 200E0L  306E-03 L1O9E-03  LSGE-04
Oral
DCAA " 53 018  Dermal
Inhalation  547E-04 7.01E-06  250E-06  3.57E-07 5.47E-04 8.37E-06  2.98E-06  4.26E-07
_ Toml 547604  701E06 250E-06 357E-07 547E-04  B37E-06  298E-06  AJGE-07
Oral
TCAA 1937 068 Dermal
Inhalation  8.81E-04 1.13E-05  4.02E-06  5.74E-07 8.81E-04 1.35E-05  4.80E-06  6.85E-07

Cw (concentration in water), C, (calculated concentration in air, PDR (potential dose rate), ADD (average daily dose), LADD
(life average daily dose), TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane), DCAA
(dichloroacetic acid), TCAA (trichloroacetic acid)
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Table D.13: Lifeguard male and female exposure dose calculations in S17L pool

Male lifeguard Female lifeguard
DBP G Ciir Exposure
mg/event mg/kg/event mg/kg/day mg/kg/day mg/event mg/kg/event mg/kg/day mg/kg/day
Oral
TCM 68 1.02E+04 Dermal
Inhalation  3.06E+01 3.90E-01 1.40E-01 1.99E-02  3.06E+01 4.70E-01 1.70E-01 2.38E-02
Oral
BDCM 13 867.1 Dermal
Inhalation  2.60E+00 3.33E-02 1.19E-02 1.69E-03 2.60E+00 3.98E-02 1.42E-02 2.02E-03
Oral
DBCM 3 96.3 Dermal
Inhalation 2.90E-01 3.70E-03 1.32E-03 1.88E-04 2.90E-01 4.42E-03 1.57E-03 2.25E-04
Oral
DCAA 426 0.15 Dermal
Inhalation 4.38E-04 5.61E-06 2.00E-06 2.86E-07 4.38E-04 6.70E-06 2.39E-06 3.41E-07
Oral
TCAA 1373 0.76 Dermal
Inhalation 2.27E-03 2.91E-05 1.04E-05 1.48E-06 2.27E-03 3.48E-05 1.24E-05 1.77E-06

Cw (concentration in water), C, (calculated concentration in air, PDR (potential dose rate), ADD (average daily dose), LADD
(life average daily dose), TCM (chloroform), BDCM (bromdichloromethane), DBCM (dibromochloromethane), DCAA
(dichloroacetic acid), TCAA (trichloroacetic acid)
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