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ABSTRACT
In this paper we report the ﬁndings of a European survey of regulated and emerging disinfection byproducts (DBPs) in drinking waters in selected regions that were part of epidemiology studies. The
levels of DBPs found reﬂected the diverse regions from which the samples were collected, the
different treatment/disinfection processes and the different source waters. In addition to a wide
range of concentrations of DBPs (e.g. median trihalomethanes (THMs) of 8–85 μg L–1), bromine
incorporation was quite diverse (e.g. some waters were highly dominated by bromine-containing
DBPs, whereas others only had chlorine-containing species). Bromine incorporation was highest in
the haloacetonitriles (HANs) and was lowest in the trihalogenated haloacetic acids (THAAs). In
addition, the ratios of THMs to HAAs, THMs to HANs, and THAAs to dihalogenated HAAs varied.
Exposure assessment based on THMs alone was not sufﬁcient for indicating the presence of
emerging DBPs of health concern. Occurrence studies must include a more diverse group of analytes
to better understand exposure to DBPs of health concern.
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Department of Environmental Sciences,
Vytautas Magnus University, Kaunas,
Lithuania

doi: 10.2166/aqua.2013.017

Downloaded from https://iwaponline.com/aqua/article-pdf/63/5/379/400905/379.pdf
by guest

380

E. H. Goslan et al.

|

Disinfection by-product occurrence in selected European waters

Journal of Water Supply: Research and Technology—AQUA

|

63.5

|

2014

of DBPs identiﬁed (Jeong et al. ). However, analysis of

INTRODUCTION

the results of the HIWATE project have shown that total
To date there has been considerable research and testing

and speciﬁc THMs and HAAs have limited value as predic-

carried out to address the occurrence of a wide range of dis-

tors of other DBPs when using principal component

infection by-products (DBPs) of health concern in North

analysis (Villanueva et al. ).

America (Krasner et al. , ; Health Canada ; Wil-

In this paper, the ﬁndings from a survey of 21 DBPs

liams et al. ; McGuire et al. ). A few studies have

from selected cities or regions in ﬁve different European

looked at such DBPs in Europe (Kampioti & Stephanou

countries are reported. The DBPs measured were four

; Goslan et al. ; Bougeard et al. ). We know

THMs, nine HAAs, four HANs, two haloketones (HKs),

from these studies that a complex mixture of compounds

chloral hydrate (CH) (trichloroacetaldehyde), and chloropi-

is formed when disinfectants react with natural organic

crin (CP) (trichloronitromethane). The study sites were

matter, bromide, and iodide, of which the trihalomethanes

selected by the HIWATE project team to accompany epide-

(THMs) and haloacetic acids (HAAs) are the most prevalent

miology studies and to provide exposure data on DBPs. For

species. Epidemiologists have reported a number of health

example, Bradford (UK) was selected for study because its

concerns associated with exposure to DBPs in drinking

infant mortality rate was among the highest in the country

water, for example, bladder cancer (Villanueva et al. )

(Born in Bradford ). This paper provides a snapshot of

and some adverse reproductive health outcomes (Nieuwen-

occurrence in selected locations during a single sampling

huijsen et al. ). Toxicological research has shown that

event and the presentation of occurrence data in this

certain bromine- and iodine-containing DBPs are more cyto-

paper is part of a larger effort to develop exposure assess-

toxic

chlorine-containing

ment information on a range of DBPs of regulatory and

analogues (Plewa & Wagner ). Similarly, nitrogenous

health concern. One key objective of this paper was to exam-

DBPs, such as halonitromethanes and haloacetonitriles

ine how the speciation of THMs may be useful as a surrogate

(HANs), have greater cytotoxicity and genotoxicity than

for exposure to other bromine-containing DBPs of health

the regulated THMs or HAAs (Plewa et al. ; Muellner

concern.

and

genotoxic

than

their

et al. ; Plewa & Wagner ). However, most DBP
occurrence studies have focused on THMs and HAAs.
Recently, the European Union (EU) funded a major

MATERIALS AND METHODS

research initiative (Health Impacts of Long-term Exposure
to DBPs in Drinking Water (HIWATE)) to address some

Sample collection and shipping

of the questions associated with DBPs and health concerns.
The work carried out here contributed to the HIWATE pro-

Samples were collected from one region each in four partner

ject and provided additional information on the formation

countries (UK, France, Greece, and Lithuania) and in four

of THMs and HAAs, as well as that of emerging DBPs

separate regions of Spain. Samples were collected at various

that were part of the Information Collection Rule (ICR)

points throughout the distribution systems. Samples were

study in the USA (McGuire et al. ). The overall aim of

collected in March 2010 (Rennes, France; Kaunas, Lithua-

the HIWATE project was to investigate potential human

nia; Bradford, UK; Barcelona and the Urretza/Azpeita/

health risks (e.g. premature births, small for gestational

Beasain area of the Basque Country, Spain), May 2010

age, semen quality, stillbirth, congenital anomalies) associ-

(the Heraklion region of Crete, Greece; Avilés region in

ated with exposure to low levels of disinfectants (such as

Asturias, Spain) and June 2010 (Valencia, Spain).

chlorine) and DBPs occurring in water for human consump-

During sample collection, temperature, free chlorine

tion and also used in the food industry (Nieuwenhuijsen

residual, and pH were measured where possible. Sample

et al. ). Indeed, drinking waters from this study were

vials contained a quenching agent and preservative in

shown to exhibit greater cytotoxicity with greater numbers

accordance with US Environmental Protection Agency
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(USEPA) Methods 551.1 and 552.3 (USEPA , ).

number of halogens for comparison. For example, a BIF of

This was sodium sulphite for THMs and CH, and

0 for the DHAAs corresponds to only DCAA being present,

ammonium chloride for HAAs, HANs, HKs, and CP. With

a BIF of 1 corresponds to only DBAA present and a BIF of

the exception of the HAA samples, a buffer was used to

0.5 means that the ‘average’ species was BCAA.

lower the sample pH to 4.8–5.5 to inhibit base-catalysed
degradation of the HANs, HKs and CH and to standardise

For THMs, the normalised BIF can be calculated by
Equation (1) (Gould et al. ; Symons et al. ):

the pH of all of the samples. Samples were either stored
overnight in a refrigerator and shipped the following day
or shipped immediately with ice packs by 24- or 48-h courier


BIF ðTHMsÞ ¼


1 × [BDCM] þ 2 × [DBCM] þ 3 × [TBM]
÷3
[TCM] þ [BDCM] þ [DBCM] þ [TBM]
(1)

service. The temperature on arrival was noted. All samples
were analysed within 1 week of collection.
where the THM concentrations are on a molar basis.

For HAAs, separate BIF values were calculated for the

DBP analysis

trihalogenated species (THAAs) (similar to the THMs) and
THM4 (trichloro- [TCM], bromodichloro- [BDCM], dibromo-

the dihalogenated HAAs (DHAAs) (Krasner et al. ).

chloro- [DBCM], and tribromomethane [TBM]), HAN4

The normalised BIF for DHAAs can be calculated as

(bromochloro- [BCAN], dibromo- [DBAN], dichloro- [DCAN],

shown (Equation (2)):

and trichloroacetonitrile [TCAN]), HK2 (1,1-dichloro- [1,1DCP] and 1,1,1-trichloropropanone [1,1,1-TCP]), CH, and CP


BIF ðDHAAsÞ ¼

were extracted using a modiﬁed form of USEPA Method


1 × [BCAA] þ 2 × [DBAA]
÷2
[DCAA] þ [BCAA] þ [DBAA]

(2)

551.1 (USEPA ). This method involved salted liquid/liquid
extraction with solvent extracts analysed by gas chromatography (GC) (Agilent 6890, Santa Clara, CA, USA) with

Similarly, the BIF for dihaloacetonitriles (DHANs) was
also calculated.

micro electron capture detection (μECD). HAA9 (monochloro[MCAA], monobromo-, dichloro- [DCAA], trichloro- [TCAA],
bromochloro- [BCAA], dibromo- [DBAA], bromodichloro-

RESULTS AND DISCUSSION

[BDCAA], dibromochloro- [DBCAA], and tribromoacetic acid
[TBAA]) were analysed using a modiﬁed form of USEPA

The sites in Crete and Kaunas were groundwaters, whilst

Method 552.3 (USEPA ; Tung et al. ). The samples

the other sites treated surface waters or a mixture of

were extracted and derivatised and the derivatised HAAs

water types. Five of the regions were sampled when the

(methyl esters) were measured using GC-μECD (Agilent

water was cold and three when the water was warm.

6890). All samples were analysed in duplicate. The limit of

Water quality data and information on the water treatment

–1

quantiﬁcation (LOQ) for each DBP was 1 μg L , with the
–1

exception of MCAA (LOQ 2 μg L ).

processes are presented in Table 1. The THM and HAA
results – segmented by cold or warm water – are presented

All analytes were quantiﬁed using a ZB1-MS column

in Figures 1(a) and 2(b) and results for the other DBPs are

(Phenomenex UK Ltd, Cheshire, UK, equivalent to DB1)

presented in Tables 2(a) and (b). Molar ratios are presented

and at least 50% of the samples were also run using a

in Table 3.

ZB5-MS column (Phenomenex UK Ltd, equivalent to
DB5) for conﬁrmation.

THMs and HAAs

Bromine incorporation factor (BIF)

As expected, THM formation was lowest in the groundwater sites (Crete median 10 μg L–1; Kaunus median

The BIF describes the molar contribution of all brominated

8 μg L–1). The Kaunus site had historical low chlorine

species. All BIF values were normalised by dividing by the

doses (<1.0 mg L–1) and residuals (0.3 mg L–1) which
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Summary of treatment and disinfection processes at the water works

Water works

Source

Treatment

Disinfectant

Asturias (Spain)

Surface water

Filtration

Chlorine

Barcelona (Spain)

Surface water

Permanganate oxidation, coagulation,
sedimentation, chlorine dioxide oxidation,
ﬁltration, GAC

Chlorine

Basque Country
(Spain)

Surface water
Groundwater

Coagulation, sedimentation, ﬁltration
Filtration

Ozone and chlorine
Chlorine

Valencia (Spain)

Surface water (97%) and groundwater
Groundwater

Coagulation, sedimentation, ﬁltration
No treatment

Ozone and chlorine
Chlorine

Bradford (UK)

Upland surface

Coagulation, sedimentation, ﬁltration

Chlorine

Rennes (France)

4% artiﬁcially recharged groundwater
and 96% surface water

Coagulation, sedimentation, ﬁltration (granular
media), GAC

Ozone and chlorine

KAU1

Groundwater

Filtration

Chlorine

KAU2

Groundwater

No treatment

Chlorine

KAU3

Groundwater

No treatment

Chlorine

KAU4

Groundwater

No treatment

Chlorine

Heraklion (Greece)

Groundwater

No treatment

Chlorine

Kaunus (Lithuania)

GAC – granular activated carbon.

Table 1b

|

Characteristics of water quality of raw water and drinking water (median values) in the studied regions

Raw water
Water works

Treated water

TOC (mg/L)

Br (mg/L)

TOC (mg/L)

pH

Br (mg/L)

Residual chlorine (mg/L)

Asturias

na

na

1.8

7.9

<LOQ

0.7

Barcelona

>5.0

0.50–1.20

1.9

na

0.16

na

Basque Country

1.6

na

1.2

7.9

<LOQ

0.6

Valencia

surface <0.1
ground na

na
na

na
na

7.4
7.3

0.05
na

0.5
0.1

na

na

1.4

7.6

<LOQ

0.3

1.7

na

1.8

7.7

0.04

0.1

KAU1

3.1

na

na

7.6

0.05

0.2

KAU2

3.1

na

na

7.4

0.05

0.0

KAU3

3.1

na

na

7.4

0.05

0.0

KAU4

3.1

na

na

7.4

0.05

0.0

na

na

0.5

7.6

na

<0.1

Spain

United Kingdom
Bradford
France
Rennes
Lithuania
Kaunus

Greece
Heraklion (Crete)

na: data not available. Where median values are not available, a range has been given.
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W

(a) Occurrence of THMs in regions sampled when the water was cold, where median temperature ( C) and number of samples collected [N] for each region provided. The bottom
and top of the box show the 25th and 75th percentile values, respectively, and the top and bottom of the whiskers show the maximum and minimum values, respectively. Small
squares inside the boxes show the median values. (b) Occurrence of THMs in regions sampled when the water was warm.

Downloaded from https://iwaponline.com/aqua/article-pdf/63/5/379/400905/379.pdf
by guest

384

Figure 2

E. H. Goslan et al.

|

|

Disinfection by-product occurrence in selected European waters

Journal of Water Supply: Research and Technology—AQUA

W

|

63.5

|

(a) Occurrence of HAAs in regions sampled when the water was cold, where median temperature ( C) and number of samples collected [N] for each region provided.
(b) Occurrence of HAAs in regions sampled when the water was warm.
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Concentration and speciation of DHANs (μg L–1), with number of samples (N ) indicated

Location

DCAN
Range

Median

BCAN
Range

Median

DBAN
Range

Median

Barcelona [24]

Nd–2.9

Nd

Nd–3.0

1.6

Nd–8.0

4.5

Basque [8]

Nd–1.6

0.8

Nd

Nd

Nd

Nd

Bradford [8]

1.2–1.9

1.6

Nd

Nd

Nd

Nd

Kaunas [8]

Nd

Nd

Nd

Nd

Nd

Nd

Rennes [6]

Nd

Nd

Nd

Nd

Nd–1.3

1.1

Asturias [8]

1.3–4.4

2.7

Nd–1.0

Nd

Nd

Nd

Crete [7]

Nd

Nd

Nd

Nd

Nd–1.2

Nd

Valencia [8]

Nd

Nd

Nd–2.1

1.4

Nd–3.6

2.5

Nd – not detected.

Table 2b

|

Concentration of HKs, CP, and CH (μg L–1)

1,1-DCP

1,1,1-TCP

CP

CH

Location

Range

Med.

Range

Med.

Range

Med.

Range

Med.

Barcelona [24]

Nd

Nd

Nd–2.2

Nd

Nd–1.3

Nd

Nd–12.1

Nd

Basque [8]

Nd

Nd

Nd–1.6

1.1

Nd

Nd

Nd–4.1

2.0

Bradford [8]

Nd

Nd

1.4–2.5

1.9

Nd

Nd

1.1–2.5

1.6

Kaunas [8]

Nd

Nd

Nd

Nd

Nd

Nd

Nd

Nd

Rennes [6]

Nd

Nd

Nd

Nd

Nd

Nd

Nd–1.6

0.5

Asturias [8]

Nd–2.7

Nd

Nd–4.2

2.5

Nd–3.8

Nd

5.1–23.2

15.3

Crete [7]

Nd–1.8

Nd

Nd

Nd

Nd

Nd

Nd

Nd

Valencia [8]

Nd

Nd

Nd

Nd

Nd

Nd

Nd–3.3

0.5

Table 3

|

would also impact DBP levels. TBM was the predominant
Molar ratios of THMs:HAAs, THMs:HANs, and THAAs:DHAAs

THM in the waters from Crete comprising 82–100% of the

Ratio of
THMs:HAAs

Ratio of
TBM:DBAN

Ratio of
TCM:DCAN

Ratio of
THAAs:DHAAs

THMs formed (no TCM was detected), whereas TCM was
the predominant species found in the waters from Kaunas.

(range

(range

(range

(range

Location

[median])

[median])

[median])

[median])

In a previous study (Kampioti & Stephanou ), it was

Barcelona

0.5–3.5 [1.5]

Nc2

8,9b

0.2–0.4 [0.3]

reported that bromide concentrations were higher in raw

Basque

1.5–3.6 [2.0]

6–12 [7]

13–19 [17]

0.1–0.9 [0.5]

waters of certain coastal cities in Greece. The highest

Bradford

1.6–3.0 [2.0]

Nc2

9–19 [11]

0.4–0.8 [0.6]

concentrations of THMs were in Barcelona (median

1

2

2

3

85 μg L–1), Valencia (median ∼50 μg L–1) and Asturias

Kaunas

Nc

Nc

Nc

Nc

Rennes

1.1–4.4 [2.8]

5–6 [6]

Nc2

0.1–0.8 [0.6]

(median 45 μg L–1). Some of the Barcelona sites were

Asturias

0.5–2.4 [0.9]

Nc2

6–32 [10]

0.7–3.2 [0.8]

high in bromine-containing THMs. One of the rivers

Crete

1.8–11.6 [3.0]a

10,13b

Nc2

0.3, 0.4b

(Llobregat) used as a source of drinking water in

5–8 [6]

2

0.7–0.9 [0.9]

Barcelona has been shown to be high in bromide

The ratio was only calculated for two samples in this region and both values are listed.

Valencia

a

2.0–4.9 [3.3]

Nc

a

Does not include one sample where HAAs were not detected.

(0.5–1.2 mg L–1) (GE Power & Water ). TBM was

b

the predominant species in the waters from Valencia,

Nc1 – Not calculable, as HAAs were only detected in one sample at 1 μg L1.
Nc2 – Not calculable, as DBAN or DCAN were not detected.

whereas TCM was the predominant species in the

Nc3 – Not calculable, as no THAAs were detected.

waters from Asturias. In some of the surface water sites,
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the presence of bromide impacted both the THM specia-

high THM formation dominated by bromine-containing

tion and the class sum on a weight basis, as TBM

species, had little CH (median 0.5 μg L–1). Alternatively,

weighs approximately twice that of TCM.

there was more CH occurrence in the Basque Country

Again, the concentration of HAAs was very low in the
–1

and Bradford (medians 2.0 and 1.6 μg L–1, respectively)

two groundwater sites (Crete median 2 μg L ; Kaunus

which were dominated by chlorine-containing THMs and

median not detected [Nd]). In keeping with the THM data,

HAAs.

only brominated species were detected in the waters from

DHANs were detected in most of the waters studied. In

Crete and DCAA was the only HAA detected at Kaunus

other research, the concentration of THMs was typically

and only in one sample. As with the THMs, the highest con-

around ten times higher than that of the DHANs (Oliver

–1

centrations of HAAs were in Barcelona (median ∼35 μg L ),

). In this study, we examined the molar ratio of TCM

Valencia (median 22 μg L–1), and Asturias (median 55 μg L–1).

to DCAN and that of TBM to DBAN (Table 3) to see

Chlorine- and bromine-containing HAAs were formed in

how the ratio of these two classes compared, with a focus

Barcelona and Valencia, whereas DCAA and TCAA were

on the fully chlorine-containing or the fully bromine-

the dominant species in Asturias.

containing species. DBAN was the only HAN detected in

The molar ratio of THMs to HAAs was highest in waters

waters from Crete and only in two of seven samples with

from Valencia (median 3.3), Crete (median 3.0) and Rennes

TBM to DBAN molar ratios of 10 and 13. In Rennes,

(median 2.8) and was lowest in waters from Asturias

BDCM was the predominant THM species, whereas

(median 0.9). This may have been related to the type of natural

DBAN was the only HAN detected. Thus, there was

organic matter present, the way in which the water was treated

more bromine incorporation into the DHANs than the

and/or it may have been indirectly related to the presence of

THMs in this region, which is discussed further below. In

bromide. For example, the bromine-containing analogues of

Bradford, which was dominated by chlorine-containing

TCAA are not that stable (Pourmoghaddas & Dressman

THMs and HAAs, DCAN was the only HAN detected.

), so they may have formed and then degraded, resulting

The median molar ratio of TCM to DCAN in this region

in a higher THM:HAA ratio. Note, chlorine- and bromine-

was 11. In regions in Spain dominated by chlorine-contain-

containing THMs and HAAs also formed in waters from

ing THMs and HAAs, DCAN was the predominant DHAN.

Rennes.

The median TCM:DCAN ratios in Asturias and the Basque

The molar ratio of THAAs to DHAAs was also exam-

Country were 10 and 8, respectively. In regions in Spain

ined. In general, there were fewer THAAs present than

dominated by bromine-containing THMs and HAAs,

DHAAs. THAAs are more associated with waters high in

DBAN was the predominant DHAN (maximum of 8 μg

humic substances (Reckhow et al. ; Bond et al. ).

L–1 in Barcelona). The median TBM:DBAN ratios in Barce-

Also, coagulation and ozonation are better at removing

lona and Valencia were 7 and 6, respectively. In general,

TCAA precursors than DCAA precursors (Reckhow &

the ratio of TBM:DBAN was not as high as that of TCM:

Singer ). Additionally, this ratio can be lower if

DCAN. This may have been due (in part) to a higher

bromine-containing THAAs form and then degrade.

degree of bromine incorporation into HANs than into

Other DBPs

Singer ().

The highest occurrence of CH was in Asturias (median

DBPs (1,1,-DCP, 1,1,1-TCP, and CP) were found in Asturias,

15 μg L–1). Although Barcelona had a maximum concen-

where THMs and HAAs were dominated by chlorine-

tration of CH of 12 μg L–1, the median level in that region

containing species. Other regions dominated by chlorine-

was Nd. Because of the high level of bromide in this

containing THMs and HAAs (Bradford and the Basque

region, bromine-containing analogues of CH were probably

Country) also had some 1,1,1-TCP formation. In regions in

formed. However, those species were not included in

this study dominated by bromine-containing THMs and

USEPA Method 551.1. Likewise Valencia, which had

HAAs, it is likely that bromine-containing HKs and

THMs, consistent with the ﬁndings of Obolensky &
The highest concentrations of other chlorine-containing
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Normalised BIFs (range, [median])

Location

THM BIF (range [median])

THAA BIF (range [median])

DHAA BIF (range [median])

Barcelona

0.07–0.84 [0.61]

0.15–0.56 [0.43]

0.17–1.00 [0.60]

Basque

0.19–0.33 [0.28]

0.00–0.17 [0.05]

0.11–0.26 [0.21]

Bradford

0.08–0.11 [0.08]

Nc1

0.00–0.14 [0.07]

Kaunas

0.07–1.00 [0.63]

2

Nc

Nc2

Rennes

0.38–0.62 [0.52]

0.18–0.67 [0.37]

0.43–0.52 [0.48]

Asturias

0.05–0.21 [0.05]

0.02–0.08 [0.02]

0.03–0.18 [0.03]

Crete

0.89–1.00 [0.96]

0.00–1.00 [0.00]

0.00–1.00 [1.00]

Valencia

0.52–0.63 [0.54]

0.31–0.37 [0.32]

0.46–1.00 [0.59]

1

Nc – not calculable as no brominated species were detected.
Nc2 – not calculable as no HAAs were detected.

halonitromethanes formed, which were not included in

higher range (0.03–1.00) than the THAA BIF median

USEPA Method 551.1.

values and were similar to the THM BIF median values,
perhaps due to their greater stability than the THAAs. In

Bromine incorporation factor

surface or groundwaters with high levels of bromide (e.g.
Barcelona, Crete), median BIFs for THMs and DHAAs

In epidemiology studies, ﬁnding an association between

were high (0.6–1.0), whereas in waters dominated by chlor-

brominated DBP species (e.g. THMs and/or HAAs) and a

ine-containing DBPs (e.g. Bradford, Asturias), median BIFs

particular adverse health effect may be due to the presence

for these two classes of DBPs were low (0.03–0.08). Thus

of other brominated DBPs of higher health concern (e.g.

computation of BIF median values provides a good sum-

HANs, halonitromethanes, haloacetaldehydes). This is of

mary of bromine incorporation.

particular importance, as the brominated analogues of

In the same way as Obolensky & Singer (), scatter-

many DBPs (e.g. CP, CH) are not measured in most occur-

plots were constructed with all available results to

rence studies. Moreover, in cases where the brominated

investigate the six possible pairwise associations between

analogues are not determined, it may be possible to esti-

the bromine fractions (normalised BIFs) measured for the

mate the occurrence of the missing DBPs based on the

four DBP classes (Figure 3). Dashed diagonal lines are pro-

BIF. Here the BIFs have been normalised (Table 4). Nor-

vided as reference points only for equivalence between

malised BIFs range from 0 to 1. For THMs a value of 1

bromine fractions for each class pair. The number of obser-

indicates that only TBM is present and a value of 0 indi-

vations (N) and Spearman’s Rank correlation coefﬁcient

cates that only TCM is present. The THM BIF medians

(S) are indicated on each plot. Correlation coefﬁcients (S)

for each region ranged from 0.05 to 0.96, reﬂecting the

ranged from 0.298 to 0.936. The DHAN class had the

diverse nature of the samples where brominated THMs

lowest correlations (0.298–0.462) with the THMs and

can often be the dominant species. The THAA median

HAAs. None of the DHAN correlations was statistically

values ranged from 0 to 0.43, indicating that there was

signiﬁcant (p > 0.0001). However, most importantly was

less bromine incorporation into THAAs than THMs. A

that the bromine fractions were substantially higher for

similar observation was made by Krasner et al. (),

the DHANs than that of the THMs or HAAs, indicating

who attributed the phenomenon to the presence of the car-

that bromine incorporation was consistently higher in the

boxylic group in the THAAs causing steric interference in

DHANs. With a much larger dataset of N > 1000 (Obo-

the incorporation of bromine atoms. They also suggested

lensky & Singer , data from ICR), it was found that

that the brominated THAAs formed may have degraded

DHANs also had higher bromine incorporation than the

to some extent. The DHAA BIF median values spanned a

other classes. The strongest correlation was observed for
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Scatterplot array of bromine fraction in four DBP classes showing all data (number of observations [N] and Spearman’s Rank correlation coefﬁcient [S]). Dashed line indicates y ¼
x for reference (adapted from Obolensky & Singer 2005).

the class pair THMs/DHAAs, with an S of 0.936. More-

this may also be associated with bromine-containing

over, the data were (in general) clustered about the

HAAs and, in particular, bromine-containing DBPs of

diagonal line. Thus, bromine incorporation into either

health concern (e.g. DHANs).

class of DBPs was essentially the same. The THAA class
also had strong correlations with the THMs and DHAAs
(S ¼ 0.816–0.836). The THM and HAA correlations were

CONCLUSIONS

statistically signiﬁcant (p < 0.0001). However, the data for
this comparison were below the dashed lines, indicating

The levels of DBPs formed in the European waters studied

that bromine incorporation was consistently lower in the

was varied, which reﬂected the diverse regions from which

THAAs than in the THMs or DHAAs. Thus, in an epide-

the samples were collected, the different treatment/disin-

miology study in which there is an association between

fection processes, and the different source waters. Levels

bromine-containing THMs and an adverse health effect,

of THMs were highest in Barcelona (Spain) and HAAs
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were highest in Asturias (Spain). These regions also formed

by the Research Directorate-Biotechnology, Agriculture and

the greatest levels of DCAN (Asturias); BCAN and DBAN

Food Research Unit (Contract no. Food-CT-2006-036224).

(Barcelona); 1,1-DCP, 1,1,1-TCP, CP, and CH (Asturias).

The HIWATE consortium consisted of more participants

Barcelona had the highest levels of bromine-containing

than the current author list and we would like to thank

THMs, HAAs, and HANs, which may pose a greater risk

them for their input. We would also like to acknowledge

to health than their chlorinated analogues. Although

the contribution of colleagues who have supported the

fewer THMs and HAAs were formed in Crete (Greece) or

sample collection and dispatch, including Susan Edwards,

Rennes (France), the DBPs formed were dominated by bro-

Rachel Smith, Nina Iszatt, Asta Danileviciute, Sophia

mine-containing or bromochloro species. So it is not just

Kargaki, Christine Monfort, and Vicky Patelarou. We are

the total amount of DBPs formed that is an issue, but the

also very grateful to Howard S. Weinberg for his helpful

formation of the more toxic species that must be

advice regarding the DBP analyses.

considered.
This study showed that there was some variability in the
ratio of THMs:HAAs, THMs:HANs, and THAAs:DHAAs,
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