
 

 
 

  i

 

 

 

 
 

  

Evaluation of Haloacetic 
Acids Concentrations in 
Treated Drinking Waters  



 
 

  

 

 

 

 

 

 

FINAL REPORT 

 



 

 
 

  iii

  



 
 

  

Evaluation of Haloacetic acids (HAA) 
concentrations in treated drinking waters  

 

 

 

 

Project No.: WT1236 

Client: Defra Drinking Water Inspectorate 

Client Manager: Dr Peter Marsden 

 

 

Prepared by: 

 

Simon A. Parsons and Emma H. Goslan 

Cranfield Water Science Institute 

Cranfield University, Cranfield, Bedfordshire, MK43 0AL 

 

 

 

 

 

 

 

 



 

 
 

  v



 
 

  

Disclamer 

 

The research was funded by the Department for Environment, Food and Rural 
Affairs (Defra) under Project WT1236. The views expressed here are those of 
the authors and not necessarily those of the Department. 

The contents of this document are subject to copyright and all rights are 
reserved. No part of this document may be reproduced, stored in a retrieval 
system or transmitted, in any form or by any means electronic, mechanical, 
photocopying, recording or otherwise, without the prior written consent of the 
copyright owner. 

 



 

 
 

  vii

Table of Contents 

List of Tables ............................................................................................................... ix 

List of Figures............................................................................................................... x 

Acronyms and abbreviations ....................................................................................... xi 

Executive Summary .................................................................................................. xiii 

1.0 Project background and scope .............................................................................. 1 

2.0 Literature Review .................................................................................................. 3 

2.1 Introduction ........................................................................................................ 3 

2.2 Analysis of HAAs ............................................................................................... 5 

2.3 Occurrence surveys of haloacetic acids .......................................................... 10 

2.4 Relationships ................................................................................................... 15 

2.5 Control in water treatment works ..................................................................... 29 

2.6 Fate in distribution ........................................................................................... 33 

2.7 Conditions most likely to give rise to haloacetic acids ..................................... 34 

2.8 Conclusions ..................................................................................................... 35 

3.0 Materials and Methods ........................................................................................ 36 

3.1 Site selection ................................................................................................... 36 

3.1.2 Distribution sample information ................................................................. 38 

3.2 Sampling Survey ............................................................................................. 40 

3.3 Sample Collection and Storage ....................................................................... 40 

3.4 Measurements at time of sampling .................................................................. 40 

3.5 Sample Analysis .............................................................................................. 41 

3.5.1 Iodine analysis .......................................................................................... 41 

3.5.2 Determination of Haloacetic acids (HAA) in drinking water (adapted from 
USEPA Method 552.3) ....................................................................................... 41 

3.5.2.1 Method validation results 

3.5.2.2 Proficiency testing 

4.0 Results and Discussion ....................................................................................... 47 

4.1 HAAs in water leaving treatment works (final water samples) ......................... 47 



 
 

  

4.2 HAAs in samples taken from the distribution system ...................................... 50 

4.3 Bromine incorporation ..................................................................................... 55 

4.4 Iodine ............................................................................................................... 58 

5.0 Conclusions......................................................................................................... 60 

6.0 References .......................................................................................................... 61 

Appendix A ................................................................................................................ 70 

 

  



 

 
 

  ix

List of Tables 
 
Table 2. 1 Chemical and physical properties of HAAs ................................................ 4 

Table 2. 2 Analytical method, description, and limit of detection ................................ 8 

Table 2. 3 Detection limits reported from IC analysis of HAAs (Bougeard, 2009; Liu 
and Mou, 2003 and Nair et al., 1994). ............................................................... 10 

Table 2. 4.  Examples of levels of HAAs and THMs in drinking and/or treated water 
reported during occurrence surveys. ................................................................. 13 

Table 2. 5 Relationship between HAA-FP and THM-FP and water characteristics in 
treated waters .................................................................................................... 18 

Table 2. 6 Fractions, their characteristics, their chlorine demand and their DBP-FP.23 

Table 2. 7 HAA formation from amino acids (adapted from Hong et al., 2009). ....... 28 

Table 2. 8 Suitability of water treatment processes for precursor removal (adapted 
from Bond et al., 2009). ..................................................................................... 32 

Table 2. 9  Levels of THMs and HAAs in final and distribution samples (Parsons and 
Goslan, 2006). ................................................................................................... 34 

 

Table 3. 1  Site selection and rationale. .................................................................... 37 

Table 3. 2  Treatment processes at selected sites. ................................................... 38 

Table 3. 3.  Distribution site samples. ....................................................................... 39 

Table 3. 4  Limits of detection. .................................................................................. 43 

Table 3. 5  Proficiency testing results for November 2010 (Study number WS-172). 44 

Table 3. 6  Proficiency testing results for March 2011 (Study number WS-175). ..... 44 

 

Table 4. 1 Summary of HAA9 concentrations found during this study compared to two 
recent UK studies (Final water samples only). ................................................... 48 

 

  



 
 

  

List of Figures 
 
Figure 4. 1  HAA9 measured in final samples: comparison of season. ..................... 48 

 Figure 4. 2  Distribution of HAA9 according to water source. ................................... 49 

Figure 4. 3.  The distribution of trihalogenated HAAs (TXAAs) and dihalogenated 
HAAs (DXAAs) across different water types. ..................................................... 50 

Figure 4. 4 HAA9 levels in final water samples and corresponding distribution 
samples from November 2010 (note that distribution samples D3 and D4 from 
works H and distribution samples from works Q are chloraminated). ................ 52 

Figure 4. 5  HAA9 levels in final water samples and corresponding distribution 
samples from February and March 2011 (note that distribution samples D3 and 
D4 from works H and distribution samples from works Q are chloraminated). .. 53 

Figure 4. 6 Comparison of HAA9 Final vs Distribution data (all samples). ................ 54 

Figure 4. 7  Comparison of HAA9 Final vs. Distribution data - impact of season. ..... 54 

Figure 4. 8 Comparison of HAA9 Final vs. Distribution data - impact of chlorination vs 
chloramination. ................................................................................................... 55 

 Figure 4. 9  Bromine incorporation factor (BIF) of upland waters HAAs. ................. 56 

Figure 4. 10 Bromine incorporation factor (BIF) of lowland waters HAAs. ................ 57 

Figure 4. 11 Bromine incorporation factor (BIF) of borehole waters HAAs. .............. 57 

Figure 4. 12  Distribution of Iodine according to season. .......................................... 58 

Figure 4. 13 Distribution of Iodine according to water type. ...................................... 59 

  



 

 
 

  xi

Acronyms and abbreviations 
 

AOP  Advanced oxidation processes 

APHA  American Public Health Association  

BCAA  Bromochloroacetic acid  

BCAN  Bromochloroacetonitrile  

BCIM  Bromochloroiodomethane  

BDCAA Bromodichloroacetic acid  

BDCM  Bromodichloromethane  

BIF   Bromine incorporation factor 

Cl2  Chlorine  

CE  Capillary electrophoresis  

CZE  Capillary zone electrophoresis  

DBPs  Disinfection by-products  

DBAA  Dibromoacetic acid  

DBCAA Dibromochloroacetic acid  

DBCM  Dibromochloromethane  

DCAA  Dichloroacetic acid  

DOC  Dissolved organic carbon  

DWI  Drinking Water Inspectorate  

DXAA  Dihalogenated acetic acids  

ECD  Electron Capture Device  

ESI/MS  Electrospray ionisation mass spectrometry 

FP  Formation potential  

GC  Gas chromatography  

HAAs  Haloacetic acids  

HAA-FP Haloacetic acids formation potential  

HOCl  Hypochlorous acid  

HPLC  High performance liquid chromatography  

IC  ion chromatography  

ICP-MS Inductively coupled plasma mass spectrometry  



 
 

  

LC   liquid chromatography  

LOD  Level of detection  

MCAA  Monochloroacetic acid  

MBAA  Monobromoacetic acid  

MCL  Maximum contaminant level  

MS  Mass spectrometry 

NCI   National Cancer Institute 

NOM  Natural organic matter  

NPOC  Non purgable organic carbon  

SUVA  Specific ultraviolet absorbance  

TBAA  Tribromoacetic acid 

 TBM  Tribromomethane (bromoform)  

TCAA  Trichloroacetic acid  

TCM  Trichloromethane (chloroform)  

THMs  Trihalomethanes  

THM-FP Trihalomethane formation potential  

TOC  Total organic carbon  

TXAA  Trihalogenated acetic acids  

USEPA  United States Environmental Protection Agency  

UV254  Ultraviolet absorbance at 254 nm 

WTWs   Water treatment works  

WHO  World Health Organisation 

 



 

 
 

  xiii

Executive Summary 
 
Background 

Drinking water disinfection by-products (DBPs) are formed when a disinfectant reacts 
with natural organic matter and/or bromide/iodide present in a raw water source 
(Stevens et al., 1976).   Trihalomethanes (THMs) and haloacetic acids (HAAs) are 
the two most prevalent classes of DBPs and are regulated by the US Environmental 
Protection Agency (USEPA 1998) as well as being subject to World Health 
Organisation (WHO) guidelines (WHO, 2006) due to their potential health risk. In the 
UK, DBP concentrations must be kept as low as possible without compromising the 
effectiveness of the disinfection.  In addition, a prescribed concentration of 100 µg L-1 
has been set for the sum of the concentrations of the four THMs measured at the 
consumers tap.  A HAA9 standard was proposed in a document submitted to the 
European Union (Cortvriend, 2008) but recently the Commission has announced it 
does not propose to amend the standards in the Directive.    
 

There are nine brominated and/or chlorinated HAAs in total and they are, with THMs, 
a major group of DBPs found in chlorinated and chloraminated supplies.  The 
USEPA (1998) have set a MCL of 60 µg L-1 for HAA5 (mono-, di-, trichloroacetic acid, 
mono-, dibromoacetic acid) and the WHO has established guideline values for MCAA 
and TCAA at 20 µg L-1 and 200 µg L-1 respectively and a provisional guideline value 
for DCAA at 50 µg L-1  (WHO, 2011).   

Research objectives 

The aim of the research reported here was to gather more robust data on levels of 
HAAs in drinking water by conducting a representative survey of HAA levels in 
drinking water in England and Wales. Specific objectives were to:  

• produce a literature review investigating HAA concentrations, and factors 
affecting HAA formation, in drinking water; 

• devise, organise and undertake a seasonal survey of 20 water treatment 
works across England and Wales for concentrations of HAA9 and other key 
water quality parameters;      

• devise, organise and undertake a survey of HAA9 concentrations in 10 
selected distribution systems identified as having the highest HAA 
concentrations in final waters from the above;  

• produce a final report of the findings of the literature review and sampling 
surveys and identify possible implications for waters supplies should a HAA9 
standard be set;   

• develop recommendations for future research. 

Approach 



 
 

  

To approach taken to meet the objectives of this 24 month long project was to 
combine both practical and literature investigations, firstly to better understand the 
current knowledge on HAA occurrence and formation but to also provide more 
extensive recent data on the levels of HAAs in final and distribution water samples 
here in England and Wales.   

Literature review 

HAA analysis, occurrence, precursor material, behaviour in distribution systems and 
possible predictors of HAA formation have been reviewed. HAA occurrence surveys 
have reported concentrations ranging from single figures up to the hundreds of µg L-1 
but the median values tend to be in the range 20-40 µg L-1.  The precursors for HAAs 
are complex and varied. However, it is known that precursor material for DCAA is 
different from that which forms TCAA and THMs, and also that particular amino acids 
and carboxylic acids can act as significant HAA precursors. In distribution systems 
the fate of HAAs is complex and evidence shows that concentration can rise as well 
as fall. A major reason for this is that HAAs are biodegradable and given the right 
conditions and materials they can be rapidly biodegraded in the distribution system. 
The analysis of HAAs can be time consuming and costly; methylation followed by 
GC/ECD is the most widely used method. 

 
Sampling survey 
 
For this study 20 sites were selected to investigate HAA occurrence.  The selection 
criteria included water treatment works (WTWs) with (i) different water sources (ii) 
different treatment processes and (iii) different disinfection practices. The results of 
this survey showed concentrations of HAA9 to be consistently low at all WTWs 
(maximum 28.9 µg L-1 with a median of 12.5 µg L-1) and in all but one distribution 
system (ranging 8.0 - 74.8 µg L-1 with median 20.8 µg L-1).  Interestingly the levels of 
HAA9 were though found to increase in 7 of the 9 distribution systems tested, only in 
those using chloramination did it stay steady.   

Conclusions 

This project set out to gather information and a robust data set on levels of HAAs in 
drinking water and to look at implications of this data for England and Wales.   HAAs 
were found in all the waters tested but at consistently low levels, only in one case 
were HAA5 levels above the US MCL of 60 µg L-1 and no HAA9 samples were above 
80 µg L-1 (Cortvriend, 2008).  The research did show that there is a need to better 
understand the behaviour of HAAs in distribution systems, as in 7 of the 9 distribution 
systems surveyed here the levels increased, including a threefold increase in one.   
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1.0 Project background and scope 
 

Drinking water disinfection by-products (DBPs) are formed when a disinfectant reacts 
with natural organic matter and/or bromide/iodide present in a raw water source 
(Stevens et al., 1976).   Trihalomethanes (THMs) and haloacetic acids (HAAs) are 
the two most prevalent classes of DBPs and are regulated by the US Environmental 
Protection Agency (USEPA 1998) as well as being subject to World Health 
Organisation (WHO) guidelines (WHO, 2006) due to their potential health risk. In the 
UK, DBP concentrations must be kept as low as possible without compromising the 
effectiveness of the disinfection.  In addition, a prescribed concentration of 100 µg L-1 
has been set for the sum of the concentrations of the four THMs measured at the 
consumers tap.  A HAA9 standard was proposed in a document submitted to the 
European Commission (Cortvriend, 2008) but recently the Commission has 
announced it does not propose to amend the standards in the Directive.  

There are nine HAAs in total and they are often the most abundant group of DBPs 
found in chlorinated and chloraminated supplies.  The USEPA (1998) have set a 
MCL of 60 µg L-1 for HAA5 (mono-, di-, trichloroacetic acid, mono-, dibromoacetic 
acid) and the WHO have established guideline values for MCAA and TCAA are as 20 
µg L-1 and 200 µg L-1 respectively and a provisional guideline for DCAA as 50 µg L-1 
(WHO, 2011).  To date published data on UK or even European waters is limited.  
Malliarou et al. (2005) reported regional mean values of between 35.1 and 94.6 µg L-

1 for HAA6.  Parsons et al. (2009) recently reported survey data for the concentration 
of HAA9 found in final and distribution samples from 7 water treatment works in 
Scotland.  There was considerable variation between the individual waters with HAA 
levels ranging from 11 µg L-1 to 134 µg L-1 and the median concentration found was 
20 µg L-1 which is in line with previous national surveys reported in the United States 
and Canada.   Graham et al. (2010) undertook a survey of three water supply 
systems in the UK and reported that HAA9 levels in water supply systems vary 
considerably according to their water source and treatment. The reported that low 
HAA levels (< 2 μg/l total HAA) were observed in the groundwater system, and the 
highest HAA formation corresponded to the upland surface water system (~ 40 μg/l 
total HAA). 

The aim of the research reported here was to gather more robust data on levels of 
HAAs in drinking water by conducting a representative survey of HAA levels in 
drinking water in England and Wales.  

Specific objectives were to:  

• produce a literature review investigating HAA concentrations, and factors 
affecting HAA formation, in drinking water; 

• devise, organise and undertake a seasonal survey of 20 water treatment 
works across England and Wales for concentrations of HAA9 and other key 
water quality parameters;      



 
 

  

• devise, organise and undertake a survey of HAA9 concentrations in 10 
selected distribution systems identified as having the highest HAA 
concentrations in final waters from the above;  

• produce a final report of the findings of the literature review and sampling 
surveys and identify possible implications for waters supplies should a HAA9 
standard be set;   

• develop recommendations for future research. 
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2.0 Literature Review   
 
2.1 Introduction 
 

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

classes of DBPs and are regulated by the US Environmental Protection Agency 

(USEPA 1998) as well as being subject to World Health Organisation (WHO) 

guidelines (WHO, 2011) due to their potential health risk. In the UK only THMs are 

regulated and a maximum value of 100 µg L-1 at a consumer tap has been set for the 

sum of the concentrations of the four THMs.  There are nine HAAs in total and they 

are alongside THMs the most abundant group of DBPs found in chlorinated and 

chloraminated supplies (Singer et al., 2002). The chemical and physical properties of 

the individual HAAs are given below (Table 2.1); they are classified as 

monohalogenated acetic acids (MXAA or XHAA) (monochloroacetic acid (MCAA) 

and monobromoacetic acid (MBAA)), dihalogenated acetic acids (DXAA or X2AA) 

(dichloroacetic acid (DCAA), dibromoacetic acid (DBAA) and bromochloroacetic acid 

(BCAA)) and trihalogenated acetic acids (TXAA or X3AA) (trichloroacetic acid 

(TCAA), bromodichloroacetic acid (BDCAA), dibromochloroacetic acid (DBCAA) and 

tribromoacetic acid (TBAA)).  The USEPA (1998) have set a MCL of 60 µg L-1 for 

HAA5, and the WHO have established guideline values for MCAA, DCAA and TCAA 

at 20µgL-1, 50 µg L-1 and 200 µg L-1 respectively, though the value for DCAA is 

classified as provisional (WHO, 2006).  



 
 

  

Table 2. 1 Chemical and physical properties of HAAs  

HAA 
Molecular 
formula 

Molecular 
weight 
(g/mol) 

Structure  HAA5  HAA6  HAA9 
Boiling 
point 
(°C) 

Boiling 
point 
of 

ester 
(°C) 

MCAA  C2H3ClO2  94.45 
 

     
189  130 

DCAA  C2H2Cl2O2  128.94 

 

     
194  143 

TCAA  C2HCl3O2  163.39 

 

     

196  168 

MBAA  C2H3BrO2  138.95 
 

      206‐
208 

132 

DBAA  C2H2Br2O2  217.84 

 

      128‐
130 

NRa 

BCAA  C2H2BrClO2  173.39 

 

     
215  174 

BDCAA  C2HBrCl2O2  207.84 

 

     

NRa  NRa 

DBCAA  C2HBr2ClO2  252.29 

 

     

NRa  NRa 

TBAA  C2HBr3O2  296.74 

 

     

245  225 
O

Br
H

O

Br
Br

O

Br
H

O

Cl
Br

O

Br
H

O

Cl
Cl

O
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O

Br

O
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O
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2.2 Analysis of HAAs 
 

To date a wide range of analytical methods have been used to analyse individual or 

groups of HAAs.  These include gas chromatography (GC), liquid chromatography 

(LC) and ion chromatography (IC) and are listed below (Table 2.2) along with 

reported levels of detection (LODs).  GC fitted with electron capture device (ECD) 

detection (GC/ECD) is the most widely applied technique, and to date the US EPA 

has set five approved methods: the US EPA Method 552.1 (1992), the US EPA 

Method 552.2 (1995), the US EPA Method 552.3 (2003), the Standard Method 6251 

(APHA, 1998) and most recently US EPA Method 557 (2009) which is the 

determination of haloacetic acids, bromate, and dalapon in drinking water by ion 

chromatography electrospray ionization tandem mass spectrometry (IC-ESI-MS/MS). 
In the first four methods, HAAs are extracted from water samples using either methyl 

tert-butyl ether (MtBE) or anion exchange resins, and then converted to their methyl 

esters using acidic methanol or diazomethane. The GC/ECD US EPA methods are 

typically reliable and accurate with detection limits for the nine HAAs in the low µg L-1 

range, but are very labour intensive due to the extensive extraction procedures.  In 

the UK, Malliarou et al. (2005) reported an LOD for 6 HAAs (MBAA, DCAA, BCAA, 

TCAA, DBAA and BDCAA) of 4.9 µg L-1 when using USEPA 552.2 and Bougeard 

(2009) reported the validation of USEPA 552.3 and found individual LODs ranging 

from 0.022 to 0.783 µg L-1 with MCAA being the least sensitive, the LOD for HAA9 

being 1.435 µg L-1.   

 

Williams et al. (1997), Scott et al. (2000) and Xie (2001) have all determined HAA 

concentrations by GC by mass spectrometry (MS) detection (GC/MS).  This method 

also requires the conversion of HAAs to their methyl ester forms but the proposed 

advantages of the method are (1) fewer interfering peaks than with GC/ECD, (2) 

clean baselines and (3) the use of short run times without comprising the analytical 

results (Xie, 2001). The method shows a low sensitivity for brominated species (Xie, 

2001) and an attempt at Cranfield University to replicate the method by Xie (2001) 

was met with difficulties in resolving the peaks of the HAAs due to interfering peaks 

(Bougeard et al., 2008). The interfering peaks were thought to be due to the 

derivatising agents used in the extraction method, but were not identified. 

 

HAAs are largely dissociated at normal pH, and so the use of IC has thus been 

considered.  Liu and Mou (2003) reported an IC method and showed that it has the 

benefit of being relatively rapid due to limited sample preparation.  They reported 
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LODs for HAA6 of between 0.4 and 2.2 µg L-1 and LODs for the remaining HAA3 

species of 8.2-31.6 µg L-1 in deionised water (Table 2.3). Nair et al. (1994) reported 

LODs for five HAAs (MCAA, BCAA, DCAA, TCAA and DBAA) ranging from 5.0 to 

90.0 µg L-1 and Bougeard (2009) reporting on LODs of HAA6 and HAA3 in three UK 

water matrices found individual detection limits of between 2.6 and 31.9 µg L-1.     

 

Other methods reported for the quantification of HAAs in drinking waters include 

capillary electrophoresis or capillary zone electrophoresis (CE or CZE), high 

performance liquid chromatography (HPLC) and electrospray ionisation/mass 

spectrometry (ESI/MS) (Skelly, 1982; Vichot and Furton, 1994; Nair et al., 1994; Xie 

and Romano, 1997; Carrero and Rusling, 1999; Urbansky, 2000; Xie et al., 2000; 

Kim et al., 2001).   CE, CZE and HPLC are significantly faster methods (less than 10 

minutes to separate HAA9), but allow detection only in the mg L-1 range or in medium 

µg L-1 range.  In contrast, ESI/MS is a very sensitive and selective method that 

achieves detection limits of ≤70 ng L-1 (Urbansky, 2000). However, the cost of the 

instrumentation contributes to its lack of availability in research laboratories. More 

recently a method has been proposed using IC-ICP/MS (Shi and Adams, 2009) to 

measure brominated and iodinated HAAs. The method detection limits are reported 

as 0.33 – 0.72 µg L-1 for iodinated species and 1.36 – 3.28 µg L-1 for brominated 

species. However chlorinated HAAs could not be analysed by this method since 

ICP/MS is not sensitive to chlorine. The method is attractive as the samples require 

no preparation other than filtration. However, as with ESI/MS, the cost of the 

instrumentation may be prohibitive. 

 

USEPA have developed a method for HAA9 analysis using IC-ESI-MS/MS has with 

detection limits of 0.015 – 0.20 µg L-1 (USEPA, 2009). The method is intended for 

use by analysts skilled in the operation of IC-ESI-MS/MS instrumentation (USEPA, 

2009) and the interpretation of the associated data so is not as easily accessible as 

method 552.3.  A recent DWI funded project has assessed the method and reports it 

to be rapid and stable (Harman et al., 2011).  

  

Overall, methylation of haloacetic acids followed by GC/ECD is currently the most 

suitable method for analysis of HAA9.  Although the extraction procedure is lengthy, 

the method has a number of advantages: 

• the method detection limits are sub µg L-1 

• all nine chlorinated and brominated HAAs can be determined 



 

 
 

  

• the technology is readily available in research and water testing laboratories 

• the method has been well researched and is proven 

 

Emerging methods of analysis show promise but employ instrumentation that is not 

widely accessible. 
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 Table 2. 2 Analytical method, description, and limit of detection 

Measuring 
device 

Sample 
Preparation 

Instrumental 
analysis time 

Limit of detection (µg L-1) 
(recovery, when applicable, 

%) 

HAA 
detected Reference 

GC/ECD 

 

Extensive 
preparation 

Derivatisation 
(extraction + 
methylation) 

US EPA 
method 

protocols 

< 55 min 

0.820 – 0.066 (84.7 – 107) HAA9  
US EPA method 

552.2 (1995)  

0.012 – 0.170 (97.8 - 108) HAA9
  US EPA method 

552.3 (2003)  

0.4 – 1.3 

HAA6 

(BDCAA 
instead of 

MCAA) 

Malliarou et al. 
(2005)  

0.6 – 1.3 HAA6
  Rodriguez et al. 

(2004)  

0.066 – 0.820 

MBAA, 
DCAA, 
TCAA, 
DBAA, 
TBAA 

Marhaba and Van 
(2000)  

NRa (52 – 105) HAA9
  Pourmoghaddas 

et al. (1993) 

0.022-0.783 HAA9 Bougeard (2009)

GC/MS 

Extensive 
preparation  

Derivatisation 
(extraction + 
methylation) 

US EPA 
method 

protocols + 
Method from 

Scott and 
Alaee (1998) 

< 30 min 

0.07 – 0.83 (73 – 165) HAA9
  

Xie (2000)  

 

0.001 – 0.050 

MCAA, 
MBAA, 
DCAA, 
DBAA 

Scott et al. (2000) 

IC 

Minimal  
preparation 

Cartridges to 
remove 

chlorine and 
silver 

< 60 min 0.37 – 31.6 (96.6 – 99.1) HAA9
  Liu and Mou 

(2003)  



 

 
 

  

CE 

Minimal 
preparation  

Filtration 
through a 0.45 
µm pore size 
filter capsule 

< 10 min 

683 – 1507 HAA9
  Hozalski et al. 

(2001)  

140 – 1062  
MCAA, 
MBAA, 
TCAA 

McRae et al. 
(2004)  

HPLC 

Moderate 
preparation 

Skelly’s 
procedure 

(1982) 

< 10 min 30 – 40 

DCAA, 
DBAA, 
TCAA, 
TBAA 

Heller-Grossman 
et al. (1993)  

HPLC/EC 

Moderate 
preparation  

Direct 
evaporation 

and solid 
phase 

extraction 
(SPE) 

< 30 min 120 – 10000 

HAA6
  

(TBAA 
instead of 

DBAA) 

Carrero and 
Rusling (1999)  

ESI/MS 

Extensive 
preparation 

Extraction as 
for GC/ECD 

< 10 min ≤ 70 ng/L NRa Urbansky (2000) 

IC-ESI-
MS/MS 

Minimal 
preparation  

Filtration 
through a 0.45 
µm pore size 
filter capsule 

< 55 min ≤ 0.20  HAA9 USEPA (2009) 

 

a Not reported. 
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Table 2. 3 Detection limits reported from IC analysis of HAAs (Bougeard, 2009; Liu 
and Mou, 2003 and Nair et al., 1994).   

Waters HAA6 (µg L-1) HAA3 (µg L-1) 

Ground water (Bougeard, 2009) 5.0 – 16.5 21.4 – 26.8 

Upland water (Bougeard, 2009) 2.6 – 11.0 13.8 – 23.0 

Lowland water (Bougeard, 2009) 3.2 – 14.1 11.7 – 31.9 

Deionised water (Liu and Mou, 2003) 0.4 – 2.2 8.2 – 31.6 

Deionised water (Nair et al., 1994) 8.0 – 80.0a NRb 

 

a Data available for 5 HAAs (MCAA, BCAA, DCAA, TCAA and DBAA); b Not reported. 

 

2.3 Occurrence surveys of haloacetic acids 
 

A number of HAA occurrence surveys have been undertaken, and HAAs occurred at 

similar concentrations to THMs and in some cases a little higher and in some a little 

lower (Table 2.4).  Levels of HAA reported range from single figures up to the 

hundreds of µg L-1 but the median values tend to be in the range 20-40 µg L-1.  Given 

that the water sources, treatment and disinfection practices all vary across these 

surveys it is often difficult to compare them against each other but they do often allow 

us to see general trends.  If we consider disinfection practice then any contact of 

organics with free chlorine is important and will contribute to DBP levels.  When 

monochloramine is used as a disinfectant the levels of HAAs found are significantly 

reduced, but even a short contact time with free chlorine leads to significant HAA 

levels (Goslan et al., 2009).  Arora et al. (2001) investigated the use of different 

disinfectants and showed how in simulated distribution system tests using filtered 

water samples dosed with chlorine and chloramines, the formation of THM and HAA 

was 2-12 times higher when chlorine was used as the primary disinfectant than when 

using ClO2.  Aranda-Rodriguez et al. (2008) showed how even when ClO2 was used 

as the main disinfectant the use of prechlorination led to HAA8 levels that ranged 

from 13 to 52 μg L-1 in the winter, and from 12 to 111 μg L-1 in the summer.  

 

There have been a number of recent publications on HAAs in UK waters or on those 

more representative of UK treatment practices. The first survey on HAA levels in UK 

drinking waters was undertaken by Malliarou et al. (2005) who reported levels of 



 

 
 

  

HAAs and THMs on a regional basis, with HAA means ranging from 35 to 95 µg L-1 

per region (Table 2.5).  These authors found TCAA and DCAA were the major 

species.  Graham et al. (2009) and Zhang et al. (2010) reported the findings from a 

DWI-supported project and included a survey of three utility systems (groundwater, 

lowland and upland) over four seasons. They reported the lowest HAA levels in a 

groundwater where the average and maximum HAA9 concentrations were 0.6 μg L-1 

and 1.9 μg L-1, respectively.  The lowland surface water had significantly higher 

average and maximum total HAA9 concentrations of 11.9 μg L-1 and 20.0 μg L-1 

respectively, and the highest concentrations were found in an upland surface water 

where the average levels were 21.3 μg L-1 and the maximum 41 μg L-1.  There was 

some evidence of seasonal variability in the upland water with the highest levels 

found in summer and autumn.   

 

Goslan et al. (2009) reported the findings from a survey of seven water treatment 

works across Scotland and found considerable variation between the individual 

works with HAA9 levels ranging from 11 μg L−1 to 134 μg L−1.  The highest levels 

were found at two upland reservoir works. The high levels found are thought to be 

due to the removal of organics not being optimised at these works.  The research 

specifically compared chlorination to chloramination (30 minute free chlorine followed 

by ammonia addition) and showed how HAA9 concentrations were significantly 

higher at works using chlorine (median of 44 μg L−1) when compared to those works 

using chloramines (median of 16 μg L−1).  An unpublished survey of 12 UK water 

treatment works (Goslan et al., in preparation) showed levels of HAAs ranging from 

0.8 to 23.5 µg L-1 in winter and from 2.7 to 53.8 µg L-1 in summer during 2008.  

 

When considering many of the studies listed in Table 2.4, there is some agreement in 

the types of water in terms of character and sources that produce the highest 

concentrations of HAAs. These ‘high formers’ tended to be surface reservoirs or river 

waters that had relatively high DOC levels (~5-15 mg L-1) and were influenced by 

algal blooms. 

 

Chloramination has a significant impact on HAA speciation, and we would expect to 

see a change in the species towards the dihalogenated HAAs. Diehl et al. (2000) 

reported that when using chloramination the majority (90%) of the total HAAs would 

be the dihalogenated species (DXAA) whilst chlorination produces a mixture of 

mono-, di- and trihalogenated (TXAA) HAAs.  The data obtained in the Goslan et al. 

(2009) survey corroborated literature values in that there were generally equal levels 
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of DXAA and TXAA in the chlorinated samples but DXAA was always the major 

group found in the chloraminated samples.  Krasner et al. (2008) showed that the 

dihalogenated HAAs (DCAA, BCAA and DBAA) were the major species formed 

during their US survey, whilst Ates et al. (2007) in their survey of 29 water treatment 

works across Turkey reported similar trends with the major HAA species reported as 

TCAA (47.6%) and DCAA (31.3%).  Karanfil et al. (2007) also studied DXAA versus 

TXAA formation during chloramination and showed evidence of a direct reaction 

between NH2Cl and NOM. 

 



 

 
 

  

Table 2. 4.  Examples of levels of HAAs and THMs in drinking and/or treated water reported 
during occurrence surveys.   

Reference Location Water source 

HAA THM4 

Range 

(µg L-1) 

HAA 

Median 

(µg L-1) 

THM4 

Median 

(µg L-1) 
HAAs 
measured 

Range (µg 
L-1) 

Malliarou et al. 
(2005) 

UK Drinking water HAA9 NRa-244 NRa -76 31-59b 15-46b

Graham et al. 
(2009), Zhang et 
al. (2010) 

UK Drinking water HAA9 0-41.0 NR 0.3-20.6 NR 

Goslan et al.  

(2009) 

Scotland Drinking water HAA9 11-134 12-419 20 72 

Goslan et al.  

( in preparation)  

UK Drinking water HAA9 0.8-54 NR 18 NRa

Nissinen et al. 
(2002) 

Finland Drinking water HAA6 6-261 1-103 40 12 

Peters et al. 
(1991) 

Netherlands Drinking water HAA9 0.0-14.7 NRa 0.9 NRa

Cancho et al. 
(1999) 

Spain Drinking water HAA9 11-32 58-91 NAc NAc

Dojlido et al. 
(1999) 

Poland Drinking water HAA6 10-120 2-11 NAc NAc

Williams et al. 
(1997) 

Canada Drinking water MCAA 0.3-10 0.3-342 NRa 17-91 

MBAA 0.01-9 NRa  

DCAA 0.2-163 10-23  

TCAA 0.04-473 9-25  

DBAA 0.01-2 NRa  

Chowdhury et al. 
(in press) 

Canada Drinking water HAA9 0.0-602.6 0-640.0 18.0-83.7 2.7-136.5 

Krasner et al. 
(1989) 

US Drinking water HAA6 13-21 30-44 13-20 30-44 
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Krasner et al. 
(2006) 

US Drinking water HAA9 5-130 4-164 34 31 

Ates et al. (2007) Turkey Filtered surface
water 

HAA9 6-177 13-191 58 73 

Wang et al. 
(2007) 

China Drinking water HAA6 0.4-14. 3-16 8 11 

Chang et al., 
(2010) 

Taiwan Drinking water HAA9 0.2-41.2 0-133.2 1.3-19.9 4.8-22.8 

 

a Not reported. 
b Geometric mean 
c Not applicable 
d Average   

 
 



 

 
 

  

2.4 Relationships  
 
Several studies have investigated correlations between HAAs and THMs (Figure 

2.1), since if a good correlation exists it would allow a reasonable estimation of the 

HAA concentrations without the need for the extensive analysis (Nissinen et al. 2002; 

Liang and Singer, 2003; Malliarou et al., 2005; Ates et al., 2007; Sérodes et al., 

2003).  Published correlations, however, are generally poor.  Ates et al. (2007) found 

a correlation between HAAs and THMs with a coefficient of correlation (R2) of 0.68, 

whereas Nissinen et al. (2002) found an R2 of 0.33.  In their study, Malliarou et al. 

(2005) found correlation coefficients of 0.85 and 0.87 for two regions but for a third 

region the value was only 0.10.  Graham et al. (2009) concluded in their study that 

the correlation between THMs and HAAs was poor when examined for each 

individual water supply system, but there was a strong correlation between total 

THMs and total HAAs when the data sets from the three water supply systems were 

combined.  

 

 

Figure 2. 1  Examples of correlation between HAAs and THMs reported in the 
literature.    

 

Many factors are known to affect HAA formation, including pH, temperature, 

disinfection choice and dose as well as water quality parameters such as 

concentration and character of organic matter and the presence of bromide and 
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iodide.  Some relationships are clear, for example HAA formation increases with a 

decrease in pH (Krasner, 1999) although it is important to be specific as Liang and 

Singer (2003) reported that increasing pH from 6 to 8 had a little effect on the 

formation of MXAA and DXAA, but significantly decreased the formation of TXAA and 

in particular TCAA.  DCAA, the other species the most affected by pH, is reported to 

be at a maximum at pH 7 and arises over the pH range 5 to 9.4 (Krasner, 1999).  

Bougeard (2009), reporting temperature influences on HAA and THM formation, 

demonstrated that reducing the temperature from 20oC to 7oC led to a decrease in 

both HAAs and THMs concentrations (Figure 2.2).  Dojlido et al. (1999) also reported 

that levels of HAAs were temperature dependent; during the winter season (1°C) 

they found levels of ~ 0.63 µg mg C-1 whereas in the summer (23°C), concentrations 

reached ~ 7.4 µg mg C-1.   

 

 

Figure 2. 2.  Temperature effect on the DBP-FP in lowland and upland water  

 

Generally relationships between water quality parameters and occurrence are shown 

to be poor as the number of variables between studies is often significant.  A number 

of studies have shown a strong relationship between formation potential (HAA-FP 

and THM-FP) and water quality parameters such as UV254, SUVA and DOC (Table 

2.5).  

 



 

 
 

  

It is clear when looking at the literature that the type of organic matter and the 

presence of bromide have the greatest influence on HAA-FP.  In general, the 

presence of bromide (Br-) increases levels of halogenated DBPs and this has been 

linked to the higher reactivity of bromine than chlorine (Cowman and Singer, 1996).  

This can be a significant issue for water utilities as both the current and proposed 

regulations are reported on a mass basis (i.e μg L-1) so not only is the higher 

reactivity of bromine a problem, but also its higher mass, at 2.25 times heavier than 

chlorine.  Brominated haloacetic acids have been found when waters with elevated 

bromide concentrations (>50 µg L-1) are chlorinated, although it is typically the mixed 

chlorinated-brominated HAAs which are the most common species formed. 

Bougeard et al. (2010) observed that in treated waters with high levels of bromine (> 

100 μg L-1) brominated species formed between 43 and 52% of the total HAA.  

Peters et al. (1991) found brominated species to account for 60% of the nine HAAs in 

a study of highly brominated Dutch waters (bromide concentrations between 100 and 

500 μg L-1).  Furthermore, it was observed that waters with bromine concentrations 

less than 75 μg L-1 chlorinated HAAs dominated over brominated HAAs 

(Golfinopoulos and Nikolaou, 2005; Ates et al., 2007).   
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Table 2. 5 Relationship between HAA-FP and THM-FP and water characteristics in 
treated waters 

 White et al. 
(2003) 

Shorney et 
al. (1999) 

Ates et al. 
(2007) 

Hwang et 
al. (2001) 

Bougeard 
(2009) 

Number of water samples 15 19 29 7 11 

R2 for HAA-FP to DOC 0.86 0.73 0.88 a 0.80 0.51 

R2 for THM-FP to DOC 0.87 0.83 0.92 a 0.97 0.63 

R2 for HAA-FP to UV254 0.99 0.59 0.91 0.91 0.11 

R2 for THM-FP to UV254 0.99 0.92 0.93 1.00 0.06 

R2 for HAA-FP to SUVA254 0.90 0.71 0.77 NR b 0.15 

R2 for THM-FP to SUVA254 0.91 0.55 0.69 NR b 0.23 

 

a Exponential relationship; b Not reported. 

 

The degree of incorporation of bromine into the HAAs can be calculated and is 

termed the bromine incorporation factor (BIF). Separate BIF values are calculated for 

trihalogenated species and dihalogenated species (Krasner et al., 2008).  The 

equations are as follows: 

 

BIF (DXAAs) =   

 

BIF (TXAAs) =   

 

For the dihalogenated HAAs, the BIF ranges from 0 (no brominated species) to 2 

(pure DBAA) and for the trihalogenated HAAs, the range is from 0 (no brominated 

species) to 3 (purely TBAA). BIF values for DXAAs and TXAAs were calculated by 

Goslan et al. (2009) for chlorinated and chloraminated waters.  These were plotted 

against the bromide present in the ‘filtered’ samples collected after treatment but 

before exposure to disinfectant (Figure 2.3). In previous research, bromine 

incorporation was found to be impacted by the bromide to non-purgeable organic 



 

 
 

  

carbon (NPOC) ratio and the free available chlorine to bromide ratio (Symons et al., 

1993).  In agreement with Symons et al. (1993), the BIF for HAAs increased as the 

bromide to organic carbon (NPOC) ratio increased (Figure 2.4). BIF values from 0.32 

to 2.05 have been reported for the same system with lower values found in winter 

when the bromide concentration was at its lowest (Koudjonou et al., 2008). Generally 

with higher values of bromide, higher BIF values are observed although the 

correlation is poor (Krasner et al., 1994; Williams et al., 1995; Williams et al., 1997). 

 

 

Figure 2. 3  Bromide concentration against haloacetic acid (HAA) bromine 
incorporation factor in filtered samples (TXAA: trihalogenated HAAs; DXAA: 
dihalogenated HAAs; Cl2: chlorine; NH2Cl: chloramines).  
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Figure 2. 4  Haloacetic acid (HAA) (TXAA: trihalogenated HAAs; DXAA: 
dihalogenated HAAs) bromine incorporation factor (BIF) against bromide:non-
purgeable organic carbon (NPOC) ratio in filtered samples.  

 

Goslan et al. (2009) found the DXAAs and TXAAs to show a similar range of BIF 

values, given that the maximum value for DXAAs is 2 and for TXAAs is 3. There was 

no clear difference in BIF for the TXAAs between chlorination and chloramination, 

which may have been expected.  Cowman and Singer (1996) observed lower 

bromine incorporation with chloramination in HAAs in their study comparing 

chlorination and chloramination of humic substances.  However, Cowman and Singer 

(1996) employed direct chloramination whereas the work reported by Goslan et al. 

(2009) employed a period of chlorination prior to ammonia salts addition. For the 

DXAAs, all BIF values for pre-chloraminated samples were below 0.7, indicating a 

low degree of bromine incorporation regardless of the bromide concentration in the 

water. Overall, the TXAA BIF values were higher than the THM BIF values. 

 

SUVA is often used as predictor of organic character (Goslan et al., 2002) and can 

give useful information relating to treatability of source water, but its use is limited 

when looking at formation of DBPs in treated waters (Parsons et al., 2004).  A linear 

positive relationship was reported for HAA-FP and SUVA254 with higher correlations 

than those shown for THM-FP (Singer et al., 2002).  SUVA is more useful when used 

on raw waters; Parsons et al. (2009) investigated the relationships between THM-FP 

and HAA-FP and SUVA and found R2 for HAA-FP of 0.03 when comparing 7 treated 

waters.  However, when the data for raw and treated water was segmented and 



 

 
 

  

examined for one sample event, better correlations were observed (Figure 2.5) as 

the treatment process reduced the levels of SUVA and removed HAA precursors.  In 

a survey of the DBP-FP of 11 treated waters taken from across England and Wales, 

Bougeard et al. (2010) reported an R2 value of 0.15 for the relationship between 

SUVA and HAA-FP.   

 

Figure 2. 5  The relationship between HAAFP yields and SUVA for chlorinated and 
chloraminated samples segmented by raw and treated waters (adapted from Parsons 
et al., 2009). 

The fractionation and isolation of DBP precursors with XAD 8/4 resins have also 

been widely used to determine which fractions of NOM contribute the most to the 

DBP formation (Oliver and Thurman, 1983; Reckhow and Singer, 1990; Croué et al., 

1993).  Unsurprisingly, there is no clear indication of the fraction primarily contributing 

to HAA formation (Table 2.6), although a number of studies have shown that the 

hydrophilic NOM can contribute substantially to the formation of DBPs.  This is 

significant from a UK perspective as the high levels of treatment means that majority 

of organic matter remaining in treated water is hydrophilic in nature (Sharp et al., 

2006). Kanokkantapong et al. (2006) found the hydrophilic neutral fraction to be the 

most reactive fraction for the formation of both HAAs and THMs, whereas Marhaba 

and Van (2000) reported the hydrophobic neutral to be the most reactive fractions.  

Kim and Yu (2005) found the hydrophobic and the hydrophilic fractions to give similar 

THM concentrations, and the hydrophilic fraction to be the most reactive towards the 

formation of HAAs.  Croué et al. (2000) reported similar DBP concentrations for each 

fraction studied.  Hwang et al. (2001) reported the hydrophilic base to be the most 

reactive fractions towards chlorine and the hydrophilic acid + neutral to be the most 
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reactive fraction with regards to the formation of HAAs and THMs.  Significant 

questions exist over the overlap between the isolated fractions, such that there may 

be little distinction between fractions when comparing different water samples (Bond 

et al., 2008).     

 

It has been observed that TCAA precursors are more hydrophobic than THM and 

DCAA precursors (Liang and Singer, 2003), and similarly that a high degree of 

conjugation in organic molecules favours the formation of TCAA more than 

chloroform (Reckhow et al., 1990).  Therefore the TCAA/THM ratio increases with 

SUVA. A more recent study (Hua and Reckhow, 2007) reported that hydrophobic 

NOM exhibited higher densities of THM and TXAA precursor sites than 

corresponding transphilic and hydrophilic carbons for high and medium SUVA 

waters. This supported the belief that hydrophobic NOM, which is rich in aromatic 

content, is the primary source of THM and TXAA precursors in natural waters. 

However, no significant difference was found for the THM and TXAA yields for three 

fractions (hydrophobic, transphilic and hydrophilic) of a low SUVA water, which 

indicates that transphilic and hydrophilic fractions are equally important THM and 

TXAA precursors for waters with low humic substances.  The study also suggested 

that TXAA precursors are more hydrophobic in nature than THM precursors; 

hydrophilic NOM is more important as a THM precursor than as a TXAA precursor 

especially for waters with high humic content (Hua and Reckhow, 2007).  Therefore 

formation of TCAA from hydrophobic NOM is likely to be a particular concern.  The 

formation of TCAA can be mitigated by chlorinating at alkaline pH, although this 

approach is likely to promote the formation of THM.  Since hydrophobic NOM is the 

fraction most treatable by coagulation, in hydrophobic-rich waters this is an effective 

strategy for removing hydrophobic precursors - notably those of TCAA and THMs 

(Sharp et al., 2006).  Hydrophilic NOM is the main constituent of post-coagulation 

residual organic matter: in these waters additional treatment may be needed to 

reduce DBP formation by precursor removal (Bond et al., 2011). 
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Table 2. 6 Fractions, their characteristics, their chlorine demand and their DBP-FP. 

Fractions  Treatment 
Distribution of 

DOC (%) 

Chlorine 
demand  
(mg L‐1) 

HAA‐FP  
(µg mg‐1 C) 

THM‐FP  
(µg mg‐1 C) 

Correlation 
with DOC (R2) 

Reference 

Hydrophobic neutral 

Filtered water 

5.0 – 12  0.61  3.52  NRa  0.98 

Kanokkantapong 
et al. (2006) 

Hydrophobic base  1.0 – 3.0  0.22  5.72  NRa  1.00 

Hydrophobic acid  30‐ 33  1.33  15.2  NRa  1.00 

Hydrophilic base  3.0 – 5.0  1.33  4.72  NRa  1.00 

Hydrophilic acid  8.0 – 19  0.40  6.78  NRa  0.96 

Hydrophilic neutral  31 – 41  3.47  28.5  NRa  1.00 

Hydrophobic  Filtered water  35  NRa  16.3  42.3  NRa  Kim and Yu 
(2005) Hydrophilic  65  NRa  24.1  41.8  NRa 

Hydrophobic neutral 

Effluent water 

8.6  NRa  2.00  2.00  NRa 

Marhaba and 
Van (2000) 

Hydrophobic base  11  NRa  0.60  0.40  NRa 

Hydrophobic acid  11  NRa  0.80  1.20  NRa 

Hydrophilic base  11  NRa  0.50  0.30  NRa 

Hydrophilic acid  40  NRa  NRa  10.0  NRa 

Hydrophilic neutral  17  NRa  NRa  NRa  NRa 
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Humic acid  Optimized 
coagulation 

NRa  NRa  40.0 ‐ 100  45.0 ‐ 150  NRa  Sinha et al. 
(1997) Non‐humic acid  NRa  NRa  40.0 – 60.0  25.0 – 75.0  NRa 

Hydrophobic acid 

Filtered water 

47  NRa  142  135  NRa 

Chang et al. 
(2001) 

Hydrophobic neutral  30  NRa  40.0  100  NRa 

Hydrophobic base  16  NRa  20.0  120  NRa 

Hydrophilic  7.0  NRa  120  60.0  NRa 

Hydrophobic neutral 

Filtered water b 

3.0  0.83  28.0  29.0  NRa 

Croué et al. 
(2000) 

Hydrophobic acid  31  0.95  42.0  46.0  NRa 

Transphilic acid  14  0.81  35.0  39.0  NRa 

Transphilic neutral  12  2.30  32.0  25.0  NRa 

Hydrophilic acid 
6.0 

0.86  40.0  35.0  NRa 

Hydrophilic neutral  1.00  34.0  28.0  NRa 

Hydrophobic 

Ozone 
contractor 
effluent c 

36  NRa  0.04 d  0.07 d  NRa 

Hwang et al. 
(2001) 

Transphilic  15  NRa  0.06 d  0.09 d  NRa 

Hydrophilic acid+neutral  7.5  NRa  0.21 d  0.17 d  NRa 

Hydrophilic base  0.2  NRa  0.17 d  0.12 d  NRa 

Colloids  0.5  NRa  0.06 d  0.04 d  NRa 
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Hydrophobic neutral 

Hydrophobic acid 

Ozonated, 
coagulated and 

filtered 

2 
23 

NAe 
1.3 

15.0 
23.0 

NR a 

NRa 
NR a 

NRa 

 

Tranphilic  31  4.4  36.0  NRa  NRa  Bougeard 

Hydrophilic base    4  NAe  41.0  NRa  NRa  (2009) 

Hydrophilic acid+neutral    40  1.8  31.0  NRa  NRa   

               

Hydrophobic neutral  Coagulated and  4  2.3  49.0  NRa  NRa   

Hydrophobic acid  Filtered  19  2.1  73.0  NRa  NRa  Bougeard 

Tranphilic    8  3.6  47.0  NRa  NRa  (2009) 

Hydrophilic base    2  0.4  7.0  NRa  NRa   

Hydrophilic acid+neutral    67  2.0  15.0  NRa  NRa   

a Not reported; b DOC loss = 34%; c DOC loss = 41%; d DBP yield (µmol/µmol) expressed in percentage (%), e Not analysed. 
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It has been suggested that organic carbon derived from algae, which is composed of 

aromatic proteins or amino acids, are significant precursors for HAA formation (Croué et al., 

2000; Nguyen et al., 2005; Kanokkantapong et al., 2006; Henderson et al., 2008).  Hong et 

al. (2008) reported the formation of THMs and HAAs from algae cells, including Oscillatoria 

sp., Chlamydomonas sp. and Nitzschia sp. They showed that the algal-derived organic 

matter and fulvic acid had similar CHCl3 and TCAA formation potentials (CHCl3: 35.9-42.5 

μg mg-1 C; TCAA: 30.0-46.3 μg mg-1 C), but were significantly lower than commercial humic 

acid (CHCl3; 56.9 μg mg-1 C; TCAA: 83.0 μg mg-1 C). However, the DCAA yield from algal 

cells (29.0 μg mg-1 C) was much higher, again supporting the claim that DCAA and TCAA 

have different precursors.  Huang et al. (2009) and Goslan et al. (2008) showed how algae 

cells and algal organic matter influence HAA formation.  Huang et al. (2009) showed two 

common blue-green algae (Anabaena flos-aquae and Microcystis aeruginosa) to be 

significant HAA precursors.  Goslan et al. (2008) reported the formation potential of algal 

organic matter taken from six common UK species (Chlorella vulgaris, Scenedesmus sp, 

Microcystis aeruginosa, Asterionella Formosa, Melosira sp and Anabaena cylindrica) and 

reported that levels of HAAs formed were in some cases greater than THMs (Figure 2.6, 

Goslan et al., 2008). Of the species investigated, the most reactive with respect to HAA 

formation was M. Aeruginosa. Three of the species formed more HAAs than THMs. Similar 

formation of HAAs and THMs from the same algal organic matter has been reported with 

THM formation slightly higher (Nguyen et al., 2005). The TCAA:DCAA ratio provides an 

indication of the different precursor material implicated in their formation (Reckhow et al., 

1990). Four of the species had a ratio between 0.48 and 1.37, which compares to literature 

values of 0.33- 0.69 (Nguyen et al., 2005). In contrast, two species had ratios of 6.52 (A. 

Cylindrica) and 8.05 (Melosira sp.). These species did not exhibit any similar characteristics 

that would indicate a reason for these differences. 
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Figure 2. 6  THMs and HAAs formed by chlorination of algal EOM (Goslan et al., 2008). 

Bond et al., (2010) recently reviewed the significant literature on formation potential of model 

compounds.  They demonstrated that other than chlorine substitution, no physicochemical 

properties correlate with formation of HAAs or THMs. This lack of relationships indicates 

there is no reliable predictor of DBP formation likely to be found in drinking waters: the 

chemical structure of the organic compounds has instead been found to have the greatest 

impact on DBP formation.  A good example of this has been reported by Guo and Chen 

(2009), who investigated the halogenation reaction of five aromatic compounds differing only 

in terms of the functional group.  They found that HAA production capacity followed the order 

phenol > aniline > benzoic acid > nitrobenzene > chlorobenzene, where phenol and aniline 

formed 40 times more HAAs per mole than the other three species.  Hong et al. (2009) 

investigated the HAA formation potential of 20 amino acids; they showed that amino acids 

with a ring structure (especially those with OH- or nitrogen-substituted ones) had a high 

chlorine demand, leading to high HAA yields (Table 2.7). This suggests that chlorine reactive 

structures, including activated rings, are a key factor in formation of HAAs.     
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Table 2. 7 HAA formation from amino acids (adapted from Hong et al., 2009). 

Compound No. of C Chlorine demand DCAA TCAA 

  mg Cl2 mg C-1 μg mg-1 C 

Glycine 

Alanine 

Serine 

Threonine 

Aspartic acid 

Asparagine 

Valine 

Methionine 

Glutamic acid 

Glutamine 

Proline 

2 

3 

3 

4 

4 

4 

5 

5 

5 

5 

5 

>10.0 

7.6 ± 0.0 

8.8 ± 0.1 

8.6 ± 0.0 

9.0 ± 0.0 

9.1 ± 0.1 

6.8 ± 0.1 

7.3 ± 0.1 

6.6 ± 0.1 

4.6 ± 0.2 

6.6 ± 0.0 

nd 

2.73 ± 0.14 

1.88 ± 0.26 

0.68 ± 0.21 

72.4 ± 13.4 

45.0 ± 3.29 

3.24 ± 0.56 

4.30 ± 0.19 

2.72 ± 0.15 

0.75 ± 0.21 

30.8 ± 1.57 

nd 

0.94 ± 0.20 

0.03 ± 0.02 

0.02 ± 0.02 

10.8 ± 7.20 

17.63 ± 3.88 

0.08 ± 0.03 

0.72 ± 0.14 

0.18 ± 0.09 

0.19 ± 0.02 

4.92 ± 0.78 

Leucine 

Isoleucine 

Cystine 

Lysine 

Arginine 

Histidine 

6 

6 

6 

6 

6 

6 

6.5 ± 0.1 

6.5 ± 0.0 

8.3 ± 0.0 

5.1 ± 0.1 

8.8 ± 0.2 

9.8 ± 0.1 

4.16 ± 0.12 

2.84 ± 0.07 

8.79 ± 0.32 

6.31 ± 0.21 

10.2 ± 0.24 

58.2 ± 0.56 

0.16 ± 0.00 

0.15 ± 0.05 

1.01 ± 0.01 

1.17 ± 0.12 

1.08 ± 0.14 

31.7 ± 0.45 

Phenylalanine 9 3.4 ± 0.1 17.3 ± 2.63 9.68 ± 1.41 

Tyrosine 9 8.7 ± 0.0 43.6 ± 0.47 60.9 ± 0.05 

Tryptophan 11 8.6 ± 0.1 48.3 ± 0.11 57.2 ± 0.57 

 

 

The case for aromatic compounds being the main precursors of HAA though has been 

weakened by recent publications showing the high levels DBP formation found from aliphatic 

model compounds, notably high DCAA formation from a small number of amino acids and 

high THM and DCAA formation from β-dicarbonyl acids (Bond et al., 2009).  Hong et al. 

(2009) showed aspartic acid and asparagines to have very high HAA formation potentials. 
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Bond et al. (2009) also reported that L-aspartic acid was a significant HAA precursor, 

forming 693 and 694 µg mg C-1 in the absence and presence of Br¯ respectively.  This was 

significantly higher than the 387 µg mg C-1 DCAA found by Reckhow and Kim (2008) and its 

reactivity is believed to result from formation of a β-keto acid intermediate upon chlorination, 

a moiety known to have high DCAAFP.  The next most important precursor identified by 

Bond et al. (2009) was ferulic acid, forming 450 and 530 µg mg C-1 without and with Br¯ 

respectively.  These compounds are more consistent with the organic matter found in the 

hydrophilic fractions of natural waters, and aspartic acid is one of the most dominant amino 

acids identified in natural waters (Thurman, 1985; Münster, 1999) and algal-derived protein 

(Brown et al., 1997).  Degradation of algae has been shown to be major contributor of 

dissolved amino acids in natural waters (Jørgensen, 1987; Jugnia et al., 2006), and 

concentrations in natural waters usually range between 20 and 10,000 μg L-1 or between 2-

13% of DOC in natural waters (Thurman, 1985).    

 

2.5 Control in water treatment works 
 

There are three strategies for controlling the levels of haloacetic acids in drinking water (i) 

remove the precursors (ii) change the disinfection protocol and (iii) remove the haloacetic 

acids generated.   

 

In general reducing the levels of DOC is the preferred option, but we are currently not able to 

link the character of haloacetic acid precursors with physical properties of bulk NOM.  An 

overview of precursor removal options is given below (Table 2.8), and a detailed review 

provided by Bond et al. (2011).  The first stage of any precursor removal strategy should be 

to ensure coagulation is fully-optimised for NOM removal (Sharp et al., 2006).  Coagulation 

will be most effective for anionic activated aromatic precursors, and since we know that this 

group principally produces THMs and TCAA it will be more effective for removal of THM and 

TCAA precursors rather than more hydrophilic DCAA precursors (Liang and Singer, 2003).  

Anion exchange methods, such as MIEX®, have been observed to be more effective at 

removing THM precursors than coagulation, though the exact reasons remain unclear 

(Jarvis et al., 2008): it has been hypothesised this may be due to uptake of reactive 

carboxylic precursors, potentially β-dicarbonyl and/or masked β-dicarbonyl species (Bond et 

al., 2009).  It is known that activated carbon preferentially adsorbs hydrophobic NOM over 

similarly-sized hydrophilic moieties, and it would be useful to determine whether the post 

coagulation water has the potential to form significant levels of TXAAs.   
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 Advanced oxidation processes (AOPs) such as UV/H2O2 or O3/H2O2 are not currently 

considered an effective process option. Whilst the performance is overall very high (Bond et 

al., 2009; Buchanan et al., 2005), the energy demand is significant.  It is also possible for 

AOPs to significantly increase the DBP formation of previously non-reactive amino acids and 

would therefore need to be linked to an additional downstream process such as activated 

carbon to control this.  Finally, ozone alone is not perceived to be an effective process for 

precursor removal as it will be most effective where precursors are aromatic and ozone is 

used to increase their biodegradability for downstream biotreatment. This strategy will be 

most effective where activated aromatic precursors in a post-coagulation residual are key to 

controlling DBP formation, a situation most probable in humic-rich water sources. 

 

Switching disinfectant from chlorine to chloramines is known to significantly affect the levels 

of HAAs.  There are many examples in the literature to support this, including the occurrence 

survey reported by Goslan et al. (2009) where the levels of HAAs were significantly reduced.  

Bougeard et al., (2010) directly compared the HAAFP of 12 waters from across England and 

Wales using both chlorine and preformed monochloramine and found that as expected 

monochloramine produced significantly less HAAs (average reduction of 77%) when 

compared to chlorine. These findings compare well with previous studies studying HAA 

formation using preformed monochloramine: typically a 90 to 95% reduction was observed 

(Cowman and Singer, 1996; Guay et al., 2005).     

 

There is a strong pH dependency for the formation of several of the HAAs; this may be 

another potential route to control HAA formation, possibly through the manipulation of 

chlorination pH though care would be required to ensure the disinfection efficiency was not 

compromised.  The formation of TCAA, for example, can be mitigated by chlorinating at 

alkaline pH, although this is likely to promote THM formation and so this is likely only to be 

beneficial where TCAA is of more concern than THMs.  Increased THM formation at pH 7 

and above is supported by model compound and natural water research, and explained by 

increasing hydrolysis under alkaline conditions. The pH dependency of DCAA is more 

equivocal. It is thought formation of THMs and TCAA proceeds through common 

intermediates, notably trichloroacetaldehyde.  Given the incomplete knowledge of DBP 

formation from reactive precursors varying with pH, this approach would need empirical 

confirmation. 

 

It is known that haloacetic acids are biodegradable: reports of biodegradation of HAAs in 

water distribution systems first emerged in the late 1990s.  For example, Bayless and 

Andrews (2008) reported the biodegradation of six individual HAAs, and Zhang et al. (2009) 
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reported the isolation and characterization of HAA-degrading bacteria from drinking water 

systems - including two collected from tap waters in the UK.      

 

In a series of papers by Xie and co workers (Tung et al., 2006a, 2006b, 2006c, Wu and Xie, 

2005) HAA removal by GAC was studied.  Zhou and Xie (2002) reported adsorption of 

DCAA on GAC columns and found bed lives of ~ 1 month, which was subsequently 

confirmed by Xie et al., (2004) on GAC pilot plants where breakthrough of DCAA and TCAA 

occurred in 8 days and 26 days respectively.   These data would indicate that sterile GAC 

would not be a viable solution to controlling HAAs within a treatment works, but that once the 

GAC becomes biologically active it is a far more effective processes.  Wu and Xie (2005) 

showed how removal was affected by EBCT and temperature, with >90% removal of DCAA 

and TCAA possible.  Kim and Kang (2008) also showed removal efficiency of HAA5 to be 

excellent (>99%) across a GAC absorber and attributed this to biodegradation on the 

surface of GAC. Biodegradation was very dependent on water temperature and decreased 

from 99% during the warm season (April–October) to 34% during the cold season (January–

March).  HAA removal has also been reported in biologically active sand filters.  Rodriguez 

et al. (2007) reported an average 20% decrease in HAAs during sand filtration and found 

better removal of DCAA than TCAA. 
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Table 2. 8 Suitability of water treatment processes for precursor removal (adapted from 
Bond et al., 2009). 

Recommended processes    

Process Selectivity Good For Example precursor Comments 

Coagulation Highly anionic 
compounds 

Large, anionic 
precursors 

 

 

 

Process optimisation 
important 

MIEX® Highly and 
moderately 

anionic 

β-dicarbonyl acids
 

Effective for THMFP 
removal, putatively 
β-dicarbonyl acids 

 

GAC Hydrophobic 
compounds 

Neutral hydrophobic 
species 

 

Pore size distribution 
and charge of 
carbon surface 

important 

NF Effective for 
small, 

hydrophilic 
precursors 

Amino acids, 
carbohydrates 

 

Membrane surface 
affects selectivity 

Other processes    

AOPs Can increase 
DCAAFP 

All precursors at 
high doses 

 

 Effective doses 
uneconomic 

currently 

Biotreatment Chemical 
functionality 

Amino acids 

 

Limited amounts of 
biodegradable NOM 

Ozone Selective for 
aromatics 

Activated aromatics  Limited efficacy for 
precursor removal at 

typical doses 

 

Ozone-biotreatment Effective if ozone increases 
biodegradability of aromatic 

precursors 

 Limited by amount of 
aromatic 

precursors? 
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2.6 Fate in distribution 
 

A number of studies on the behaviour of THMs and HAAs in distribution systems (Rodriguez 

et al., 2004, LeBel et al., 1997, Williams et al., 1997, Arora et al., 1997, Chen and Weisel, 

1998) have revealed the following behaviour: (i) THMs were observed to increase with 

increasing residence time in distribution, (ii) HAAs were observed to decrease with 

increasing residence time in distribution after an initial increase, (iii) observed changes were 

more pronounced in warm weather, and (iv) HAA levels were often found to equal or exceed 

THM levels. 

 

In addition ‘booster’ chlorination has been shown to have a notable effect on DBP 

occurrence. Although the levels of THMs and HAAs are stabilised after a certain amount of 

time in the distribution system, an additional application of chlorine can produce a significant 

increase in both THMs and HAAs (Rodriguez et al., 2004). This could have an impact on 

distribution system reservoirs and should be considered when deciding on a distribution 

strategy.  Detailed studies have been carried out on the dehalogenation of HAAs in the 

presence of iron distribution pipes (Hozalski et al., 2001, Zhang et al., 2004).   Eventually 

TCAA can be degraded to DCAA within 3 miles of new pipe. However, the degradation of 

HAAs by iron pipes may not be significant with older corroded pipes that have <10% zero-

valent iron. The reaction of HAAs with corrosion products has been investigated (McRae and 

Hozalski, 2004). HAAs also undergo degradation in the presence of light on the surface of 

iron oxyhydroxides at a rate of 0.01 – 70 nM min-1 (Pehkonen et al., 1995).  Work carried out 

in the UK has shown both a reduction and an increase of HAAs in distribution (Table 2.9, 

Parsons and Goslan, 2006).  
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Table 2. 9  Levels of THMs and HAAs in final and distribution samples (Parsons and Goslan, 
2006). 

Works and season Sample THM (µg L-1) HAA (µg L-1) 

1 (Spring) Final 

Distribution 

12.73 

9.07 

91.64 

85.17 

1 (Summer) Final 

Distribution 

69.02 

76.84 

19.23 

13.62 

2 (Spring) Final 

Distribution 

36.59 

24.12 

54.42 

71.72 

2 (Summer) Final 

Distribution 

50.72 

51.07 

14.59 

11.27 

 

It is thought that the bacterial cultures in the distribution system may contribute towards the 

degradation of HAAs. A recent WaterRF study has been carried out (Project #3122) that was 

able to enrich and identify HAA degraders from various water distribution systems and other 

environments. Eight unique HAA degrading bacterial species were successfully enriched 

and identified, including Afipia spp. and a Methylobacterium sp. (Zhang et al., 2009). 

 

2.7 Conditions most likely to give rise to haloacetic acids 
 

There are a number of conditions giving rise to haloacetic acids. These can be related to the 

character of the water, the degree of treatment before chlorination and the conditions of 

chlorination, as well as seasonal factors.  In terms of water character, high levels of 

hydrophobic organic matter will increase the likelihood of higher formation of HAAs (and in 

particular TCAA), and this is likely to occur when coagulation is not optimised. The levels of 

organic matter can also be influenced by algae, particularly in summer with specific species 

prone to HAA formation (e.g. Scenedesmus sp.). Organic matter can also be influential in 

river sources with wastewater treatment works upstream (referred to as effluent organic 

matter), shown to contain polypeptides and amino acids which are known HAA precursors. 

Additionally, medium to high bromide levels (> 75 µg L-1) will result in significant amounts of 

bromide containing HAAs. With regards to chlorination, the higher the dose and the earlier it 

occurs in a water treatment works the more HAAs will be formed. HAAs are maximised 

when chlorination is at a low pH, possibly applied to suppress THM formation which 

increases with increasing pH. Seasonal HAA formation can be increased when temperatures 
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are elevated. However, at elevated temperatures, biological degradation of HAAs can also 

be enhanced so the impact of season is not always clear, although lower temperatures will 

often lead to lower levels of HAAs. 

 

2.8 Conclusions 
 

HAA analysis, occurrence, precursor material, behaviour in distribution and possible 

predictors for HAA formation have been reviewed. Occurrence surveys have reported 

maximum levels of HAAs at hundreds of µg L-1, but median values tend to be typically in the 

range 20-40 µg L-1. The precursors for HAAs are complex and varied. However, it is known 

that precursor material for DCAA is different from that which forms TCAA and THMs, and 

also that particular amino acids and carboxylic acids can act as significant HAA precursors. 

In distribution systems the fate of HAAs is complex and evidence shows that concentration 

can rise as well as fall. A major reason for this is that HAAs are biodegradable and given the 

right conditions and materials they can be rapidly biodegraded in the distribution system. 

The analysis of HAAs can be time consuming and costly; GC/ECD is considered to be the 

best available method for analysing HAAs in potable waters.  

 

A wide range of water quality parameters (colour, UV254, SUVA etc.) has been used to 

predict HAA and THM formation but none have been shown to be reliable predictors of DBP 

formation. 
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3.0 Materials and Methods 
 
3.1 Site selection  
 

For this study 20 sites were selected to investigate HAA occurrence.  The selection criteria 

included water treatment works (WTWs) with (i) different water sources (ii) different 

treatment processes and (iii) different disinfection practices.  Site selection was developed in 

discussion with the DEFRA project manager and utility contacts and included 12 works from 

a previous survey of England and Wales carried out by Cranfield University (Table 1).   The 

remaining eight works were selected to target circumstances identified during the literature 

review to give rise to the highest concentrations of HAAs or offer alternative treatment 

regimes.  Two WTWs which used groundwater as the source were included as “controls” - it 

was not expected that significant levels of HAAs would be produced at these two sites.  

Overall the selection reflects a wide range of circumstances and includes likely worst case 

scenarios.  Quarterly sampling was conducted at each works as detailed in Section 3.2 

below.  A list of the sites selected with the rationale for selection is shown (Table 3.1). 
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Table 3. 1  Site selection and rationale. 

WTW Rationale Historical data? 

A Upland reservoir, very high organic content No 

B Moorland fed reservoir water, high organic content, , low 

bromide, low alkalinity 
Yes 

C Lowland river, just above bromide threshold Yes 

D Upland river, low bromide Yes 

E Upland reservoir, high organic content, at bromide 

threshold 
Yes 

F Upland reservoir, some algal issues, low bromide Yes 

G Borehole  water, high organic content but low colour, low 

bromide 
Yes 

H Upland reservoir, allows direct comparison of chlorination 

and chloramination possible, low bromide Yes 

I Lowland river, effluent impacted, high organic content, low 

bromide 
Yes 

J Lowland reservoir: pre-chlorination, general algae issues No 

K Lowland reservoir, particular blue-green algae issues No 

L Lowland reservoir with algal issues No 

M Lowland reservoir with algal issues No 

N Lowland rive, effluent impacted  Yes but limited 

O Borehole water (control) Yes 

P Lowland river supplied reservoir , algal impacted with high 

bromide, high alkalinity 
Yes 

Q Lowland reservoir, natural catchment, no coagulation No 

R Borehole water, high bromide (control) Yes 

S Lowland river, high bromide,  Yes 

T Lowland reservoir with recalcitrant organics Yes but limited 

 

3.1.1 Site information 
Information regarding the treatment processes at each site is presented below (Table 3.2).  
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Table 3. 2  Treatment processes at selected sites. 

WTW Treatment Process Disinfection 

A Coagulation, DAF, sand filtration, chlorination, Mn 

contactors 
Chlorine 

B Coagulation, DAF, sand filtration, chlorination, Mn 

contactors 
Chlorine 

C Coagulation(Actiflo), sand filtration, post-ozone, GAC 

 Chlorine 

D Coagulation, direct filtration (rapid gravity and slow 

sand) 
Chlorine 

E Coagulation, direct filtration Chlorine 

F Membrane filtration Chlorine 

G Membrane filtration with pre-oxidation Chlorine 

H Coagulation, filtration 
Chlorine and chloramines

I Coagulation, GAC Chlorine 

J Pre-chlorination, coagulation, DAF, GAC Chlorine 

K Coagulation, DAF, sand filtration, GAC Chlorine 

L Coagulation, DAF, sand filtration, chlorination, Mn 

contactors 
Chlorine 

M Coagulation, clarification, chlorination, RGF, de-

chlorination, GAC 
Chlorine 

N Pre-ozone, Coagulation, post-ozone,  GAC Chloramines 

O Filtration Chlorine 

P Pre-ozone, Coagulation, post-ozone,  GAC Chloramines 

Q GAC, slow sand filtration Chloramines 

R Filtration Chlorine 

S Coagulation, DAF or settling, sand filtration, GAC 
Chlorine 

T Coagulation, DAF, sand filtration, GAC Chlorine 

 

3.1.2 Distribution sample information 
 
9 of the 20 WTWs were selected for distribution sampling, primarily based on those with the 

highest HAA occurrence observed in the first four surveys. In addition to works samples, two 

distribution samples were collected per site where possible. Samples were generally 

collected from service reservoirs with a few exceptions identified below, although at site H 

the distribution is split into chlorine and chloramine disinfection and in this case four samples 
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were collected - two from each disinfection regime. The distribution samples, water age and 

pipe materials are presented (Table 3.3). 

 

Table 3. 3.  Distribution site samples. 

WTW Location 

Estimated time 

of travel from 

works (h) 
Pipe material 

from To 

A D1 18  

Mixed DI, CI + 

MDPE 

 D2 26  

Mixed DI, CI + 

MDPE 

B D1 24  

Mixed DI, CI + 

MDPE 

 D2 72  

Mixed DI, CI + 

MDPE 

F D1 3 3 
CO, CI, DI, PE 

 D2 20 50 

CO, CI, DI, PE, 

PVC, AC  

G D1+ 120 144 - 

H D1 34  - 

 D2 26  - 

 D3 141  - 

 D4 60  - 

J D1 3.4  CI 

 D2 11.5  
AC, DI 

L D1 24  - 

 D2 168  - 

M D1 -  - 

 D2* -  - 

Q D1* 33 36.5 CI 

 D2* 60 65 CI, PVC 

 

Notes: 
Samples in bold are chloraminated 
+ - sample was collected from a public building 
* - samples were collected from a fire hydrant 
AC – Asbestos cement 
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CO -concrete lined 
CI- cast iron 
DI- ductile iron 
PE- polyethylene 
MDPE - Medium density polyethylene 
PVC - Polyvinyl chloride 
 
3.2 Sampling Survey 
 
20 WTWs were sampled on four occasions in October 2009, January 2010, April/May 2010 

and July 2010 to determine HAA concentration in the final treated water. Further to this, nine 

WTWs were selected to determine the behaviour of HAAs in distribution. At these WTW, 

final treated water samples were collected as well as samples from the distribution network. 

These samples were collected in October 2010 and February/March 2011. 

 

3.3 Sample Collection and Storage 
 
Samples were collected using glass vials with PTFE screw lined caps and capacities of at 

least 40 mL. Prior to collection, sample vials were prepared with 0.2 mL of ammonium 

chloride solution at a concentration of 20 g L-1 to achieve a final concentration of 100 mg L-1. 

Sample vials were filled gently and completely taking care not to flush out the quenching 

agent. After collection samples were chilled during transport and storage (≤ 10 °C) using a 

12V powered electric cool box with ice packs. Samples were collected and analysed in 

duplicate. Samples were held for no more than 14 days at ≤ 5°C before extraction for HAA 

analysis and the extracts analysed within 14 days (stored at ≤ -20 °C). ‘Final’ samples were 

collected at the works exit or at the designated compliance tap. In many cases this was the 

same point. There were instances where the compliance tap was some distance away from 

the works or was not readily accessible and in this case the sample was taken as close to 

the works exit as possible. Distribution samples were collected from service reservoirs, fire 

hydrants or public buildings (winter, spring and summer from works J, K, L and M were 

collected by WRc plc. Vials were supplied by Cranfield University and once filled were 

returned to Cranfield or to Dr Emma Goslan by car with appropriate storage, i.e. ice packs 

and cool box with temperature monitored.). 

 
3.4 Measurements at time of sampling 
 
Water temperature was measured from April/May 2010 onwards, using a mercury 

thermometer (0-50 °C, Fisher Scientific, UK) in April/May 2010 and an electronic digital 

thermometer (THV-200-010H, Fisher Scientific, UK) thereafter. For the surveys carried out in 
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October 2010 and February/March 2011, the free chlorine residual of all samples was 

measured (HACH pocket colorimeter Mk II, Camlab Ltd., UK). 

3.5 Sample Analysis 
 
3.5.1 Iodine analysis 
 
Iodine was measured using inductively coupled plasma/mass spectrometry (MS) (Elan 9000, 

Perkin Elmer, UK).   

 

3.5.2 Determination of Haloacetic acids (HAA) in drinking water (adapted from 
USEPA Method 552.3) 
 

Method Statement: Samples that have been exposed to chlorine or chloramines are 

analysed for disinfection by-products (DBPs) formed. One specific group of compounds is 

determined: HAAs. The HAAs are acidified and extracted by liquid-liquid extraction into the 

solvent phase. The HAAs are then converted to their more volatile methyl esters and the 

solvent extract neutralised. The solvent extract is injected into a Gas Chromatograph with 

Electron Capture Device detection for quantification. 

 
Standard Operating Procedure 

Summary of Method: A 30 mL sample is adjusted to a pH of 0.5 or less using sulphuric acid 

and extracted with 3 mL of methyl tert-butyl ether (MTBE) containing an internal standard 

(1,2,3-trichloropropane). The HAAs that have been partitioned into the organic phase are 

then converted to their methyl esters by the addition of acidic methanol followed by heating 

for 2 hours. The solvent phase containing the methyl esters is separated from the acidic 

methanol by adding 3 mL of a concentrated sodium sulphate solution. The aqueous phase is 

discarded. The extract is neutralised by further addition of the sodium sulphate solution (1 

mL) and the solvent layer removed for analysis. The target analytes are identified and 

quantified using capillary gas chromatography using an electron capture device detector. 

Analytes are quantified relative to the internal standard. 

 

Method detail: 
HAA derivatisation 

 Remove samples from storage and allow them to equilibrate to room temperature. 
 Measure exactly 30 mL sample into a 60 mL glass vial with PTFE septum lid by 
weight.  
 Add 20 µL of surrogate primary standard dilution standard (2 bromobutanoic 
acid)and invert once to mix. 
 Add approximately 1.5 mL sulphuric acid (to achieve pH ≤0.5)  
 Add 3 mL MTBE with internal standard using a dispenser (internal standard is 1, 2, 3 
– trichloropropane at 300 µg L-1)  
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 Add approximately 12 g sodium sulphate into vial, replace cap and shake for 
approximately 3 minutes vigorously by hand (put vial on side if not shaking 
immediately to prevent clumping).  
 Allow layers to separate for 5 minutes  
 Transfer approximately 1 mL upper layer to a test tube.  
 Add approximately 1 mL of freshly made 10% sulphuric acid/methanol solution (add 
methanol first, hood down, double gloves on while making solution).  
 Cap tubes tightly and place in 50°C water/sand bath for exactly 2 hours. Ensure the 
temperature is 50°C by using a thermometer.  
 After 2 hours, take out tubes and let tubes cool to room temperature (at least 5 
minutes)  
 Add approximately 1 mL MTBE (no internal standard) to each tube.  
 Add 3 mL of 10% sodium sulphate into each tube and vortex for 30 seconds  
 Remove water from bottom phase.  
 Add 1 mL of 10% sodium sulphate into each tube and vortex for 30 seconds  
 Transfer approximately 1 mL of MTBE top layer to a GC vial and analyse using the 
method below.  

  
Notes: Surrogate primary dilution standard (20 μg mL-1) – Prepare a primary dilution 

standard (PDS) in MTBE at a concentration of 20 μg mL-1 from a surrogate stock solution 

(10 mg mL-1 in MTBE) of 2-bromobutanoic acid. Store both solutions at ≤ 0 °C. Sodium 

sulphate should be muffled by heating in an oven more than 400 °C for 30 minutes. MTBE is 

methyl tert butyl ether. 

 

HAAs were then measured on a gas chromatograph with a micro electron capture detector 

(Agilent 6890 GC-ECD). A capillary column (ZB-1ms (Phenomenex, UK; 30 m × 0.25 mm × 

0.25 µm)) was used with helium carrier gas at a constant rate of 1.1 mL min-1. The split ratio 

was set at 10:1. A volume of 1 µL was injected. The initial oven temperature was 35°C held 

for 8 minutes followed by an 8°C per minute temperature ramp to 200°C and held for 1 

minute. The temperature of the injector was set at 200°C and the detector at 270°C. The 

rate of data collection was 20 Hz. 

 

Calibration: At least 5 calibration standards were required to prepare the calibration curve. 

Standards were treated in exactly the same way as samples. A commercially available HAA 

mixture was purchased at 2000 µg mL-1 in MTBE (Sigma Aldrich, UK).  Standards were 

made at concentrations of 0, 0.5, 10, 20, 50 and 100 µg L-1 by diluting the appropriate 

volume of HAA mixture in ultrapure water. To create a calibration curve the peak area/IS 

area was plotted against the standard concentration. Quantification of samples was 

determined by dividing the peak area of the sample by the IS area for that sample. That is, 

all peak areas were normalised with respect to the internal standard area for each sample. 

The lowest standard used was 0.5 µg L-1 and values found below this in the samples were 

reported as below the LOD except for MCAA where the LOD has previously been 

determined at 0.8 µg L-1. 
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Quality Assurance: Samples were analysed in batches of 30. Standards were run first 

followed by samples. After 15 samples and at the end of the batch, a laboratory blank 

(deionised water) was run followed by a standard at 25 µg L-1 to check the calibration. Each 

blank should have a response less than the detection limit for each HAA. The calibration 

check should be within ± 30% of the expected value. The calibration check was made up the 

same way as the standards but was made separately from the calibration standards. The 

QA data is included in Appendix A. The response of the internal standard (IS) in each 

standard sample and quality control sample will be monitored. The area of the IS peak 

should not deviate by more than ± 30% from the average area measured during the initial 

calibration. Additionally, the area of the surrogate standard should not deviate by more than 

± 30% from the average area measured during the initial calibration. Further to this, all 

samples were analysed in duplicate and the data reported is the mean of the two results.  . 

 

Limit of Detection: The limit of detection has been determined by preparing at least seven 

replicates of deionised water spiked with low levels of each HAA (~1 μg L-1). The prepared 

samples were extracted as detailed above. The detection limit was calculated using the 

formula: 

 

Detection limit = STDEV × t (n-1, 1 – α = 0.99) 

 

Where STDEV is the standard deviation of the replicate analyses, n is the number of 

replicates and t is the Students t value for 99 % confidence level with n-1 degrees of 

freedom. 

 
3.5.2.1 Method validation results 
 

Table 3. 4  Limits of detection.  

Analyte Detection Limit 

(µg L-1)* 

MRL  

(µg L-1)** 

Monochloroacetic acid 0.783 2.349 

Monobromoacetic acid 0.086 0.258 

Dichloroacetic acid 0.317 0.951 

 Trichloroacetic acid 0.026 0.078 

Bromochloroacetic acid 0.064 0.192 

Dibromoacetic acid 0.022 0.066 
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Bromodichloroacetic acid 0.037 0.111 

Dibromochloroacetic acid 0.055 0.165 

Tribromoacetic acid 0.045 0.135 

*Fortified deionised water samples were extracted and analysed over three days for 8 
replicates. Fortification was at three different concentrations (0.1, 0.5 and 1µg L-1) 
**MRL is at least three times the LOD for each analyte 
 
Note: The LOD value is a statistical determination of precision only. If the LOD replicates are 

fortified at a low enough concentration, it is likely that they will not meet the precision and 

bias criteria, and may result in a calculated LOD that is higher than the fortified 

concentration. Therefore no precision and bias criteria are specified for the LOD. 

 

3.5.2.2 Proficiency testing 
 

For the surveys carried out in November 2010 and February/March 2011, proficiency testing 

(PT) samples were purchased from ERA (Manchester, UK) and analysed at the same time 

as the WTW and distribution samples. The PT samples supplied by ERA were of unknown 

concentration in the range 10-50 µg L-1 for six HAAs. The six HAAs were MCAA, MBAA, 

DCAA, BCAA, TCAA and DBAA. Each month, they prepare PT samples. The results were 

posted on the ERA website and after the closure date, results were compiled, a report 

produced by ERA and distributed to the participants. The PT samples were analysed in 

order to further validate the method for HAA analysis used at Cranfield University. 

 

Table 3. 5  Proficiency testing results for November 2010 (Study number WS-172). 

HAA Cranfield 

result (µg 

L-1) 

Recovery 

(%) 

Acceptance 

range (µg L-1) 

Z value No of data 

points 

Rating 

MCAA 39.3 102 32.1-40.9 1.26 6 Satisfactory 

MBAA 23.7 91.3 23.7-28.9 -1.95 6 Opportunity 

DCAA 33.5 100 30.0-37.0 -0.0284 6 Excellent 

BCAA 16.1 96.3 15.6-18.0 -1.12 <5 <5 Data Points 

TCAA 18.4 90.7 15.5-26.7 -0.96 6 Satisfactory 

DBAA 32.2 90.3 29.7-37.7 -0.775 6 Satisfactory 

 

Table 3. 6  Proficiency testing results for March 2011 (Study number WS-175). 
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HAA Cranfield 

result (µg 

L-1) 

Recovery 

(%) 

Acceptance 

range (µg L-1) 

Z value No of data 

points 

Rating 

MCAA 33.5 92.5 24.5-44 -0.151 16 Good 

MBAA 27.6 97.6 23.2-33 -0.209 16 Good 

DCAA 41.3 95.4 32.2-55.7 -0.0585 16 Excellent 

BCAA 21.1 99.1 16.7-26.5 -0.207 11 Good 

TCAA 42.5 94 31.6-55.7 -0.192 16 Good 

DBAA 19.6 92.5 14.3-28 -0.452 16 Satisfactory 

 

  



 

 46

Performance evaluation: 

Laboratory performance is based on the z score where z is calculated as: 

z = (x-X)/s 

where x = laboratory’s reported result, X = grand mean of data set, s = grand standard 

deviation of the data set. 

Z scores ranges are used to identify levels of performance: 

Z score Level of performance 

z ≤ 0.15 Excellent 

0.15 < z ≥ 0.32 Good 

0.32 < z ≥ 1.65 Satisfactory 

1.65 < z ≥ 2.00 Opportunity 

z > 2.00 Concern 

 

Notes: 

It is always essential that laboratories evaluate their z scores in terms of the characteristics 

of the study. Z scores based upon fewer than 10 data points should be reviewed with 

caution because of the limited participation. For analytes where the z score is greater than 

2.00, it is suggested that the participant initiate corrective action within its quality system 

procedures. 

Occasionally less than 5 data points may be reported for an analyte. These data points will 

not be provided with an evaluation and will be marked as “< 5 Data Points”. 
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4.0 Results and Discussion 
 

4.1 HAAs in water leaving treatment works (final water samples) 
 

An overview of the collected data in terms of the levels of the HAAs found is presented 

below (Table 4.1).  The sections below show the occurrence (using box and whisker plots) of 

the HAAs measured in the final samples on a seasonal basis (raw data is presented in 

Appendix A). The median data show little seasonal variations (Figure 4.1) in the levels which 

is less pronounced than the variation in THMs measured in previous studies (Goslan et al., 

2002).  The variation was more pronounced when water type was considered, with reservoir 

waters producing higher levels of HAAs than rivers or borehole sources on a median basis. 

 
There was considerable variation between the individual waters with HAA9 levels ranging 

from 0.3 µg L-1 for borehole water to 28.9 µg L-1 at an upland reservoir.  Overall the median 

value was 12.5 µg L-1 which is lower than that observed in previous studies such as Krasner 

et al. (2006) and Williams et al. (1997) and also lower than those reported for UK waters by 

Malliarou et al. (2005) whose regional mean values varied between 35.1 and 94.6 µg L-1 for 

HAA6 for chlorinated and chloraminated waters.  However, work carried out on subsequent 

UK waters by the same group found levels ranging from 0.3-20.6 µg L-1 for the same regions 

(Zhang et al., 2010). No samples were observed that had greater concentrations than, the 

USEPA standard, 60 µg L-1 or the proposed EU standard of 80 µg L-1.    
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Table 4. 1 Summary of HAA9 concentrations found during this study compared to two recent 
UK studies (Final water samples only). 

Parameter Unit Minimum Median 75th 
percentile

Maximum DWQR 

(Goslan et al., 
2009) 

median 

DWI  

 (Zhang et 
al., 2010)  

median 

Iodine µg L-1 0.3 1.9 3.3 11.6 3.0 nm 

HAA9 µg L-1 0.3 12.5 17.4 28.9 20.0 0.3-20.6 

TXAA µg L-1 0 4.9 6.9 19.3 18.6 0-12.3 

DXAA µg L-1 0.3 7.1 9.3 16.8 12.2 0.3-10.4 

nm – not measured 
 

 
 
 

  
Figure 4. 1  HAA9 measured in final samples: comparison of season. 
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 Figure 4. 2  Distribution of HAA9 according to water source. 

 

The distribution of trihalogenated HAAs (TXAAs) and dihalogenated HAAs (DXAAs) has 

been investigated according to water source (Figure 4.3). The impact of chloramination on 

speciation of HAAs has also been widely reported and it would be expected to observe a 

change in the speciation towards dihalogenated HAAs.  Diehl et al. (2000) reported that 

during chloramination 90% of the total HAAs would be DXAA whilst chlorination produced a 

mixture of mono-, di- and trihalogenated HAAs. In this survey, two of the lowland reservoirs 

and one lowland river are chloraminated where in practice chloramination at these works still 

employs chlorination for at least 30 minutes before adding ammonia. Here we suggest that 

the difference observed in DX:TX ratios is attributed to the difference in precursor material, 

where DXAA precursors have been observed to be less aromatic than TXAA precursors 

(Bond et al., 2011) and also more likely to appear in treated water. This is largely in 

agreement with the study of Goslan et al. (2009), who found similar levels of TXAA and 

DXAA but with DXAA predominant. It was also noticed that the samples with the highest 

TXAA concentrations were from upland sources. 
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Figure 4. 3.  The distribution of trihalogenated HAAs (TXAAs) and dihalogenated HAAs 
(DXAAs) across different water types.    

 

4.2 HAAs in samples taken from the distribution system 
 

The data below (Figure 4.4 – 4.5) shows the occurrence of HAA9 measured in the final water 

and distribution samples collected in November 2010 and February/March 2011; raw data is 

presented in Appendix A. Of the nine works, HAA9 in distribution was observed to increase 

at seven works, decrease at one (Works B) and increase or stay the same at another 

(Works M) in November 2010. At works B the HAA9 levels measured in distribution were 

lower than at the works exit by 20-31 %. This was associated to a decrease in free chlorine 

(0.40, 0.24 and 0.14 mg Cl2 L-1 at the works exit, D1 and D2 respectively). The pipe material 

was a mixture of ductile iron, cast iron and mixed density polyethylene. There is evidence 

that dehalogenation occurs in the presence of iron distribution pipes (Hozalski et al., 2001, 

Zhang et al., 2004) with TCAA degrading to DCAA. This may have occurred here as the 

TCAA:DCAA ratio was observed to decrease through distribution. It should be noted that the 

same samples taken from Works B increased in distribution in February/March 2011 by 25-

123 % although the chlorine residual here was more stable (0.81, 0.68 and 0.91 mg Cl2 L-1 at 

the works exit, D1 and D2 respectively). 
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In February/March 2011, of the nine works, HAA9 in distribution was observed to increase at 

seven, decrease at one distribution point at one works (Works J) and decrease where 

chloramination was used in distribution (works H). At Works J, the HAA9 levels measured at 

one distribution point were lower by 56 %. This was associated with a decrease in free 

chlorine (0.73 and 0.25 mg Cl2 L-1 at the works exit and D1 respectively). The pipe material 

was a mixture of ductile iron and cast iron. The TCAA:DCAA ratio did not change through 

distribution so dehalogenation by the distribution pipes is unlikely to be responsible. At 

Works H, there are two distribution systems fed by the same works, one employing 

chlorination, the other chloramination. The lack of free chlorine residual in the chloraminated 

distribution system has led to HAA9 levels similar to those at the works exit sample (9-18 % 

in November 2010) or else lower (by 2-18 % in February/March 2011). Similarly at Works Q 

where chloramination is used in distribution, levels of HAA9 increased by 1-16%. 

 

Works F showed consistently high levels of HAA9 in distribution. In February/March 2011, 

levels increased to 74.8 µg L-1. The reason for this increase has not been determined. The 

source water is subject to algal blooms, but the time of year and water temperatures make 

this an unlikely cause. A possibility is biofilm inside the distribution pipes, or the precursor 

material being slow to form HAAs. 

 

The study by Graham et al. (2009) carried out in the UK revealed that, on the whole, HAA 

levels increased with increasing distribution time. The exception to this was for one 

distribution system in Autumn where HAA levels peaked in the middle of the distribution 

system and fell thereafter. This was attributed to microbial activity. A chlorine residual was 

maintained in each distribution system but the levels were not reported. 
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Figure 4. 4 HAA9 levels in final water samples and corresponding distribution samples from 
November 2010 (note that distribution samples D3 and D4 from works H and distribution 
samples from works Q are chloraminated). 
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Figure 4. 5  HAA9 levels in final water samples and corresponding distribution samples from 
February and March 2011 (note that distribution samples D3 and D4 from works H and 
distribution samples from works Q are chloraminated). 

 

Levels of HAA9 were observed to increase in distribution (Figure 4.6) with the increase more 

pronounced in February/March compared to November (Figure 4.7). A comparison of 

chlorination vs chloramination confirmed the literature evidence that chloramination is an 

effective strategy for preventing further HAA formation in distribution (Figure 4.8). Works that 

used chloramination were works Q and distribution samples D3 and D4 from works H. 
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Figure 4. 6 Comparison of HAA9 Final vs Distribution data (all samples). 

 

Figure 4. 7  Comparison of HAA9 Final vs. Distribution data - impact of season.   
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Figure 4. 8 Comparison of HAA9 Final vs. Distribution data - impact of chlorination vs 
chloramination. 

 

4.3 Bromine incorporation  
 

The formation of bromine-containing HAAs is of particular interest as they are more cytotoxic 

and genotoxic than chlorine-containing compounds (Plewa et al., 2006).  Here the bromine 

incorporation factor (BIF) has been used to show the proportion of the DBPs that are 

partially or totally brominated.  The BIF describes the molar contribution of all brominated 

species (Koudjonou et al., 2008) and for HAAs, separate BIF values are calculated for 

trihalogenated species and dihalogenated species (Krasner et al., 2008).  The equations are 

as follows: 

 

BIF (DXAAs) =   

 

BIF (TXAAs) =   

 



 

 56

For the dihalogenated HAAs, the BIF ranges from 0 (no brominated species) to 2 (pure 

DBAA) and for the trihalogenated HAAs, the range is from 0 (no brominated species) to 3 

(purely TBAA).  Values have been calculated here for DXAAs and TXAAs as a percentage 

of the maximum values.  Values for upland, lowland and borehole waters have been plotted 

separately (Figures 4.9-4.11).   

 

 Figure 4. 9  Bromine incorporation factor (BIF) of upland waters HAAs.  
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Figure 4. 10 Bromine incorporation factor (BIF) of lowland waters HAAs. 

 

Figure 4. 11 Bromine incorporation factor (BIF) of borehole waters HAAs. 

 

The DXAAs and TXAAs % Bromine incorporation is greater for the lowland sites compared 

to the upland ones. This is expected as lowland waters tend to have higher bromide 
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concentrations than upland waters. It is noted that the upland sites have higher % BIF 

values in winter. It is likely that the chlorine doses applied in the winter are lower due to 

lower organic levels and lower chlorine demand as the organic levels in such waters have 

been shown to be highly seasonal (Goslan et al., 2002). Bromine incorporation can increase 

when the bromide/TOC ratio is high or the chlorine/bromide ratio is low (Symons et al., 

1993). 

 

4.4 Iodine 
 

The concentration of iodine varies little throughout the year but is a little higher in summer 

and lowest in the winter (Figure 4.12, medians are 1.7, 1.2, 2.4, 2.7 µg L-1 in Autumn, Winter 

Spring and Summer respectively). Compared to a survey carried out in Scotland (Parsons et 

al., 2009) values reported here are lower on average but a similar pattern was observed with 

the values highest in summer and lowest in the winter (medians were 0.8, 2.0 and 5.1 µg L-1 

in Winter, Spring and Summer respectively). 

 

Figure 4. 12  Distribution of Iodine according to season. 

 

When iodine concentrations are separated according to water source, lowland and borehole 

waters have higher iodine concentrations than upland waters (Figure 4.13). 
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Figure 4. 13 Distribution of Iodine according to water type. 
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5.0 Conclusions  
 

This project set out to gather information and a robust data set on levels of HAAs in drinking 

water and to look at implications of this data for England and Wales.   A literature review 

identified a number of conditions giving rise to haloacetic acid formation, including the 

organic character of the water, the season, the degree of treatment and the chlorination 

conditions.  

A seasonal survey of 20 WTWs was undertaken using an analytical method adapted from 

USEPA Method 552.3.  Results of this survey showed concentrations of HAA9 to be 

consistently low at all WTWs (maximum 28.9 µg L-1) and in all but one distribution system 

(ranging 8.0 - 74.8 µg L-1 with median 20.8 µg L-1).  Only in one case were HAA5 levels 

above the US MCL of 60 µg L-1 and no samples were above the HAA9 standard of 80 µg L-1 

originally proposed by Cortvriend (2008).    

Although the seasonal variation of HAA9 formation was not pronounced in the survey data 

reported here, the different formation tendency according to water source are clear to see.  

Reservoir waters were more likely to form higher HAA9 concentrations compared to river and 

borehole sources. This is likely to be due to the higher levels of NOM present in the form of 

soil derived organics in upland reservoirs which is not completely removed during treatment.  

In lowland reservoirs, algal-derived organics that are often recalcitrant to treatment 

contribute to the increased HAA formation observed.  Bromine incorporation is greater for 

the lowland sites compared to the upland sites, which is expected as lowland waters tend to 

have higher bromide concentrations than upland waters. 

The levels of HAA9 were observed to increase in 7 of the 9 distribution systems tested, in the 

case of Works F a threefold increase was observed.  There is a need for more information 

and research to better understand the role of pipe materials, contact time and chlorine dose 

play in this trend.  As found in previous work by the authors (Goslan et al., 2009; Bougeard 

et al., 2009) there was no significant increase in HAA9 concentrations in distribution systems 

that used chloramines compared to chlorine, this may be useful when considering options 

for reducing HAA concentrations. 
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Appendix A 
 

Table A. 1 Survey and extraction dates (all samples were analysed within 2 weeks of the 
extraction date).   

Survey 1  

WTW  Sampling Date  Extraction Date 

A  26/10/09  30/10/09 

B  26/10/09  30/10/09 

C  26/10/09  30/10/09 

D  27/10/09  30/10/09 

E  27/10/09  30/10/09 

F  27/10/09  30/10/09 

G  28/10/09  30/10/09 

H  28/10/09  30/10/09 

I  28/10/09  30/10/09 

J  19/10/09  23/10/09 

K  19/10/09  23/10/09 

L  20/10/09  23/10/09 

M  20/10/09  23/10/09 

N  21/10/09  23/10/09 

O  21/10/09  23/10/09 

P  21/10/09  23/10/09 

Q  21/10/09  23/10/09 

R  22/10/09  23/10/09 

S  22/10/09  23/10/09 

T  22/10/09  23/10/09 

 

Survey 2  

WTW  Sampling Date  Extraction Date 

A  25/01/10  29/01/10 

B  25/01/10  29/01/10 

C  25/01/10  29/01/10 

D  26/01/10  29/01/10 

E  26/01/10  29/01/10 

F  26/01/10  29/01/10 

G  27/01/10  29/01/10 

H  27/01/10  29/01/10 

I  27/01/10  29/01/10 

J  20/01/10  22/01/10 
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K  20/01/10  22/01/10 

L  26/01/10  29/01/10 

M  26/01/10  29/01/10 

N  28/01/10  29/01/10 

O  28/01/10  29/01/10 

P  28/01/10  29/01/10 

Q  28/01/10  29/01/10 

R  19/01/10  22/01/10 

S  19/01/10  22/01/10 

T  19/01/10  22/01/10 

 

Survey 3 

WTW  Sampling Date  Extraction Date 

A  04/05/10  10/05/10 

B  04/05/10  10/05/10 

C  04/05/10  10/05/10 

D  05/05/10  10/05/10 

E  05/05/10  10/05/10 

F  05/05/10  10/05/10 

G  06/05/10  10/05/10 

H  06/05/10  10/05/10 

I  06/05/10  10/05/10 

J  28/04/10  30/04/10 

K  28/04/10  30/04/10 

L  26/04/10  30/04/10 

M  26/04/10  30/04/10 

N  07/05/10  10/05/10 

O  07/05/10  10/05/10 

P  07/05/10  10/05/10 

Q  07/05/10  10/05/10 

R  27/04/10  30/04/10 

S  27/04/10  30/04/10 

T  27/04/10  30/04/10 
 

Survey 4 

WTW  Sampling Date  Extraction Date 

A  26/07/10  30/07/10 

B  26/07/10  30/07/10 

C  26/07/10  30/07/10 
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D  27/07/10  30/07/10 

E  27/07/10  30/07/10 

F  27/07/10  30/07/10 

G  28/07/10  30/07/10 

H  28/07/10  30/07/10 

I  28/07/10  30/07/10 

J  27/07/10  30/07/10 

K  27/07/10  30/07/10 

L  27/07/10  30/07/10 

M  27/07/10  30/07/10 

N  21/07/10  23/07/10 

O  21/07/10  23/07/10 

P  21/07/10  23/07/10 

Q  21/07/10  23/07/10 

R  20/07/10  23/07/10 

S  20/07/10  23/07/10 

T  20/07/10  23/07/10 
 

Distribution Survey 1 

WTW  Sample 
ID 

Collection 
Date 

Extraction 
Date 

A  WTW  10/11/2010 19/11/2010
  D1  10/11/2010 19/11/2010
  D2  10/11/2010 19/11/2010
B  WTW  10/11/2010 19/11/2010
  D1  10/11/2010 19/11/2010
  D2  10/11/2010 19/11/2010
H  WTW  02/11/2010 05/11/2010
  D1  02/11/2010 05/11/2010
  D2  02/11/2010 05/11/2010
  D3  02/11/2010 05/11/2010
  D4  02/11/2010 05/11/2010
G  WTW  02/11/2010 05/11/2010
  D2  02/11/2010 05/11/2010
F  WTW  03/11/2010 05/11/2010
  D1  03/11/2010 05/11/2010
  D2  03/11/2010 05/11/2010
J  WTW  22/11/2010 26/11/2010
  D1  22/11/2010 26/11/2010
  D2  22/11/2010 26/11/2010
L  WTW  24/11/2010 26/11/2010
  D1  24/11/2010 26/11/2010
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  D2  24/11/2010 26/11/2010
M  WTW  24/11/2010 26/11/2010
  D1  24/11/2010 26/11/2010
  D2  24/11/2010 26/11/2010
Q  WTW  25/11/2010 26/11/2010
  D1  25/11/2010 26/11/2010
  D2  25/11/2010  26/11/2010

 

Distribution Survey 2 

WTW  Sample 
ID 

Collection 
Date 

Extraction 
Date 

A  WTW  21/02/11 28/02/11 
  D1  21/02/11 28/02/11 
  D2  21/02/11 28/02/11 
B  WTW  21/02/11 28/02/11 
  D1  21/02/11 28/02/11 
  D2  21/02/11 28/02/11 
H  WTW  22/02/11 28/02/11 
  D1  22/02/11 28/02/11 
  D2  22/02/11 28/02/11 
  D3  22/02/11 28/02/11 
  D4  22/02/11 28/02/11 
G  WTW  22/02/11 28/02/11 
  D1  22/02/11 28/02/11 
  D2  22/02/11 28/02/11 
F  WTW  23/02/11 08/03/11 
  D1  23/02/11 08/03/11 
  D2  23/02/11 08/03/11 
J  WTW  07/03/11 08/03/11 
  D1  07/03/11 08/03/11 
  D2  07/03/11 08/03/11 
L  WTW  01/03/11 08/03/11 
  D1  01/03/11 08/03/11 
  D2  01/03/11 08/03/11 
M  WTW  01/03/11 08/03/11 
  D1  01/03/11 08/03/11 
  D2  01/03/11 08/03/11 
Q  WTW  25/02/11 08/03/11 
  D1  25/02/11 08/03/11 
  D2  25/02/11  08/03/11
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Table A.2 HAA9 concentrations (µg L-1) measured in final samples collected in October 
2009. 
 

 

 

<LOD – below limit of detection 
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Table A.3 HAA9 concentrations (µg L-1) measured in final samples collected in January 2010  
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Table A.4 HAA9 concentrations (µg L-1) measured in final samples collected in April/May 
2010  
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Table A.5 HAA9 concentrations (µg L-1) measured in final samples collected in July 2010  
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Table A.6 HAA9 concentrations (µg L-1) measured in final and distribution samples collected 
in November 2010 
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Table A.7 HAA9 concentrations (µg L-1) measured in final and distribution samples collected 
in  February/March 2011 
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Table A.8 Water temperature data (°C) (note that this was not measured in October 2009 
and January 2010) 
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Table A.9 Free chlorine (mg L-1 as Cl2) and temperature data (°C) 
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Table A.10 Iodine concentrations (µg L-1) measured in final water samples 
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Table A.11a Internal Standard areas and deviation from the mean value – Survey 1 (sample 
includes standards, blanks, calibration check and samples run in duplicate) 
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Table A.11b Internal Standard areas and deviation from the mean value – Survey 2 (sample 
includes standards, blanks, calibration check and samples run in duplicate) 
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Table A.11c Internal Standard areas and deviation from the mean value – Survey 3 (sample 
includes standards, blanks, calibration check and samples run in duplicate) 
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Table A.11d Internal Standard areas and deviation from the mean value – Survey 4 (sample 
includes standards, blanks, calibration check and samples run in duplicate) 
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Table A.11e Internal Standard areas and deviation from the mean value – Distribution 
Survey 1 (sample includes standards, blanks, calibration check and samples run in 
duplicate) 
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Table A.11f Internal Standard areas and deviation from the mean value – Distribution Survey 
2 (sample includes standards, blanks, calibration check and samples run in duplicate) 

 

Note: sample 3 in Batch 2 – data not used – deviation from the mean value > 30%.  The 
duplicates are shown below. The first had the deviation from the mean value >30% so the 
impact is that the result is underestimated. Only the second result was used so this isn't a 
duplicate of the mean. 
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Table A.12a Surrogate Standard areas and deviation from the mean value – Survey 1 
(sample includes standards, blanks, calibration check and samples run in duplicate) 
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Table A.12b Surrogate Standard areas and deviation from the mean value – Survey 2 
(sample includes standards, blanks, calibration check and samples run in duplicate) 
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Table A.12c Surrogate Standard areas and deviation from the mean value – Survey 3 
(sample includes standards, blanks, calibration check and samples run in duplicate) 
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Table A.12d Surrogate Standard areas and deviation from the mean value – Survey 4 
(sample includes standards, blanks, calibration check and samples run in duplicate) 
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Table A.12e Surrogate Standard areas and deviation from the mean value – Distribution 
Survey 1 (sample includes standards, blanks, calibration check and samples run in 
duplicate) 
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Table A.12f Surrogate Standard areas and deviation from the mean value – Distribution 
Survey 2 (sample includes standards, blanks, calibration check and samples run in 
duplicate) 
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Table A.13 Calibration Check Concentration at 25 µg L-1 (µg L-1) and deviation from the 
expected value (%) 
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Table A.14 Laboratory blank concentrations (µg L-1) 

 


