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1. Introduction 
This final report summarises the work undertaken within the project entitled, ‘The formation and occurrence of 
haloacetic acids in drinking water’, funded by the EPSRC (EP/D502411/1), the Drinking Water Inspectorate and 
Anglian Water, during the period of October 2005 to March 2009. The project was also supported by Severn Trent 
Water, United Utilities and Scottish Water, who provided advice and assistance with the provision of water samples. 
The project involved laboratory studies undertaken in the Department of Civil and Environmental Engineering at 
Imperial College London, and the analysis of samples at the Department of Soil Science of the University of Reading. 
 
The academic investigators involved in the project were as follows: 

Professor Nigel Graham is Professor of Environmental Engineering in the Department of Civil and Environmental 
Engineering at Imperial College London (Principal Investigator). 

Dr Christopher Collins is Reader in Soil Science in the Department of Soil Science, University of Reading. 
Professor Mark Nieuwenhuijsen is Professor in Environmental Epidemiology at the Centre for Research in 

Environmental Epidemiology (CREAL), Barcelona, Spain and a Visiting Professor in the Division of 
Epidemiology, Public Health and Primary Care at Imperial College London.  

Dr Michael Templeton is a Lecturer in the Department of Civil and Environmental Engineering at Imperial College 
London. 

In addition, Dr Yanping Zhang and Ms Jin Huang were employed on the project as a post-doctoral research assistant 
and PhD student, respectively. 
 
2. Aims and objectives 
The overall aim of the proposed project was to increase the knowledge and understanding of the occurrence and 
formation of HAA compounds, with special reference to UK drinking water. At the fundamental level, we sought to 
investigate how the formation and quantity of individual HAA compounds are related to the nature of the organic 
substances (organic precursors) typically present in source and treated waters. This aspect has been poorly understood 
and relatively unstudied hitherto, but is a vital aspect in terms of explaining and predicting HAA formation. Our 
approach has involved separating the organic substances into component fractions and studying the respective HAA 
formation under well-controlled reaction conditions. Through the combination of laboratory studies and an extensive 
sampling programme we have sought to measure and model HAA formation for a number of specific types of UK 
drinking water supplies. The anticipated outcomes of the project were expected to be a more complete assessment of the 
key determinants for HAA production, a unique data set of HAA occurrence, and a method for predicting HAA 
concentrations. From this, it was hoped that an inventory of HAA occurrence for the UK could be predicted and the 
potential health impact of HAA exposure postulated. 

The specific objectives of the project were as follows: 

1. To select three water supply systems, in collaboration with the water company partners, to obtain representative 
water samples for the fundamental laboratory work, and to carry out a sampling and analysis programme. The three 
systems will cover the principal categories of source water (upland surface, lowland surface and groundwater), and 
be located in different geographical regions, and amongst others, chlorine concentration history will be considered; 

2. To design and conduct a sampling programme for each water distribution system to quantify the temporal and 
spatial formation of HAA compounds, and to assist in the development and validation of a laboratory-based 
predictive model; 

3. To assess and/or measure the determinants of HAA formation, including disinfection processes and chemicals, 
water source, pH, temperature, concentration of chlorine residual, residence time, reaction time, total organic 
carbon (TOC), principal constituents of the TOC, and bromide content as part of the sampling campaign; 

4. To undertake an extensive laboratory investigation of the kinetics of HAA formation (up to 9 individual HAA 
compounds) using real samples of treated waters from the United Kingdom (prior to chlorination) in order to study 
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the influence of the following parameters: nature of dissolved organic matter (by separating into 
hydrophobic/hydrophilic and acid/neutral/alkali fractions); pH; temperature; bromide concentration; chlorine dose. 
In addition, laboratory tests will be undertaken to consider the specific role of algae and algal derived organic 
substances as HAA precursors.  

5. To carry out bench scale Simulated Distribution System (SDS) tests to predict HAA formation and correlate the 
results with observed values from the water distribution systems, based on equivalent flow residence time and 
chlorine concentration history; 

6. To conduct statistical analyses on the collected samples and predictive models, and evaluate the relationship 
between HAA formation and other water parameters (see objective 3), including THM compounds; 

7. To use the information from the study to predict the potential formation of HAA compounds in the UK in general, 
and their health impact on the UK population. 

 
3. Analytical Methods 
Samples were analysed for 9 haloacetic acids (HAA9) according to the standard EPA method 552.3 (USEPA 2003). 
The HAA9 analytes are bromochloroacetic acid (BCAA), bromodichloroacetic acid (BDCAA), chlorodibromoacetic 
acid (CDBAA), dibromoacetic acid (DBAA), dichloroacetic acid (DCAA), monobromoacetic acid (MBAA), 
monochloroacetic (MCAA), tribromoacetic acid (TBAA) and trichloroacetic acid (TCAA). A simple description of the 
method is as follows: a 40 ml aqueous sample was adjusted to a pH of 0.5 or less and extracted with 4 ml of methyl-tert-
butyl-ether (MTBE) containing internal standard (1,2,3-trichloropropane). The haloacetic acids that had been 
partitioned into the organic phase were then converted to their methyl esters by the addition of acidic methanol followed 
by heating for 2 hr. The solvent phase containing methylated haloacetic acids was separated from acidic methanol by 
adding 7 ml of concentrated aqueous solution of Na2SO4, and the extract was neutralized by the addition of a saturated 
solution of NaHCO3. The target analytes were identified and quantified by capillary column gas chromatography using 
an electron capture detector (GC/ECD). Details of the gas chromatograph analysis programme are given in Table 1. 

The EPA method provided detailed information on appropriate sampling and analysis protocols, use of laboratory and 
field duplicates, internal standards etc, which formed the central component of the quality assurance/control (QA/QC) 
for the analysis. The limit of detection (LOD), defined as the concentration that corresponds to three times the standard 
deviation of replicate blanks, was measured by integrating laboratory fortified blanks in seven independent assessments 
and the values for the 9 compounds varied from 0.03 to 3.80 μg/l. To further validate the precision and accuracy of the 
method, recovery testing was carried out by spiking a known amount of the standard mixture to ultrapure water and 
water samples. A high variation of recovery rate were found in low spiking samples (~2 μg/l), especially for MCAA 
(30-50%), mainly because of its small chromatographic peak. Recoveries of other HAAs tended to be satisfactory or 
excellent (79-123%) when HAAs were spiked from moderate to high concentrations (20-1000 μg/l). 

In April 2007, Professor Clive Thompson of Alcontrol Laboratories visited Imperial College London and the University 
of Reading to advise on the analytical QA/QC procedures being used in the project. His visit report confirmed that our 
procedures were satisfactory, but made some valuable recommendations for a number of improvements. Subsequently, 
Professor Howard Weinberg of the University of North Carolina, a leading US expert on DBP analysis, also visited our 
laboratories to oversee our analytical procedures and provide essential advice on improving the EPA method (the EPA 
method does not always detect all of the HAAs) as well as QA. In the course of our work it was discovered that three of 
the brominated trihaloacetic acids decreased within the storage time permitted by the EPA method; these were 
bromodichloroacetic acid (BDCAA), chlorodibromoacetic acid (CDBAA) and tribromoacetic acid (TBAA). The 
degradation kinetics of these trihaloacetic acids were found to be approximately first-order, and associated with the 
degradation was the formation of dihaloacetic acids: DCAA from BDCAA, BCAA and DBAA from CDBAA, and 
DBAA from TBAA. These results are important to the validity of the standard EPA method and a paper describing the 
findings has been submitted for publication in the scientific literature (details – see section 9). Finally, we participated 
in an inter-laboratory QA exercise within a European Union research study (HiWATE) which, although based on a 
limited number of samples, confirmed that our HAA analyses were in good agreement with the American reference 
laboratory in LA.  
All other water quality parameters were determined by standard methods (eg. APHA, 1995), and this includes: pH, 
temperature, concentration of chlorine residual, total organic carbon (TOC), THMs and bromide content. For all 
analyses standard quality assurance procedures were used (eg. use of blanks, spikes, standard solutions, determination 
of recovery efficiencies). 
 
4. Occurrence of HAAs in Water Systems 
A sampling programme to determine the speciation and occurrence of nine haloacetic acids (HAAs) was conducted 
during the period of April 2007 to March 2008 and involved three drinking water supply systems in England which 
were chosen to represent a range of source water conditions; these were an upland surface water, a lowland surface 
water, and a groundwater. Each utility system consisted of a water treatment plant supplying an exclusive pipe 
distribution network, and details of each process and sampling points are given in Table 2. Water utility system A 
abstracts water from an aquifer through boreholes and the water is naturally high in soluble iron; the treatment consists 
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of aeration, filtration and chlorination. Water utility system B uses reservoir water supplied from a lowland river and the 
treatment process involves coagulation followed by sedimentation or flotation, dual media (anthracite/sand) filtration, 
granular activated carbon adsorption, and chlorination. Lastly, the source water for water utility system C comes from 
the combination of two upland reservoirs and the treatment process is direct filtration, followed by second stage 
filtration with pre-chlorination (for manganese removal and disinfection). 
 
Occurrence of HAAs 
The concentrations of the most prominent individual and total HAAs in the water utility systems are shown in Table 3. 
For utility system A (groundwater), the total HAAs were found to be at very low levels in all four seasons, with the 
average and maximum concentrations of 0.6 μg/l and 1.9 μg/l, respectively. For the lowland surface water of utility 
system B, the average and maximum total HAA levels were found to be substantially greater at 11.9 μg/l and 20.0 μg/l, 
respectively. Utility system C (upland surface water) exhibited the highest total HAA levels with an average 
concentration of 21.3 μg/l and a maximum of 41 μg/l. Overall, the total HAA levels were relatively low (< 41 μg/l), and 
below those detected in a previous UK study (Malliarou et al. 2005). In that study, the concentrations of HAAs were 
measured in water supplies in regions of middle and northern England covered by three water companies, in summer 
conditions only (two week period), and the average levels of total HAAs in the three regions were 35.1, 94.6 and 52.1 
μg/l. The maximum total HAA concentration in that study was reported to be 244 μg/l. While the formation of HAAs is 
known to be related to various water quality parameters (eg. NOM fractions, UV254 absorbance, bromide, pH), it is 
noted that the mean total HAA concentration in the water supply zones of the three utility systems was found to be 
closely related to the corresponding SUVA value (positive linear regression, R2 = 0.86). 

The seasonal pattern of total HAA formation in utility system C indicated a greater formation in summer and autumn, 
and lower levels in spring and winter (Figure 1). It is interesting to observe that the average total HAA concentrations in 
the water supply zones were approximately 65% and 85% greater in autumn than those in the spring and winter, 
respectively. These seasonal differences in HAAs were less dramatic than those reported in other studies elsewhere, 
where, for example, differences were approximately four-fold. The higher HAA concentrations during autumn could be 
explained by the greater presence of precursors favouring the formation of HAAs, since the greatest average water TOC 
and SUVA values were also observed in the autumn period. 
 
Speciation of HAAs 
During the period of study, BCAA and DBAA were the dominant HAA species in utility system A final water, but both 
were present at relatively low concentrations. In utility B and C water systems, five HAA species were detected, which 
were DCAA, TCAA, BCAA, DBAA and BDCAA. Among these five HAAs, three species are regulated in the USA by 
the USEPA D/DBP Rule for HAAs (USEPA 2006). In the samples from utility system B, the brominated compound, 
BDCAA, was the dominant HAA detected in the final water, followed by TCAA and BCAA; their mass concentrations 
corresponded to 35%, 22% and 20% of the total HAA concentration, respectively. DCAA and TCAA were the major 
species of HAAs detected in the utility C water system. The sum of these two compounds represented 75% of the total 
HAAs by mass concentration, in which TCAA was found to be 39% of total HAAs and DCAA was 36%.  

The seasonal distribution of HAA species in the water supply zones is shown in Table 4. MCAA, MBAA and TBAA 
were not detected in all samples. For utility system A, no HAAs were found in all water samples in the spring, while in 
the summer the concentration of TCAA was 0.1 μg/l and the concentration of DBAA ranged from 0.2 to 0.4 μg/l. In the 
autumn sampling, small concentrations of BCAA and DBAA (0.8-1.1 and 0.7-0.9 μg/l, respectively) were measured in 
the water supply zones, together with TCAA (up to 0.1 μg/l), but in the winter sampling DBAA was the only compound 
detected in the water supply zones. For utility system B, the brominated compounds, BDCAA and BCAA, were the 
dominant HAAs detected in the supply zones in the spring, where the concentration range was 2.0-3.6 μg/l for BCAA 
and 3.0-3.3 μg/l for BDCAA, respectively (Table 4). The proportion of both compounds was lower for the autumn 
samples, where TCAA was the major compound detected in the range of 5.5-8.3 μg/l. For the winter samples, the 
magnitude of the concentration of individual HAA compounds was in the order: BDCAA > BCAA > DCAA > TCAA > 
DBAA. For utility system C, DCAA and TCAA were the principal HAA species detected in all four seasons in both 
water supply zones and in the final water leaving the water treatment plant. 

The speciation of HAAs may be dependent on several factors including the nature and concentrations of NOMs, the 
bromide ion content, chlorine dose, and chlorination conditions (e.g. pH, contact time). In this study, a greater bromide 
ion concentration was found in utility systems A and B (0.02-0.06 mg/l in system A, and 0.03-0.07 mg/l in system B), 
compared with utility system C (0.01-0.03 mg/l), which may explain the lower fraction of brominated HAA species in 
utility system C. The distribution of HAAs into mono-, di-, and tri-halogenated species was also assessed, and the 
speciations for Water Utility B and C are shown in Table 5. The percentages shown in Table 5 are based on the average 
values of all water supply zone samples in all 4 seasons, expressed as a percentage of the total in μg/l. Species were 
grouped in this manner because it is likely that each of the monohalogenated species (MCAA and MBAA) are formed 
through similar chemical pathways and likewise for the dihalogenated species (DCAA, DBAA and BCAA) and the 
trihalogenated species (TCAA, TBAA, BDCAA and CDBAA). There is a strikingly similar distribution in the plant and 
supply zones of both utility systems. The tri-HAA species constituted the greatest fraction of the total HAA 
concentration (54%-58%), and the di-HAA species made up the remaining 42%-46% of the total since no mono-HAA 
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species were measured in either system. This pattern of HAA formation did not appear to be influenced by the different 
bromide concentrations in the two utility systems. 
 
Spatial variation 
HAAs were not detected in any of the unchlorinated water samples (raw and treated waters prior to final chlorination) 
under all seasonal conditions. Total HAA levels were greater in the distribution network than in the water leaving the 
water treatment works, and in distribution the concentrations generally increased with flow time through the three 
successive water supply zones, corresponding to the increased contact time between the free chlorine residual and DBP 
precursors (Figure 2). However, an exception was noted in utility system C where in autumn the greatest HAA 
concentrations were measured in supply zone 2, principally arising from the decrease of DCAA and TCAA from zone 2 
to zone 3. Experimental studies elsewhere have also reported the degradation of HAAs with flow time following 
chlorination, associated with microbial activity which may be an explanation for the decrease observed between zone 2 
and 3. 
 
Correlation between HAAs and THMs 
Establishing a set of potential relationships between the occurrence of HAAs and THMs would allow for a 
determination of the relative importance of these species and it would help to determine whether THM levels (which are 
currently monitored) can be used as a surrogate indicator for HAA levels. The correlation between the concentration of 
total THMs and total HAAs in all waters combined is shown in Figure 3. A strong linear correlation (explained variance 
of 0.88) indicates that the levels of THMs and HAAs formed after chlorination are closely related for the three systems 
studied. This finding supports a previous observation that THM and HAA precursors in NOM are similar for the 
majority of waters in terms of reactivity with chlorine, and similar strong correlations between THMs and HAAs have 
been reported; however, in other studies there have been only moderate or poor correlations between THMs and HAAs. 
Some individual HAA species were found to be highly correlated to specific THMs, such as DCAA and TCAA with 
chloroform. However, there were poor correlations when comparing the concentrations of HAAs and THMs at various 
locations within an individual water supply system. Therefore, while elevated THM levels in a water supply system 
may suggest the occurrence of elevated HAA levels, THM and HAA concentrations are not necessarily directly 
correlated for locations within a water supply system. 

It is recognised that a limitation of the occurrence study may be that the selected areas are not representative of all the 
water zones in the UK or within the water companies. The areas were chosen in collaboration with the water companies 
and the selected water systems were those for which better information were available. In our previous study (Malliarou 
et al. 2005), as mentioned previously, we found higher HAA levels compared to this study and the water zones selected 
for that study were more a random selection of all water zones within the water company areas. However the 
relationship we observed within the study areas are valid and could be applied to other water zones/treatment areas, but 
the actual HAA levels may not be representative. 

A journal paper summarising the results of the project concerned with the occurrence of HAAs in the three UK water 
systems has been submitted for possible publication – details are given in section 9. 
 
5. Fundamental Studies 
The laboratory studies were concerned with extending knowledge of the fundamental mechanisms of HAA formation. 
The studies were concerned with three aspects: the role of specific fractions of dissolved natural organic matter (NOM); 
the contribution of algae as precursor material in the formation of HAAs; and the effect of bromide concentration on 
total HAA formation and species distribution. For the latter, samples were chlorinated with or without a 0.48 mg/l 
bromide spike; the un-spiked samples contained background (low) levels of bromide.  
 
Role of dissolved NOM 
The role of dissolved NOM was considered by studying the influence of seasonal variations (autumn, spring and 
summer) and the effects of treatment for the lowland surface water (utility system B). In addition, the NOM of the 
lowland surface water (winter sample) was compared with the upland surface water (utility system C) (spring sample). 
Three aspects were of interest: the variation in NOM composition, the variation in NOM reactivity in terms of HAA 
formation, and the variation in the distribution of individual HAA species. A modified fractionation procedure, 
following the one described by Croué et al. (1999), was used to characterize the NOM, which separates the NOM into 8 
different fractions. Initially the NOM was separated into 3 generic fractions according to the different polarity of its 
constituents – hydrophobic, transphilic and hydrophilic, using two XAD resins (XAD-8 and XAD-4 resin). These 
fractions were further divided into acid, neutral and base sub-fractions by using different eluants. Chlorination tests 
were conducted with each fraction to investigate the comparative HAA formation potential. 

The principal fractions of the NOM in the lowland water varied slightly with season and were as follows (expressed as 
%DOC): 37-40% hydrophobic, 16-25% transphilic, and 35-47% hydrophilic. As expected the distribution of NOM 
fractions changed after treatment and the NOM was more hydrophilic. Figure 4 shows the impact of seasonal variation 
on the reactivity of raw water NOM fractions. For the purpose of comparison, the unit of HAA yield is expressed as 
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molar yield produced per unit organic carbon (µmol HAA yield/mmol C). Water samples collected in the autumn and 
spring had similar HAA yields, which were slightly higher than the samples collected in summer. However, the 3 
generic fractions (hydrophobic, transphilic and hydrophilic) separated from the waters in different seasons all played an 
important role in HAA formation (Figure 5). The hydrophilic neutral fraction (HPIN) was the most reactive in all three 
seasons, followed by the hydrophobic acid (HPOA) and hydrophilic acid (HPIA) fractions. 
With a bromide spike, the HAA yield from the water collected in autumn and spring increased by up to 12% (7-day 
chlorination period), however there was no obvious change in HAA yield with the water samples taken in summer. 
With regard to HAA speciation, similar distributions of mono-, di- and tri-HAA were observed in all waters with 
bromide spiked compared to those with only low concentration of background bromide. The distribution of the 9 
individual HAA species varied with and without a bromide spike, however there was no seasonal impact on HAA 
speciation (Figure 6). At low bromide level (no spike), BDCAA was the predominant brominated HAA species, 
followed by BCAA. For the bromide-spiked waters, the higher Br-incorporated HAA species were dominant. 

The NOM distribution of the major organic fractions in the upland water was very similar to the lowland water in terms 
of the hydrophobic content (~40% as DOC), but the hydrophilic content was lower than the lowland water (30% versus 
37%). For the upland water the specific HAA yield for the transphilic, hydrophilic and hydrophobic fractions was in the 
ratio of 1:3:8, respectively, indicating the relative importance of the hydrophobic content, and in particular the 
hydrophobic acid (HPOA) fraction was a major contributor to HAA yield. For the lowland water the relative 
importance of the organic fractions in HAA yield was similar to the upland water, but the difference in the magnitude of 
the specific HAA yield for the transphilic, hydrophilic and hydrophobic fractions was much less with a corresponding 
ratio of 1:2:3.3, respectively.  
Treatment resulted in a significant reduction in HAA formation (per unit C) for the lowland water (Figure 5), partially 
due to the removal of the hydrophobic fraction, which is a significant HAA precursor as described above. The overall 
reduction in specific HAA yield in treated water indicates the decrease of its reactivity in terms of HAA formation; 
however, the reactivity of its individual fractions was variable. Treatment seemed to have a positive effect on all 
hydrophilic fractions and hydrophobic acid (HPOA) in reducing the formation of HAA, while a negative effect was 
observed with the other fractions. Apart from the changes in total HAA yield, the variation in individual NOM fraction 
distribution resulting from treatment also altered the formation of HAA species. As can be seen from Figure 7, the 
yields of three tri-HAA species (TCAA, BDCAA and CDBAA) were reduced in treated water. This corresponds with 
the high degree of removal of the hydrophobic fraction, which has been suggested to be the major precursor of tri-HAA. 
 
Contribution of specific algae 
Within the pool of organic substances present in surface waters undergoing disinfection are algal cells and algal derived 
organic compounds. For eutrophic surface waters (reservoirs and rivers), and particularly during algal blooms, the 
contribution of algal substances to the total aqueous organic content is likely to be substantial, both before and after 
conventional water treatment. At the start of the project there had been very little research reported on the role of algae 
in HAA formation. Two algal species, Anabaena flos-aquae and Microcystis aeruginosa were chosen for our study 
since they are widely found in UK surface waters and shown to be contributors to the production of THM compounds. 
Algae cells and their metabolic products - extracellular organic matter (EOM), both separately (cells and filtrate) and 
mixed, have been chlorinated under uniform conditions to estimate their productivities in terms of HAA formation. The 
main objective was to compare the HAA yields from algae with those from the NOM fractions in general, and examine 
possible synergistic or antagonistic effects between cells and extra-cellular substances. The influence of bromide on 
HAA formation and speciation in the tests with algae has also been investigated.  

A close relationship was found between total HAA yield with algal growth phase (Figure 8) and a direct association 
with biomass (cells and EOM) was evident. In contrast, no clear association was found for the specific yield (per unit 
carbon) with the growth phase. Specific total HAA yields (yield/unit C) for Anabaena were in the range of 2-
17μmol/mmol C, while those of Microcystis were slightly higher. For both algae species, the absolute yield of total 
HAA from cells was substantially greater than that from EOM. However, the specific yield from EOM was slightly 
greater than from cells for Anabaena, while the opposite trend was found for Microcystis. The specific total HAA yields 
for the algae were similar to the range of yields found with the NOM fractions (see Figure 4). In particular, the 
reactivity of algal cells was similar to the hydrophobic fractions isolated from river waters, while the reactivity of algal 
EOM was similar to the hydrophilic fractions. 

The distribution of HAA compounds varied with algae species as well as growth phase. For Anabaena cells, mono-
HAA was the predominant HAA species during the lag and early exponential phase, while di- and tri-HAA species 
dominated in the later growth phases; with EOM samples mono-HAA was a major species throughout the growth 
phases up to the death phase. For Microcystis, mono-HAA only appeared in the early exponential phase in samples of 
both cells and EOM. In cell samples, the proportion of tri-HAA was slightly higher than di-HAA, whereas di-HAA was 
dominant in EOM samples. The degree of bromine incorporation was found to change with growth age. For Microcystis 
samples a greater extent of bromine incorporation into HAAs occurred at the early growth phase and decreased until the 
later stationary phase, while for samples containing Anabaena the extent of bromine incorporation increased with the 
growth age. 
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Two journal papers summarising the results of the work on the role of algae as HAA precursors have been published – 
details as given in section 9. 
 
6. Modelling of HAA Formation 
The use of mathematical models to predict the effects of water quality and operational parameters on DBP formation is 
potentially important to water utilities, regulators and epidemiologists. In recent years, some attempts have been made 
to develop predictive models for the formation of DBPs in water, either from data generated in full-scale studies at 
operational water plants or at laboratory-scale using controlled chlorination condition. Most of the work reported has 
been focused on the formation of THMs, and a few studies have considered HAAs. In this project an attempt has been 
made to derive general empirical models to predict total and individual HAA formation for utility system C, which had 
the highest levels of HAA formation (see above). 

Multiple linear regression was used to describe a statistically significant relationship between the observed HAA 
concentrations and the following predictor variables: water pH, temperature, free chlorine, total chlorine, TOC, UV254, 
SUVA, Br-, residence time and seasonal factors. In addition, the inclusion of THMs, total or as individual compounds, 
as a dependent variable in the models can enhance their accuracy. Table 6 presets the correlation matrix for some of the 
predictor variables where it can be seen that there was a strong correlation between THAA and TTHM, which supports 
the inclusion of THMs as a variable. Moderate correlations were evident between HAA and both pH and temperature, 
but poor correlations were observed with the other variables. The predictive model development was based on the 
sample data collected in utility system C for the four seasons. Some of the derived models are shown in Table 7 with 
their associated coefficient of determination (R2). Whilst the real value of these models is limited to their use for the 
particular water system used to derive them (ie. utility system C), it is envisaged that their publication will contribute 
more generally to the development of universal predictive models by the international scientific community. 

In view of the acknowledged difficulty of developing a universal predictive model, an alternative and much simpler 
case-specific approach to predicting HAA formation is by the use of the standardised simulated distribution system 
(SDS) method (Method 5710C, APHA 1995). This method was developed specifically to estimate THM formation and 
has been widely used in practice and research to simulate THM concentrations in water supply networks. The method 
involves the controlled storage of field or model water samples after chlorination for a duration equivalent to the water 
residence time in the distribution network. In our study the SDS test was performed by a bench-top procedure in which 
water samples were collected from the treatment plant of utility system C after treatment, but before chlorination, and 
chlorinated in the laboratory under simulated site-specific conditions (temperature, pH, chlorine dose, etc). To compare 
the SDS results for HAA, samples were taken from the treatment plant supply and at 3 zones in the distribution of 
known water age. Owing to time limitations the SDS test was carried out on one occasion only. The concentrations of 
individual HAA species determined in the samples from the utility system are shown in Table 8. The four compounds 
MCAA, MBAA, CDBAA and TBAA were not detected in any samples. The same observation was also found in the 
SDS test, and the corresponding HAA values are given in Table 9. DCAA and TCAA were the two dominant HAA 
species in both field and SDS test samples. It can be seen from the data that the concentration of total HAA and 
individual HAAs predicted by the DSD tests are comparable immediately after chlorination but there is some 
divergence with increasing reaction time. It appeared that the SDS test underestimated the total and individual HAA 
formation at equivalent water ages, but caution should exercised in drawing conclusions on the basis of this preliminary 
study and further work is required. Studies in the USA, using nationally collected data, have reported that the SDS 
method was a reasonably accurate method of predicting changes in HAA compound concentrations between the 
treatment plant and distribution system locations (AWWA 2002). 
A publication summarising the modelling work is in preparation. 
 
7. Epidemiological Implications 
The current study provides some useful information for epidemiological studies. We found a good relationship between 
THM and HAA levels suggesting that THM levels, which are normally used in epidemiological studies, are a good 
marker for HAA. However, the work also suggests that it will be hard to evaluate the independent effects of THMs and 
HAAs in epidemiological studies, and that any effects observed for THMs may also be caused by HAAs. A number of 
epidemiological studies have been conducted in the UK so far (eg. Toledano et al. 2005, Nieuwenhuijsen et al. 2008) 
and based on the current data there is no need to repeat the studies with HAA estimates. However, as mentioned before, 
the question is if the current results are representative for all the UK, and further larger scale studies should be 
conducted to see if this is the case. These studies should include measurements of both THMs and HAAs. 
 
8. Key findings/Relevance to beneficiaries 
The key findings of the project can be summarised as follows: 

1. Total HAA levels in water supply systems vary considerably according to their water source and treatment. 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). 
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2. DCAA and TCAA were the principal HAA species in the samples from the water utility treating the upland surface 
water source, and were also prominent species in samples of the lowland surface water. BCAA and BDCAA were 
also prominent in both surface waters, particularly the lowland surface water source. Higher brominated HAA 
species may relate to a higher bromide concentration in the source water. 

3. There was significant seasonal variation in both THM and HAAs. When considering the same season in different 
years, there was no significant difference either in the total HAA concentrations or the distributions of HAA 
species. 

4. 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. 

5. For the two surface waters studied, all three generic NOM fractions (hydrophobic, transphilic and hydrophilic) were 
present in similar quantities in the raw water and found to be significant HAA precursors, among which HPOA, 
HPIA and HPIN were the most reactive sub-fractions in terms of HAA formation. 

6. The effect of water treatment resulted in a significant reduction in specific HAA formation for the lowland water, 
partially due to the removal of the hydrophobic fraction. The overall reduction in specific HAA yield in treated 
water indicates the decrease of its reactivity in terms of HAA formation; however, the reactivity of its individual 
precursor fractions was variable. 

7. A study of two common blue-green algae (Anabaena flos-aquae and Microcystis aeruginosa) has shown them to be 
significant HAA precursor contaminants. Their specific total HAA yields (μmol HAA/mmol C) were similar to the 
range of yields found with the range of typical NOM fractions. The overall HAA formation is related to the algal 
growth phase since this determines the overall organic level of cells and EOM. 

8. Attempts to model HAA formation were approached in two ways: a predictive empirical mathematical model based 
on key water quality and operational variables, and the use of the SDS method. Predictive models for total and 
individual HAAs have been established using data obtained from utility system C. A preliminary application of the 
SDS method to samples from utility system C was encouraging but inconclusive. 

9. The HAA occurrence findings in this study may not be representative of all the water zones in the UK or within the 
water companies, so additional larger scale studies are recommended; these should include measurements of both 
THMs and HAAs to inform future epidemiological studies. 

 
Overall, it is believed that the project has provided valuable information that has enhanced understanding of the 
occurrence and formation of HAAs, particularly concerning the nature and role of natural organic matter (eg. NOM 
fractions and algae). HAA occurrence information collected under UK conditions will complement data from other 
countries which will be of interest to the wider international community. In particular, the HAA occurrence results are 
an important data-set for the UK Drinking Water Inspectorate, which is keen to understand the implications for water 
supplies in England and Wales of possible future EU legislation on HAAs in drinking water. 

DBP research is continuing at Imperial College investigating other emerging compounds of interest to the water 
industry (e.g. NDMA and other nitrosamines). 
 
9. Dissemination and exploitation 
Over the period of the project regular progress meetings were held with the collaborative water companies and the DWI 
to discuss the results as they emerged and to guide the activities of the project. At particular meetings information was 
exchanged with invited representatives involved in overlapping work being undertaken at Cranfield University and 
within the EU HiWATE project. 

The results of the project are in the process of being published in peer reviewed literature and details of specific papers 
are shown below. Other findings are being considered for publication, and will form a body of work contained in the 
forthcoming PhD thesis of Miss Jin Huang. Some of the work has been presented in the UK at international meetings 
sponsored by the EPSRC Potable Water Treatment & Supply Network (‘Emerging issues in disinfection by-products’, 
Cranfield, 2008), and by the IWA (4th IWA Specialist Conference, ‘Natural organic matter: from source to tap’, Bath, 
2008). In addition, Professor Nieuwenhuijsen will disseminate aspects of the project to participants of the forthcoming 
Gordon Research Conference on Drinking Water Disinfection By-Products in the USA in August (9-14 August 2009). 
 
Publications: 
Huang, J., Graham, N., Templeton, M., Zhang, Y., Collins, C. and Nieuwenhuijsen, M. (2008). ‘Evaluation of Specific 

Algae as Precursor NOM for Haloacetic Acid Formation’. Water Science and Technology: Water Supply, 8 (6), 
653-662. 

Huang, J., Graham, N., Templeton, M., Zhang, Y., Collins, C. and Nieuwenhuijsen, M. (2009). ‘A Comparison of the 
Role of Two Blue-green Algae in THM and HAA Formation’. Water Research. 43, 3009-3018. 

Huang, J., Graham, N., Templeton, M.R., Zhang, Y., Collins, C. and Nieuwenhuijsen, M. (2009). ‘Impact of Seasonal 
Variations and Bromide on Characteristics of Haloacetic Acid Precursors’, International Postgraduate Conference 
on Infrastructure and Environment, 5-6 June, Hong Kong, China, pp 105-110. 
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Zhang, Y., Collins, C., Graham, N., Templeton, M. R., Huang, J. and Nieuwenhuijsen, M. ‘Speciation and Variation in 
Occurrence of HAAs in Three Regions in England’. Submitted to Water and Environment Journal. 

Zhang, Y., Graham, N., Huang, J., Nieuwenhuijsen, M., Templeton, M. R. and Collins, C. ‘Validation and Reliability of 
the Analysis of Haloacetic Acids’. Submitted to Journal of Water Supply: Research and Technology - Aqua 

Zhang, Y., Huang, J., Graham, N., Templeton, M. R., Collins, C. and Nieuwenhuijsen, M. ‘Monitoring and Modelling 
of Haloacetic Acids (HAAs)’. In preparation. 

 
10. Use of resources 
The main resource requested on the project was staff time in order to undertake the programme of work which included 
a literature review, developing models, testing and validation methodology, setting up a quality assurance programme, 
and carrying out all the sampling and analyses. A full-time post-doctoral assistant, Dr Yanping Zhang, was employed to 
carry out the field-based sampling and achieve the necessary control and data quality for the measurement program. Dr 
Zhang was responsible for the day-to-day management of the sampling campaign and in particular the quality control 
and analytic components of the project, and also conducted the statistical regression modelling on the collected samples 
of the sampling programme; overall, she was employed for approximately 31 months (72% FTE) on the project. A PhD 
student, Ms Jin Huang, was recruited for the fundamental HAA formation studies part of the project. Ms Huang had 
recently completed undergraduate and postgraduate studies in environmental engineering at Tsinghua University in 
China and at Imperial College (MSc degree), respectively. Ms Huang is currently completing her thesis preparation and 
will submit this later in 2009. Two other researchers, Ms Nina Iszatt and Dr Konstantinos Konstantinou, made minor 
contributions to aspects of the project, equivalent to 1.5 and 3 months of staff time, respectively. 

Funds to enable the purchase of a new TOC analyser were requested in order to replace an existing model which was 
over 20 years old and unreliable. A new TOC analyser was purchased from Shimadzu Ltd, Japan, and used extensively 
in the project. Other costs incurred and funded by the project included: laboratory consumables for the large number of 
field and laboratory samples, upkeep/maintenance of the associated equipment (eg. GC-ECD), travel expenses for visits 
to the water companies to select appropriate water supply systems for study and the sampling campaigns, presenting the 
results at a number of national and international conferences, and to cover the cost for a short visit by Dr Howard 
Weinberg from the University of North Carolina at Chapel Hill who assisted us in setting up the methods in our 
laboratories. The expenses for Professor Clive Thompson for his visits to advise on the analytical QA/QC procedures 
were also supported by the project.  
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Table 1. Gas chromatographic conditions for the determination of HAA compounds  

Column  DB-1701, 30m x 0.32mm i.d., 0.25μm film thickness 

Injection mode Splitless  

Carrier gas Helium (33 cm/s) 

Make-up gas Nitrogen (30ml/min) 

Oven temperature program 40 °C initial held for 10 min, program at 2.5 °C/min to 65 °C, 
then 10 °C/min to 85 °C, then 20 °C/min to 205 °C, hold for 7 
min 

Injector temperature 210 °C 

Detector temperature 290 °C 
 
 
Table 2. Description of water utility systems and sampling points. 

System Source Flow 
capacity 
(Ml/d) 

Water treatment processes Sampling locations (number of 
sampling points) 

A Groundwater 4.6 Aeration Before aeration (1) 
 (borehole)  Sand filtration After sand filtration (1) 
   Chlorination After chlorination (1) 
   Distribution Zone 1 (2-6 h)a (5)  
    Zone 2 (6-12 h) (5) 
    Zone 3 (48-72 h) (5) 

B Lowland surface 
water 

100 Coagulation/sedimentation/flotation Raw water before coagulation (1) 

 (raw water reservoir)  Anthracite-sand filtration/GAC After GAC (1) 
   Chlorination After treated water reservoir (1) 
   Distribution Zone 1 (6-12 h) (5) 
    Zone 2 (24-36 h) (5) 
    Zone 3 (29-39 h) (5) 

C Upland surface water 48 Flocculation/1st stage filtration Raw water before flocculation (1) 
 (raw water reservoir)   After 1st stage filtration (1) 
   Chlorination/ 2nd stage Filtration After 2nd stage filtration (1) 
   Distribution Zone 1 (0-12 h) (5) 
    Zone 2 (24-36 h) (5) 
    Zone 3 (24-48 h) (5) 

aApproximate water age 
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Table 3. Individual and total HAA concentrations (μg/l) for the three utility systems. 

  A B C 
DCAA AVE (SD) <LODa 2.0 (0.8) 6.8 (2.7) 
 Min  <LOD 0.1 3.12 
 Max  <LOD 4.0 15.0 
TCAA AVE (SD) 0.0 (0.0) 2.8 (2.5) 9.8 (3.8) 
 Min  0.0 0.2 4.1 
 Max  0.1 8.3 18.5 
BCAA AVE (SD) 0.2 (0.3) 2.3 (0.8) 1.7 (0.8) 
 Min  0.00 0.8 0.6 
 Max  0.2 3.6 3.2 
BDCAA AVE (SD) <LOD 3.8 (1.1) 2.7 (1.7) 
 Min  <LOD 0.0 0.0 
 Max  <LOD 5.9 5.3 
DBAA AVE (SD) 0.3 (0.3) 1.1 (0.5) 0.4 (0.2) 
 Min  0.00 0.0 0.1 
 Max  0.9 2.1 0.7 
Total HAA AVE (SD) 0.6 (0.6) 11.9 (3.3) 21.3 (6.9) 
 Min  0.0 4.9 11.1 
 Max  1.9 20.0 41.0 

aLimit of detection 
 
 

Table 4. Seasonal occurrence of individual HAAs in the water supply zones of the three utility systems (μg/l). 

System Season DCAA TCAA BCAA BDCAA DBAA Total HAAs 

A 

Spring <LODa <LOD <LOD <LOD <LOD <LOD 
Summer  <LOD 0.1 <LOD <LOD 0.2-0.4 0.3-0.5 
Autumn  <LOD <LOD-0.1 0.8-1.1 <LOD 0.7-0.9 0.7-0.9 
Winter  <LOD <LOD <LOD <LOD 0.2-0.4 0.2-0.4 

B 

Spring 1.0-2.1 0.5-1.0 2.0-3.6 3.0-3.3 0.9-1.9 8.1-11.4 
Summer  n.m.b n.m. n.m. n.m. n.m. n.m. 
Autumn  1.8-4.0 5.5-8.3 1.4-3.3 3.0-3.2 0.7-2.1 13.9-20.0 

Winter  1.1-2.9 2.0-2.5 1.3-2.9 3.9-5.2 0.5-1.0 8.1-13.8 

C 

Spring 4.7-8.2 4.8-10.1 2.1-2.8 <LOD 0.3-0.5 12.0-21.3 
Summer  5.8-8.2 7.8-15.5 0.6-1.1 3.6-4.2 0.2-0.3 17.8-28.8 
Autumn  7.3-15.4 8.2-18.5 1.8-3.8 2.9-3.3 0.5-0.7 20.9-41.0 

Winter  3.2-5.6 4.3-8.9 0.7-1.5 3.3-5.3 0.2-0.3 12.8-20.4 
aLimit of detection 
b not measured 

 
 

Table 5. Distribution (% mass concentration) of mono-, di-, and tri-halogenated HAA species for utility system B 
and C. 

System Location Mono-HAA Di-HAA Tri-HAA 
B WTW final watera 0 43 57 
 Supply zones 0 45 55 

C WTW final water 0 46 54 
 Supply zones 0 42 58 

 aWTW – water treatment works 
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Table 6. Correlation matrix (R2) for water quality and operational parameters 

 THAAa pH Temp Cl-FRb Cl-TOc UV254 TOC SUVA Br- TTHMd 

THAA 1.00          
pH 0.67 1.00         

Temp 0.46 0.25 1.00        
Cl-FR 0.19 0.48 -0.27 1.00       
Cl-TO 0.23 0.51 -0.25 1.00 1.00      
UV254 -0.26 -0.43 -0.15 -0.31 -0.32 1.00     
TOC 0.04 -0.14 -0.52 0.04 0.05 -0.01 1.00    

SUVA 0.01 -0.06 0.62 -0.34 -0.35 0.23 -0.72 1.00   
Br- -0.20 -0.38 0.27 -0.41 -0.40 0.08 -0.02 0.31 1.00  

TTHM 0.91 0.68 0.49 0.11 0.15 -0.26 0.01 -0.01 -0.14 1.00 
residence 

time 0.29 0.12 0.28 -0.06 -0.04 -0.12 0.07 -0.09 -0.09 0.33 
a Total HAA; bCl-FR: free chlorine; c Cl-TO: total chlorine; dTotal THM 

 

 

 

Table 7. Summary of HAA predictive models 

Model R2 
THAA = 0.99 (TTHM)0.64 (Cl)0.15 (SUVA)0.09 (Br- + 0.005)-0.12 (ResT + 5)0.07 (Season) 0.77 
TCAA = 1.14 (BDCM)0.8 (Br- + 0.005)-0.15 (ResT + 5)0.06 (Season) 0.75 
DCAA = 45.96 (TCM)0.59 (pH)1.49 (Cl)0.19 (Br- + 0.005)-0.18 (ResT + 5)0.07 (Season) 0.81 
BCAA = 8.29 (BDCM)-1.17 (TCM)1.63 (pH)3.66 (Temp)-0.58 (Cl)0.2 (SUVA)-0.19 (Br- + 0.005)-0.24 (ResT 
+ 5)0.15 (Season) 

0.90 

BDCAA = 0.04 (BDCM)-0.11 (Temp)1.38 (UV254)0.15 (Season) 0.94 
DBAA = 4.75 (CDBM)1.15 (DBCM)-1.11 (Temp)-0.49 (Cl)0.3 (ResT + 5)0.11 (Season) 0.89 
 
Key: 
THAA - Total haloacetic acid (μg/l) 
TCAA - Trichloroacetic acid (μg/l) 
DCAA - Dichloroacetic acid (μg/l) 
BCAA  - Bromocloroacetic acid (μg/l) 
BDCAA  - Bromodichloroacetic acid (μg/l) 
DBAA - Dibromoacetic acid (μg/l) 
TTHM  - Total trihalomethanes (μg/l) 
BDCM - Bromodichloromethane (μg/l) 
TCM - Trichloromethane (μg/l) 
CDBM - Chlorodibromomethane (μg/l) 
DBCM - Dibromochloromethane (μg/l) 
Cl   - Total chlorine (mg/l) 
SUVA  - Specific UV absorbance (l/mg.m) 
Br-   - Bromide (mg/l) 
ResT  - Water age (residence time) (h) 
Season  - Season, expressed numerically as: 1 for spring, 1.46 for summer, 1.31 for autumn, 1.01 for winter 
Temp - Temperature (oC) 
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Table 8. Occurrence of individual HAAs from utility system C (μg/l). 

Sample Residence time (h) Total 
HAA 

DCAA TCAA BCAA BDCAA DBAA 

Final water 0 28.5 12.0 11.4 2.7 2.1 0.3 
Zone 1 3 32.4 13.3 13.1 3.0 2.7 0.3 
Zone 2 9 59.5 22.7 26.9 4.6 4.8 0.5 
Zone 3 6.5 41.6 15.8 17.8 3.8 3.8 0.4 

 
 

 

 

Table 9. Occurrence of individual HAAs from the SDS test (μg/l). 

Residence time (h) Total 
HAA 

DCAA TCAA BCAA BDCAA DBAA 

0 26.5 10.8 11.5 2.2 1.8 0.2 
2 26.9 11.1 11.6 2.3 1.7 0.2 

12 38.4 16.2 16.2 3.4 2.2 0.4 
24 41.6 17.8 17.5 3.4 2.6 0.3 
48 41.5 18.2 17.2 3.4 2.4 0.3 
72 52.5 22.9 22.1 4.1 3.0 0.4 
96 56.9 25.0 23.9 4.3 3.3 0.4 

120 43.3 19.3 18.0 3.6 2.1 0.3 
168 48.1 20.9 20.0 4.2 2.6 0.4 
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Figure 1. Seasonal variation of total HAA levels in utility system C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Spatial variation of HAAs (and total THMs) for utility system C in summer. 
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Figure 3. Correlation between total THMs and total HAAs (3 utility systems combined). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Impact of seasonal variation on the reactivity of NOM fractions 

Key: RW – raw water; Aut – autumn; Spr – spring; Sum – summer; 
HPOA, HPON, HPOB – hydrophobic acids, neutrals, bases 
TPIA, TPIN – transphilic acids, neutrals 
HPIA, HPIN, HPIB – hydrophilic acids, neutrals, bases 
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Figure 5. Kinetics of specific HAA yield from treated water in autumn (TW Aut), raw water in autumn (RW Aut), raw 
water in spring (RW Spr), and raw water in summer (RW Sum) (without a bromide spike). 
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                                          (a)                                                                                           (b) 

Figure 6. Impact of seasonal variation on HAA species distribution, (a) without bromide spike; (b) with bromide spike. 
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Figure 7. Effect of treatment on HAA species distribution (utility system B) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Total HAAFP for Microcystis cells and EOM (pH 7, 21oC, 7 days). 
 


