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 Parameters (pH, bromide, and temperature) affecting the formation of trihalomethanes (THMs) and haloacetic acids (HAAs) were investigated by chlorinating two geographically different waters in the UK: lowland and upland water. It was expected that THM levels would increase as pH increased whereas HAA levels would decrease with an increase in pH. The lowland water reacted as expected to changes in pH but the upland water did not. The greatest impact of pH was observed in the formation of THMs in the lowland water. The difference in natural organic matter (NOM) structure may account for such differences. Concentration of bromide had a greater impact in the upland water. Reducing the temperature from 20°C to 7°C resulted in a mean decrease of DBP concentration by 50%.
 
 Natural organic matter (NOM) is described as an intricate mixture of organic compounds that occurs universally in ground and surface waters. Whilst NOM itself is not problematic, it can be converted to disinfection by-products (DBPs) when disinfectants are used during water treatment (7). In the UK, regulated DBPs include trihalomethanes (THMs - chloroform, bromoform, © 2008 American Chemical Society
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 96 dibromochloromethane and bromodichloromethane). It is required by law that total THMs do not exceed 100 μg/L (2). Frequency of sampling will depend on the population size. For example if the population is below 100 inhabitants one sample will be taken per year, whereas if the population is 5000 to 100000 inhabitants eight samples will be taken per year. Recently it has been observed that THMs may not be the major representative of the chlorinated DBPs (3). For instance, in the US, levels of haloacetic acids (HAAs) have been reported at similar or higher levels than THMs in finished drinking waters (3). In the US, four THMs and five of the HAAs are regulated at values of 80 μ&Ί. and 60 μg/L respectively (4) and it is possible that HAAs may be regulated in Europe (5). Currently HAAs are not routinely measured in the UK and very little is known about their formation in UK waters. To our knowledge, only one UK study has been published that reported HAA levels up to 244 μg/L (6). The formation of HAAs is influenced by a number of factors including disinfectant type, its concentration, contact time, water temperature and pH. The type and concentration of natural organic matter (NOM) and the concentration of bromide will directly impact on the level of HAAs formed (7, 8). In chlorination, DBP formation increases with increasing contact time and chlorine dose applied (9). It is known that the formation of THMs is enhanced at high pH (70). However, the effect of pH on the formation of HAAs is equivocal. Overall, HAA formation increases with decreasing pH (77). Specifically, it is well established that dihalogenated acetic acid (DXAA) concentration remains constant, while trihalogenated acetic acid (TXAA) concentration decreases with increasing pH (72). High NOM concentrations have generally been associated with high DBP concentrations (13, 14, 75). In the UK, chlorination tends to occur after the water has been treated by a coagulant andfiltered(16, 17), which is different from US treatment practices where pre-chlorination is widely used (72). After conventional treatment processes, NOM is mainly hydrophilic in character and low in concentration (75). However, hydrophilic NOM has been reported to contribute substantially to the formation of DBPs especially for waters with a low humic (hydrophobic) content (7). The presence of bromide in water will influence the speciation of the DBPs and the amount of bromide present will also affect the concentration of the DBPs. Waters with levels of bromide as low as 100 μg/L have been reported to form brominated HAAs and THMs (8). It should also be remembered that precursor removal by coagulation will increase the ratio of bromide to DOC and may result in increased formation of brominated DBP species (72). HAAs are highly water-soluble DBPs that exist as ions at ambient pH. For analysis by gas chromatography (GC), they must first be converted to their protonated forms before extraction from water with organic solvent and then derived to form more volatile methyl esters (19). As HAAs exist as ions, it is possible to analyse them directly using ion chromatography (IC) (20) or capillary electrophoresis (CE) (27) but at higher levels than with GC coupled with electron capture detector (ECD). In this study, GC with mass spectrometry (GC-MS) and GC-ECD were investigated as published analysis techniques.
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 97 This study reports the concentration of THMs and HAAs when two distinctly different waters are chlorinated under controlled conditions and investigates the impacts of pH, temperature and bromide concentration on their formation. The waters are from different geographical regions in the U K and were collected after treatment but before disinfection. The aims of this work were to examine the sensitivity of DBP formation to differences in water character and establish whether treated UK waters follow the trends identified for untreated US waters regarding THM and HAA formation.
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 Material and Methods Water Samples and Characterisation All experiments were undertaken with samples collected from two water utilities: Anglian Water from East Anglia (lowland water) and Yorkshire Water (upland water). The water treatment works (WTWs) were selected because of their different organic matter content as well as their different geographical locations. The lowland water reservoir is situated in the East Anglian region of England in the South East. The reservoir is on a plateau with nearly all of its water being extracted from a local river. The upland water reservoir is situated in northern England. It is fed from a range of reservoirs set in peat-rich moorlands. The lowland water was ozonated, coagulated, sand filtered and was collected after contact with biologically active granular activated carbon. The upland water was coagulated and was collected after sand filtration. Both samples did not contact with any disinfectant. A large volume of each water was collected (>100 L) and stored at 5°C until used. Periodic measurements of pH, non purgeable organic carbon (NPOC), ultraviolet absorbance at a wavelength of 254 nm (UV254) and bromide concentration were carried out and results were consistent. NPOC was measured using a Shimadzu TOC-5000A analyser (Shimadzu, Milton Keynes, UK). Samples were acidified and purged to convert the inorganic carbon to C 0 . U V was measured using a Jenway 6505 UV/VIS spectrophotometer (Patterson Scientific Ltd., Luton, UK). Analysis of bromide was carried out with an ion chromatography (IC) system, (Dionex DX500 series, Dionex, UK). 2
 
 254
 
 Fractionation To determine the hydrophilic/hydrophobic NOM ratio, 50 litres of the treated waters werefractionatedby XAD and cation exchange resin adsorption techniques into their hydrophobic neutral (HPO-N), hydrophobic acid (HPO-A), transphilic dissolved organic matter (TPI-DOM), hydrophilic base (HPI-B) and hydrophilic acid + neutral (HPI-A+N) fractions. The method used was adapted
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 98 from Leenheer et al. (22). The column capacity factor (k') was 60 for both samples. The recovery of NOM was 90% and 113% for the lowland and upland water respectively. The resins used were Amberlite XAD-7HP resin and Amberlite XAD-4 resin (Rohm & Haas, Germany). Amberlite XAD-7HP is an acrylic ester polymer and is equivalent to XAD-8; Amberlite XAD-4 is a styrene divinylbenzene polymer. Amberlite 200 strongly acidic cation exchanger has a sulfonated polystyrene/DVB matrix (Sigma-Aldrich, UK). The XAD resins were precleaned by sequentially Soxhlet extracting for 48 hours each with methanol, acetonitrile and methanol again to remove impurities. Before use the resins were packed into columns and rinsed with deionised water (DI) until the column effluent DOC was < 2 mg/L (23).
 
 Formation Potential Experiments The treated waters were chlorinated at pH 6, 7 and 8 and room temperature to determine their disinfection by-product formation potential (DBP-FP). Phosphate buffer was used to adjust the pH. In addition one set of samples for each water was chlorinated at pH 7 with addition of bromide (200 μg/L) and another set at pH 7 and a temperature of 7°C. Hypochlorite solution was prepared using the Standard Method 4500-C1 Β (24). The chlorine dose required was determined by preliminary chlorine demand experiments to have the free chlorine residual higher than 1 mg/L as C l after seven days of contact time. A 100 mL bottle was partly filled with the water sample, the buffer and the chlorine solution were added, and the bottle was filled up and capped headspace free with a PTFE-lined cap. Samples were incubated for 168 hours at 20°C in the dark with the exception of the samples incubated at 7°C. At the end of the incubation period the chlorine residual was measured (24) and 100-150 μΐ. of sulphur-reducing agent (sodium sulphite, 100 g/L) was added to the samples to destroy the chlorine residual whilst not degrading the five HAAs measured (12). Samples were prepared in duplicate independently. For the measurement of THMs, 5 mL of water sample was transferred into a 10 mL vial allowing 5 mL of headspace. Following this, the samples were analysed by headspace GC-MS. Samples were prepared in duplicate and analysed in triplicate. HAA samples were first converted to their protonated forms before processing the extraction with organic solvent and deriving to form methyl esters. The method used for the derivatisation was adapted from USEPA Method 552.3. 2
 
 Analytical Methods THMs were analysed using a Varian Saturn 2200 (ion-trap) gas chromatograph-mass spectrometer (GC-MS). The samples were heated and
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 99 agitated by CTC CombiPal to 60°C for 30 minutes. 500 μΐ of headspace was removed by heated syringe and injected with a 10:1 split, separation was performed by a BPX5 column (SGE; 30 m χ 0.25 mm id χ 0.25 μπι film thickness) with a helium carrier gas at a column flow rate of 1.1 ml/min. The injector temperature was 250°C; the initial oven temperature was 45°C for 2 minutes followed by a 10°C per minute temperature ramp to 90°C. The MS was operated in the electron ionisation (EI) mode. The ion-trap temperature was set at 230°C and the electron energy was 70 eV. Mass spectra were collected in full scan mode (33-300 amu). The ions of 83, 129 and 173 m/z were selected as quantification ions. Quantification of THMs was achieved by comparing the chromatograms of the samples with the calibration curves from standards. HAA standards were run with a GC Perkin Elmer AutoSystem X L coupled with a TurboMass Gold MS using the method reported in a study of Xie (25). HAAs were also measured on a gas chromatograph with a micro electron capture detector (Agilent 6890 GG^ECD). A volume of 1 was injected with the injector at 200°C with a 5:1 split, separation was performed by a BPX5 column (SGE; 30 m χ 0.25 mm id χ 0.25 μπι thickness) with a helium carrier gas at a column flow rate of 1.1 ml/min. The initial oven temperature was 35°C followed by a 5°C per minute temperature ramp to 220°C and held for 1 minute. The detector temperature was 230°C and the rate of data collection 20 Hz. HAA samples were run in parallel by comprehensive two dimensional GCMS utilising a Leco Pegasus VI GCxGC-time of flight mass spectrometer (GCxGC-TOFMS). GCxGC separation was performed using an Agilent 6890 GC with a Leco GCxGC modulator fitted coupled to a Pegasus IV time-of-flight mass spectrometer (LECO Corporation). The GC injector was operated in splitless mode with a column flow rate of 1.0 ml/min and held at 200°C. GCxGC separation utilised a non-polar column and a polar column a BPX5 (SGE; 30 m χ 0.25 mm χ 0.25 μπι) and a BPX50 (SGE; 1.8 m χ 0.1 mm χ 0.1 μπι) respectively. The GC oven temperature was held for 1 minute at 35°C and ramped to 220°C at a rate of 5°C/min and then held for 1 minute, the second column was ramped at 30°C above the first column. Modulation time was 4 seconds. Mass spectra were acquired in electron ionisation mode from 33 to 400 amu with an acquisition rate of 133 spectra per second.
 
 Results and Discussion Comparison of Analytical Devices for H A A Measurements Published methods for HAA analysis include the use of GC-MS (25) and GC-ECD (13). Here we have evaluated both methods. Firstly, GC-MS (Perkin Elmer Turbomass) was used to analyse six out of nine HAA standards (monochloroacetic acid (MCAA), monobromoacetic acid (MBAA),
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 100 dichloroacetic acid (DCAA), trichloroacetic acid (TCAA), bromochloroacetic acid (BCAA) and dibromoacetic acid (DBAA)) that had been derived to form their methyl esters. However it was difficult to quantify HAA methyl esters using this method (25). The peaks were not well resolved nor was the S/N ratio sufficient. The GC-MS was run in the selective ion monitoring (m/z 59) mode but this did not significantly improve the sensitivity. It was not possible to determine limits of detection for this method. In order to confirm the findings, samples were run in parallel using another GC-MS (Agilent 5973). The results were comparable. To investigate the difficulties further, samples were run using a Leco Pegasus 4D GCxGC-TOFMS. This machine uses two GC columns to separate analytes based on volatility as well as polarity. The derived HAA methyl ester peaks could be well observed as they had been separated from the interfering material. The interfering material had a greater intensity than some of the derived methyl esters and also eluted at retention times that overlapped with the derived HAA methyl esters (Figure 1).
 
 Figure 1. A partially reconstructed mass chromatogram (m/z 59) of a derivatisedHAA standard (Leco Pegasus 4D GC*GC~TOFMS) 6
 
 The interfering peaks are thought to be incurred from the derivatisation procedure but, to date, have not been identified. Due to the difficulties encountered using the GC-MS method in this study all the H A A analyses have been undertaken using GC-ECD. M C A A was not quantified because of results inconsistency and analytical difficulties but the limit of detection for five HAAs was 1.1 μg/L and 1.0 μg/L for the four THMs.
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 Characteristics of the waters are summarised in Table I. The concentration of organic matter was greater in the lowland (4.7 mg/L) than in the upland water (2.1 mg/L). NOM fractionation indicated that organic matter in the upland water had a higher hydrophilic content than the lowland water which had significant transphilic content (Table I). Hwang et al. (26) reported that the transphilic fraction of intermediate polarity is generally more hydrophobic than hydrophilic but this statement was highly dependent on the water source.
 
 Table I. Water Characterisation Parameters PH NPOC" (mg/L) UV 4(m-') 25
 
 SUVAzs/On'Lmg-'C) Alkalinity (mg/L of CaCOj) Bromide content ^g/L) THM-FP ^g/L) HAA-FP fag/L) Hydrophobic - Neutral (%) Hydrophobic - Acid (%) Transphilic (%) Hydrophilic - Base (%) Hydrophilic - Acid + Neutral (%) C
 
 C
 
 a
 
 b
 
 c
 
 Upland water 6.7 2.1 4.8 2.3 6 34 72 104 4 19 8 2 67
 
 Lowland water 8.0 4.7 5.9 1.3 188 206 89 84 2 23 31 4 40
 
 Non purgeable organic carbon Specific ultraviolet absorbance pH7andat20°C
 
 The reactivity with respect to DBP formation potential can be characterised with SUVA254 (27). A high SUVA254 value is an indicator of a high reactivity toward DBP production (72). The lowland water had a lower SUVA254 value than the upland water (1.3 and 2.3 respectively), but both waters had overall relatively low SUVA254 values as compared to other fresh waters reported in the literature (27). As expected, the two waters differed not only in their alkalinity but also in their bromide concentration. The bromide concentration of the lowland water (206 μg/L) was six times higher than that of the upland water (34 μg/L). It is therefore likely that the lowland water will produce more brominated species. H A A (MBAA, DCAA, TCAA, BCAA, DBAA) and T H M concentrations were similar in the lowland water after 168 hours contact time at pH 7, whereas 5
 
 4
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 102 the upland water had the potential to form more H A A than THM . It should be considered that the quantification of the three remaining HAAs (not measured here) might contribute to higher concentration of the total HAAs in the lowland water considering the high level of bromide. Malliarou et al. (6) found that some regions of the U K produced an average total level of THMs higher than the HAAs, while the contrary was found in other regions. This highlights the differences observed in different geographical locations in the UK. 5
 
 4
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 Parameters Affecting the Formation of THMs and HAAs Impact of pH It is well known that the formation of DBPs is strongly dependent on the chlorination pH (77, 28, 29). Here we have shown (Figure 2) that increasing pH from 6 to 8 decreased H A A in the lowland water by 15%. DCAA and BCAA were found to be more affected by pH than TCAA. DCAA and BCAA concentrations at pH 8 were significantly lower than at pH 6 and 7. Liang and Singer (75) reported that increasing pH from 6 to 8 had a very little effect on the formation of the monohaloacetic acid (XAA) and dihaloacetic acid (X AA) species, but significantly decreased the formation of the trihaloacetic acid (X AA) species. In the literature, DCAA formation was reported to be highest at pH 7 (77) which again is true of the results found here. For the upland water (Figure 3) H A A formation was 14% greater at pH 6 than at 8 and the lowest concentration was found at pH 7. In the upland water, only TCAA, DCAA and BCAA were detected due to the low bromide content in this water. The DCAA concentration was higher at pH 6 and similar at pH 7 and 8. TCAA increased by 28% with increasing pH, which is contrary to the literature (73, 30) and the results found for the lowland water. Trussell and Umphres (57) reported that the formation of THMs consists of alternate hydrolysis and halogenation steps. All these reactions are favoured under alkaline condition, thus more THMs are formed at higher pH, which is illustrated by the results found here (Figure 4). The impact of pH is limited in the upland water compared to the lowland water which could be explained by the difference of organic matter responsible for the THM formation and its likelihood to undergo hydrolysis and halogenation reactions. 5
 
 2
 
 3
 
 5
 
 Impact of bromide The effect of bromide concentration on HAA and THM formation and speciation was investigated by spiking the lowland and the upland water with 200 μg/L of bromide. In the lowland water, the addition of bromide had a slight impact (10% decrease) on the total concentration of HAAs measured. Less
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 Figure 2. Comparison ofpH effect on the formation of measured HAAs in the lowland water
 
 Figure 3. Comparison ofpH effect on the formation of measured HAAs in the upland water
 
 In Disinfection By-Products in Drinking Water; Karanfil, T., et al.; ACS Symposium Series; American Chemical Society: Washington, DC, 2008.
 
 104 DCAA and TCAA were formed, whereas more brominated HAA species were produced as expected. The addition of bromide had a greater impact in the upland water than in the lowland water. With the upland water the concentration of H A A decreased (Figure 5) with a switch from DCAA and TCAA to brominated species MBAA, BCAA and DBAA. It was reported by Hua et al. (32) that the total concentration of the five regulated HAAs in the US (MCAA, MBAA, DCAA, TCAA and DBAA) decreased as bromide concentration increased because of the number of brominated species measured. This applies here but the exception is that BCAA is included in the total HAAs and not MCAA. However the same study reported that addition of bromide increased the total H A A (five HAAs regulated in the US, plus BCAA, bromodichloroacetic acid (BDCAA), chlorodibromoacetic acid (DBCAA) and tribromoacetic acid (TBAA)) yield between 0 and 35%. Bromine was reported by Cowman and Singer (8) to be more reactive than chlorine in substitution and addition reactions that form HAAs, thus the inclusion of bromine shifts the speciation of the HAA towards the brominated species. The formation of THM is also affected by the addition of bromide. Hua et al. (32) reported that increasing initial bromide levels resulted in a substantially increased THM molar concentration between 14% and 74%. Here the total THM weight concentration increased by 60% in the lowland water and by 54% in the upland water. In the upland water, only the brominated species increased, whereas all the brominated species and chloroform were augmented in the lowland water. The difference observed in bromide incorporation is likely to be due to the number of HAA species measured. 5
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 Impact of temperature Reducing the incubation temperature from 20°C to 7°C, resulted in a reduction of both HAAs and THMs. The concentration of HAAs and THMs dropped by 59% and 43% respectively in the lowland water (Figure 6) and by 43% and 53% respectively in the upland water. El-Dib and Ali (33) reported that the effect of temperature (rise between 0 and 30°C) on the THM yield was rather limited compared with data reported by other investigators (34) and concluded that the differences were due to the nature of organic precursors liable to be found in the water. Dojlido et al. (35) reported that the concentrations of HAAs were seasonally dependant. During the winter season (1°C) they found levels of ~ 0.63 μg/mg C whereas in the summer (23°C), concentrations reached - 7.4 μg/mg C. In the UK, the effect of season on HAA formation has not been determined but the results shown here (Figure 6) indicate there may be a seasonal effect. A UK study by Malliarou et al. (6) concluded that THM concentrations were not correlated with temperature but the correlation between HAA levels and temperature was significant. However, no actual temperature values were reported.
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 Figure 4. Comparison ofpH effect on the formation ofTHM in the lowland water
 
 4
 
 Figure 5. Impact of bromide on the formation of measured HAAs in the upland water
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 Figure 6. Temperature effect on the DBP formation in lowland and upland water
 
 Conclusions Water was collected from two different geographical locations. The upland water NOM was primarily hydrophilic, whereas the lowland water had higher transphilic content. It was not possible to use GC-MS for analysis of HAAs at low μg/L levels. Thus GC-ECD was regarded as the most suitable technology. Levels of H A A were almost identical to the level of THMs in the lowland water, whereas the concentration of H A A was higher than the concentration of THMs in the upland water. The greatest pH impact was observed in the formation of THMs in the lowland water. Although THM formation was significantly affected in both waters, H A A formation did not exhibit a strong pH effect. When changing the pH, the lowland water behaved as predicted in the reported literature with regard to HAA formation. However the behaviour of the upland water did not follow the same pattern/The differences in the precursor characteristics may account for these observations. Addition of bromide to the water leads to a higher percentage of brominated HAAs and THMs and a total increase in concentration if all THMs and HAAs are measured. The impact on HAAs will vary depending on the number of brominated species measured. A reduction in temperature resulted in a major decrease in DBP formation. The majority of the data reported here followed the literature trends reported in the US. Future work at Cranfield will focus on DBP formation by each of the isolatedfractions.This will give an insight into the specific organics 5
 
 5
 
 5
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 107 responsible for the DBP formation in UK drinking water. Following this, treatment could be adapted to remove HAA precursors should regulation occur in the UK. Future research in the UK should build on the information obtained here by investigating different water sources.
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