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 Haloacetic acid and Trihalomethane Formation from the Chlorination and Bromination of Aliphatic β-Dicarbonyl Acid Model Compounds E R I C R . V . D I C K E N S O N , * ,† R. SCOTT SUMMERS,† JEAN-PHILIPPE CROUÉ,‡ AND HERVÉ GALLARD‡ Civil, Environmental and Architectural Engineering Department, University of Colorado, 428 UCB, Boulder, Colorado, 80309, and Laboratoire de Chimie de l’Eau et de l’Environnement, UMR CNRS 6008, Ecole Supérieure d’Ingénieurs de Poitiers, Université de Poitiers, 40 Avenue du Recteur Pineau, 86022 Poitiers Cedex, France
 
 Received May 21, 2007. Revised manuscript received November 14, 2007. Accepted November 23, 2007.
 
 While it is known that resorcinol- and phenol-type aromatic structures within natural organic matter (NOM) react during drinking water chlorination to form trihalomethanes (THMs), limited studies have examined aliphatic-type structures as THM and haloacetic acid (HAA) precursors. A suite of aliphatic acid model compounds were chlorinated and brominated separately in controlled laboratory-scale batch experiments. Four and two β-dicarbonyl acid compounds were found to be important precursors for the formation of THMs (chloroform and bromoform (71–91% mol/mol)), and dihaloacetic acids (DXAAs) (dichloroacetic acid and dibromoacetic acid (5–68% mol/mol)), respectively, after 24 h at pH 8. Based upon adsorbable organic halide formation, THMs and DXAAs, and to a lesser extent mono and trihaloacetic acids, were the majority (>80%) of the byproducts produced for most of the aliphatic β-dicarbonyl acid compounds. Aliphatic β-diketone-acid-type and β-keto-acidtype structures could be possible fast- and slow-reacting THM precursors, respectively, and aliphatic β-keto-acid-type structures are possible slow-reacting DXAA precursors. Aliphatic β-dicarbonyl acid moieties in natural organic matter, particularly in the hydrophilic fraction, could contribute to the significant formation of THMs and DXAAs observed after chlorination of natural waters.
 
 Introduction Since Rook (1) and Bellar et al. (2) observed that chlorine reacted with natural organic matter (NOM) in water supplies to produce trihalomethanes (THMs), researchers have been examining reactions between chlorine and model organic compounds in an attempt to better understand the reactions with NOM. The structure of NOM substances is ambiguous and variable; therefore, studying model compounds may provide precursor chemistry and mechanisms responsible * Corresponding author phone: (303) 273-3767; fax: (303) 2733413; e-mail: [email protected]. † University of Colorado. ‡ Université de Poitiers. 3226
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 for disinfection byproduct (DBP) formation in drinking waters. The chlorination byproducts, THMs, and haloacetic acids (HAAs), are of particular importance as these are a public health concern because of their suspected carcinogenicity as well as developmental and reproductive toxicity. Reckhow and Singer (3) proposed that β-dicarbonyl moieties within aromatic and aliphatic groupings are precursors for the formation of chloroform, dichloroacetic acid (DCAA), and trichloroacetic acid (TCAA). β-Dicarbonyl moieties consist of an R-carbon, which is flanked by two adjacent carbonyl functional groups where one of the carbonyl groups can be associated with a carboxylic acid, a β-keto acid. Figure 1includes examples of aromatic (1a) and aliphatic β-dicarbonyl model compounds (1c, 1f, 1g, 1h, 1i, 1p, 1q, 1r, 1s). Resorcinol, shown in Figure 1a, is considered a “masked” β-dicarbonyl compound, since it is more stable than its β-dicarbonyl tautomer isomer (4). Rook (5) and others have confirmed that resorcinol, an aromatic compound, is a precursor for THMs (3, 6–11). The HAAs, DCAA, (3) and TCAA (8, 9), also have been found to be common chlorination products of resorcinol. Even so, the chloroform yield from resorcinol after 72 h was about 300 and 16 times higher than DCAA and TCAA yields, respectively, at pH 7 and 20 °C (3). Other studies have focused on other 1,3-dihydroxy aromatic structures, like resorcinol, which have also been shown to produce high yields of chloroform (8–10, 12–14). Further, Gallard and von Gunten (15) have shown that resorcinol-type structures are faster reacting THM precursors, whereas phenol-type structures are slower reacting THM precursors. Boyce and Hornig (16) confirmed a haloform-type mechanism for THM formation from the chlorination of 1,3-dihydroxyaromatic compounds. The mechanism includes a complex set of reaction pathways involving electrophilic substitution, oxidative ring-cleavage, addition, and decarboxylation reactions where the reaction begins at the activated unsubstituted carbon site between the two hydroxyl functional groups. Aromatic and aliphatic β-dicarbonyl structures are likely moieties within NOM, and NOM structures could be potentially oxidized by chlorine or other oxidants used for drinking water production to yield β-dicarbonyl moieties; however, the extent of this is unknown. MacCarthy (17) presented pseudostructures of fulvic acids and postulated that these structures contain aliphatic keto acid moieties supported by measured elemental and functional group compositions using 13C nuclear magnetic resonance (NMR) spectroscopy and titrimetry (18). Hwang et al. (19) hypothesized that the high THM and HAA yields observed in the hydrophilic fraction of NOM are likely related to the higher β-hydroxy acid content, determined by 13C NMR spectroscopy, and the detection of di-, tri-, and mixed aliphatic alcohols and carboxylic acids, determined by pyrolysis followed by gas chromatography/mass spectrometry. These types of structures can be potentially oxidized to β-keto acids. Past studies have shown that DBP precursors are likely associated with aromatic structures, however little is known about whether aliphatic β-dicarbonyl acid structures, such as β-keto acids, within NOM is another source of DBP precursors. The study of aliphatic β-dicarbonyl acid compounds, believed to contribute to the pool of hydrophilic structures of NOM, can potentially explain some of the significant production of THMs and HAAs in natural waters. There is evidence that chloroform is formed from the chlorination of 3-oxopentanedioic acid (13), a β-dicarbonyl acid compound (shown in Figure 1c), however, a comprehensive study has 10.1021/es0711866 CCC: $40.75
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 FIGURE 1. Model compound structures including aliphatic compounds with β-dicarbonyl moieties: c, f, g, h, i, p, q, r, and s. not been performed to test whether a structurally diverse suite of aliphatic β-dicarbonyl acid structures are also THM and/or HAA precursors. Particularly, very few studies have examined HAA precursors using model compounds (3) and the bromination of model compounds (20, 21), specifically, the investigation of aliphatic β-dicarbonyl acid compounds is lacking. Bromination is relevant for drinking waters with high bromide concentrations as chlorine oxidizes bromide to bromine, which can react with NOM to produce brominated DBPs that can occur at higher concentrations than chlorinated DBPs. Separate evaluations of chlorine and bromine with aliphatic β-dicarbonyl acid compounds are needed to provide better elucidation of the types of THM and HAA precursors and reaction mechanisms. In addition, very few studies (3, 22) have reported simultaneously individual byproduct formation along with total organic halide (TOX) formation from model compound precursors, specifically, data is lacking for aliphatic β-dicarbonyl acid compounds. TOX is useful in assessing the percentage of individual halogenated byproducts (mol X) relative to the total TOX formed (mol X) and, thus, in determining the total amount of identified and unidentified halogenated products. This helps identify major halogenation reaction pathways. Also, the ratio of TOX formed (mol X) relative to the oxidant consumed (mol X) (percent TOX/ oxidant consumed) provides an estimation of the percent of the total halogen substitution reactions relative to other reactions such as oxidation (3, 22). It has been observed that most of the reactions between chlorine and humic materials within NOM result in oxidation rather than chlorine substitution reactions (3). The objective of this study was to study the formation of THM, HAA, and TOX from the chlorination and bromination of a diverse suite of aliphatic acid compounds using controlled laboratory experiments to determine important THM and HAA precursors that might be found in drinking waters. In addition, this work investigated the effect of pH on DBP formation using two pH values, 8 and 5.5, which are representative of that found in water treatment plants. This
 
 research will improve additional insight into the effective control of DBP formation during drinking water treatment.
 
 Materials and Methods Model compound solutions were chlorinated and brominated separately in bench-scale batch reactors (head space-free) at the following uniform formation conditions: chlorine/ compound ratio of 35 M/M, ∼22 °C, and pH 8.0 or 5.5 (buffered). Excess oxidant was used, so there was excess of oxidant relative to the oxidant demand. The pH was adjusted by adding phosphate buffer to the water sample to achieve a pH value of 8.0 or 5.5 and a phosphate concentration of 5 mM. Model compounds shown in Figure 1a-o (SigmaAldrich, Inc.) were dissolved in ultrapure water (∼18 MΩ cm) at a concentration of 15 µM for experiments that contained only two kinetic points, 5 min and 24 h, and 4 µM for experiments that contained extensive kinetic points between 30 s and 5 days. The chlorine and bromine dosing stock solutions were made from diluting concentrated sodium hypochlorite (4–6%) and pure liquid bromine 99.9% with ultrapure water. The chlorine and bromine dosing stock solution concentrations were 4–7 mg/mL Cl2 and 8 mg/mL Br2, respectively. Analytical Methods. High chlorine or bromine concentrations (>20 mg/L as Cl2 or Br2) were determined by the iodometric titration method (23). The chlorine or bromine dosing solution was analyzed at least in triplicate on the day of use. The average relative standard deviation was 0.5% (n ) 27 days). Low chlorine or bromine residuals ( 2.5. Also, unidentified halogenated acids produced from the chlorination or bromination of the studied compounds were assumed to be sorbed to the activated carbon, since the pKas of the parent compounds were all >2.5. The AOX method detection limit was 10 µg-Cl/L.
 
 Results The 5 min and 24 h chloroform, DCAA, TCAA, bromoform, DBAA, and TBAA yields (mol of DBP/mol of model compound) for several model organic compounds are expressed as percentages in Table 1. MCAA and MBAA concentrations were also measured, but their yields are not listed in Table 1 as these yields were generally low (
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