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Abstract
This study investigated the relative effect of chlorination and chloramination on DBP formation from seven model amine precursor compounds, representative of those commonly found in natural waters, at pH 6, 7 and 8. The quantified DBPs included chloroform, dichloroacetonitrile (DCAN), trichloroacetonitrile (TCAN) and chloropicrin (trichloronitromethane). The aggregate formation (i.e. the mass sum of the formation from the individual precursors) of chloroform, DCAN and TCAN from all precursors was reduced by respectively 75-87%, 66-90% and 89-93% when considering pre-formed monochloramine compared to chlorine. The formation of both haloacetonitriles decreased with increasing pH following chlorination, but formation after chloramination was relatively insensitive to pH change. The highest formation of chloropicrin was from chloramination at pH 7. These results indicate that, while chloramination is effective at reducing the concentrations of trihalomethanes and haloacetonitriles in drinking water compared with chlorination, the opposite is true for the halonitromethanes.   
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1	Introduction
In the mid-1970s it was discovered that reactions between natural organic matter (NOM) and chlorine resulted in potentially hazardous disinfection by-products (DBPs) [1]. Later that decade the US environmental protection agency (USEPA) regulated formation of four trihalomethane (THM) species in drinking water. By 2006 there were over 600 identified DBP compounds, generated not only from chlorine, but also other disinfectants such as chloramines, chlorine dioxide and ozone [2, 3]. Nonetheless, only a tiny proportion of identified DBPs are regulated in drinking water globally. The USEPA currently sets limits for total THMs at 80 µg·L-1 and for five haloacetic acids (HAAs) at 60 µg·L-1, while in the EU a 100 µg·L-1 limit applies to total THMs. 
An established method to control THM and HAA formation in drinking water is to switch from chlorine to chloramines as the secondary disinfection method (i.e. providing a disinfectant residual in the distribution network). Monochloramine, generally the dominant chloramine species during water treatment, is relatively unreactive for effecting chlorine substitution reactions, being approximately four orders of magnitude slower than the corresponding hypochlorous acid (HOCl) reaction [4]. 
In recent years research into nitrogenous DBPs (N-DBPs), which include the nitrosamines, cyanogen halides, haloacetonitriles (HANs) haloacetamides and halonitromethanes (HNMs) has proliferated [5, 6]. This reflects the relatively high genotoxicity and cytotoxicity of many N-DBPs [7] and because chloramination promotes the formation of cyanogen chloride [8], as well as N-nitrosodimethylamine (NDMA) [9]. However, for the HANs and HNMs the relative effects of chlorination and chloramination are uncertain. 
A survey of Scottish drinking waters found that median concentrations of four HANs (HAN4) was 1.7 µg·L-1 where chlorination was practiced and 1.3 µg·L-1 where chloramination was practiced [10]. Conversely, Lee et al. [11] calculated than DCAN formation was on average approximately five times higher from chloramination than chlorination of 17 fractions of NOM from various water sources.
Regarding the HNMs, yields of chloropicrin (trichloronitromethane) were slightly higher from chlorination than chloramination of nitrogen-rich isolates [12]. However, Joo and Mitch [13] reported that yields of chloropicrin from methylamine at pH 7 were higher from monochloramine (~0.03% mol/mol) than from free chlorine (~0.01% mol/mol), although the opposite was true at pH 5 and 9.
Likely reasons for discrepancies in the relative effects of chlorine versus chloramines on HAN and HNM formation include differences in disinfection protocols between and/or within studies. DBP formation following chloramination is very sensitive to whether the chloramination is by addition of pre-formed chloramines to the water or from separate addition of chlorine and ammonia. Furthermore, a confounding factor when comparing data from water treatment plants is that plants using chloramines often do so because of the inherently high THM and/or HAA formation potential of their water matrices to begin with. 
Another important parameter is pH. The formation of halogenated DBPs during chloramination tends to increase at acidic pH, something explained by  acid catalysis of monochloramine producing a reactive chlorinating agent [14]. This is in contrast to chlorination, where alkaline pH favours THM formation, because of the importance of base-catalysed reaction steps [15, 16].
Therefore, there are benefits in comparing the effects of chlorine and chloramines under controlled laboratory conditions, as this allows variables such as pH, precursor identity and disinfection method to be fixed. The objectives of this study were to compare the impacts of chlorine and chloramines at pH 6, 7 and 8 on DBP formation from seven model amine precursors (Table 1) that were representative of common organic compounds in natural waters and which may pass through to the disinfection stage of water treatment, as well as being anticipated to generate a range of DBPs based on their chemical structures. 

2	Experimental
2.1 Selection of Model Amines
Four of the selected precursors are amino acids, one a polypeptide, and the other two phenolic amines (Table 1). Amino acids, ubiquitous in surface waters, comprise a significant portion of dissolved organic nitrogen (DON), and typically represent some 2-5% of total NOM [17]. The selected amino acids have log Kow values from -1.26 and -3.89 [18] and are therefore predicted or known to belong to hydrophilic fractions of NOM [19, 20]. L-aspartic acid is known to generate significant amounts of DCAN [20] and was highlighted by Hu et al. [21] as potentially acting as a HNM precursor. The peptide ala-ala is of interest because combined amino acids are thought to be four to five times commoner than free amino acids in drinking water sources [22]. Finally, the two phenolic amines are isomers of 4-aminophenol, which was found to produce low yields of chloropicrin by Thibaud et al. [23] (chloropicrin yield = 0.006% mol/mol, chlorine dose 15 mol/mol, 24 h, pH 7).
2.2 Disinfection Experiments
Both chlorine and chloramines were measured by DPD-FAS titration [24] in at least triplicate on the day of use. Chlorine was prepared by dilution of a sodium hypochlorite stock solution. Monochloramine solutions were prepared by slowly mixing sodium hypochlorite stock solution with ammonium chloride solution in a molar ratio N:Cl ratio of 1.4:1 at pH 8 (10 mM phosphate buffer). This solution was left in the dark for 1 h before the monochloramine concentration was checked by DPS-FAS titration. Then either chlorine or this (pre-formed) monochloramine solution was added to 15 µM or 3 µM of organic amine (Table 1) at pH 6, 7 or 8 (phosphate buffer) at a formation potential dose of 35 mol/mol [20]. All reagents used were of analytical purity or higher and all samples were prepared in duplicate.   
2.3 DBP Analysis	
After 24 h contact in the dark at 20±2 °C under no-headspace conditions, 30 mL of sample was extracted into of 3 mL of methyl tertiary-butyl ether (MTBE) following acidification to pH ~3.5 with H2SO4 and addition of 1 g copper sulphate and 10 g pre-baked sodium sulphate [25]. Owing to instability of some DBPs, no quenching agent was used [20]. DBPs were subsequently quantified by gas chromatography with electron capture detection (GC-ECD, Perkin Elmer Clarus 500 GC) using a modified version of USEPA method 551.1 [25] and a Restek Rxi-5 Sil MS column of dimensions 30 m x 0.25 mm x 0.25 µM. The internal standard was 1-bromo-4-fluorobenzene and a pair of procedural blanks was included in each set of samples. The quantified DBPs were chloroform (trichloromethane), chloropicrin (trichloronitromethane), dichloroacetonitrile (DCAN),  trichloroacetonitrile (TCAN), 1,1-dichloropropanone (1,1-DCP) and 1,1,1-trichloropropanone (1,1,1-TCP). These DBPs are available in a standard mix (Sigma Aldrich, UK). Method detection limits for these species were 0.1, 0.5, 0.1, 0.5, 0.1 and 0.2 µg·L-1, respectively. 

3	Results and Discussion
3	Results and Discussion
3.1 Chloropicrin formation
The highest chloropicrin yields were from chloramination at pH 7 (Figures 1-2). Under these conditions L-aspartic acid and 2-aminophenol generated 0.08±0.03% and 0.09±0.01% mol/mol respectively (Figure 2). The highest chloropicrin yields from chloramination at pH 6 and 8 were from 2-aminophenol and L-aspartic acid: 0.04±0.00% and 0.07±0.03% respectively. 
Meanwhile, the highest chlorination yields at all three pH levels were from 3-aminophenol: 0.07±0.00%, 0.05±0.00% and 0.07±0.03% at pH 6, 7 and 8 respectively (Figure 1). The second most reactive precursor after chlorination at pH 6 and 7 was L-aspartic acid, which generated 0.04± 0.01% and 0.03±0.00% of chloropicrin respectively. At pH 8 L-aspartic acid, ala-ala and 2-aminophenol all produced 0.02% of chloropicrin upon chlorination. These data illustrate that phenolic amines, as well as amino acids, can act as chloropicrin precursors in natural waters. 
Hu et al [21] proposed a mechanism by which chlorination of L-aspartic acid generates chloropicrin, however, the present study indicates that chloropicrin is not a significant product from L-aspartic acid. This amino acid was recorded at a maximum concentration of 1.6 µg·L-1 in raw water from 16 US water treatment works containing relatively high levels of organic nitrogen [26, 27]. Based on the maximum chloropicrin yield from chlorination of L-aspartic acid of 0.04% (at pH 6) in the current study, these environmental concentrations imply a chloropicrin concentration of 7 x 10-4 µg·L-1. This is orders of magnitude lower than concentrations recorded in many water treatment works. To illustrate, the median concentration of chloropicrin from a survey of 12 water treatment works in the US receiving high precursor loadings was 0.2 µg·L-1 [3]. Moreover, even the value of 7 x 10-4 µg·L-1 is likely to overestimate the situation in real water treatment works, given that formation potential methodologies are designed to maximise DBP formation. 
Chloropicrin was formed at a yield of 53% from 3-nitrophenol [28], an oxidised analogue of 3-aminophenol. Together with data from the current study this indicates that a rate-limiting step for HNM formation from both chlorination and chloramination of 3-aminophenol is transforming the amino group to a nitro. A recent study demonstrated that ozonation-chlorination of several model amines dramatically increased formation of chloropicrin relative to chlorination alone [29]. Enhanced HNM formation from water treatment works where ozone is applied before chlorine is also an established feature of relevant literature [6, 30]. 
3.2 Chloroform formation
The most reactive precursor following chlorination was 3-aminophenol, which generated 18.08±1.33% mol/mol of chloroform at pH 7 (Figure 1). Its structural isomer, 2-aminophenol, formed 2.45±0.20% mol/mol chloroform at pH 7, with all other precursors producing ≤0.95% mol/mol from chlorination (Figure 1). Chloroform formation from 2-aminophenol and 3-aminophenol at pH 7 was previously reported as 0.6% mol/mol and 9.7% mol/mol, respectively [31], with these lower yields most likely attributable to the lower contact time and chlorine dose used in the earlier study (15 h and 20 mol/mol respectively, rather than 24 h and 35 mol/mol here). The explanation for the greater reactivity of 3-aminophenol lies in the meta-configuration of its hydroxyl and amino substituents, which resembles those of the potent THM precursor resorcinol [32] in being prone to enolization and subsequently halogenation. 
Chloramination of 3-aminophenol produced significantly lower amounts of chloroform than did chlorination at all pH levels, typified by respective yields of 1.56±0.11% and 18.08±1.33% mol/mol at pH 7 (Figure 2). Similarly, previous investigations using resorcinol showed that chloramination led to much lower yields of chloroform (<8%) than those resulting from the application of free chlorine (90-95%) [32]. It is also interesting that similar amounts of chloroform were generated by chloramination and chlorination of the polypeptide ala-ala: 0.77±0.10% and 0.83±0.01% mol/mol, respectively. Although the peptide (or amide) bond which links amino acid monomers in peptides such as ala-ala is thought to react only slowly with chlorine [33], the formation of chloroform and other DBPs from ala-ala indicates this was occurring under the conditions of this study. This would be expected to liberate two degradation products, either two L-alanine molecules, or one lactic acid and one 1,2-diamino-1-propanone. Chloroform formation from L-alanine was reported as 0.1% mol/mol by Hureiki et al. [22] (pH 8, 72 h, excess chlorine dose), so it seems likely one of the other two proposed products has a higher chloroform formation potential.
In terms of pH effects, chloroform yields tended to increase with pH following chlorination, whereas chloramination yields were typically lowest at pH 8 (Figures 1-2). As noted in the introduction, these differing relationships between pH and the formation of chloroform upon chlorination and chloramination are consistent with research using natural waters [14-16]. More specifically, yields generated by chlorination at pH 6 were less than at pH 7 for all precursors except L-aspartic acid, while for all precursors except 3-aminophenol yields were higher at pH 8 than pH 7. Thus, 3-aminophenol was atypical in that highest yields were at pH 7 and not at pH 8: respective yields at pH 6, 7 and 8 being 11.84±0.25%, 18.08±1.33% and 12.42±3.04% mol/mol, indicating a key reaction step was more efficient at pH 7. It has previously been suggested chloroform formation from citric acid was maximised at pH 7 because of neutral pH being optimum for a rate-determining oxidative decarboxylation step [34]. Conversely, increased chloroform formation from ala-ala at pH 8 relative to pH 7, 1.70±0.11% versus 0.83±0.01%, suggests that a rate-determining step, most likely cleavage of the peptide bond, was faster under alkaline conditions. 
Regarding chloroform produced by chloramination, β-alanine produced 0.00% mol/mol under all conditions, while for five other precursors the lowest yields were at pH 8. For instance, chloroform generated from chloramination of 3-aminophenol fell from 1.69±0.13% mol/mol at pH 6 to 1.56±0.11% mol/mol at pH 7 to 1.21±0.00% mol/mol at pH 8 (Figure 2). 
3.3 Haloacetonitrile and haloketone formation
The most reactive DCAN precursor was L-aspartic acid, which generated 12.79±0.30% and 8.10±0.57% mol/mol of DCAN from chlorination at pH 6 and pH 7 respectively (Figure 1). The DCAN yield from chlorination of L-aspartic acid at pH 7 was previously reported as 6 % mol/mol [20], in addition to 26% mol/mol of dichloroacetic acid (DCAA). TCAN yields at pH 7 of 0.67±0.12% and 2.38±0.01% mol/mol from chlorination of L-aspartic acid and 3-aminophenol, respectively, are notable given that this species is infrequently encountered at significant concentrations in drinking water. Chloramination of L-aspartic acid produced only 0.03±0.06% mol/mol DCAN, a dramatic reduction compared with chlorination. TCAN formation was reduced by chloramination for all precursors, most markedly for 3-aminophenol, the most reactive TCAN precursor: from 2.38±0.01% (chlorine) to 0.31±0.18% (chloramines) (Figures 1 and 2).
Highest DCAN yields following chlorination were at pH 6 for all precursors except β-alanine and ala-ala. For example, yields from L-aspartic acid fell from 12.79±0.30% (pH 6) to 8.10±0.57% (pH 7) to 1.85±0.01% (pH 8). A similar pattern was observed for TCAN, as highest yields were at pH 6 for all precursors except L-methionine and ala-ala. For the most reactive precursor – 3-aminophenol – yields fell from 2.82±0.03% (pH 6) to 2.38±0.01% (pH 7) to 1.59±0.68% (pH 8). This pattern can be explained by increased hydrolysis at higher pH values, with trihaloacetonitriles having the fastest rates of hydrolysis, followed by dihaloacetonitriles [35]. In addition, this is also related to higher pH promoting the aldehyde pathway of amino acid chlorination [36], which would favour haloacetaldehyde and chloroform formation over the formation of HANs (Figure 4). 
Concentrations of the two haloketones generated by chlorination at the three pH levels were generally similar, indicating that the formation of these two species from selected precursors was relatively stable over this pH range. A similar pattern was recorded for 1,1-DCP formation from chloramination, while 1,1,1-TCP formation from L-aspartic acid, L-methionine and L-cysteine was enhanced at pH 6. Yields at pH 6 from these three precursors were from 0.14-0.26% mol/mol; whereas yields at pH 7 and 8 were ≤0.02%. Stevens et al [16] found higher amounts of 1,1,1-TCP at pH 5 compared with pH 7 and pH 9.4, consistent with faster hydrolysis of 1,1,1-TCP under alkaline conditions. 

3.4 Aggregate DBP formation 
Analysis of the aggregate DBP formation (i.e. the mass sum of the DBPs formed from the individual precursors) reveals some relative trends which are relevant to drinking water treatment. The highest aggregate chloropicrin formation was from chloramination at pH 7: 0.22±0.06% mol/mol, whereas aggregate yields at pH 6 and 8 were 0.08±0.02% and 0.14±0.05% respectively (Figure 3). Aggregate yields from chlorination were relatively insensitive to changing pH and varied from 0.11 – 0.14% mol/mol at pH 6-8 (Figure 3). The reasons for enhanced formation post-chloramination are unclear; limited available evidence suggests that chloropicrin is more stable in the presence of monochloramine than free chlorine [13], which may have played a role in the results from the current study.  
In contrast, aggregate chloroform formation was reduced by 75-87%, from using monochloramine rather than chlorine at the three pH values considered (Figure 3). This is consistent with literature on natural waters which reported that THMs from chloramination are typically less than 20% of those from chlorine [15, 37]. DCAN aggregate yields were reduced by 66 – 90% through the use of monochloramine at the three pH values. This is comparable to results reported by Dotson et al. [12], who found DCAN yields from chlorination of nitrogen-rich fractions of NOM were approximately twice those from chloramination. 
The classical mechanism for the chlorination of amino acids proceeds via the formation of organic mono and dichloramines and results in the formation of an aldehyde and a nitrile [39]. Formation of the aldehyde only requires an equimolar amount of halogenating agent, whereas the nitrile requires at least two molar equivalents. The most important difference between chlorination and chloramination is that nitrile products can result from both aldehyde and nitrile pathways during monochloramination [38]. 
This study also reported formation of low yields of chloroform (≤1.22±0.20% mol/mol), TCAN (≤1.50±0.75% mol/mol), chloropicrin (≤0.04±0.01% mol/mol), 1,1-DCP (0.52±0.14 % mol/mol) and 1,1,1-TCP (≤0.11±0.00% mol/mol) from the chlorination of L-aspartic acid, which are unaccounted for in many published mechanisms [6]. Similarly low yields of these compounds were observed from the chlorination and/or chloramination of the other selected amino acids (Figures 1 and 2). For TCAN, the most obvious formation route is trihalogenation of the initial nitrile produced (Figure 4). Croué and Reckhow [39] chlorinated a solution of DCAN over an eight hour period and detected no TCAN, so this route is not deemed applicable. Formation of trichloroacetaldehyde, followed by hydrolysis, is a likely route for chloroform production (Figure 4). Both of these trihalogenated products are most likely at high chlorine doses, as applied in the current study. In the mechanism postulated by Hu et al. [21] for chlorination of L-aspartic acid liberation of chloropicrin and formaldehyde is preceded by the formation of an ethene derivative, although this requires confirmation. 
Similarly, there were important relative differences in the impact of pH on chlorination and chloramination DBPs. Aggregate formation of both DCAN and TCAN from chlorination was dramatically reduced as the pH increased, whereas for chloramination there were no consistent pH trends (Figure 3). For example, aggregate DCAN formation following chlorination at pH 6, 7 and 8 was 19.63±0.63%, 11.74±0.71% and 6.05±1.19%, respectively, while equivalent values following chloramination were 2.03±0.37%, 2.19±0.44% and 2.08±0.31%, respectively. Similarly, there was no consistent relationship between pH and chloropicrin formation for either disinfectant.  
It is striking that chloroform, rather than DCAN, was the major product formed from chloramination of L-aspartic acid at pH 6 and 7 (Figure 2), whereas the opposite was true for chlorination of this precursor at all three pH levels (Figure 1). This indicates that chloramination favoured products of the aldehyde pathway, specifically chloroform, over those of the nitrile pathway, whereas the converse applied for chlorination (Figure 4).      
Using isotopically-labelled monochloramine (15NH2Cl) Yang et al. [38] showed that the majority of nitrogen in DCAN generated from monochloramination of L-glutamic acid, tryptophan and Suwannee River natural organic matter was derived from the disinfectant rather than from the organic precursor. Furthermore, as the nitrogen was largely derived from monochloramine, the aldehyde pathway must have been the dominant formation pathway, given that no external nitrogen is needed to form DCAN via the nitrile pathway. This agrees with the mentioned prevalence of chloroform production from chloramination of L-aspartic acid in the current study.
By extension, the formation of DCAA and dichloroacetamide from chloramination can also be due to direct monochloramination reactions producing DCAN, followed by hydrolysis to the corresponding haloacetamide and haloacetic acid. This is of interest because previous studies have noted how chloramination favoured the formation of dihaloacetic acids (DHAAs) over that of the trihaloacetic acids (THAAs) [15, 37], although those authors suggested that DHAAs possibly resulted from indirect reactions with free chlorine generated from the slow hydrolysis of monochloramine. The present study indicates that direct reactions between organic amines (e.g. L-aspartic acid) and monochloramine during water treatment contribute to DCAN, dichloroacetamide and DCAA formation. In contrast, free chlorine may be required to produce significant concentrations of THAAs, as there is some evidence this DBP group has distinct precursors and/or formation pathways to the DHAAs [19, 40].  

5	Conclusions
This study examined the relative effect of chlorination and chloramination on DBP formation from seven model amines at pH 6, 7 and 8. Many of the findings are helpful in clarifying conflicting literature from studies using natural waters regarding the relative effects of chlorine and chloramines on HAN and HNM formation::
· Relative to chlorination, the aggregate formation (i.e. the sum of the formation from all the individual precursors) of chloroform, DCAN and TCAN were reduced by respectively 75-87%, 66-90% and 89-93% across the three pH levels by instead using pre-formed chloramination. The aggregate formation of both HANs decreased dramatically with increasing pH when applying chlorination, but HAN formation from chloramination was relatively insensitive to pH change.
· Chloroform, rather than DCAN, was the major product from the chloramination of L-aspartic acid at pH 6 and 7, whereas the opposite was true for chlorination. This indicates that chloramination favours products of the aldehyde pathway over those of the nitrile pathway.
· While chloropicrin formation was overall similar from the two disinfectants, the aggregate formation was highest from chloramination at pH 7. At pH 8 aggregate yields from chlorination and chloramination were the same and at pH 6 aggregate yields were slighter higher from chlorine. The implications for drinking water treatment are that, while chloramination is effective at reducing THM and HAN concentrations relative to chlorination, the opposite is true for the HNMs.  
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