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Abstract

:

In the face of ongoing water pollution challenges, the intricate interplay between dissolved organic matter and disinfectants like chlorine gives rise to potentially harmful disinfection byproducts (DBPs) during water treatment. The exploration of DBP formation originating from amino acids (AA) is a critical focus of global research. Aromatic DBPs, in particular, have garnered considerable attention due to their markedly higher toxicity compared to their aliphatic counterparts. This work seeks to advance the understanding of DBP formation by investigating chlorination disinfection and kinetics using tyrosine (Tyr), phenylalanine (Phe), and tryptophan (Trp) as precursors. Via rigorous experiments, a total of 15 distinct DBPs with accurate molecular structures were successfully identified. The chlorination of all three AAs yielded highly toxic chlorophenylacetonitriles (CPANs), and the disinfectant dosage and pH value of the reaction system potentially influence chlorination kinetics. Notably, Phe exhibited the highest degradation rate compared to Tyr and Trp, at both the CAA:CHOCl ratio of within 1:2 and a wide pH range (6.0 to 9.0). Additionally, a neutral pH environment triggered the maximal reaction rates of the three AAs, while an acidic condition may reduce their reactivity. Overall, this study aims to augment the DBP database and foster a deeper comprehension of the DBP formation and relevant kinetics underlying the chlorination of aromatic AAs.
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1. Introduction


The disinfection of drinking water is crucial to ensure its safety and to eliminate pathogenic microorganisms [1,2]. Various methods such as chlorine, chloramine, chlorine dioxide, ozone, and ultraviolet disinfection are employed for this purpose. Among these, chlorine disinfection stands out globally for its remarkable bactericidal effect and cost-effectiveness [3]. It is extensively utilized, with over 94.5% of water treatment facilities in the United States and over 99.5% in China relying on chlorine disinfection [4]. However, while disinfectants effectively inactivate or eliminate harmful microorganisms, their strong oxidizing properties can trigger unavoidable reactions with natural organic matters (NOMs) and bromide and iodide compounds present in water, leading to the formation of disinfection byproducts (DBPs) [5] that pose health risks. For instance, during chlorine disinfection of drinking water, trihalomethanes (THMs) and haloacetic acids (HAAs) [6,7] are produced, which are known to be carcinogenic and reproductively toxic [8,9]. Notably, the chlorination reactions of wastewater also lead to the formation of a substantial number of DBPs, which are generally more toxic than the parent compounds and even more resistant to subsequent degradation. These byproducts are present in the water released into the environment, where they can accumulate in surface water, ultimately contributing to the overall detection of total DBPs in drinking water [10,11,12].



In recent years, aromatic DBPs have garnered increasing attention as a particularly hazardous class of DBPs [13,14,15,16]. In vitro cytotoxicity experiments have shown that aromatic DBPs typically exhibit toxicity levels several orders of magnitude higher than aliphatic DBPs [17,18,19]. Notably, chlorophenylacetonitriles (CPANs) have emerged as stable aromatic nitrogen-containing DBPs with significant toxicity [20]. The LC50 values of 2-chlorophenylacetonitrile (2-CPAN) and 3,4-dichlorophenylacetonitrile (3,4-DCPAN) were 133 and 83 μmol/L, respectively, significantly lower than those of their aliphatic counterparts, chloroacetonitrile, and dichloroacetonitrile (436 and 260 μmol/L, respectively) [21]. Despite their toxicity, the formation mechanisms and major precursors of CPANs remain elusive.



Amino acids (AAs), ubiquitous components of NOM in aquatic environments, enter the drinking water preparation process through the water supply system. They present at concentrations ranging from 20 to 10,000 μg/L in surface waters and represent a significant fraction of dissolved organic carbon and organic nitrogen [22,23]. During chlorine disinfection, AAs undergo conversion into various carbonaceous and nitrogenous DBPs [24]. Removing free AAs, especially aromatic ones, poses challenges to conventional water treatment methods. These aromatic AAs can serve as primary precursors for highly toxic DBPs [25]; for instance, tyrosine (Tyr) and tryptophan (Trp) can yield trihalomethanes [26], while phenylalanine (Phe) may generate CPANs and phenylacetaldehyde during water disinfection process [27,28]. Due to their structural diversity, different AAs ultimately lead to various types of DBPs, necessitating a thorough understanding of the chlorination of AAs and the resulting DBP profiles.



Furthermore, elucidating the kinetics of reactions between precursors and disinfectants sheds light on disinfection reaction rates, mechanisms, and the impacts of various factors on disinfection efficiency, consequently providing a theoretical basis for optimizing the disinfection process [29]. Currently, extensive research is being conducted on the kinetics of disinfection reactions in drinking water. In addition to the traditional focus on microbial disinfection reactions, considerable attention is also being paid to the kinetics of disinfection reactions for various NOMs and synthetic chemicals present in water. For instance, the chloramination of inosine [30] and the chlorination of N-phenyl-N′-(1,3-dimethyl butyl)-p-phenylenediamine-quinone (6PPDQ) [31] and prometryn [32] can efficiently occur, yielding various DBPs, with their reactions following pseudo-first-order kinetics. While the kinetic studies of AA chlorination in drinking water are mostly related to their reaction mode, it has been demonstrated that the reactions between Tyr and Trp with ClO2 follow second-order kinetic reactions with the rate constants ranging from 102 to 107 M−1s−1 [33]. Because of the rapid chlorination reaction of AAs, relatively few detailed studies have been conducted on the various factors that influence the kinetics of their chlorination processes.



Building upon existing research, this study undertakes chlorination experiments on three representative aromatic AAs, including tyrosine, phenylalanine, and tryptophan, with the aim of identifying the molecular structures of potential DBPs to enrich the existing DBPs database. Concurrently, disinfection kinetics experiments are performed to investigate the impacts of various factors, including chlorine concentration and pH, on reaction rates. Anticipated results are poised to offer valuable insights into a deeper comprehension of the mechanism underlying DBP generation, particularly focusing on CPANs originating from aromatic AAs during water disinfection. By shedding light on these processes, this research endeavors to contribute significantly to the understanding and management of DBP risks in water treatment.




2. Results and Discussion


2.1. Identification of the Chlorination DBPs of Three Aromatic AAs


2.1.1. DBPs of Tyr Chlorination


During chlorine disinfection, the chemical transformation of Tyr entails substitution, decarboxylation, and hydrolysis, resulting in the formation of aldehydes, nitriles, and Cl-substituted DBPs. The chromatographic analysis depicted in Figure 1 illustrates the comprehensive profile of Tyr chlorination, conducted at a concentration ratio of 1:2 (CTyr:CHOCl) for 24 h under conditions of pH = 7.0 and T = 25 °C, with precautions taken to avoid exposure to light. A comparative assessment with a blank sample (represented by the black line in Figure 1) was performed, followed by a rigorous spectral analysis employing the National Institute of Standards and Technology (NIST) Mass Spectral Library and associated Search Program to elucidate the structural attributes of the resultant compounds.



Via meticulous comparison and systematic search methodologies, the investigation revealed the emergence of nine DBPs originating from Tyr chlorination under the specified conditions, including 4-hydroxytoluene (P-108), 4-propylphenol (P-136), p-hydroxyphenylacetonitrile (P-133), 2,6-dichloro-4-methylphenol (P-176), 2,6-dichloro-4-methylphenol (P-142), phenylacetonitrile (P-117, PAN), 2,6-dichloro-4-ethylphenol (P-190), monochlorophenylacetonitrile (P-151, mono-CPAN), and dichlorophenylacetonitrile (P-185, di-CPAN), with detailed information provided in Table 1. Particularly noteworthy is the generation of two CPANs (P-151 and P-185), highlighting Tyr’s susceptibility to undergo chlorination-induced transformation to yield highly toxic aromatic DBPs. Therefore, recognizing Tyr as a potential precursor for such CPANs underscores its significance in the context of water treatment protocols.



In the investigation of structural characteristics of DBPs derived from Tyr, successive examinations were conducted on reaction systems featuring various molar ratios of Tyr to active chlorine (Tyr:HOCl). The resulting findings are presented in Table 2. Analysis revealed distinct product profiles corresponding to different chlorine concentration levels applied to Tyr, with a proliferation of DBP variants, observed as the concentration ratio of active chlorine surpassed 2:1. Conversely, a reduction in the diversity of DBPs occurred when the concentration of active chlorine fell, with products P108, P-176, and P-190 exclusively emerging under conditions of heightened available chlorine concentrations. Notably, the appearance of P-185 (di-CPAN) occurred subsequent to achieving a 1:1 ratio between Tyr and available chlorine, indicating the sequential formation of di-CPAN following mono-CPAN in the reaction system. Furthermore, the generation of P-151 (mono-CPAN) was observed even under lower available chlorine concentration, underscoring the propensity for CPAN production despite reduced chlorine availability.




2.1.2. DBPs of Phe Chlorination


In comparison to Tyr, the chlorination of Phe exhibited reduced complexity of resulting DBPs due to the absence of the hydroxyl group in the benzene ring. This process did not generate the hydroxylated products but unexpectedly led to the formation of aldehydes. Chromatographic representations elucidating the obtained products of Phe chlorination are depicted in Figure 2, while detailed specifics regarding each product are given in Table 1. Throughout the chlorination process of Phe, seven distinct DBPs emerged, including the three identical phenylacetonitrile derivatives (P-117, P-151, and P-185) observed in the case of Tyr. The other four DBPs are identified as benzaldehyde (P-106), phenylacetaldehyde (P-120), chlorobenzene (P-114), and benzyl chloride (P-126). Furthermore, the selective ion monitoring chromatogram depicted in Figure 2b effectively illustrates the appearance of the respective two isomers of both mono- and di-CPANs during the chlorination process of Phe.



In the structural investigation of the chlorinated DBPs of Phe, successive examinations were conducted on reaction systems with varying molar ratios of Phe to available chlorine (Phe:HOCl). It was found that the product chlorobenzene (P-114) only appeared in systems with available chlorine concentrations at or above twice the molar ratio, while more toxic CPANs continued to be produced at lower available chlorine concentrations (Table 3).




2.1.3. DBPs of Trp Chlorination


In the case of Trp, a total of five DBPs were identified during the chlorination process. Detailed chromatographic representations of these DBPs are displayed in Figure 3, with specific product information provided in Table 1. The unique benzene-fused heterocyclic structure of Trp resulted in the formation of 3-quinolinecarboxaldehyde (P-157) and indole-3-acetaldehyde (P-159). Similar to the observations with Tyr and Phe, chlorination of Trp also engendered the generation of CPANs, signifying the susceptibility of the five-membered ring in Trp to the ring-opening process. Moreover, during Trp chlorination, three isomers of mono-CPAN (P-151) can be generated, while four isomers of di-CPAN are formed (Figure 3b).



The reaction results of Trp with chlorine at different molar ratios (Trp:HOCl) are collected in Table 4. It is observed that when the concentration of available chlorine is sufficiently excessive, the formation of chlorinated DBPs (P-151 and P-185) is maximized. For instance, P-157 is only produced at Trp:HOCl = 1:2 or even lower ratios. This trend mirrors the pattern observed in the formation of DBPs from the preceding two AAs.



As evident from Table 1, a total of 15 byproducts are identified during the chlorination of three aromatic AAs, predominantly comprising various aldehydes and acetonitriles containing aromatic rings, as well as phenols and halobenzenes. Notably, CPANs, which are highly toxic aromatic DBPs, are detected in the chlorination processes of all three aromatic AAs. The observed CPANs include multiple monochlorinated and dichlorinated isomers. This demonstrates that Tyr, Phe, and Trp may serve as precursors for CPANs in aquatic environments. Moreover, the residues of three aromatic AAs are undetectable after 24 h of reaction, indicating their complete conversion during the chlorination process.





2.2. Kinetics of Chlorination for Three Aromatic AAs


2.2.1. Kinetics of Chlorination Reactions at Various Available Chlorine Concentrations


Figure 4 illustrates the chlorination (or degradation) kinetics of Tyr, Phe, and Trp across varied available chlorine concentrations. Given the rapidity of chlorination reactions, samples were extracted at 10 min intervals over a 1 h chlorination duration. Despite the potential model intercept, the fitting curves demonstrate strong correlations, with R2 values exceeding 0.98. This result suggests that the chlorination reaction is first-order toward the three AAs under the specified conditions of active chlorine concentration and reaction time. Furthermore, the observed rate constants (kobs) exhibit linear correlations with active chlorine concentration (Figure 4d), implying that the reaction is also first-order with respect to active chlorine. Consequently, the chlorination of the three AAs is expected to follow second-order reaction kinetics. In response to the presence of the model intercept for t = 0, which shows potential deviations from zero, we propose that there may be a very rapid initial reaction for each AA, likely involving the Cl-substitution on α-amino group [34], followed by subsequent slow and measurable reaction steps during the chlorination process. It can also be observed from Figure 4 that increasing the chlorine dosage significantly promotes the degradation rate for all three AAs. Notably, at a chlorine concentration ratio of 1:5, degradation rates substantially surpass those observed at a ratio of 1:2.



Table 5 presents the kinetic coefficients relevant to the chlorination of Tyr, Phe, and Trp. Analysis of the data reveal that chlorination rates of the three AAs follow the order of Phe > Tyr > Trp at a CAA:CHOCl ratio of 1:1 and 1:2, while the chlorination rate of Tyr exceeds that of Phe and Trp when the CAA:CHOCl ratio is 1:5. Notably, the degradation rate associated with Trp is lower than those of Tyr and Phe across all available chlorine concentrations. This discrepancy suggests that the chlorination kinetics of Trp are comparatively less influenced by fluctuations in available chlorine concentration, attributable to inherent structural differences between these AAs. The specific benzene-fused heterocyclic structure inherent to Trp likely underpins its distinct chlorination kinetics compared to the structurally analogous Tyr and Phe.




2.2.2. Kinetics of Chlorination Reactions at Various pH Levels


Figure 5 displays the chlorination kinetics of three aromatic AAs at differing pH levels (the reaction concentration is selected as CAA:CHOCl = 1:2). Given the expeditious nature of chlorination reactions, sampling intervals were also set at 10 min increments, with the chlorination reaction duration maintained at 1 h. It can be observed that pH variations potentially influence the reaction rates under consistent conditions.



Table 6 provides an overview of the kinetic coefficients for chlorination reactions involving Tyr, Phe, and Trp across varying pH levels. The data presented in Figure 5 and Table 6 collectively show that the three AAs have the fastest reaction rate at pH = 7.0, which decreases when the pH increases to 8.0 and decreases further for Tyr as the pH increases to 9.0. In contrast, the chlorination rates of Phe and Trp at pH = 9.0 increase compared to those at pH = 8.0. Moreover, the chlorination rates of the three AAs under alkaline conditions (pH = 8.0 and 9.0) are greater than those under a pH value of 6.0, suggesting a faster chlorination reaction of these three AAs under neutral and weak alkaline conditions. Remarkably, the chlorination rate of Phe is the most susceptible to pH fluctuations among the three AAs.



The structural specificity of the aromatic ring moieties in the three AAs contributes to their disparate reaction rates and preferences, with the overall order of degradation rates being Phe > Tyr > Trp. AAs characterized by accelerated reaction rates may yield a greater abundance of DBPs within a given timeframe, necessitating heightened attention. To effectively manage DBP formation, a judicious selection of disinfection conditions based on the preferred disinfection pH value for each amino acid type is warranted.






3. Materials and Methods


3.1. Chemicals


Sodium hypochlorite (available chlorine ≥ 5%), formic acid, acetonitrile, ascorbic acid, and methyl tert-butyl ether were purchased from Aladdin Biochemical Technology Co, Ltd. (Shanghai, China). Tyr, Phe, and Trp were sourced from D&B Biotechnology Co., Ltd. (Shanghai, China). All chemicals used in this study were of analytical grade, and ultrapure water from the Milli-Q Progard water purification system was used.




3.2. Experimental Procedures


3.2.1. Experiments on Chlorination of Tyr, Phe, and Trp


The precise volumes of each AA and freshly prepared chlorine reserve solution were separately pipetted, with the AA concentration set at 0.1 mmol/L. Molar concentration ratios of each AA to available chlorine were rigorously controlled to be 2:1, 1:1, 1:2, 1:5, and 1:10, respectively. AAs, disinfectant, and phosphate-buffered saline (PBS) were added sequentially to 100 mL brown volumetric flasks, ensuring the maintenance of a pH value of 7.0 throughout the reaction, with final volume adjustments made using purified water. To facilitate sufficient reaction between chlorine and AAs, samples were incubated in a light-protected constant-temperature incubator at 25 °C for 24 h. Upon completion of the reaction period, appropriate quantities of ascorbic acid were introduced to neutralize residual chlorine and terminate the chlorination process.



A 30 mL aliquot of the sample underwent sequential addition of approximately 10 mL of extractant methyl tert-butyl ether three times, with vigorous shaking (2500 rpm for 5 min) following each addition. After three repetitions of extraction, the supernatant was transferred to a 10 mL vial. Then, 8 g of anhydrous sodium sulfate was added, allowing the mixture to stand for 60 min. Subsequent enrichment and concentration to 1 mL were achieved via nitrogen blowing, followed by filtration through a 0.22 μm organic filtration membrane. The filtered samples were then subjected to analysis using gas chromatography-mass spectrometry (GC-MS, 7890B-5977, Agilent Technologies, Santa Clara, CA, USA).




3.2.2. Kinetics of the Chlorination Reaction of Tyr, Phe, and Trp


To explore the potential effects of chlorine concentrations on chlorination reaction kinetics of three AAs, the disinfectant sodium hypochlorite was reacted with each AA solution at varying molar ratios (CAA:CHOCl = 1:1, 1:2, and 1:5). The solution pH value was adjusted to 7.0 using PBS, and reaction flasks were kept in darkness at 25 °C for 10–60 min. Reaction termination occurred via the addition of ascorbic acid solution following the designated reaction time.



To further evaluate the impact of pH values on chlorination kinetics, the reaction was conducted by adjusting the solution pH values to 6.0, 7.0, 8.0, and 9.0. Maintaining a constant concentration ratio of CAA to CHOCl at 1:2, the reaction mixture underwent incubation at 25 °C within a light-protected constant-temperature incubator for a duration spanning 10 to 60 min. Termination of the reaction was achieved by introducing an ascorbic acid solution.





3.3. Instrument Conditions and Analysis Methods


To identify the potential DBPs, the GC-MS analysis utilized an HP-5ms column (J&W HP-5ms, 30 m × 0.25 mm, 0.25 μm, Agilent Technologies, Santa Clara, CA, USA) with high-purity helium as the carrier gas. The flow rate of carrier gas was 3 mL/min, and a sample volume of 1 μL was injected. The programmed column temperature consisted of an initial hold at 50 °C for 3 min, followed by ramping to 110 °C at 25 °C/min for 3 min, and finally to 220 °C at 15 °C/min for 5 min. The total runtime was 22 min, with an inlet temperature set at 220 °C. Electron ionization (EI) at 70 eV was employed, with ion source and interface temperature set at 230 °C and 220 °C, respectively. Both full-range (m/z 50~500) and selected ion monitoring modes (m/z 89, 114, 116, 150, 151, and 185) were utilized for mass spectrometric analysis, with a solvent delay of 3 min.



The concentration of AAs after the chlorination reaction was quantified using High-Performance Liquid Chromatography (HPLC, 1260 Infinity II, Agilent Technologies, Santa Clara, CA, USA) equipped with an EC-C18 column (Poroshell 120 EC-C18, 3.0 × 100 mm, 2.7 μm, Agilent Technologies, Santa Clara, CA, USA) and mobile phases comprising 0.1% formic acid water (A) and acetonitrile (B). The running time was set at 4 min, with detection parameters tailored to the specific AAs (Table 7).





4. Conclusions


In this study, the simulation of the chlorination process targeting three aromatic AAs (Tyr, Phe, and Trp) resulted in the identification of 15 DBPs, primarily consisting of various aldehydes, phenols, nitriles, and other chlorinated compounds. This comprehensive elucidation significantly enriches the existing DBP database. Of particular concern is the detection of highly toxic aromatic DBPs known as CPANs, including multiple monochlorinated and dichlorinated homologs. This highlights the potential of Tyr, Phe, and Trp as precursors for CPANs in aquatic environments, posing challenges for their removal in conventional water treatment processes. Consequently, eutrophic waters characterized by elevated levels of aromatic AAs demand heightened scrutiny during chlorination procedures. Distinct variations in relative chlorination rates among the three AAs were also observed, with Phe exhibiting the highest reactivity, followed by Tyr and Trp, at both the CAA:CHOCl ratio of within 1:2 and different pH values ranging from 6.0 to 9.0. Furthermore, faster chlorination reaction of these three AAs can be anticipated under neutral and even weak alkaline conditions. Tailoring disinfection processes to AA attributes is essential, considering their diverse functional group structures. AAs with accelerated reaction rates may yield more byproducts, necessitating enhanced vigilance in water treatment protocols.







Author Contributions


Conceptualization, Z.C. and H.Y.; methodology, Z.C. and B.C.; validation, H.S. and X.L.; formal analysis, X.W. (Xiaoxuan Wei); investigation, Z.C.; data curation, Z.C. and C.Z.; Writing—Original draft preparation, Z.C. and X.W. (Xueyu Wang); Writing—Review and editing, G.M. and H.Y.; visualization, Z.C.; supervision, G.M. and H.Y.; project administration, H.Y.; funding acquisition, G.M. and H.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financially supported by the National Natural Science Foundation of China (22376189, 22176177, and 22376188) and the Academician pairing program for cultivating young talents (Haiying Yu).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no competing financial interests.




References


	



Uyak, V.; Ozdemir, K.; Toroz, I. Seasonal variations of disinfection by-product precursors profile and their removal through surface water treatment plants. Environ. Sci. Technol. 2008, 390, 417–424. [Google Scholar] [CrossRef] [PubMed]

	



Bolyard, M.; Fair, P.S.; Hautman, D.P. Occurrence of chlorate in hypochlorite solutions used for drinking water disinfection. Environ. Sci. Technol. 1992, 26, 1663–1665. [Google Scholar] [CrossRef]

	



Scott, J.P.; Ollis, D.F. Integration of chemical and biological oxidation processes for water treatment: Review and recommendations. Environ. Prog. 1995, 14, 88–103. [Google Scholar] [CrossRef]

	



Bakire, S.; Yang, X.Y.; Ma, G.C.; Wei, X.X.; Yu, H.Y.; Chen, J.R.; Lin, H.J. Developing predictive models for toxicity of organic chemicals to green algae based on mode of action. Chemosphere 2018, 190, 463–470. [Google Scholar] [CrossRef] [PubMed]

	



Singer, P.C. Humic substances as precursors for potentially harmful disinfection by-products. Water Sci. Technol. 1999, 40, 25–30. [Google Scholar] [CrossRef]

	



Bellar, T.A.; Lichtenberg, J.J.; Kroner, R.C. The occurrence of organohalides in chlorinated drinking waters. J. Am. Water Works Assoc. 1974, 66, 703–706. [Google Scholar] [CrossRef]

	



Rook, J.J. Formation of haloforms during chlorination of natural waters. Water Treat. Exam. 1972, 23, 234–246. [Google Scholar]

	



Costet, N.; Villanueva, C.; Jaakkola, J.; Kogevinas, M.; Cantor, K.P.; King, W.D.; Lynch, C.F.; Nieuwenhuijsen, M.J.; Cordier, S. Water disinfection by-products and bladder cancer: Is there a European specificity? A pooled and meta-analysis of European case–control studies. J. Occup. Environ. Med. 2011, 68, 379–385. [Google Scholar] [CrossRef] [PubMed]

	



Manasfi, T.; De, M.M.; Di, G.C.; Coulomb, B.; Boudenne, J. Assessing the genotoxicity of two commonly occurring byproducts of water disinfection: Chloral hydrate and bromal hydrate. Mutat. Res.-Genetic. Toxicol. Environ. Mutagen. 2017, 813, 37–44. [Google Scholar] [CrossRef]

	



Amin, M.M.; Hashemi, H.; Bovini, A.M. A review on wastewater disinfection. Int. J. Environ. Health Eng. 2013, 2, 22. [Google Scholar]

	



Collivignarelli, M.C.; Abbà, A.; Benigna, I.; Sorlini, S.; Torretta, V. Overview of the Main Disinfection Processes for Wastewater and Drinking Water Treatment Plants. Sustainability 2018, 10, 86. [Google Scholar] [CrossRef]

	



Zarrelli, A.; DellaGreca, M.; Parolisi, A.; Iesce, M.R.; Cermola, F.; Temussi, F.; Isidori, M.; Lavorgna, M.; Passananti, M.; Previtera, L. Chemical fate and genotoxic risk associated with hypochlorite treatment of nicotine. Sci. Total Environ. 2012, 426, 132–138. [Google Scholar] [CrossRef] [PubMed]

	



Qin, F.; Zhao, Y.Y.; Zhao, Y.; Boyd, J.M.; Li, X.F. A toxic disinfection by-product, 2,6-dichloro-1,4-benzoquinone, identified in drinking water. Angew. Chem. Int. Ed. 2010, 122, 802–804. [Google Scholar] [CrossRef]

	



Pan, Y.; Zhang, X.R. Four groups of new aromatic halogenated disinfection byproducts: Effect of bromide concentration on their formation and speciation in chlorinated drinking water. Environ. Sci. Technol. 2013, 47, 1265–1273. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Qin, F.; Boyd, J.M.; Anichina, J.; Li, X.F. Characterization and determination of chloro- and bromo-benzoquinones as new chlorination disinfection byproducts in drinking water. Anal. Chem. 2010, 82, 4599–4605. [Google Scholar] [CrossRef] [PubMed]

	



Zhai, H.; Zhang, X.R.; Zhu, X.; Liu, J.; Ji, M. Formation of brominated disinfection byproducts during chloramination of drinking water: New polar species and overall kinetics. Environ. Sci. Technol. 2014, 48, 2579–2588. [Google Scholar] [CrossRef] [PubMed]

	



Yang, M.T.; Zhang, X.R. Comparative developmental toxicity of new aromatic halogenated DBPs in a chlorinated saline sewage effluent to the marine polychaete Platynereis dumerilii. Environ. Sci. Technol. 2013, 47, 10868–10876. [Google Scholar] [CrossRef]

	



Du, H.; Li, J.; Moe, B.; McGuigan, C.F.; Shen, S.; Li, X.F. Cytotoxicity and oxidative damage induced by halobenzoquinones to T24 bladder cancer cells. Environ. Sci. Technol. 2013, 47, 2823–2830. [Google Scholar] [CrossRef]

	



Wagner, E.D.; Plewa, M.J. CHO cell cytotoxicity and genotoxicity analyses of disinfection by-products: An updated review. Environ. Sci. Technol. 2017, 58, 64–76. [Google Scholar] [CrossRef]

	



Zhang, D.; Bond, T.; Krasner, S.W.; Chu, W.; Pan, Y.; Xu, B.; Yin, D. Trace determination and occurrence of eight chlorophenylacetonitriles: An emerging class of aromatic nitrogenous disinfection byproducts in drinking water. Chemosphere 2019, 220, 858–865. [Google Scholar] [CrossRef]

	



Zhang, D.; Chu, W.; Yu, Y.; Krasner, S.W.; Pan, Y.; Shi, J.; Yin, D.; Gao, N. Occurrence and stability of chlorophenylacetonitriles: A new class of nitrogenous aromatic DBPs in chlorinated and chloraminated drinking waters. Environ. Sci. Technol. Lett. 2018, 5, 394–399. [Google Scholar] [CrossRef]

	



Thurman, E.M. Organic Geochemistry of Natural Waters; Martinus Nijhoff/Dr. W. Junk: Dordrecht, The Netherlands, 1985; pp. 181–213. [Google Scholar]

	



Westerhoff, P.; Mash, H.J.J. Dissolved organic nitrogen in drinking water supplies: A review. J. Water Supply Res. Technol.-Aqua 2002, 51, 415–448. [Google Scholar] [CrossRef]

	



Lee, W.; Westerhoff, P.; Croue, J.P. Dissolved organic nitrogen as a precursor for chloroform, dichloroacetonitril n-nitrosodimethylamine, and trichloronitromethane. Environ. Sci. Technol. 2007, 41, 5485–5490. [Google Scholar] [CrossRef] [PubMed]

	



Reckhow, D.A.; MacNeill, A.L.; Platt, T.L.; MacNeill, A.L.; McClellan, J.N. Formation and Degradation of Dichloroacetonitrile in Drinking Waters. J. Water Supply Res. Technol.-AQUA 2001, 50, 1–13. [Google Scholar] [CrossRef]

	



Chen, J.; Gan, G.; Pan, X.; Wu, H.; Hong, H.; Liang, Y. Trihalomethanes and haloacetic acids formation upon chlorination of typical amino acids. Environ. Chem. 2018, 37, 216–222. [Google Scholar]

	



Srivastav, A.L.; Patel, N.; Chaudhary, V.K. Disinfection by-products in drinking water: Occurrence, toxicity and abatement. Environ. Pollut. 2020, 267, 115474. [Google Scholar] [CrossRef]

	



Zhang, D.; Bond, T.; Li, M.; Dong, S.; Pan, Y.; Du, E.; Chu, W. Ozonation treatment increases chlorophenylacetonitrile formation in downstream chlorination or chloramination. Environ. Sci. Technol. 2021, 55, 3747–3755. [Google Scholar] [CrossRef] [PubMed]

	



Beltrán, F.J. Ozone Reaction Kinetics for Water and Wastewater Systems; CRC Press: Boca Raton, FL, USA, 2003; pp. 227–276. [Google Scholar]

	



Zhang, T.; Xu, B.; Wang, A.; Cui, C. Degradation kinetics of organic chloramines and formationof disinfection by-products during chlorination of creatinine. Chemosphere 2018, 195, 673–682. [Google Scholar] [CrossRef]

	



Jiao, M.; Luo, Y.; Zhang, F.; Wang, L.; Chang, J.; Croué, J.P.; Zhang, T. Transformation of 6PPDQ during disinfection: Kinetics, products, and eco-toxicity assessment. Water Res. 2024, 250, 121070. [Google Scholar] [CrossRef] [PubMed]

	



Hu, C.Y.; Zhang, J.C.; Lin, Y.L.; Ren, S.C.; Zhu, Y.Y.; Xiong, C.; Wang, Q.B. Degradation kinetics of prometryn and formation of disinfection by-products during chlorination. Chemosphere 2021, 276, 130089. [Google Scholar] [CrossRef]

	



Sharma, V.K.; Sohn, M. Reactivity of chlorine dioxide with amino acids, peptides, and proteins. Environ. Chem. Lett. 2012, 10, 255–264. [Google Scholar] [CrossRef]

	



Shah, A.D.; Mitch, W.A. Halonitroalkanes, halonitriles, haloamides, and N-nitrosamines: A critical review of nitrogenous disinfection byproduct formation pathways. Environ. Sci. Technol. 2012, 46, 119–131. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 29 01879 g001] 





Figure 1. Total ion chromatogram of Tyr chlorination (pH = 7.0, 25 °C, Tyr:HOCl = 1:2, 24 h). 
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Figure 2. (a) Total ion chromatogram of Phe chlorination (pH = 7.0, 25 °C, Phe:HOCl = 1:2, 24 h) and (b) Selective ion monitoring chromatogram of generated CPANs under the same conditions. 
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Figure 3. (a) Total ion chromatogram of Trp chlorination (pH = 7.0, 25 °C, Phe:HOCl = 1:2, 24 h) and (b) Selective ion monitoring chromatogram of generated CPANs under the same conditions. 
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Figure 4. Reaction kinetics of Tyr (a), Phe (b), and Trp (c) at different ratios of available chlorine concentration (pH = 7.0, 25 °C). (d) Effects of active chlorine on kobs of the three AAs. 
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Figure 5. Chlorination reaction kinetics of Tyr (a), Phe (b), and Trp (c) at different pH values (CAA:CHOCl = 1:2, 25 °C). 
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Table 1. Information on DBPs formed from chlorination of three aromatic AAs.
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Source of DBPs

	
Compound

	
Proposed Structure

	
Characteristic Ion

	
Match






	
Chlorination DBPs of Tyr

	
P-108

	
[image: Molecules 29 01879 i001]

	
51, 77, 108

	
88.6%




	
P-176

	
[image: Molecules 29 01879 i002]

	
77, 141, 176

	
92.0%




	
P-136

	
[image: Molecules 29 01879 i003]

	
77, 107, 136

	
86.7%




	
P-142

	
[image: Molecules 29 01879 i004]

	
77, 107, 142

	
91.4%




	
P-133

	
[image: Molecules 29 01879 i005]

	
78, 106, 133

	
90.4%




	
P-190

	
[image: Molecules 29 01879 i006]

	
77, 155, 190

	
89.1%




	
Chlorination DBPs of Phe

	
P-120

	
[image: Molecules 29 01879 i007]

	
65, 91, 120

	
95.5%




	
P-106

	
[image: Molecules 29 01879 i008]

	
51, 77, 106

	
96.7%




	
P-114

	
[image: Molecules 29 01879 i009]

	
77, 112, 114

	
82.4%




	
P-126

	
[image: Molecules 29 01879 i010]

	
91, 126

	
92.5%




	
Chlorination DBPs of Trp

	
P-157

	
[image: Molecules 29 01879 i011]

	
75, 129, 157

	
93.1%




	
P-159

	
[image: Molecules 29 01879 i012]

	
103, 130, 159

	
90.8%




	
Common DBPs of three aromatic AAs

	
P-117

	
[image: Molecules 29 01879 i013]

	
90, 117

	
92.5%




	
P-151

	
[image: Molecules 29 01879 i014]

	
89, 116, 151

	
87.9%




	
P-185

	
[image: Molecules 29 01879 i015]

	
89, 150, 185

	
87.6%











 





Table 2. Distribution of DBPs of Tyr chlorination under different ratios of chlorine concentration (pH = 7.0, 25 °C, 24 h). √ denotes the presence of the respective product in each reaction system.
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	Tyr:HOCl
	P-136
	P-108
	P-142
	P-190
	P-176
	P-117
	P-133
	P-151
	P-185





	2:1
	
	
	
	
	
	√
	
	√
	



	1:1
	√
	
	√
	
	
	√
	√
	√
	√



	1:2
	√
	√
	√
	√
	√
	√
	√
	√
	√



	1:5
	√
	√
	√
	√
	√
	√
	√
	√
	√



	1:10
	√
	√
	√
	√
	√
	√
	√
	√
	√










 





Table 3. Distribution of DBPs of Phe chlorination under different ratios of chlorine concentration (pH = 7.0, 25 °C, 24 h). √ denotes the presence of the respective product in each reaction system.
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	Phe:HOCl
	P-106
	P-120
	P-114
	P-126
	P-117
	P-151
	P-185





	2:1
	
	
	
	
	√
	√
	



	1:1
	√
	√
	
	√
	√
	√
	√



	1:2
	√
	√
	√
	√
	√
	√
	√



	1:5
	√
	√
	√
	√
	√
	√
	√



	1:10
	√
	√
	√
	√
	√
	√
	√










 





Table 4. Distribution of DBPs of Trp chlorination under different ratios of chlorine concentration (pH = 7.0, 25 °C, 24 h). √ denotes the presence of the respective product in each reaction system.
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	Trp:HOCl
	P-157
	P-159
	P-117
	P-151
	P-185





	2:1
	
	√
	
	√
	



	1:1
	
	√
	√
	√
	√



	1:2
	√
	√
	√
	√
	√



	1:5
	√
	√
	√
	√
	√



	1:10
	√
	√
	√
	√
	√










 





Table 5. Kinetic coefficients for the chlorination reactions of Tyr, Phe, and Trp at different ratios of available chlorine concentration.
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Chlorination

	
Tyr

	
Phe

	
Trp




	
R2

	
kobs (min−1)

	
R2

	
kobs (min−1)

	
R2

	
kobs (min−1)






	
CAA:CHOCl = 1:1

	
0.987

	
−3.655 × 10−3

	
0.997

	
−4.254 × 10−3

	
0.999

	
−2.901 × 10−3




	
CAA:CHOCl = 1:2

	
0.994

	
−5.412 × 10−3

	
0.998

	
−7.373 × 10−3

	
0.989

	
−4.540 × 10−3




	
CAA:CHOCl = 1:5

	
0.999

	
−2.986 × 10−2

	
0.998

	
−2.809 × 10−2

	
0.996

	
−1.333 × 10−2











 





Table 6. Kinetic coefficients for the chlorination reactions of Tyr, Phe, and Trp at different pH values.
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Chlorination

CAA:CHOCl = 1:2

	
Tyr

	
Phe

	
Trp




	
R2

	
kobs (min−1)

	
R2

	
kobs (min−1)

	
R2

	
kobs (min−1)






	
pH = 6.0

	
0.998

	
−4.089 × 10−3

	
0.997

	
−4.841 × 10−3

	
0.998

	
−3.714 × 10−3




	
pH = 7.0

	
0.994

	
−4.767 × 10−3

	
0.999

	
−7.094 × 10−3

	
0.979

	
−4.448 × 10−3




	
pH = 8.0

	
0.998

	
−4.590 × 10−3

	
0.998

	
−5.539 × 10−3

	
0.989

	
−3.874 × 10−3




	
pH = 9.0

	
0.997

	
−4.550 × 10−3

	
0.998

	
−5.985 × 10−3

	
0.996

	
−3.989 × 10−3











 





Table 7. Conditions for liquid-phase detection of three AAs.
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	AAs
	Flow Rate
	Injection Volume
	Elution

Gradient
	Excitation Wavelength
	Temperature





	Tyr
	0.4 mL/min
	30 μL
	4% B, 96% A,

0–4 min
	280 nm
	20 °C



	Phe
	0.6 mL/min
	30 μL
	6% B, 94% A,

0–4 min
	210 nm
	35 °C



	Trp
	0.6 mL/min
	30 μL
	10% B, 90% A,

0–4 min
	230 nm
	35 °C
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