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ABSTRACT 12 

The brominated and/or chlorinated organic compounds (referred to as organohalogens) 13 

are frequently detected in natural and engineered environments. However, the ultrahigh-14 

resolution mass spectrometry (UHR-MS)-based non-target identification of the 15 

organohalogens remains challenging due to the presence of vast number of halogenated 16 

and non-halogenated organic molecules in the same aqueous sample. In this study, a new 17 

algorithm, namely NOMDBP Code, was developed, based on natural organic matter (NOM) 18 

chemistry, to simultaneously identify organohalogens and non-organohalogens from the 19 

UHR-MS spectra of natural and engineered waters. In addition to isotopic pattern 20 

extraction, for the first time, three optional filter rules (namely selection of minimum non-21 

oxygen heteroatoms, inspection of newly formed halogenated disinfection byproducts [X-22 

DBPs] and precursors) were incorporated in our code, which can accurately identify DBPs-23 

associated peaks and further elucidate the X-DBPs generation and transformation 24 

mechanisms. The formulae assignment rate against previously reported 2,815 unique 25 

organohalogens and their 11,583 isotopologues was determined to be >97%. Application 26 

of our algorithm to disinfected NOM indicated that oxygen-containing X-DBPs species 27 

accounted for a majority of X-DBPs. Further, brominated X-DBPs (Br-DBPs) during 28 

disinfection process were characterized by higher degree of unsaturation compared to 29 

chlorinated X-DBPs (Cl-DBPs). Our algorithm also suggested that, in addition to 30 

electrophilic substitution and electrophilic addition reactions, the 31 

decomposition/transformation is another important mechanism in Br-DBPs formation. 32 

Results of this study highlight the superior potential of this code to efficiently detect yet-33 
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unknown organohalogens (including organohalogens with non-oxygen heteroatoms) in a 34 

non-target manner and identify their generation mechanism during the disinfection process.  35 

  36 
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INTRODUCTION 37 

Halogenated organic compounds (organohalogens, in this study referred to as chlorine 38 

and/or bromine-containing organic matters formed via natural and artificial processes) are 39 

widely present in the natural and engineering environments. In urban wastewater and 40 

drinking water treatment systems, chemical disinfection has been often used to inactivate 41 

pathogens and micropollutants. Natural organic matters (NOM), being ubiquitous and 42 

chemically active and very diverse in aquatic environments, however, can react with 43 

hydrolyzed products of disinfectants (e.g. HOCl), yielding toxic halogenated disinfection 44 

byproducts (X-DBPs, X= Cl and/or Br) 1-4. To determine the DBPs molecular species, 45 

ultrahigh-resolution mass spectrometry (UHR-MS) including Fourier transform ion 46 

cyclotron resonance mass spectrometry (FT-ICR-MS) was for the first time introduced in 47 

2012. Since then, approximately 2,800 unique high-molecular weight X-DBPs formulae 48 

have been identified in freshwater NOM, seawater, and lysed cyanobacterial cells after 49 

disinfection 1,3,5-8, though complete picture of X-DBPs including “missing fraction of X-50 

DBPs” remains inconclusive yet 9. 51 

To detect organohalogens using mass spectrometry, researchers typically employ 52 

isotopic pattern representing unique peak combinations of multiple isotopes with different 53 

masses and natural abundances (Meusel et al., 2016). Given the high natural abundance of 54 

Cl (75.78% for 37Cl and 24.22% for 35Cl) and Br isotopologues (50.69% for 79Br and 49.31% 55 

for 81Br), the isotopic pattern of Cl and Br (e.g. chlorinated X-DBPs [Cl-DBPs], brominated 56 

X-DBPs [Br-DBPs], and Cl- and Br-containing X-DBPs [Cl-Br-DBPs]) is a distinctive 57 

signal in organohalogens detection with high levels of confidence. In the past two decades, 58 

therefore, isotopic patterns had been successfully employed to selectively detect X-DBPs 59 
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peaks from UHR-MS spectra  10,11 as well as to identify the X-DBPs and other organic 60 

pollutants 2,12-18, non-halogenated metabolites 19 and some unknown biomolecules 20. 61 

Further, the mass spectrometry with combination of precursor ion scans (PIS) has been 62 

proposed to selectively detect Cl-DBPs and Br-DBPs 10,11. While the PIS-based methods 63 

are powerful and rigorous in identification of X-DBPs, the analysis using collision-induced 64 

dissociation as well as measurements for non-halogenated compounds are typically 65 

entailed to identify the precursor and product ions, which requires the additional 66 

measurement cost.  67 

To comprehensively understand the X-DBPs occurrence and generation mechanism in 68 

natural and engineered waters, high-throughput non-target analysis using UHR-MS is 69 

attracting attention. While it remains challenging to detect a number of organohalogen 70 

peaks in a non-target manner and concurrently assign the correct formulae to the thousands 71 

of UHR-MS peaks for X-DBPs and other molecules, several algorithms have been 72 

developed by integrating the molecular formula assignment algorithm with the isotopic 73 

pattern detection for Cl-DBPs. For example, chemical formulae assignment software such 74 

as ProfileAnalysis software 13 and SigmaFitTM algorithm 15 were integrated with isotope 75 

detection algorithm and, by using the precompiled formula library, applied to the measured 76 

peaks of emerging organic contaminants, drugs (and their metabolites) and transformation 77 

products. Further, an isotopic pattern algorithm as well as pre-constructed X-DBPs isotopic 78 

library has also been incorporated into a recently developed software, namely Formularity 79 

21, though its application to the Br-DBPs and Cl-Br-DBPs compounds may be currently 80 

limited due to the presence of only five Br-DBPs formulae in the isotopic database. The 81 

isotopic patterns of Cl and Br were also incorporated into the newly announced ICBM-82 
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OCEAN, and assignment performance and accuracy for organohalogens can be examined 83 

in future studies 22. 84 

In contrast to the library-based methods, the SIRIUS software (widely used for 85 

metabolites identification) utilizes isotopic patterns to filter multiple potential solutions for 86 

the given mass to only a few candidates, and directly determine the X-DBPs with multiple 87 

Cl or Br atoms 19. However, monohalogen formulae (i.e., containing sole Cl or Br) as well 88 

as Cl-Br-DBPs are not incorporated in SIRIUS, regardless of their frequent observation in 89 

chlorinated samples 3-5,17,19,20. The compatibility of this biomolecule-customized SIRIUS 90 

to identify X-DBPs molecules therefore needs to be investigated. Moreover, due to the lack 91 

of ad hoc filtering rules (e.g. O/C and, H/C ratios) for NOM molecules in SIRIUS, a manual 92 

‘post-processing’ step was necessary to assign chemical formulae to all chlorinated NOM 93 

peaks 19. 94 

While there are several algorithms developed, the interpretation of UHR-MS spectra 95 

containing thousands of molecular peaks can be largely affected by the analytical resolution 96 

and algorithm performance capable of distinguishing the organohalogen peaks from non-97 

halogenated NOM peaks and concurrent assignment of chemical formulae. In particular, if 98 

the disinfection of natural waters is a concern, formula assignment of halogenated and non-99 

halogenated organic molecules (including yet-unknown organohgalogens with not only 100 

CHO-type but also including non-oxygen heteroatoms) should be consistent with NOM 101 

chemical properties (as a precursor of X-DBPs) as well as the associated X-DBPs 102 

generation mechanisms. Therefore, in this study, a new method based on the halogen 103 

isotopic patterns with combination of precise formula assignment algorithm considering 104 

NOM chemistry is developed and applied to the naturally and anthropogenically 105 
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halogenated waters. A significant revision was made toward the TRFu algorithm, which 106 

had been developed to efficiently and automatically assign chemical formulae to the UHR-107 

MS peaks of NOM at high accuracy 23. By incorporating several algorithms to detect 108 

isotopic pattern as well as to filter and assign DBPs formulae, a novel algorithm for X-109 

DBPs analysis, namely NOMDBP Code, was developed. Formula assignment accuracy of 110 

this updated algorithms was evaluated using the reported DBPs formulae 1,3,5,6 and their 111 

simulated 37Cl, 81Br, and 13C isotopic formulae. The developed NOMDBP Code was 112 

subsequently applied to the artificially chlorinated waters and natural water samples to 113 

screen known and unknown organohalogens among thousands of compounds in a non-114 

target manner. 115 

 116 

METHODS AND MATERIALS 117 

X-DBP formulae library for assignment test  118 

In this study, 2,815 X-DBPs compounds (Table S1) previously validated by isotopic 119 

patterns from halogenated Suwannee River fulvic acid (SRFA) 1, treated drinking water 3, 120 

aquaculture seawater 6, and lysed cyanobacterial cells 5 were retrieved from literature. 121 

Further, their isotopologues were generated with Eqs. (S1) and (S2) as described in Content 122 

SI1. Therefore, DBP formulae library in this study (totally 14,398 peaks) includes the 123 

reported 2,815 unique formulae (2,303, 471, 33, 6 and 2 for Cl-, Br-, Cl-Br-, Cl- I-, and Br-124 

I-formulae, respectively, labeled as “parent formulae”), 4,306 isotopologue formulae 125 

generated for 37Cl and/or 81Br (labeled as “major isotopologue”) and 7,277 isotopologue 126 

formulae generated for 13C and/or 34S (labeled as “minor isotopologue”). The FT-ICR-MS 127 
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spectrum of SRFA containing 9,753 peaks was also combined with the X-DBP formulae 128 

library. The SRFA were used as a representative of non-halogenated NOM sample to 129 

examine the possible influence of non-halogenated NOM peaks on the assignment 130 

performance of the NOMDBP Code. The X-DBP formula library built for the assignment 131 

test were descripted in Content SI2.  132 

 133 

Sample preparation 134 

In the laboratory, X-DBPs compounds were generated in 3.0 mg-C/L Suwannee River 135 

NOM (SRNOM [1R101N] purchased from International Humic Substances Society 136 

[IHSS]) solutions amended with 90 mg/L NaHCO3 and 5.0 mg-Cl2/L NaClO (free chlorine 137 

concentration was determined by colorimetry using N, N-diethyl-p-phenylenediamine 138 

[DPD] with a Pocket Colorimeter II, SIBATA, Japan). In the test where Br-DBPs were 139 

generated, potassium bromide (KBr) were additionally amended at concentration of 2.0 140 

mg-Br/L by following the method detailed elsewhere 2. After adjusting pH ~7.5 by 141 

concentrated hydrochloric acid (HCl, Ultrapur, Kanto Chemical, Japan), the halogenated 142 

water samples were incubated for a week at room temperature in the dark. 143 

Moreover, a seawater sample was collected in Tokyo Bay, Japan (Odaiba Seaside Park 144 

at 35.62986° N, 139.77405° E), and filtered with 0.45 µm membrane immediately after 145 

transport to laboratory. Similarly, freshwater samples from the upstream (35.74427° N, 146 

139.31692° E) and downstream (35.58394° N, 139.67025° E) of Tama River in Tokyo, 147 

Japan (abbreviated by Tama-up and Tama-down, respectively) were also collected and 148 

filtered. The natural water samples were subjected to the extraction and purification of 149 
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dissolved organic matter (DOM) using the solid phase extraction (SPE) with the method 150 

described elsewhere 24. Briefly, filtered water samples were acidified with concentrated 151 

HCl to pH 2 and fed through the styrene divinylbenzene polymer cartridge (Bond Elut PPL, 152 

Agilent) activated with 6 mL methanol (LC/MS grade). Then, the cartridge was rinsed with 153 

the 20 mL HCl-acidified ultrapure water to completely remove salts, followed by N2-drying 154 

for 5 min. Then, DOM was eluted with 1 cartridge volume of methanol with gravity flow. 155 

Subsequently, these samples were diluted with the identical volume of ultrapure water. 156 

In order to evaluate the possible formation of Cl-adduct ions during the extraction and 157 

electrospray ionization (ESI) processes, Suwannee River Fulvic Acid II (SRFAII) and 158 

Nordic Reservoir NOM (NRNOM) (2S101F and 1R108N purchased from IHSS, 159 

respectively) were subjected to the identical SPE procedures (that include the treatment 160 

using HCl) prior to the FT-ICR-MS measurement. Separately, DOM solutions (that omit 161 

SPE treatment) were prepared at final concentration of 250 mg-C/L by dissolving the 162 

desired amount of Upper Mississippi River NOM (MRNOM), Suwannee River Fulvic 163 

Acid (SRFA), Nordic Lake Fulvic Acid (NLFA) and Pony Lake Fulvic Acid (PLFA) 164 

(1R110N, 1S101F, 1R105F, and 1R109F purchased from IHSS, respectively) into 165 

ultrapure water, followed by dilution with the identical volume of methanol. Finally, all 166 

DOM samples were filtered with 0.22 µm membrane and kept at 4 °C in the dark prior to 167 

the measurement. 168 

 169 

2.3 FT-ICR-MS analysis 170 
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A Bruker SolariX 9.4T FT-ICR-MS interfaced with negative ion mode electrospray 171 

ionization was applied to characterize DOM samples in Tohoku University, Sendai, Japan. 172 

Instrumental conditions were set as follows: -4.5kV capillary voltage; 150 μL/h direct 173 

infusion rate; 2 MWord data size; 1,000 average scan; 0.1 s ion accumulation; 150-1,500 174 

mass to charge ratio (m/z) range 25. The resolving power was ~ 200,000 at m/z = 401. All 175 

spectra were externally calibrated with sodium iodine ion clusters (m/z= 276-3,125) and 176 

internally recalibrated with known CHO-homologous series of freshwater DOM (m/z= 177 

200-600 with >200 mass calibration points) to obtain a mass accuracy <1.0 ppm. For 178 

further identification of organohalogen in the Tokyo Bay seawater, parent ions of seawater 179 

DOM ions at the nominal mass of 431 (2 Da mass windows for ion isolation) were 180 

fragmented in the quadrupole via collision induced dissociation with argon gas. The 181 

fragmentation spectra were recorded in the same FT-ICR-MS instrument with 100 scans, 182 

2 MWord data size, 15.0 V collision voltage, and 1 s ion accumulation time. 183 

Organohalogen peaks were detected from the Cl and Br isotopic patterns and formulae 184 

were assigned simultaneously with non-halogenated DOM compounds using our Matlab-185 

based in-house NOMDBP Code (see details in next section). The parent peaks with relative 186 

abundance (RA) ≥ 0.5% were only considered in the analysis, where the parent peak was 187 

defined by the mono-isotopic peak for the most abundant isotopologue (in terms of RA) 188 

among the multi-isotopic peaks with same halogenated chemical formula but different 189 

isotopic composition. Formulae were assigned to the peaks with signal to noise ratio ≥4 190 

under the following conditions: 0.3≤X/C≤ 2.25 (where X = H+ Cl+ Br), 0< O/C ≤ 1.15 191 

(0≤O when C≥5), double-bond equivalent (DBE) ≥0, 1≤12C≤50, 0≤ 13C≤ 2, 0≤ 18O≤ 1, N≤ 192 

5, 32S≤ 3, 0≤ 34S≤ 1, and P ≤ 1, 35Cl≤ 5, 37Cl≤ 5, 79Br≤ 5, 81Br≤ 5. Some molecular 193 
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characteristics including O/C, H/C, X/C, modified aromaticity index (AImod), DBE, DBE/C, 194 

nominal oxidation state of carbon (NOSC) were also calculated in the algorithms. Since 195 

Cl-DBPs compounds are formed most likely via the electrophilic substitution, where 196 

hydrogen atoms are usually displaced by halogen atoms 3,26, van Krevelen diagrams of O/C 197 

versus X/C were employed to visually characterize the putative DBPs precursors in this 198 

study. 199 

 200 

Description of the NOMDBP Code 201 

The NOMDBP Code is an updated version of our Matlab-based TRFu Code 23. Besides 202 

all fundamental algorithms for NOM characterization in the TRFu Code, the following new 203 

algorithms have been incorporated into the NOMDBP Code: i.e., (i) parent peak 204 

determination for Cl-DBPs, Br-DBPs, and Cl-Br-DBPs based on the distinctive pattern of 205 

isotopologue peaks, (ii) selection of the optimum Cl-DBPs, Br-DBPs, and Cl-Br-DBPs 206 

formulae, and (iii) assignment of DBPs major and minor isotopologue formulae. Briefly, 207 

as depicted in Fig. 1, after input of UHR-MS data and calculation conditions and 208 

subsequent extraction of dataset one by one, all theoretically possible solutions (formulae) 209 

are calculated for each peak. For a given peak, if all solutions are Cl- or Br-free, these 210 

solutions are directly filtered with the optimum formula selection rules detailed previously 211 

23. Otherwise, the multi-isotopic patterns of all Cl- and/or Br-containing formulae are 212 

inspected in succession. Once the multi-isotopic pattern is detected (with acceptable error 213 

range of m/z and RA, relative to theoretical values, being 0.0035 and 30%, respectively), 214 

mono-halogen formulae are optionally filtered with the rule of minimum non-oxygen 215 

heteroatoms (Optional Filter Rule 1, given the dominance of CHO-type X-DBPs in 216 
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literature). In addition to the optional filter that inspect the presence of organohalogen 217 

peaks in the sample where halogenation treatment was omitted (Optional Filter Rule 2), 218 

another optional filter, namely DBPs precursor inspection (Optional Filter Rule 3), can also 219 

be executed in the NOMDBP Code, which improves the formulae assignment accuracy for 220 

organohalogens, particularly, those containing more than four carbon atoms.  221 

After the Cl- and/or Br-containing formulae are confirmed, the optimum formula for 222 

the peak is selected with priority of (1) maximum number of Cl + Br (formulae with more 223 

Cl+ Br are more reliable due to the presence of more 37Cl and/or 91Br peaks in the UHR-224 

MS spectra), and (2) maximum number of oxygen (note that precursors with high O/C can 225 

be preferentially chlorinated than low O/C by disinfection 1,3). Otherwise, all Cl- or Br-226 

containing formulae are deleted, and the remaining Cl- and Br-free formulae are further 227 

filtered with the optimum formula selection rules or set as unassigned peak. Then, after 228 

combining all peaks together, 37Cl and 81Br formulae are reassigned on the basis of multi-229 

isotopic patterns. Subsequently, 13C isotopic formulae are reassigned according to the 12C-230 

13C isotopic pattern. Similarly, 34S isotopic formulae are further assigned to daughter 231 

candidates with the 32S-34S isotopic pattern. Finally, the formulae result and summary are 232 

automatically exported as Microsoft Excel files. Then, UHM-MS data of next sample are 233 

successively extracted and aforementioned calculations were repeated. 234 

Notably, due to the close mass differences between 32S and 34S (Δm/z=1.995796), 35Cl 235 

and 37Cl (Δm/z=1.997050), and 79Br and 81Br (Δm/z=1.997953), multi-isotopic peaks with 236 

the same number of heavy isotope are generally overlapped in the UHR-MS spectra. For 237 

example, the 37Cl-isotopic peak of C9H18O6
37Cl1

79Br1 will be completely overlapped by the 238 

81Br-isotopic peak of C9H18O6
35Cl1

81Br1 due to its higher abundance compared to 239 
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C9H18O6
37Cl1

79Br1. For such case, the intensities of overlapped peaks in the UHR-MS 240 

spectra are mixed and theoretically equals to the sum intensity of all overlapped 241 

isotopologues. In this study, therefore, formulae of the overlapped peaks generally 242 

represent the mono-isotopic formulae with the highest intensities. 243 

 244 

Data analysis 245 

The accuracy ratio was defined by the number of true positive (correctly assigned) 246 

formulae relative to the total number of X-DBPs examined. The one-way analysis of 247 

variance was employed to compare different datasets at the significant level of p<0.05 248 

using MATLAB 2019b (MathWorks, U.S.). The principle component analysis (PCA) was 249 

performed by MATLAB using the intensity weighted DOM molecular parameters (m/z, 250 

H/C, O/C, S/C, Cl/C, Br/C, AImod, DBE, NOSC, and X/C, Table S2) for all identified 251 

organohalogens. Each parameter was standardized by subtracting its mean value, and 252 

subsequently dividing the standard deviation using the function, zscore, in MATLAB in 253 

order to weigh the contribution of each parameter to the principal components equally. All 254 

assigned formulae were categorized with the criteria described elsewhere 23. 255 

 256 

RESULTS AND DISCUSSION 257 

Formula assignment performance 258 

The isotopic pattern-based formula assignment performance of NOMDBP Code was 259 

examined by using following three peak datasets: (i) the previously reported 2,815 X-DBPs 260 

peaks (parent peaks + major isotopologue peaks); (ii) all the 14,398 X-DBPs peaks (parent 261 
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peaks + major and minor isotopologue peaks) and (iii) all the 14,398 X-DBPs peaks + 262 

9,753 non-DBP peaks (i.e., SRFA, which was used to examine the effect of non-DBP peaks 263 

on the assignment performance). The assignment ratios were determined to be 99.0%, 264 

98.0%, and 97.3% for the first, second, and third scenario, respectively, generally 265 

demonstrating the excellent assignment performance of the NOMDBP Code for X-DBPs 266 

formulae. The slight decreasing trend in assignment ratios from the first to third scenarios 267 

potentially suggests the adverse effect of some other adjacent peaks (that are close to minor 268 

X-DBPs isotopologue peaks) on the X-DBPs peak selection and following formulae 269 

assignment. Generally, assignment performance was found to be better when the intensity 270 

for the relevant isotopic peaks were higher. 271 

To obtain further insights into the reason of false assignment, the false positive 272 

assignment of X-DBPs formulae was carefully examined. Inspection of assigned formulae 273 

indicated that false positive X-DBPs formulae were generally detected due to the false 274 

assignment of X-DBPs formulae rather than false detection of isotopic patterns. For 275 

example, different formulae (C11H14O6N4Cl2 and C17H10O2N2Cl1Br1) were assigned to the 276 

published peaks of C13H19O7
81Br1 and C14H11O8

81Br1, respectively, because formulae with 277 

multiple halogen atoms were, in this case, preferentially selected with the Selection Rule 1 278 

(i.e., maximum Cl +Br, see Fig. 1). When all the solutions include multiple halogens, 279 

formulae with minimum non-oxygen heteroatoms can be selected by the NOMDBP Code 280 

(see Selection Rule 3 in Fig. 1), leading some false positive assignments especially for 281 

peaks with high m/z (e.g., m/z>600 and Cl+ Br=2 in Fig. 2A). Some examples include false 282 

assignment of C19H46O16N6Cl2, C27H58O10N6Cl2 and C28H60O10N6Cl2 (in the X-DBP 283 
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formulae library) to less non-heteroatom formulae, C27H50O13S1Cl2, C35H62O7S1Cl2 and 284 

C36H64O7S1Cl2, respectively. 285 

The assignment accuracy is generally mass-dependent, and decreases largely with 286 

increasing m/z values due to the ascending number of possible formulae, particularly for 287 

m/z > 600 23. In this study, consistently, the false positive ratio of X-DBPs parent formulae 288 

gradually increased from 0% to 3.5% for m/z from 200 to 600 in the second scenario dataset, 289 

followed by an obvious increase over 600 m/z (Fig. 2C). Among all DBPs solutions for a 290 

given parent peak, the formula with higher Cl+ Br was more reliable, because the formula 291 

was validated with higher number of 37Cl- and/or 81Br- isotopic peaks than formula with 292 

less Cl+ Br. The parent formula with higher Cl+ Br was therefore selected at higher priority 293 

in the NOMDBP Code (Selection Rule 1 in Fig. 1), which resulted into the decreasing false 294 

positive ratio with increasing number of Cl+ Br (Fig. 2B). These results demonstrate 295 

reasonably high level of formula assignment accuracy by the NOMDBP Code for X-DBPs 296 

compounds, particularly for X-DBPs formulae with lower mass or multiple number of Cl 297 

and/or Br.  298 

It should be noted that the assignment performance of NOMDBP Code was evaluated 299 

based on the detection of isotopic patterns and subsequent formulae assignment for 300 

detected X-DBPs peaks considering NOM chemical properties. The three optional filer 301 

rules (Fig. 1) were disabled in the assignment performance test, primarily because the 302 

filtration processes such as precursor inspection and new peak appearance are unnecessary 303 

in the test using the published peak library. Nonetheless, as discussed in detail below, 304 

executing such optional filter rules is critical in detecting X-DBPs related peaks, assigning 305 

the correct formula and identifying the major mechanism of X-DBPs generation from 306 
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thousands of organohalogen and non-organohalogen peaks present in the artificially 307 

disinfected and natural waters. 308 

 309 

Organohalogen characteristics 310 

Freshwater samples 311 

Generally, CHO and lignin-like compounds were the predominant fractions for 312 

freshwater DOM and same trend were observed in this study for all freshwater DOM from 313 

Tama River and IHSS (Content SI3). It was noteworthy that some peaks in FT-ICR-MS 314 

spectra followed 35Cl-37Cl and/or 79Br-81Br isotopic patterns; thus such peaks were 315 

considered as organohalogens regardless of the absence of chlorination treatment (note that 316 

we further confirmed the presence of organohalogens by applying the MS/MS technique 317 

to the selected peak in a target manner, as described below). As shown in Table S3, 318 

organohalogen formulae accounted for 0.35%-3.64% of total formulae. It is worth noting 319 

that, all of these formulae contained only one halogen, and 80% formulae had a low 320 

abundance (e.g., RA< 5%) and 95% formulae contained non-oxygen heteroatoms. The 321 

presence of Cl-containing compounds detected in non-chlorinated freshwater can be due 322 

to (i) naturally chlorinated compounds, (ii) adducts of chloride ions remaining during the 323 

acidification and desalination steps of DOM extraction using HCl and (iii) unknown 324 

sources 3. Due the low concentration of bromide in freshwater (typically ranging from trace 325 

level to ~0.5 mg/L 2), the sources of Br-containing compounds remain unknown. The false 326 

positive ratios for monohalogens were relatively higher than formulae containing multiple 327 

number of halogen. Thus, some formulae bearing one halogen for non-chlorinated 328 
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freshwater may be generated by the false positive assignment of non-halogenated peaks 329 

(that resemble the Cl or Br isotopic peak pattern) in the FT-ICR-MS spectra composed of 330 

several thousands of peaks.  331 

The optional DBPs precursor inspection rule (Optional Filter Rule 3 in Fig. 1), was 332 

executed to further validate the presence of halogenated compounds in the natural samples. 333 

The Filter Rule 3 is proposed according to assumption that X-DBPs are formed via 334 

electrophilic substitution where H atoms in X-DBPs precursors are substituted by the 335 

identical number of halogen atoms 3,26. After executing the Optional Filter Rule 3, the total 336 

number of organohalogen formulae in the non-halogenated freshwater samples decreased 337 

substantially (p<0.05) to 0-0.35% relative to total assigned formulae. As depicted in Fig. 338 

S2, the precursors-inspected natural halogen compounds generally had high H/C and 339 

moderate O/C ratios (H/C=1.3-1.6, O/C=0.3-0.5) and were dominated by lignin-like and 340 

protein-like molecules. 341 

While suspicious halogens could be eliminated by the optional precursor inspection 342 

rule (i.e., Filter Rule 3), the identification of Cl-halogens can be affected by Cl-adduct ions 343 

potentially formed during the ESI negative mode ionization via interaction of DOM 344 

molecules and remaining Cl- from the SPE-extraction using HCl 27. In this study, the 345 

potential adduct of Cl-molecules were observed for the SPE-extracted SRNOM and 346 

NRNOM, while not for the SPE-extracted SRFAII (Fig. S4). These results suggest that the 347 

formation of Cl-DOM adducts is controlled not only by the presence of remaining Cl-, but 348 

also by the types of DOM. In order to avoid adduct formation, formic acid has been 349 

suggested in the SPE extraction instead of HCl 16-18,27,28. However, the employment of other 350 

type of acid, formic acid, in SPE extraction (instead of HCl) may lead to the occurrence of 351 
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formate adduct ions in ESI negative mode 29-31, interfering the formula assignment of non-352 

halogenated DOM molecules. Therefore, an additional SPE cartridges washing with 353 

ultrapure water is alternatively suggested to completely remove remaining Cl- or formate 354 

ions in the case of simultaneously analyzing halogenated and non-halogenated DOM 355 

compounds. Because rigorous formula assignments are central in X-DBPs characterization, 356 

only the X-DBPs formulae treated with precursor inspection (Filter Rule 3) were discussed 357 

for freshwater DOM in the following sections.  358 

 359 

Seawater sample 360 

Regarding the general trend of Tokyo Bay seawater DOM, the lignin-like compounds 361 

and CHO compounds were the predominant fractions of non-halogenated compounds 362 

(accounting for 75% and 51% of all intensity, respectively, Fig. 3A), which is similar to 363 

the results of freshwater samples (e.g. Tama River upstream DOM and SRNOM in Figs. 364 

S5 and S6). However, the percentage of CHOS compounds (i.e., compounds only 365 

containing C, H, O, and S, 20.1%) was significantly higher (p<0.05) in the seawater DOM 366 

than that of all freshwater DOM examined (3.4%±3.2%), indicating the higher level of 367 

dissolved organic sulfur (DOS) in the coastal seawater compared to natural freshwater (e.g. 368 

Tama River upstream DOM) and potential importance of such DOS in the coastal sulfur 369 

cycle 32. 370 

The high abundance of CHOS compounds can also be attributed to the sulfur-371 

containing surfactants in reclaimed water from municipal wastewater treatment plants 372 

(WWTPs). Indeed, some typical surfactants (e.g. C11H14(CH2)nO5S1 and C12H14(CH2)nO5S1, 373 

n= 1- 4) in the Eawag surfactants suspect list for wastewater 33 were detected in the 374 
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seawater with RA values ranging from 17.2% to 100% (Fig. S7), highlighting the 375 

significant impacts of anthropogenic activities to coastal water qualities. The seawater 376 

sampling station Odaiba in the Tokyo Bay typically receives WWTPs effluents from the 377 

Shibaura and Ochiai Water Reclamation Center. 378 

Regarding the organohalogens, 18 unique organohalogens containing 1, 3, and 4 atoms 379 

of Cl were identified in the formulae in the Tokyo Bay seawater DOM (Table S4). Sixteen 380 

organohalogens were non-oxygen heteroatom-free compounds, while the other 2 381 

organohalogens contained sulfur and phosphorus. The most abundant organohalogen in the 382 

Tokyo Bay seawater was identified as C12H20O8Cl4, followed by C12H19O8Cl3 (RA = 24.2% 383 

and 8.5% for the parent peak, respectively, Fig. S8). The formula, C12H20O8Cl4, was further 384 

validated by the FT-ICR-MS/MS technique. As depicted in Fig. 3B, the parent ion at m/z 385 

430.98398 ([M]-) was observed to continuously lose two HCl, yielding two conspicuous 386 

fragment ions at m/z 395.0073 and 359.03065 ([M-HCl]- and [M-2HCl]-, respectively). 387 

While typical NOM fragment ions are formed via CO2, CO and/or H2O release from parent 388 

ions in the MS/MS spectra 34-36, these fragments were not identified in the parent ion m/z 389 

430.98398, suggesting the absence of acidic (e.g., carboxyl) functional group in the 390 

structure of the parent ion. The [M-HCl]- ion intensity was approximately ten times higher 391 

than that for the [M-2HCl]- ion, suggesting the dominant loss of one HCl in the parent ion 392 

m/z 430.98398.  393 

The adduct Cl is loosely bound to precursors, which is in contrast to Cl directly bound 394 

to carbon skeletons in DOM structure. Provided that the ion at m/z 430.983997 395 

([C12H19O8Cl3+Cl]-) is the Cl-adduct ion of [C12H19O8Cl3-H]- at m/z 395.007286 for the 396 

Tokyo Bay seawater DOM, this organohalogen (C12H19O8Cl3) was assigned to the artificial 397 
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sweetener, sucralose 37, which had been detected in Hong Kong coastal water (average 398 

level =0.06 µg /L) 38, Swiss lake surface water and wastewater effluent (average level= 44-399 

3,641 ng/L) 39, and U.S. coastal and marine waters (average level= 2.0-394 ng/L) 40. Due 400 

to its highly persistent property under typical operational conditions of municipal WWTPs 401 

41, sucralose has been employed as a chemical tracer for domestic wastewater 42. Thus, both 402 

sulfur-containing surfactants and sucralose in the Tokyo Bay are most likely originated 403 

from WWTPs effluent or potentially combined sewer overflow. 404 

 405 

Chlorinated SRNOM samples 406 

X-DBPs compounds were newly formed by the chlorination treatment of DOM 407 

sample (e.g. new peaks clearly observed in Figs. 4 and S9). Although precursor inspection 408 

is a useful filter rule for the accurate detection of X-DBPs in disinfected waters, it should 409 

be noted that precursors for the “secondary X-DBPs” (formed by the decomposition of 410 

precursor via multiple degradation pathways) 43,44 were difficult to be validated in the 411 

halogenated samples due primary to their multiple formation mechanisms. It has been 412 

reported that the major of carbonyl DBPs contains ketoacid structure, which are generated 413 

most likely due to the phenyl ring-cleavage of halogenated macromolecular phenols, such 414 

as lignin-derived moieties in SRNOM 45. For example, regardless of the successful 415 

validation by isotopic patterns, the FT-ICR-MS peaks for C8H7O3Br1, derived from the 416 

cleavage of the phenyl ring in lignin-derived compounds 45, failed to be assigned to any 417 

Br-DBP formulae due to the absence of direct precursors in the chlorinated SRNOM if only 418 

considering precursors inspection. Similarly, no X-DBPs formulae were assigned to 419 

C7H4O2Br2 peaks in the same sample when only precursor inspection was considered.  420 
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Such issue can be, at least partially, solved in the NOMDBP Code by introducing the 421 

new rule (Optional Filter Rule 2 in Fig. 1), where the presence of target X-DBPs peaks in 422 

the control spectrum (e.g. spectrum of water prior to the disinfection treatment) is inspected. 423 

The Optional Filter Rule 2 only works for disinfected samples when the control spectrum 424 

is available. New peaks validated successfully by isotopic patterns in the chlorinated DOM 425 

are most likely due to the presence of newly formed X-DBPs compounds, which are thus 426 

considered as reliable X-DBPs formulae in this study. As visually depicted in Figs. S10-427 

S11, X-DBPs formulae, C1H2Br2, C2H2O2Br2, C7H3O3Br3, and C10H7O5Cl1, could be 428 

successfully assigned to the secondarily formed DBPs compounds with the new peak rule. 429 

However, the execution of this optional rule should be avoided for the formula assignment 430 

of naturally occurring organohalogens due to the lack of defined control samples. 431 

In this study, X-DBPs compounds in chlorinated SRNOM samples were examined by 432 

executing all optional filter rules. Totally, 146 and 240 unique X-DBPs (excluding 433 

isotopologues) tabulated in Table S4 were identified in the chlorinated SRNOM in the 434 

absence and presence of bromide, respectively. Consistent with previous findings 1,2, only 435 

few Br-DBPs with multiple Br atoms were observed in chlorinated SRNOM with bromide 436 

(e.g., 23 and 1 formulae for Br-DBPs containing 2 and 3 bromine atoms, respectively). The 437 

less number of Br-DBPs formulae with multiple bromine atoms (compared to mono-438 

halogenated X-DBPs) could be attributed to the passivating role of bromine, which can 439 

impede their successive receive of another bromine by the mono-brominated X-DBPs 46. 440 

Similarly, the absence of Cl-DBPs with multiple chlorine atoms in chlorinated SRNOM 441 

(in the absence of bromide addition) can be caused by the decreased chlorination rate for 442 
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the mono-chlorinated DBPs (which is formed by incorporating chlorine into the reactive 443 

precursors through electrophilic aromatic substitution) 28.  444 

While Cl-DBPs and Br-DBPs accounted for ~99% of all X-DBPs compounds in the 445 

SRNOM sample with “ClO-” and “ClO- + Br-” treatments, respectively, the proportion of 446 

total X-DBPs compounds in the “ClO-” treatment was ~61% of that for the “ClO-+Br-” 447 

treatment. The high abundance of X-DBPs species for the SRNOM sample chlorinated in 448 

the presence of bromide can be consistent with the fact that free bromine, generated from 449 

the rapid reaction of free chlorine with bromide, was more effective in X-DBPs formation 450 

than free chlorine 26,47. The previous study also indicated that Br-DBPs formation is 451 

strongly related to bromide concentrations in waters to be disinfected 46. In contrast to the 452 

predominant formation of Cl-DBPs during chlorination of river and reservoir waters 453 

typically containing low levels of bromide, Br-DBPs formation is reported to dominate for 454 

the other types of environmental waters such as groundwater and coastal seawater 455 

containing relatively high Br concentrations 17,18,28. Disinfection treatment of waters 456 

containing high level of bromide (e.g. >0.28 mg/L in groundwater) tends to yield more X-457 

DBPs and results into the predominance of highly toxic Br-DBPs species 48, posing severe 458 

risks to human and aquatic creatures 28. These results suggest that an additional X-DBPs 459 

removal is necessary in the case of disinfection treatments for groundwater and seawater. 460 

Most DBPs molecules were identified together with precursors of the electrophilic 461 

substitution in this study. Similarly, the electrophilic addition reaction accounted for 1 Cl-462 

DBPs and 2 Br-DBPs compounds in this study (Table S4), indicating the reliability of 463 

detection for DBPs compounds generated in these reaction pathways. Nonetheless, 24 Br-464 

DBPs compounds (Table S4) were found to miss their precursors assuming electrophilic 465 
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substitution or electrophilic addition reactions. Although the precursors were absent in the 466 

spectrum of chlorinated SRNOM, these 24 newly formed Br-DBPs were identified in the 467 

chlorinated sample using the Optional Filter Rule 2. This phenomenon may be associated 468 

with secondary formation of X-DBPs, and suggest the potentially critical role of secondary 469 

reaction in X-DBPs formation. For example, three typical secondary X-DBPs (CH2Br2, 470 

C2H2O2Br2, and C8H7O3Br1), often identified as dibromomethane, dibromoacetic acid, and 471 

3-bromo-4-hydroxy-5-methoxybenzaldehyde, respectively 16, were detected as secondary 472 

products via the pathways including hydrolysis in water treatment systems and swimming 473 

pools 43,49-52. Compared to the absence of secondary formed species in the “ClO-” treatment, 474 

24 of secondary Br-DBPs species in the “ClO-+Br-” treatment signifies the more complex 475 

formation mechanisms of Br-DBPs than Cl-DBPs. Furthermore, 15 X-DBPs formulae with 476 

one phosphorus were identified in this study. Among them, 11 formulae were validated by 477 

the precursor inspection and the remaining 4 were assigned to newly formed compounds 478 

(without direct precursors). Since these compounds were not recorded in chemical database 479 

such as PubChem, the MS/MS fragment analysis should be employed to further validate 480 

formula assignment accuracy and elucidate their structures that are essential to their 481 

toxicity evaluation. 482 

Non-halogenated byproducts are often formed during the disinfection treatment, 483 

revealing the mechanism of X-DBPs formation 44,53,54. In addition to non-halogenated 484 

byproducts with low molecular weights detected with conventional chromatographic and 485 

mass techniques, the NOMDBP Code is capable of simultaneously assigning formulae to 486 

non-halogenated byproducts with larger molecular weights in the FT-ICR-MS spectra. 487 

Totally, 102 and 243 newly formed and chlorination-derived putative non-halogenated 488 
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byproducts were identified in this study (Table S5), including two reported non-489 

halogenated byproducts decomposed from X-DBPs, C8H6O4 and C8H6O5, 44. The newly 490 

formed C8H6O5 was absent in non-chlorinated SRNOM. In case of C8H6O4, the peak for 491 

this molecule was detected in non-chlorinated SRNOM, the chlorination treatment showed 492 

substantially high RA in both “ClO-” and “ClO-+Br-” treatments (e.g., by 2.7 and 3.6 folds, 493 

respectively). Therefore, the comparison of formulae results exported from the NOMDBP 494 

Code for chlorinated and non-chlorinated samples provides additional information in 495 

elucidating the formation and transformation of halogenated and non-halogenated products 496 

during disinfection process. 497 

Moreover, the comparison of X-DBPs and non-DBPs organohalogens discussed in 498 

Content SI4 reveals higher degree of unsaturation for Br-DBPs compared to Cl-DBPs, 499 

signifying that the reactive hypobromite preferentially reacts with highly unsaturated 500 

lignin-like precursors under the conditions examined. Environmental implication discussed 501 

in Content SI4 highlights the powerful potential of the NOMDBP Code in in non-target 502 

screening of some unique and yet-unknown X-DBPs species with non-oxygen heteroatoms, 503 

as well as non-halogenated aromatic byproducts, in drinking water and WWTPs effluent. 504 

 505 

CONCLUSIONS  506 

In this study, the NOMDBP Code has been successfully developed and applied to 507 

simultaneously identify halogenated and non-halogenated organic compounds from the 508 

UHR-MS spectra of natural and engineered waters. Compared to the conventional PIS-509 

based methods for X-DBPs identification, our automated algorithm could eliminate the 510 
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additional UHR-MS measurement cost for non-halogenated molecules measurement, 511 

minimize the time-consuming post data analysis procedure, and also efficiently output high 512 

quality formula results with the assignment accuracy up to 97.3% for reported X-DBPs 513 

compounds. In addition to the precise detection of multi-isotopic patterns, three optional 514 

filter rules proposed in this study are designed, for the first time, according to the chemical 515 

views of X-DBPs generation and thus are favorable to identifying organohalogens, 516 

practically for disinfected waters. The NOMDBP Code is, therefore, notable to produce the 517 

true positive solutions for X-DBPs species containing both oxygen and non-oxygen 518 

heteroatoms, highlighting its superior potential compared to the conventional X-DBPs 519 

studies 2,18,28. 520 
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Fig. 1. Flow of the NOMDBP Code. 644 
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Fig. 2. The false positive (inaccuracy) ratio of all X-DBP parent formulae as functions of 648 

m/z ranges and Cl +Br number (A), and false positive ratio for Cl +Br number (B) and m/z 649 

range (C). Blue color in heatmap A represents the absence of DBP parent formulae in the 650 

relevant m/z range and Cl+Br number. 651 
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Fig. 3. The van Krevelen diagrams of the Tokyo Bay seawater DOM (Odaiba sample) (A), 654 

and FT-ICR-MS/MS fragmentation spectra of the parent ion at m/z 431 ([C12H19O8Cl4]-) 655 

(B).  656 
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Fig. 4. Enlarged FT-ICR-MS spectra of chlorinated and non-chlorinated SRNOM in the 660 

presence and absence of bromide at nominal mass 337, 339, and 341. 661 


