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17 Abstract

18 Several areas around the world rely on seawater desalination to meet drinking water needs, but a 
19 detailed analysis of dissolved organic matter (DOM) changes and disinfection by-product (DBP) 
20 formation due to chlorination during the desalination processes has yet to be evaluated.  To that 
21 end, DOM composition was analyzed in samples collected from a desalination plant using bulk 
22 measurements (e.g. dissolved organic carbon, total dissolved nitrogen, total organic bromine), 
23 absorbance and fluorescence spectroscopy, and ultrahigh resolution mass spectrometry (HRMS). 
24 Water samples collected after chlorination (e.g. post pretreatment (PT), reverse osmosis (RO) 
25 reject (brine wastewater) (BW), RO permeate (ROP), and drinking water (DW)), revealed that 
26 chlorination resulted in decreases in absorbance and increases in fluorescence apparent quantum 
27 yield spectra. All parameters measured were low or below detection in ROP and in DW. 
28 However, total solid phase extractable (Bond Elut Priority PolLutant (PPL) cartridges) organic 
29 bromine concentrations increased significantly in PT and BW samples and HRMS analysis 
30 revealed 392 molecular ions containing carbon, hydrogen, oxygen, bromine (CHOBr) and 107 
31 molecular ions containing CHOBr + sulfur (CHOSBr) in BW PPL extracts. A network analysis 
32 between supposed DBP precursors suggested that the formation of CHOBr formulas could be 
33 explained largely by electrophilic substitution reactions, but also HOBr addition reactions. The 
34 reactions of sulfur containing compounds are more complex, and CHOSBr could possibly be due 
35 to the bromination of surfactant degradation products like sulfophenyl carboxylic acids (SPC) or 
36 even hydroxylated SPCs. Despite the identification of hundreds of DBPs, BW did not show any 
37 acute or chronic toxicity to mysid shrimp. High resolution MS/MS analysis was used to propose 
38 structures for highly abundant bromine-containing molecular formulas but given the complexity 
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39 of DOM and DBPs found in this study, future work analyzing desalination samples during 
40 different times of year (e.g. during algal blooms) and during different treatments is warranted. 

41 Water Impact

42 Reverse osmosis reject water collected at a desalination plant had high organic bromine 
43 concentrations and contained 519 bromine-containing disinfection by-products (DBPs) with 
44 unknown structures. Of these DBPs, we propose structures for three new brominated 
45 compounds. Despite the large number of brominated molecular formulas, reject water collected 
46 here exhibited no acute or chronic toxicity to mysid shrimp.

47 1 Introduction

48 While the disinfection of freshwater for drinking has been used for over one hundred years to kill 
49 waterborne pathogens, disinfection can result in the formation of disinfection by-products 
50 (DBPs)1–3. In fact DBPs formed due to the chlorination of freshwater for drinking water have 
51 been studied for several decades2,3. Regulated DBPs pose known adverse health effects, such as 
52 cytotoxicity, carcinogenicity, and the disruption of the endocrine and thyroid hormone 
53 systems2,4–8. These DBPs are mainly halogenated organic chemicals formed by reaction of the 
54 disinfectant with natural organic matter2,3. However, new halogenated DBPs are found regularly 
55 with unknown toxicity to human and aquatic organisms9–24. 

56 Desalination of seawater is becoming an increasingly important mechanism of meeting drinking 
57 water demands around the globe, with many desalination plants already operating in a variety of 
58 coastal locations. Continuous chlorination with chlorine concentrations < 2 mg L-1 and contact 
59 times that range from ~15 min to a few hours or intermittent shock chlorination at higher doses 
60 are often used to disinfect incoming seawater and to control membrane fouling25,26. 
61 Hypochlorous acid (HOCl) is typically used in chlorination25 but HOCl reacts rapidly with 
62 bromide (Br-) and iodide (I-) to form hypobromous acid (HOBr) and hypoiodous acid (HOI), 
63 respectively27. For example,
64 HOCl + Br- → HOBr + Cl- (k = 1.6 to 6.8 × 103 M-1 s-1)28 (1)
65 HOBr ↔ OBr- + H+ (pKa ~ 8.8 at ionic strength 0.02 to 0.5 and 25°C)28 (2)
66 While equation 1 is pH and temperature dependent, given the higher pKa of HOBr (~8.8) versus 
67 that for HOCl (~7.5)28, HOBr should be a more effective disinfectant in the pH 6 – 8 range. 
68 HOBr reactions with organic compounds can be up to three orders of magnitude greater than 
69 those with HOCl28, so even in freshwaters with low bromide concentrations (e.g. 0.01 to 1 mg L-

70 1) HOBr may be an important reactant. Two proposed reaction pathways of HOBr with organic 
71 compounds (org-C) are electron transfer (Equation 3) or substitution (Equation 4)28.
72 HOBr + Org-C → Br- + Org-Cox (3)
73 HOBr + Org-C → Org-C-Br (4)
74 Equation 4 results in a brominated compound and is a Br- sink, but equation 3 results in an 
75 oxidized organic compound and Br-, which allows Br- to be available to react again with HOCl 
76 (equation 1). Unlike in freshwater which generally contains low µg L-1 concentrations of bromide 
77 and iodide, seawater bromide concentrations are ~60 mg L-1 at salinity 35 and iodide 
78 concentrations are ~60 µg L-1 29,30. Therefore, given the very high bromide concentrations in 
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79 seawater and equations 1-4, HOBr should be the active disinfectant in a desalination plant using 
80 HOCl during shock chlorination of seawater, but not during disinfection of the drinking water.
81 It has been shown that when HOCl is used to disinfect freshwater, mainly Cl-DBPs are 
82 formed14,31. However, when HOBr is used as a disinfectant (e.g. during shock chlorination of 
83 seawater), it is expected that numerous and new brominated DBPs are formed32 that can be 
84 discharged to the environment. In general, brominated compounds are more toxic than 
85 chlorinated compounds and iodinated compounds are more toxic than brominated compounds2, 
86 but environmental toxicity has been rarely tested. Furthermore, most DBPs have not been 
87 assessed for toxicity, so this generalization is only based on a limited number of known DBPs. 
88
89 Reverse osmosis (RO) is the most commonly used technology in desalination plants which 
90 results in processed drinking water but also concentrated RO brines that are often concentrated  
91 to twice the salinity of intake water when discharged back into coastal waters33. To date, both 
92 regulated and non-regulated DBPs have been analyzed in samples collected along a desalination 
93 treatment train 25. For instance, DBPs regulated for drinking water (trihalomethanes, haloacetic 
94 acids, haloacetonitriles, and haloketones) were detected in desalination plants in Saudi Arabia 32. 
95 Concentrations of each DBP were between 1 to 5 µg L-1 in processed drinking water 32, which 
96 are well below US Environmental Protection Agency (EPA) guidelines for these compounds34. 
97 However, at a plant that used continuous chlorination of intake water with high dissolved organic 
98 carbon (DOC) levels, concentrations of these DBP compounds were quite elevated in RO brines 
99 (2 to 250 µg L-1) and were relatively high (~9 to 25 µg L-1) in coastal waters near the plant32. 

100 Because RO brines contain a mixture of chemicals, discharge could be toxic even if targeted 
101 chemicals are below threshold limits. Whole effluent toxicity testing has been used to determine 
102 the potential environmental impacts of RO brine discharge35, but it is still imperative to know 
103 what additional DBPs are in RO reject (brine) water (BW) when released to the environment.

104 As mentioned earlier there are distinct differences in the types of DBPs formed in different 
105 waters due to the presence of bromide in those containing saltwater. Furthermore, specific 
106 precursors of DBP formation in natural waters are unknown, given that dissolved organic matter 
107 (DOM) is the primary reactant and is extremely complex. Studies even demonstrated that the 
108 majority of DOM is indistinguishable across diverse environments (freshwater to marine 
109 systems) given the vast number of structural isomers for any given molecular formula36,37.  This 
110 complexity is not surprising given that DOM in the coastal ocean may be comprised of terrestrial 
111 DOM exported from riverine systems and tidal marshes, marine DOM inputs from shelf waters, 
112 and DOM that is unique to coastal systems themselves (e.g. exuded from primary producers38,39 
113 and re-suspended from coastal sediments40)41–43. DOM is also variable on spatial and temporal 
114 scales as it is transformed and/or degraded by numerous processes including heterotrophic 
115 bacteria respiration and photochemical reactions44–48. To even further complicate the matter, 
116 cleaning agents like aromatic surfactants are used to control biofouling on membranes beyond 
117 using HOCl and these surfactants might be susceptible to free bromine49. Despite the fact that 
118 DOM character and composition will influence the nature of produced DBPs, the impact of 
119 DOM on halogenation reactions is so complex that little is known about molecular structure of 
120 the majority of newly discovered DBPs. Thus, it is likely that RO reject (brine) water (BW) 
121 contains brominated DBPs that have an unknown composition, toxicity, and reactivity 50. 
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122 Therefore, a detailed molecular characterization of DBPs formed during seawater desalination is 
123 still needed.

124 Non-targeted ultrahigh-resolution mass spectrometry (HRMS) and optical property analyses 
125 (absorbance and fluorescence spectroscopy) have become useful tools in evaluating complex 
126 organic mixtures such as DOM in aquatic environments. HRMS has also revealed that thousands 
127 of DBPs and organic pollutants are present in the environment51. Recent studies that have used 
128 HRMS to track changes in DOM during water treatment have shown that hundreds of DBPs are 
129 formed during disinfection14,31,52,53. Chlorine-containing DBPs had significantly more 
130 unsaturation and oxygenation than the non-chlorinated molecular formulas found before 
131 disinfection52, in line with expected oxidation reactions (equation 3) and substitution reactions on 
132 aromatic rings (equation 4). Similarly, while coagulation-flocculation preferentially removed 
133 reduced polyphenolic-like compounds, this treatment step did not prevent the formation of 
134 halogenated polyphenolic and aromatic acid-like DBPs upon disinfection14. When DOM isolates 
135 obtained from the International Humic Substances Society (IHSS) were reacted with chlorine, a 
136 large decrease in UV absorbance and electron donating capacity were observed54. Thus, for 
137 terrestrial DOM with high aromatic content, HOCl may primarily react with phenolic and 
138 hydroquinone moieties within the DOM pool14,16–18. Indeed, electrophilic substitution is expected 
139 to be a dominant reaction pathway in adding halogens into DOM, especially towards compounds 
140 with high double bond equivalents31 like structures containing aromatic rings54. While 
141 electrophilic substitution reactions may be less important in seawater with less terrestrial 
142 influence, over 200 Cl-DBPs were generated during the electrochlorination of algal DOM55, 
143 consistent with substitution or addition reactions with unsaturated fatty acids55 and/or fatty 
144 amides56. Br-DBPs sampled from desalination plants in Saudi Arabia were highest at the plant 
145 with the highest intake water DOC concentration32. Therefore it is expected that DBPs will be 
146 highest and possibly most diverse in desalination plants that use brackish and estuarine waters 
147 with relatively high DOC concentrations, which was the case in this study. 

148 While HRMS has been used more frequently to investigate reactions of HOCl with DOM, there 
149 have been some studies that have also focused on the reactions of HOBr with DOM. For 
150 instance, Suwannee River natural organic matter (SRNOM, IHSS) reacted far more rapidly with 
151 HOBr than with HOCl, but there was very little change in UV absorbance when reacted with 
152 HOBr57. The authors found that bromine was more likely to be substituted into organic 
153 structures, whereas chlorine was more likely to cleave bonds and cause larger overall changes in 
154 DOM57. Suwannee River fulvic acid (SRFA, IHSS) reacted with HOCl with and without 
155 bromide produced more than 450 brominated formulas that were previously unknown53. 
156 However, unlike the previous work with SRNOM57, this study suggested that ~90% of the 
157 bromine-containing formulas had chlorine-containing analogues53. Thus, during seawater 
158 desalination, it is still unclear what potential changes to DOM will occur and what dominant 
159 reaction pathways will occur with HOBr. During the electro-chlorination of estuarine water in 
160 ballast water treatment, >450 brominated molecular formulas were also found that had not been 
161 previously identified50. Brominated formulas had a similar composition to non-brominated 
162 formulas found before chlorination, suggesting that DBP precursors span a large mass range and 
163 a large range in saturation and oxygenation. However, while a similar number of Br-DBPs were 
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164 found in the SRFA study by Zhang et al.53 and in the ballast seawater study of Gonsior et al.50, 
165 only about half of the bromine containing formulas overlapped between studies, suggesting that 
166 the DBPs formed are highly dependent on the source of the DOM. Therefore, the purpose of this 
167 study was to evaluate the molecular composition of complex coastal DOM and its capacity to 
168 produce halogenated (possibly primarily brominated) DBPs in saline waters during desalination 
169 disinfection.

170 There is the potential for effluent discharged from desalination facilities to impact resident biota 
171 in the receiving water bodies. Effluent discharges may be hypersaline (up to 2-fold the receiving 
172 water salinity) and contain a complex mixture of other chemicals concentrated during the RO 
173 process from the intake waters and/or chemicals added during various processing steps in the 
174 facility i.e. from chlorination/dechlorination, pH adjustments, antiscaling and membrane 
175 cleaning amongst others. Therefore, each desalination plant may contain a unique effluent that 
176 contains a complex chemical richness and higher salinity effluent that may impact organisms 
177 where it is released. These concerns have been reviewed in a number of previous studies35,58–60.

178 To investigate the toxicity of desalination plant discharged effluent a number of studies have 
179 used whole effluent toxicity (WET) tests, especially short-term chronic tests that look at 
180 mortality, growth and reproductive biological endpoints in standard test species using either 
181 simulated hypersaline solutions or actual effluent discharges from desalination plants61,62.  The 
182 determination of effluent toxicity as part of National Pollutant Discharge Elimination System 
183 (NPDES) permits usually requires these types of tests to be conducted and a number of test 
184 species may be used. These tests are advantageous as they investigate the total toxicity of the 
185 complex mixture arising from all of chemical contaminants, not just as an additive toxicity but it 
186 also encompasses the multiple interactions in this complex mixture that may impact toxicity (e.g. 
187 synergism and potentiation). However, these tests are limited in their representation of the 
188 potential impacts to sensitive local species and reflect only the toxicity of the water at the time of 
189 sampling.

190 We conducted a preliminary study following a non-targeted approach using negative ion 
191 electrospray (ESI-)-Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS). 
192 Additional analyses, including water sample optical properties (absorbance and fluorescence 
193 spectra), dissolved organic carbon (DOC), total dissolved nitrogen (TDN), and total PPL 
194 extractable organic bromine (OrganoBr) were performed. Together, these techniques were used 
195 to describe in detail organic matter complexity and DBPs during the treatment train at a 
196 desalination plant located in the United States. To complement these results and especially those 
197 for BW, this water (BW) was compared against the intake/raw water (RW) using standard EPA 
198 chronic toxicity tests using the mysid shrimp. These tests determined both acute (i.e. mortality) 
199 and chronic (i.e. growth) biological endpoints and evaluate the impact of BW released back into 
200 coastal waters on resident organisms.

201 2 Materials and Methods

202 2.1 Sample description and collection 

Page 5 of 39 Environmental Science: Water Research & Technology



203 Water samples were collected from a desalination plant located in the United States. This site 
204 was selected because of the potentially diverse DOM sources including two local rivers, dense 
205 coastal vegetation, and other in situ sources. Samples (10-20 L) were collected in duplicate at 
206 various stages during the treatment and desalination process using low density polyethylene 
207 cubitainers that had been previously cleaned with 0.1 N NaOH and rinsed several times with 
208 ultrapure MilliQ water. All containers were rinsed at least three times with sample before 
209 collection. Samples collected included intake/raw water (RW), water following pretreatment 
210 steps (PT) but before reverse osmosis (RO), RO permeate (ROP), RO reject/brine water (BW), 
211 and finished drinking water (DW) (i.e. ROP with additional disinfection). Pretreatment of RW 
212 entails coagulation and flocculation, sand filtration, diatomaceous earth filtration, and finally 
213 cartridge filtration (5 µm Fulflo Durabond and Honeycomb filters, Parker Hannifin 
214 Corporation)63. After cartridge filtration, disinfection is achieved with sodium hypochlorite, and 
215 prior to RO, dechlorination is achieved with sodium bisulfite to preserve RO membranes. Post 
216 RO, both ROP and concentrated BW were collected. Finally, DW was collected post chlorination 
217 of ROP, which had a final concentration of 3.4 mg L-1 free chlorine. For all samples, salinity (S, 
218 unitless) was determined using a YSI Sonde according to the practical salinity scale (PSS-78)30. 
219 Chemical and physical properties for all samples are given in Table S1.

220 Samples were transported on wet ice to the Chesapeake Biological Laboratory (~48 h) and some 
221 of the RW and BW were used immediately for the toxicity tests. All other samples once received 
222 at the laboratory were filtered through 0.7 µm GF/F filters (Whatman ®) that had been 
223 previously combusted for 4 h at 500 °C. Subsamples were reserved from all samples for DOC 
224 and TDN measurements, as well as for optical property analyses. To prepare and desalt the 
225 remaining samples for mass spectrometric analysis, we used a solid phase extraction (SPE) 
226 procedure. All of these procedures are described below.

227 2.2 DOC and TDN analyses 

228 Filtered water samples were acidified to pH 2 using concentrated HCl (Sigma Aldrich) for DOC 
229 and TDN analysis. DOC and TDN concentrations were determined using a Shimadzu Total 
230 Organic Carbon Analyzer (TOC-VCPH), and ultrapure water served as both the DOC and TDN 
231 blank. Potassium hydrogen phthalate and potassium nitrate were dissolved in ultrapure water and 
232 used as standards, respectively, between 0 and 20 mg L-1. 

233 2.3 Determination of optical properties

234 Samples were pipetted into a 1 cm fluorescence cuvette. Absorbance and fluorescence were 
235 simultaneously recorded at 3 nm intervals between excitation wavelengths of 230 and 550 nm 
236 using a Horiba Aqualog system. Ultrapure water served as the absorbance and fluorescence 
237 blank, and was subtracted from all scans. To generate excitation-emission matrix spectra 
238 (EEMS), a fluorescence emission spectrum was recorded at a fixed wavelength range between 
239 230 and 597 nm (~3.3 nm intervals) for every excitation wavelength using 1 - 15 sec integration 
240 time depending on sample absorbance. Rayleigh scattering signals were removed from all EEM 
241 spectra in Matlab® using methods described previously,64  and any inner filter effects were 
242 corrected using the Aqualog software. EEM spectra were normalized to the water Raman 
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243 scattering peak, thus all EEMS are reported in water Raman units (RU). In addition to the 
244 absorbance scans that accompany fluorescence scans, separate absorbance (A(λ)) scans were 
245 recorded for all samples between 230 and 700 nm. Raw A(λ)) spectra were corrected for any 
246 offsets by subtracting the absorbance at 700 nm from each spectrum. Corrected absorbances 
247 (Acorr(λ)) were converted to the Naperian absorption coefficient (a(λ)) with the following 
248 equation

249 a(λ) = 2.303×Acorr(λ)/L (1)

250 where λ is the wavelength and L is the pathlength of the spectrofluorometer cuvette (i.e. 0.01 m).

251 2.4 Solid phase extraction (SPE)

252 DOM was isolated from samples using two in-line solid phase extraction (SPE) cartridges. 
253 Ultrapure water and aged open ocean seawater (collected in the Sargasso Sea, May 2017) that 
254 had been reacted with chlorine for 24 h served as SPE blanks (described below). Both samples 
255 and blanks were acidified to pH 2 using concentrated ultrapure HCl (Sigma Aldrich). These 
256 samples were then drawn through clean Teflon tubing (rinsed with pH 2 ultrapure water) and 
257 connected to 1 g Bond Elut Priority PolLutant (PPL) cartridges (Agilent). PPL cartridges were 
258 activated with methanol (LC-MS Chromasolv, Sigma Aldrich) and rinsed with 0.1% formic acid 
259 water (LC-MS Chromasolv Sigma Aldrich), as described previously50.  SPE with PPL cartridges 
260 has become a popular technique for extracting seawater DOM since PPL can retain more polar 
261 compounds than typical (e.g. C18, XAD) reverse phase resins65. However, DOC recovery is 
262 typically only 40-50% for marine DOM65, possibly because small organic acids and highly polar 
263 compounds are not retained using this technique. Therefore, a weak anion exchange cartridge 
264 (500 mg Oasis® WAX) was attached to each PPL cartridge to recover compounds not well 
265 retained by the PPL resin. Preliminary tests using this procedure indicated that WAX SPE is 
266 typically able to recover an additional 5% of the total DOC. WAX cartridges were activated 
267 using methanol with 2% ammonium hydroxide (Sigma Aldrich) and were rinsed with pure water. 
268 To avoid overloading the SPE cartridges with DOM, we tried to ensure no more than 10 mg 
269 carbon was placed on each PPL cartridge. Thus, depending on each sample’s DOC 
270 concentration, 1 to 10 L of sample was passed through the two in-line cartridges at a rate of ~1 
271 mL min-1.  Sample “breakthrough”, or the water that passed through both cartridges, was 
272 collected in either clean 10 L cubitainers or in combusted 1 – 2L bottles. To minimize formic 
273 acid in breakthrough samples, about ~10 mL was passed through the cartridges and discarded 
274 before collecting these samples. Breakthrough samples were analyzed for DOC, TDN, and 
275 optical properties, to determine extraction efficiencies using this SPE procedure. 

276 After extraction, all cartridges were rinsed with at least 30 mL 0.1% formic acid water (Sigma 
277 Aldrich) and dried under the hood in a vacuum manifold. PPL cartridges were eluted with 10 mL 
278 high purity methanol and WAX cartridges were eluted with 10 mL high purity methanol with 2% 
279 ammonium hydroxide, each into individual combusted amber glass vials. Because sample pH 
280 and matrix differences in filtered water samples can impact sample optical properties, SPE-DOM 
281 samples were also prepared for analysis. To do this, 0.5 mL aliquots of the methanolic PPL and 
282 WAX extracts were dried under N2 and re-dissolved in 5 mL ultrapure water, referred to PPL-
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283 DOM and WAX-DOM respectively. Otherwise, methanolic extracts were stored at -20 °C until 
284 mass spectrometric analysis.

285
286 2.5 Chlorination experiments
287
288 To better understand the potential for DBP formation from this diverse DOM site, we performed 
289 a chlorination experiment using RW. A 500 mg L-1 combusted NaCl (≥99.0%, Acros Organics) 
290 solution was chlorinated for 15 min using an electrochlorination unit (ChlorMaker saltwater 
291 chlorine generator, ControlOMatic, Inc). Free chlorine (Cl2) concentrations were determined using 
292 HACH Method 8021 (US EPA N,N’-diethyl-p-phenylenediamine (DPD) method for free chlorine) 
293 with a HACH autoanalyzer and HACH free chlorine reagent for 10 mL samples. Standards were 
294 generated by diluting a 29.6 ± 0.3 mg L-1 low range chlorine standard solution (HACH) with 
295 ultrapure water. Free chlorine (9.7 mg L-1) was added to RW samples in duplicate and reacted for 
296 24 h. After 24 h, free chlorine concentrations were ~1.6 mg L-1 in reacted RW samples. While 
297 residual chlorine is typically only 0.25 to 0.5 mg L-1 in chlorinated seawater at desalination plants25 
298 instead of 1.6 mg L-1 measured here, we used a much higher chlorine dose (9.7 mg L-1) to evaluate 
299 the maximum potential for DBP formation at this coastal site. To test for any contamination from 
300 electrochlorination solution, free chlorine (2.2 mg L-1) was also added to ultrapure water as a blank, 
301 and chlorine concentrations did not change in 24 h. To dechlorinate the reacted samples, sodium 
302 thiosulfate (Sigma-Aldrich) at 2.5x the molar Cl2 concentration was added to all samples after 24 
303 h. Because DW had a Cl2 concentration of 3.4 mg L-1 and was not dechlorinated before SPE, 
304 additional open ocean seawater and pure water samples were spiked to a final Cl2 concentration of 
305 3.4 mg L-1. These samples were then acidified to pH 2 and underwent the same SPE procedure 
306 described above to check for any contamination from the resin. At each step in the experiment 
307 (before/after chlorination and after dechlorination) aliquots were collected for DOC and TDN 
308 measurement and for optical property analysis. After dechlorination, samples were acidified to pH 
309 2 using concentrated HCl for solid phase extraction (described above).
310
311 2.6 Ultrahigh Resolution Mass Spectrometry (MS) Analysis

312 We used ultrahigh resolution mass spectrometry to characterize DOM in all samples and the 
313 possible production of DBPs formed during the desalination process. PPL extracts were diluted 
314 between 1:5 to 1:40 (depending on initial DOC concentrations) with ultrapure methanol and WAX 
315 extracts were diluted 1:2 with ultrapure methanol prior to analysis with a Bruker Solarix 12 Tesla 
316 Fourier transform (FT) ion cyclotron resonance (ICR) mass spectrometer. Ionization was achieved 
317 using negative ion mode electrospray ionization (ESI) with spray voltage set to –3.6 kV. The flow 
318 rate was held constant at 2 µL min-1 and 1,000 scans were averaged. The autosampler was 
319 programmed to wash with 600 µL of 80:20 MeOH:water to prevent carryover, and blank methanol 
320 samples were injected approximately every 10 samples. The FT-ICR mass spectrometer was pre-
321 calibrated using known arginine clusters and post-calibrated using known DOM m/z ions66. Exact 
322 molecular formulas (mass error <0.5 ppm) were assigned using proprietary software, which is 
323 based on the combinations of the elements 12C1-∞, 1H1-∞, 16O1-∞, 14N0-10, 32S0-2, 35Cl0-5, 

79Br0-5, 
127I0-

324 5, as well as the 13C, 34S, 37Cl and 81Br isotopologues67,68. Additional parameters, like oxygen to 
325 carbon (O/C) ratio, hydrogen to carbon (H/C) ratio, double bond equivalent (DBE), and average 
326 carbon oxidation state (Cos), were calculated as described previously69–71 and compared between 
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327 samples using intensity weighted averages. Formula assignments with double bond equivalents 
328 (DBE) < 0, non-integer DBE values, O/C > 1 and H/C < 0.3 were excluded from the dataset. For 
329 masses with multiple assigned molecular formulas, DBE minus oxygen (DBE-O) values and 
330 expected isotopologues were used to validate one formula assignment as described previously67,68. 
331 Thus, validated molecular formulas only contained elemental combinations of C2-38, H2-58, O1-20, 
332 N0-3, S0-2, Cl0-3, Br0-3, and I0-1. 

333 Molecular formula assignments with Cl and Br were confirmed manually using isotope simulation 
334 in the Bruker data analysis software as previously described in Gonsior et al.50. Isotope simulation 
335 allows for confirmation of the 37Cl isotopologue at 24.22% natural abundance and the 81Br 
336 isotopologue at 49.31% natural abundance. Molecular formulas containing iodine cannot be 
337 confirmed using isotope simulation because 127I has only one stable isotope. Assigned molecular 
338 formulas were considered valid if isotopic m/z ions were within 10% of the expected intensity 
339 based on 37Cl isotopic abundance and 81Br isotopic abundance. In complex organic mixtures (i.e. 
340 DOM), it is difficult to predict exact structures for compounds due to the large numbers of possible 
341 isomers for any given molecular formula. This structural complexity even may prevent production 
342 of useful information from fragmentation experiments (MS/MS)36,37.  However, high intensity low 
343 m/z brominated compounds were selected for fragmentation experiments to potentially elucidate 
344 structures of these unknown DBPs.

345 MS/MS was conducted using direct infusion of samples into a LTQ Orbitrap XL mass 
346 spectrometer (Thermo) in negative ion mode ESI, with high purity helium as the collision gas. 
347 High intensity ions from FT-ICR MS experiments with brominated formula assignments were 
348 fragmented within a 1.0 m/z window at 60,000 resolution and a maximum injection time of 150 
349 ms. Collision energy was varied between 10 and 40 eV. BW PPL extracts were diluted 1:40, and 
350 BW WAX extracts were diluted 1:3 with pure methanol prior to analysis. MS/MS spectra were 
351 further analyzed using SIRIUS 4 software72 to predict potential structures of DBP precursor ions 
352 and their fragments. 

353 Throughout this study, molecular ion relative abundances and intensity-weighted average (wt) 
354 characteristics were used to compare formula assignments between samples. van Krevelen or 
355 elemental diagrams73 and modified Kendrick plots55,74 were used to visualize FT-ICR MS data. 
356 Van Krevelen diagrams are plots of H/C ratios versus O/C ratios for all assigned molecular 
357 formulas, revealing bulk properties like the degree of saturation and oxygenation73. Modified 
358 Kendrick diagrams are plots of the Kendrick mass defect (KMD)75 normalized to the z-score (z*) 
359 versus exact mass (m/z)74,76. KMD/z* versus m/z can be used visualize homologous series of 
360 formulas based on CH2 spacing in the horizontal direction, -CH4/+O spacing in the vertical 
361 direction, and H2 spacing in the diagonal direction55,74,76. To explore possible bromination 
362 reactions, mass difference networks were created following methods described previously55,77. 
363 Briefly, validated assigned molecular formulas were used to construct a mass difference network 
364 where precisely measured ion masses with assigned molecular formulas (nodes) were connected 
365 by mass differences (edges). The mass differences tested were Br substitution reactions (-H/+Br = 
366 77.91051 amu) and HOBr addition reactions (95.92108 amu) and visualized using the open-source 
367 Gephi software (version 0.9.2).
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368 2.7 Total PPL Extractable Organic Bromine (OrganoBr) Analysis 

369 OrganoBr was determined for SPE-DOM samples using a triple quadrupole-inductively coupled 
370 plasma-mass spectrometer (ICP-MS/MS, Agilent 8900 ICP-QQQ) in no reaction gas mode. Prior 
371 to analysis, PPL extracts were diluted 10,000 times with pure water containing 0.5% ammonium 
372 hydroxide. Br was determined using m/z 79 and an integration time of 0.5 ms, 1 point per peak, 3 
373 replicates, and 50 sweeps per replicate. The ICP mass spectrometer was tuned daily using a 
374 multi-element tuning solution containing Li, Co, Y, Tl, and Ce (Agilent), diluted to 1 µg L-1 with 
375 pure water. Pure 59Co was used as an internal standard in all samples, blanks, and standards, 
376 which were diluted to a final concentration of 0.5 µg L-1. Br standard curves were prepared 
377 between from ultrapure water up to 15 µg L-1 added Br using 5-bromo-3-iodobenzoic acid 
378 (Sigma-Aldrich). A 1 µg L-1 Br solution made from NaBr (≥99.0%, Sigma) was also analyzed to 
379 assess the accuracy of bromide determinations and was within 3% (n = 3) of expected 
380 concentrations. The detection limit, defined as 3 times the standard deviation of the blank (n = 
381 10) was 0.03 µg L-1 for Br. Because we did not remove inorganic Br from filtered samples, we 
382 did not determine extraction efficiency for OrangoBr.

383 2.8 Chronic Toxicity tests

384 Americamysis bahia (mysid shrimp) 7 day-static renewal chronic tests were performed under the 
385 EPA whole effluent toxicity (WET) test guidelines for method 1007.0: Mysid, Mysidopsis bahia, 
386 Survival, Growth, and Fecundity Test. Chronic Toxicity was assessed using the raw water (RW) 
387 and reject (brine) water (BW)78. A. bahia were shipped from Aquatic Biosystems (Fort Collins, 
388 CO) overnight the day before initiation at approximately 6-7 days old and were slowly 
389 acclimated to laboratory conditions (i.e. temperature and to a lesser extent salinity as they were 
390 pre-acclimated to similar salinity conditions by the supplier). Mysids were fed live brine shrimp 
391 (Artemia spp.) twice daily at approximately 75 Artemia/mysid/feeding. For both tests, artificial 
392 seawater (ASW at S = 22.5; prepared with deionized (DI) water and Crystal Sea Marine Mix 
393 salts) aged a minimum of 24 h was used as the dilution water and negative control. Exposures 
394 were carried out in 250 mL glass jars that were conditioned with ASW before use and contained 
395 150 mL per vessel of exposure water. Positive controls consisted of various concentrations of 
396 potassium chloride (KCl) from 0.3 to 0.7 g L-1 which is in the toxicity range that has been 
397 reported in previous studies79–82. Exposures were carried out at 26 ± 1 °C using a 16-hour light: 8 
398 hour dark lighting regime. 

399 For the exposures, the water being tested (RW or BW) was diluted with the dilution water (i.e. 
400 ASW as described above) to prepare 5 concentrations of the initial water (i.e. 100, 50, 25, 12.5 
401 and 6.25%) plus a dilution water control with 8 replicates per test concentration. Tests were run 
402 at a salinity of 22.5 to match the intake RW at the time of sampling so that salinity alone was not 
403 a driver of toxicity. Our approach was similar to those conducted by Bodensteiner et al.61 who 
404 also adjusted the salinity of the brine effluent from 47 to 30. BW to start was at a salinity of 60 
405 and so was first brought down to a salinity of approximately 22.5 using DI water before exposure 
406 dilutions were prepared as described above (i.e. diluted 1.15 L BW to 3.15 L using DI water; 
407 effectively starting the WET test at a 36.5% dilution). Solutions were remade and renewed every 
408 48 h. To initiate the exposure, A. bahia were selected indiscriminately and put into each vessel 
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409 until each vessel totaled 5 mysids. During the test, visual observations were made daily noting 
410 any dead or visibly lethargic individuals, as well as confirming vessel counts. Water quality 
411 measurements (i.e. temperature, dissolved oxygen, pH, salinity, conductivity) were also 
412 performed daily on at least 2 replicates of the previous day/aged waters before renewal, which 
413 were rotated throughout the exposure, as well as on all new exposure solutions prepared. Any 
414 extreme deviations in water quality discussed above were addressed immediately. At the 
415 termination of the tests (Day 7) all organisms in a vessel were immobilized in DI water, counted 
416 and visualized through a dissecting microscope to assess sex and to look for the presence of eggs 
417 in the females. Very few gravid females were present and so as the test did not meet the control 
418 criteria for the presence of eggs, this endpoint was not used. After microscopic analysis, all 
419 mysids present in a vessel were then placed in a foil tray and dried at 60 ℃ for 24 hours in a 
420 drying oven and dry weights were recorded. Statistically significant endpoints for growth and 
421 survival were determined using the EPA WET Analysis Spreadsheet (v1.6.1). Endpoints include, 
422 LC50s (effluent concentration that results in mortality to 50% of test organisms), IC25s (effluent 
423 concentration which causes a 25% reduction in growth of test organisms) and NOECs (the no 
424 observed effect level; the effluent concentration that is not statistically significantly different 
425 from the control). All tests met the minimum test acceptability criteria (i.e. control survival was 
426 >80% and average control dry weight of at least 0.20 mg/mysid) and water quality parameters 
427 were within those stated in the EPA guidelines for this test (see Tables S4 and S5 for details). 

428 3 Results and Discussion

429 3.1 Bulk properties of water samples 

430 Filtered water sample characteristics are given in Table S1. RW and PT had a salinity of 22.5, 
431 whereas the salinity of BW was almost three times higher at 60. It should be noted that the final 
432 effluent was not sampled, so the salinity of discharge is much lower than the BW sample. The 
433 salinity of 22.5 in RW indicates a substantial contribution of freshwater and renders this intake 
434 water more brackish than coastal waters used for desalination in more arid regions such as Saudi-
435 Arabia or Australia. Pretreatment caused a slight reduction in DOC concentration from 4.3 mg L-

436 1 in RW to 3.9 mg L-1 in PT, but TDN concentrations were not significantly different (Table S1). 
437 Electrochlorination of RW resulted in little reduction in DOC concentration, but TDN values 
438 were below detection. As expected, BW had the highest DOC and TDN concentrations of 10 mg 
439 L-1 and 0.68 mg L-1, respectively, and DOC and TDN concentrations were below detection in 
440 ROP and DW. 
441
442 Optical properties revealed significant changes in all samples. Pretreatment and 
443 electrochlorination resulted in a reduction in absorption and fluorescence spectra and changes to 
444 spectral shape (Figure 1, Table S1). For instance, absorbance in the visible was removed or 
445 greatly diminished in the PT and RW + Cl2 samples when compared to RW, with higher 
446 absorbance losses at higher (e.g. visible) wavelengths. These changes corresponded to increases 
447 in absorption spectral slopes of 0.019 nm-1 in RW, 0.024 nm-1 in PT, and 0.029 nm-1 in RW + 
448 Cl2, which were determined between 300 and 500 nm (S300-500). Similar to DOC concentrations, 
449 BW had the highest absorption spectrum but its S300-500 value was the same as PT (Figure 1). 
450 Specific UV absorbance (SUVA) was also highest in RW (2.8 L mg-1 m-1) and decreased to 1.9 
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451 L mg-1 m-1 in PT and BW. The similarities between S300-500 and SUVA between PT and BW 
452 suggests that they have a similar composition despite much higher DOC concentrations and 
453 absorption spectra in BW. On the other hand, absorbance values were very low in both ROP and 
454 DW, but DW had a peak in its spectrum similar to that of nitrate83.  Nitrate concentrations were 
455 not measured but TDN levels were below detection, so this absorbance peak is probably not due 
456 to nitrate. Because absorbance was low in the UV and below detection at wavelengths >400 nm 
457 in ROP and BW, the origin of this potential absorbing chromophore was not further investigated 
458 (Figure S1) and S300-500 and SUVA values were not determined.

459 EEM spectra also showed differences among samples. The RW EEM spectrum is typical of other 
460 estuarine environments84, exhibiting relatively high fluorescence with excitation in the UV- 
461 visible and emission in the visible light spectrum (Figure 1). Fluorescence loss from RW was 
462 much larger in RW + Cl2 than in PT (Figure 1), but loss was not uniform across emission 
463 wavelengths (Figure S2). Greatest fluorescence loss (~45 – 50%) in PT occurred between 
464 excitation wavelengths 260 nm to 340 nm and emission wavelengths 320 and 420 nm (Figure 
465 S2). To visualize the difference between RW and BW EEM spectra, EEM spectra for RW and 
466 BW were normalized to their maximum fluorescence intensity and subtracted (Figure 1), 
467 revealing a similar pattern as the difference between RW and PT. Thus, like absorbance spectra, 
468 BW had the highest fluorescence but a similar shape to PT. The similarities in optical properties 
469 between BW and PT are supported by their similar fluorescence apparent quantum yield (AQY) 
470 spectra (Figure S2). Above ~300 nm, BW and PT have higher fluorescence AQY values than 
471 RW, with the greatest differences between 350 and 450 nm (Figure S2). This result suggests that 
472 absorbance between 350 and 450 nm is more greatly decreased in PT/BW samples than 
473 fluorescence over the same wavelength range. Otherwise, fluorescence in the visible light 
474 spectrum was entirely removed in ROP and DW samples (Figure S1), and only a very low UV 
475 fluorescence was detected, which was expected from RO treatment. 

476 Absorption spectral slopes have been inversely correlated to average DOM molecular weight85 
477 and SUVA values have been correlated to DOM aromatic content86. Thus, the increases in 
478 spectral slope and decreases in SUVA observed between RW and PT/BW may correspond to 
479 decreases in DOM molecular weight and aromaticity. While the sources and chemical properties 
480 of high absorbance values in the visible and fluorescence spectra with large Stoke’s shifts (i.e. 
481 humic-like fluorescence) within the ocean are still debated, in estuarine waters these features are 
482 typically correlated with terrestrial inputs87. These unusual properties have been proposed to 
483 arise from charge-transfer interactions between electron-rich donors (e.g. aromatic hydroxyl and 
484 methoxy groups) and electron-deficient acceptors (e.g. carbonyl groups), formed through partial 
485 oxidation of lignin, tannins, and other polyphenols88–90. Whether HOBr leads to oxidation or 
486 electrophilic substitution may depend on hydroxyl group position and pH, but electrophilic 
487 aromatic substitution accounted for ~20% of the bromine incorporation in SRNOM91. It is 
488 possible that halogenated phenolic compounds have lower electron donating capacity than non-
489 halogenated phenolic compounds, which may partly explain the changes in optical properties 
490 between RW and PT/BW. However, oxidation reactions and/or polymerization reactions of 
491 unstable quinones have also lead to increases in absorbance spectra91. Therefore, it is unclear 
492 from fluorescence and absorbance spectra alone what are the major pathways of HOBr reactions 
493 with DOM in this study. 

494 3.2 SPE-DOM properties and chemodiversity analyzed by ultrahigh resolution mass 
495 spectrometry
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496 DOC extraction efficiencies for RW, PT, and BW samples ranged from 40 to 60% (Table S1), 
497 which is typical for aquatic DOM65. Although extraction efficiencies are low for DOC, it has 
498 been noted that those for optical properties are higher for reverse phase sorbents so that PPL SPE 
499 is especially good at recovering long wavelength absorbance and humic-like fluorescence92. 
500 Absorption spectra for SPE-DOM samples (PPL + WAX extracts) almost quantitatively match 
501 those for original water samples for RW and PT at wavelengths >300 nm, but absorbance values 
502 of SPE-DOM for BW were significantly lower than those for original water samples across all 
503 wavelengths <400 nm (Figure S1). In these samples, WAX SPE recovered UV absorbance (<320 
504 nm) that was not retained by PPL (Figure S1). WAX SPE blanks (extracted milli-Q water) and 
505 ROP and DW WAX-SPE samples did not exhibit any observable absorbance. Likewise, EEM 
506 spectra of PPL SPE-DOM samples have similar shapes to whole water samples (Figure S1 
507 versus Figure S3), but WAX SPE-DOM (Figure S4) exhibits “humic-like” fluorescence with 
508 excitation <400 nm and emission between 300 and 500 nm, indicating that some fluorescent 
509 DOM is missed by using PPL SPE alone. 

510 With the exception of ROP and DW samples, the molecular composition of PPL SPE-DOM was 
511 diverse across all samples (Table S2, Figure S3), with a high abundance of molecular formulas 
512 containing only carbon, hydrogen, and oxygen (CHO, n = 1160 to 1908), those containing CHO 
513 + nitrogen (CHNO, n = 723 to 1429), and those containing CHO + sulfur (CHOS, n = 328 to 
514 462). CHO formula assignments for RW, PT, and BW PPL samples occupy a large area within 
515 van Krevelen space (Figure S3) and had a similar center of mass (~463 Da), O/Cwt of 0.49 to 
516 0.55, H/Cwt of 1.13 to 1.17, and DBEwt of ~10 (Figure S5, Table S2). Intensity-weighted average 
517 carbon oxidation state (Coswt) was <0 for these samples, indicating many reduced formulas, but 
518 covered a large range of oxidation states (e.g. RW Coswt = -0.18 ± 0.34). The relative abundance 
519 of m/z ions were also compared between RW and BW samples and plotted as either relatively 
520 increasing in BW or relatively decreasing in RW (Figure 2).  CHO formulas that relatively 
521 increased in BW were highly oxygenated (O/C ~0.7) and saturated (H/C ~1.3) with relatively 
522 low DBE values (Figure 2A). There were many long homologous series in KMD/z* plots, 
523 suggesting that many of these signatures are highly related (Figure 2A). CHO formulas that 
524 decreased in RW relative to BW spanned a large range, but also formed long homologous series 
525 in KMD/z* plots. These assignments had either low O/C ratios (~0.3) and high H/C ratios (~1.3) 
526 or high O/C ratios (~0.6) and low H/C ratios (~0.8). It is not surprising that this second pool of 
527 formulas decreased, since polyphenolic compounds are generally unsaturated and oxygenated93 
528 and electrophilic aromatic substitution is a suspected mechanism for the incorporation of 
529 bromine into DOM57,91. 

530 FT-ICR MS also revealed that PT and BW PPL-SPE samples had 384 and 392 formula 
531 assignments containing CHO + bromine (CHOBr), respectively (Figure S3, Table S2). These 
532 formula assignments were confirmed using isotope simulation (Figure S6 to S10). CHOBr in 
533 BW had a similar O/Cwt of 0.53 as the pool of CHO formulas that decreased in RW but a higher 
534 H/Cwt ratio of 1.12 (Table S2, Figure 2B), which is also consistent with the substitution of Br for 
535 H. While ESI is not uniform and not all compounds are ionized by negative-mode ESI, only 4 
536 CHOBr molecular ions were found in RW PPL-SPE samples. These results suggests that a large 
537 number of brominated DBPs were formed during the desalination process due to the almost 
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538 instantaneous conversion of HOCl to HOBr in the presence of bromide. OrganoBr 
539 concentrations in PT and BW PPL extracts were also very high relative to RW PPL extracts 
540 (Table S1). PT SPE-DOM had an OrganoBr concentration of 330 µg L-1 and BW SPE-DOM had 
541 an OrganoBr concentration of 570 µg L-1 (Table S1). The rapid conversion of HOCl to HOBr 
542 and subsequent reaction with DOM in RW was also observed during the laboratory-based 
543 addition of electrochlorinated water to RW, which increased the OrganoBr concentrations in RW 
544 by over a factor of 10 from 25 µg L-1 to 310 µg L-1 (Table S1).

545 While there were larger differences in CHNO assignments between RW and BW (Figure S5, 
546 Table S2), CHNO formulas generally followed the same trend as CHO formulas, where formulas 
547 with higher O/C ratios and higher H/C ratios relatively increased in BW and formulas over a 
548 wide range relatively decreased in RW (Figure 2C). However, very few CHNOBr formulas were 
549 found in BW PPL extracts (Figure 2D). A previous study found >200 chlorine-containing CHNO 
550 (CHNOCl) formulas produced from the chlorination of algal DOM55. The production of 
551 CHNOBr from chlorination of algal DOM in the presence of bromide has yet to be tested, but it 
552 is possible that CHNOBr formulas could become more prevalent in reject water during algal 
553 bloom events. The largest differences between RW and BW were observed in the CHOS pool, 
554 where only 4% of assignments were unique to RW but 32% of assignments were unique to BW 
555 (Figure S5, Table S2), suggesting a source during water treatment. Additionally, 112 CHOSBr 
556 formulas were found in the PT (107 formulas) and the BW (108 formulas) PPL extracts (Table 
557 S2, Figure 2F). This CHOSBr pool was generally less oxygenated (O/Cwt ~0.4) and more 
558 saturated (H/Cwt ~1.23) than the CHOBr pool (Table S2). DBE values of CHOS formulas that 
559 increased in BW and decreased in RW (Figure 2E) did not follow a clear pattern like CHO 
560 formulas (Figure 2B). However, CHOSBr pool fell in a narrow range of O/C versus DBE values 
561 and all CHOSBr formulas had DBE-O values between -1 to 3. These results are consistent with 
562 the bromination of CHOS formulas that decreased the most in RW, which had DBE-O values 
563 from 2 to 4 (Figure 2E). Furthermore, a large proportion of CHOS formulas were unique to 
564 PT/BW compared to RW, as mentioned above (Figure S5, Table S2). The CHOS formulas that 
565 increased in BW had relatively high O/C values centered from 0.4 to 0.8 and high H/C ratios 
566 from 1 to 1.6 (Figure 2E).

567 To further explore the possible reaction mechanisms between HOBr and DOM in RW, 
568 theoretical mass difference networks were created tracking both substitution reactions (-H/+Br) 
569 and addition reactions (+HOBr) between both CHO and CHOS formulas (Figures 3 and S12, 
570 respectively). For CHO formulas, both substitution reactions and addition reactions can explain 
571 the formation of all brominated compounds in BW (Figure 3, C18HO formulas highlighted as an 
572 example). However, these reactions can only partly explain the formation of CHOSBr 
573 compounds (Figure S12). Bromine incorporation into the aromatic rings of commercial 
574 surfactants like linear alkylbenzene sulfonates (LAS) has been demonstrated49, as well as the 
575 hydroxylation of the aromatic ring during reactions of HOCl/HOBr49. To explore this possibility 
576 in our dataset, hydroxylation and Br substitution (-2H/+Br/+OH and -H/+Br) were tested for 
577 suspected surfactant molecular ions using the mass difference network analysis. This approach 
578 revealed that a portion of the CHOSBr pool may be formed from bromine substitution on the 
579 aromatic rings of suspected sulfophenyl carboxylic acid (SPC) molecular ions (Figure 5). 
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580 Hydroxylation and bromination of suspected SPCs was also visualized with the network analysis 
581 (SPC-H/+OH and –H/+Br), suggesting that hydroxylation and bromination are common 
582 reactions in this CHOS pool (Figure 4 and Figure S13). SPCs are known biodegradation products 
583 of LAS94, and it is possible that surfactants such as LAS are used in cleaning procedures or are 
584 already present in raw water. While this analysis does not confirm the presence of SPC structures 
585 and LAS, concentrations should be measured in future work. The intensity patterns in the 
586 homologous series of suspected SPC molecular ions and their proposed bromination products are 
587 similar, suggesting that these ions are highly related (Figure 4 and Figure S13). LAS and SPC 
588 molecular ions have been identified in effluent organic matter95 and a total LAS concentration of 
589 20 µg L-1 has been detected in the RO permeate at a desalination plant previously96. Thus, the 
590 transformation and halogenation of SPCs warrants further study.

591 The molecular ions of the CHOSBr pool that could not be explained by these reaction 
592 mechanisms (Figure S12) may be due to the complexity of HOBr reactions with sulfur-
593 containing compounds, and possibly by reaction of surfactant co-products and their degradation 
594 products. It also has been demonstrated that reduced sulfur compounds are readily oxidized27,97 
595 and have a high reactivity for chlorine98. In estuarine waters, these reduced sulfur species may 
596 present and somewhat stabilized due to their ability to form strong complexes with copper99. 
597 Previous work has shown that the sulfur containing amino acids cysteine and methionine rapidly 
598 react with HOCl100. However, the major reaction products of cysteine (a thiol) were disulfides 
599 and sulfonic acids and the major reaction product of methionine were sulfoxides100. Subsequent 
600 work further demonstrated that sulfonic acids are major reaction products formed from the 
601 chlorination of reduced sulfur species98. CHOS formulas in RW PPL extracts had a Coswt of -
602 0.17 ± 0.40, suggesting that a large number of CHOS formulas were reduced, and therefore have 
603 more complex reaction mechanisms with HOBr27 than CHO compounds. Overall, the CHOS 
604 pool was more oxidized in BW (higher O/C ratios and lower DBE-O values) relative to RW, 
605 suggesting that HOBr reactions oxidize the reduced formulas in CHOS pool but often do not lead 
606 to Br incorporation into the CHOS pool. We also did not consider desulfonation during 
607 halogenation, which could further complicate the interplay between the CHO and CHOS pools. 

608 While very few molecular formulas were found in ROP and DW WAX extracts, RW, PT, and 
609 BW WAX extracts also contained a significant number of molecular ions that were not present in 
610 PPL extracts, albeit with overall lower intensities when compared to PPL samples (Figure S11). 
611 CHO formulas in WAX extracts had a lower center of mass (~365 to 400 Da), higher average 
612 O/Cwt ratios of (0.73 to 0.77), and lower average H/Cwt ratios (0.92 to 0.97) than PPL extracts 
613 (Figure S4, Table S2). These formulas are likely made up of highly oxygenated polar compounds 
614 such as small organic acids or possibly carboxylated/hydroxylated aromatic glycosides that are 
615 not or are only weakly bound by PPL. Because many organic carboxylic acids can have low pKa 
616 values < 3101, this would explain their charge during extraction at pH 2 and their affinity for the 
617 weak anionic exchange cartridge.  There were more CHNO formulas found in WAX extracts 
618 than CHOS formulas, but both groups occupied the same area in van Krevelen space as CHO 
619 compounds (Figure S4). Only 20 brominated compounds were found in the BW WAX extract 
620 (Table S3), and some had relatively low mass and high intensity enabling fragmentation studies 
621 by Orbitrap MS/MS (described in the next section). 
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622 3.3 Targeted analysis of select Br-DBPs by Orbitrap MS/MS

623 Several candidate molecular ions in both BW PPL and WAX extracts were selected for analysis 
624 by Orbitrap MS/MS. One molecular ion in the PPL extract (m/z 310.8196 in the FT-ICR-mass 
625 spectrum and m/z 310.8191 in the Orbitrap mass spectrum) had sufficiently high intensity 
626 (Figure S6) and a large mass defect to be used for targeted analyses using Orbitrap MS/MS 
627 (Table 1). This ion was assigned the neutral formula of C6H2O5Br2 and is potentially a 
628 dibromofuran dicarboxylic acid based on the loss of CO2 from the molecular ion and from its 
629 79Br81Br isotopologue (Table 1). Although additional fragments did not have sufficient intensity 
630 to be identified by the SIRIUS 4 software72, this compound’s precursor (C6H4O5) and loss of 
631 CO2 was observed in the RW PPL extract by Orbitrap MS/MS (Table 1). 

632 While 2,5-dibromofuran 3,4-dicarboxylic acid is only a proposed structure for the molecular 
633 formula C6H2O5Br2, evidence for halogenated furoic acids has been presented previously14. 
634 Furans are a class of volatile organic compounds, and very low levels (up to 0.03 ng L-1 3-
635 bromofuran) have been detected in water samples collected from Australian salt lakes and the 
636 Dead Sea102. Additionally, 2,5-furandicarboxylic acid can be synthesized from a cellulose 
637 biomass derivative (5-hydroxylmethylfurfural), and has recently been presented as a substitute 
638 for phthalates (derived from fossil fuels) in polyesters103. If the production of furandicarboxylic 
639 acids increases significantly in the future, these compounds may become far more prevalent in 
640 natural waters. Previous work also observed CO2 losses in MS/MS spectra of two Br-DBPs 
641 generated by the reaction of bromine with SRFA53. While only based on limited data, perhaps 
642 many of the unknown DBPs found here and previously50,53 that contain carboxyl groups can be 
643 analyzed using negative ion-ESI-MS/MS in the future.

644 One high intensity ion (m/z 250.8018 in the FT-ICR mass spectrum and m/z 250.8013 in the 
645 Orbitrap mass spectrum) in the BW WAX extract had a neutral molecular formula of CH2Br2SO3 
646 and was proposed to be dibromomethanesulfonic acid. Although intensities were much lower 
647 than their parent ions, the 79Br fragment was detected from the CH2

79Br2SO3 isotopologue and 
648 both the 79Br and 81Br fragments were detected from the CH2

79Br81BrSO3 isotopologue (Table 2). 
649 Dibromomethanesulfonic acid was also identified as a DBP from the disinfectant 3-bromo-1-
650 chloro-5,5-dimethylhydatoin, which is commonly used in hot tubs104. Furthermore, 
651 tribromomethanesulfonic acid was suspected to be an abundant molecular ion found in 
652 electrochlorinated ballast water using FT-ICR MS50. Based on these results, we believe the 
653 production of bromomethanesulfonic acids results from chlorination of DOM in the presence of 
654 bromide. Recently, halogenated methanesulfonic acids were identified in a variety of samples 
655 including surface water, ground water, urban effluent, and drinking water using hydrophilic 
656 interaction liquid chromatography-HRMS105, suggesting that this class of DBPs or pollutants 
657 warrants further study to elucidate their toxicity, or lack thereof, and environmental fate. 

658 One dibromo nitrogen-containing molecular ion was evaluated with Orbitrap MS/MS (m/z 
659 293.8407 in the FT-ICR mass spectrum and m/z 293.8396 in the Orbitrap mass spectrum) and 
660 had a neutral molecular formula of C6H3NO3Br2. Based on the loss of CO2, this compound is 
661 likely a carboxylic acid and could possibly be a brominated hydroxypyridine carboxylic acid 
662 (e.g. 4,6-dibromo-5-hydroxypicolinic acid). This compound has not been previously identified as 
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663 a DBP, and there is very little information on halogenated hydroxypicolinic acids. However, 
664 niacin or vitamin B3 (a pyridine carboxylic acid) is an essential micronutrient found in marine 
665 algae106 and is widely used, especially for its therapeutic effects likely increasing HDL 
666 cholesterol levels107. This dibrominated compound’s presumed precursor, 5-hydroxypicolinic 
667 acid, can be produced by marine microbes like Nocardia species108. Components of DNA 
668 (purine bases and pyrimidines) readily formed DBPs with various levels of genotoxicity109, thus 
669 an investigation of DBP formation from pyridine derivatives is warranted. Another small 
670 dibrominated molecular ion with the neutral molecular formula C2H2O2Br2 was presumed to be 
671 dibromoacetic acid, a known DBP with a parent ion at m/z 214.8339 and a fragment ion at m/z 
672 170.8445 (Table 3). Although the concentrations of dibromoacetic acid were not determined for 
673 our samples, haloacetic acids could be abundant DBPs32,110. This compound and other haloacetic 
674 acids have known genotoxic activity2,8,111. However, BW did not show any acute or chronic 
675 toxicity (as assessed by mortality and growth differences) to mysid shrimp (described below), 
676 but this assessment was based on a direct comparison between raw water and BW.

677 3.4 Toxicity of reject water

678 Despite the identification of 519 Br-DBPs in reject water PPL and WAX extracts including one 
679 compound with known toxicity (dibromoacetic acid), BW did not show any toxicity to mysid 
680 shrimp after a 7-day exposure. In fact, neither RW nor the BW showed a significant response for 
681 growth or survival (Figures 5A and B, respectively). Individual chemicals and any combined 
682 toxicity of the multiple chemicals in the RW and BW collected at that time were below toxicity 
683 thresholds for the mysid shrimp. However, it should be noted that the original salinity of the BW 
684 was 60 and that BW toxicity tests began at a concentration of 36.5% instead of 100% (i.e. neat 
685 stock solution with no dilution) in order to avoid salinity-driven toxicity. For toxicity tests mysid 
686 shrimp can be used at a range of salinities as they are typically in conditions of S = 15 to 30. A 
687 study by Pillard et al.81 demonstrated significant mortality (at only 48 hours) in mysid shrimp to 
688 artificial seawater above salinity 45, which suggests that exposing mysid shrimp to 100% BW 
689 would have led to significant negative impacts irrespective of the chemical contaminants present. 
690 Similarly, exposures of mysids to hypersaline brine resulted in NOECs of survival and growth 
691 between salinity 44.9 - 45.8 and salinity 49.2-50.2, respectively62. Therefore, as our objective 
692 was not to address the effects of higher salinity but the toxic effects of contaminants of concern, 
693 the initial salinity of the BW was adjusted to 22.5 (i.e. a 2.74-fold dilution or a starting % of the 
694 effluent at 36.5%; see Figure 5, Table S4) to be within the EPA test guidelines and to match the 
695 salinity of the RW (Table S5). 

696 Toxicity endpoints of LC50s, and IC25s were >100% and NOECs were 100% for both RW and 
697 BW (see Table S6) demonstrating no significant toxicity of either test waters. This data is similar 
698 to previous studies with brine/effluents from desalination plants. For example, Bodensteiner et 
699 al.61 found no significant impact of the brine water [which is blended with waste water treatment 
700 plant (WWTP) effluent before release] to a number of marine species, and interestingly this 
701 water actually reduced the toxicity of the WWTP effluent. This study reported in mysid shrimp 
702 survival LC/IC50s of >100% and NOEC of 100% effluent and growth LC50 at >100% and a 
703 NOEC of 75% effluent (i.e. using unadjusted brine at S = 47 and adjusted brine at S = 30). 
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704 Although it should be noted that where reject waters are discharged there are many different 
705 local resident species that may be more or less sensitive than standard EPA test organisms (i.e. 
706 reflective of the species, life-stage and/or duration of the test). However, the RW showed an 
707 interesting non-significant response for growth with larger organisms (i.e. increased growth) in 
708 the higher concentrations compared to controls of influent suggesting this natural seawater 
709 provides something to the mysids that is not provided in the artificial seawater used for the 
710 controls and dilution water. As mentioned earlier all test acceptability criteria were met. For 
711 example, the calculated 7-day IC25 for the positive control (KCl) was 0.45 g L-1 (95% confidence 
712 interval: 0.44 to 0.51 g L-1) which is slightly lower than the reported values of approximately 
713 0.93 to 0.95 g L-1 by Pillard et al.80. However, if the 96 h LC50 is calculated from these data, it is 
714 calculated at 0.53 g L-1 (95% CI: 0.49 to 0.55 g L-1) which is very similar to results from Garcia 
715 et al.79, which calculated a 96 h LC50 at 0.501 g L-1. 

716 4 Conclusions

717 Our results reveal substantial changes in water optical properties and molecular complexity 
718 during the desalination process. Organic bromine concentrations were below detection in 
719 drinking water, but chlorination produced substantial changes in RO reject water. These included 
720 changes in optical properties (absorbance and fluorescence spectra), increases OrganoBr 
721 concentrations, and the production of hundreds of Br-DBPs. Network analysis of CHO and 
722 CHOBr formulas suggests that substitution reactions are a likely mechanism of bromine 
723 incorporation into DOM, as suggested in previous studies31,52,54,57. Thus, increases in absorbance 
724 spectral slopes, decreases in SUVA values, and increases in fluorescence apparent quantum yield 
725 spectra may be attributed to bromine substitution on aromatic molecules and not necessarily due 
726 to their loss (e.g. ring cleavage). There were several sulfur-containing Br-DBPs identified in RO 
727 reject water, and a group of these molecular ions could be due to the bromination of sulfophenyl 
728 carboxylic acids. However, some CHOSBr ions could not be explained by substitution or 
729 addition reactions. Given that sulfur can exist in a variety of oxidation states and the sulfur pool 
730 within DOM can undergo a variety of transformations in surface waters112, it is not surprising 
731 that the formation of CHOSBr formulas cannot be predicted by substitution and addition 
732 reactions alone. 

733 Based on Orbitrap MS/MS experiments, halogenated furoic acids/furandicarboxylic acids and 
734 halogenated pyridine carboxylic acids may warrant further investigation as new classes of DBPs. 
735 However, all samples analyzed were SPE extracts and perhaps polar carboxylic acids 
736 preferentially ionize using negative ion-ESI. Based on these limited data and caveats, it is 
737 uncertain whether the majority of Br-DBPs found here have carboxylic acid functional groups. 
738 Nonetheless, >500 Br-containing formulas were identified in RO reject water, highlighting that 
739 many Br-DBPs have yet to be identified. Additional exploration of the DOM and DBP pool 
740 could involve using positive ion-ESI and different SPE techniques. These non-targeted and 
741 qualitative approaches may give a more holistic view of the Br-DBPs generated from seawater 
742 desalination and inform targeted research efforts. 

743 Despite the number of Br-containing DBPs identified here, their environmental fate still needs to 
744 be addressed. Based on our encouraging toxicity results, 2.74-fold diluted BW water did not 
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745 limit growth or decrease survival of mysid shrimp. There is the potential for longer term chronic 
746 impacts and impacts to other sublethal endpoints (e.g. genetic damage, endocrine disruption). It 
747 is also possible that biological transformations and abiotic reactions (e.g. photochemical 
748 reactions) will degrade these DBPs or transform them into compounds with unknown reactivity 
749 in the environment.  Thus, tracking the changes in molecular composition of BW during bio- and 
750 photo-degradation experiments is a crucial next step in furthering our understanding of DBP 
751 environmental fate. 
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1127 Figures

1128

1129 Figure 1. Absorption spectra (a(m-1)) (top) and excitation-emission matrix spectra (EEMS) 
1130 (water Raman units, RU) (bottom) for raw water (RW), chlorinated RW (RW + Cl2), post 
1131 pretreatment water (PT), and reject (brine) water (BW). RW (maroon line), RW + Cl2 (orange 
1132 line) and PT (yellow line) a(m-1) spectra are shown with the BW spectrum (black line). The last 
1133 top panel shows all a(m-1) normalized to 300 nm and plotted on a log scale to highlight spectral 
1134 slopes; same colors apply. The last bottom panel is a difference EEM spectrum between RW and 
1135 BW (normalized to their maximum fluorescence) to highlight differences in spectral shape 
1136 between RW and BW.
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1138 Figure 2. (left) Hydrogen to carbon ratio (H/C) versus oxygen to carbon ratio (O/C), (center) 
1139 KMD/z* versus exact mass, and (right) O/C versus double bond equivalent (DBE) for molecular 
1140 formula assignments in RW and BW PPL extracts. Bubble size corresponds to relative intensity 
1141 in each row from A to F. (A) A comparison of CHO formula assignments where blue dots are 
1142 intensities that are relatively decreased from RW and red dots are intensities that are relatively 
1143 increased in BW. (B) CHOBr formula assignments in BW (yellow dots). (C) A comparison of 
1144 CHNO formula assignments where black dots are intensities that are relatively decreased from 
1145 RW and orange dots are intensities that are relatively increased in BW. (D) CHNOBr formula 
1146 assignments in BW (yellow dots). (E) A comparison of CHOS formula assignments where gray 
1147 dots are intensities that are relatively decreased from RW and green dots are intensities that are 
1148 relatively increased in BW. (F) CHOSBr formula assignments in BW (yellow dots). The formula 
1149 assignment for one highly oxygenated Br-DBP in (B) is noted because this molecular ion was 
1150 fragmented using Orbitrap MS/MS.

Page 31 of 39 Environmental Science: Water Research & Technology



1151

1152 Figure 3. (A) Mass difference network analysis of all CHO in RW, PT, and BW PPL extracts and 
1153 CHOBr in PT and BW PPL extracts to show that substitution reactions (H for Br) or addition 
1154 reactions (HOBr) might explain the formation of Br-DBPs in PT and BW samples. (B) The mass 
1155 difference network of just C18HO and C18HOBr formulas (highlighted with a black oval in (A)) 
1156 to more clearly show the edges between molecular formulas. 
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1157

1158
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1159 Figure 4. (A) Mass difference network analysis of all CHOS formulas that match formulas for 
1160 sulfophenyl carboxylic acids (SPCs)  (gray circles) in RW, PT, and BW PPL extracts and 
1161 CHOSBr formulas (green circles) in PT and BW PPL extracts to see if substitution reactions (H 
1162 for Br, green lines) might explain the formation of Br-DBPs in PT and BW samples. Yellow 
1163 lines are also a transition of –H/+Br to CHOSBr2 (yellow circles) molecular formulas (B) Mass 
1164 difference network between CHOS formulas that match hydroxylation (+OH) of the CHOS 
1165 formulas in (A) and CHOSBr formulas; same colors as (A) apply. (C) Total ion count (TIC) 
1166 versus homologous series (formulas spaced by CH2) of CHOS formulas (gray, left) and CHOSBr 
1167 formulas (green, right) in the network displayed in (A). (D) TIC versus homologous series 
1168 (formulas spaced by CH2) of CHOS formulas (gray, left) and CHOSBr formulas (green, right) in 
1169 the network displayed in (B).
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1184 Figure 5. Average individual weight of mysid shrimp (mg, gray bars, left axis) and percentage 
1185 survival (%, black line, right axis) at the end of the test (7 days) ± standard deviation versus 
1186 concentration of exposure water for (top) raw water (RW) and (bottom) RO reject water (BW). 
1187 BW concentrations are given both in percent of starting concentration and overall percent of BW 
1188 contribution (in parentheses) as BW was initially diluted to match the salinity of RW to avoid 
1189 salinity-driven toxicity. All test acceptability criteria were met including positive controls (KCl) 
1190 that were within the range of expected results.

1191
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Table 1. A possible brominated disinfection byproduct (Br-DBP) in the PPL extract of reject water (1:40 dilution in methanol) and its 
potential precursor in the PPL extract of raw water (1:10 dilution in methanol) analyzed by Orbitrap MS/MS. Collision energies 
ranged from 0 to 40 eV. Bold masses are precursor ions in each experiment; italic masses are fragment ions.

Observed 
ionic mass 

(neutral 
mass)

Calculated
mass 
(mass 
error, 
ppm)

Neutral 
formula

Intensity 
(CID = 

0)

Intensity 
(CID = 

10)

Intensity 
(CID = 

20)

Intensity 
(CID = 

30)

Intensity 
(CID = 

40)
Potential Br-DBP

310.8191 
(311.8264)
266.8295 

(267.8369)

311.8264 
(1.7)

267.8369 
(0.71)

C6H2O5
79Br2

C5H2O3
79Br2

3714 

0

542

1810

0

3337

0

3329

0

3124

312.8121 
(313.8243)
268.8273 

(269.8346)

313.8249 
(1.8)

269.8346 
(1.7)

C6H2O5
79Br8

1Br

C5H2O3
79Br8

1Br

8124

0

2277

4074

0

6306

0

6996

0

6853

2,5-Dibromofuran-3,4-dicarboxylic acid
O

OH OH
O

O

Br

Br
O

OH
O

Br

Br

154.9991 
(156.0064)
111.0094 

(112.0167)

156.0059 
(3.2)

112.0161 
(5.6)

C6H4O5

C5H4O3

2711

0

1884

392

0

2182

0

2457

0

2030

3,4-Furandicarboxylic acid
O

OH
O

O

OH OH
O

O
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Table 2. Possible brominated disinfection byproducts (Br-DBPs) in the WAX extract of reject water (1:3 dilution in methanol) 
analyzed by Orbitrap MS/MS. Collision energies ranged from 0 to 40 eV. Bold masses are precursor ions in each experiment; italic 
masses are fragment ions.

Observed 
ionic mass 

(neutral 
mass)

Calculated 
mass 

(error, 
ppm)

Neutral 
formula

Intensity 
(CID = 

0)

Intensity 
(CID = 

10)

Intensity 
(CID = 

20)

Intensity 
(CID = 

30)

Intensity 
(CID = 

40)
Potential Br-DBP

250.8013 
(251.8086)

78.9188 
(-)

251.8091 
(2.2)

78.9183 
(0.5)

CH2
79Br2SO3

79Br-

613789

0

0

0

0

434

0

921

0

959

252.7994 
(253.8060)

78.9188 
(-)

80.9168
(-)

253.8249 
(4.4)

78.9183 
(0.7)

80.9163
(0.3)

CH2
79Br81Br SO3

79Br-

81Br-

115203

0

0

ND

ND

ND

81117

1083

1693

0

942

1533

ND

ND

ND

Dibromomethanesulfonic acid

 or 

Br

SBr
O

O

OH
O

S
O-

O

Br

Br

293.8396 
(294.8469)
249.8496 

(250.8568)

294.8480 
(2.6)

250.8581 
(0.9)

C6H3NO3
79Br2

C5H3NO79Br2

3946.7

0

425

1480

0

2078

0

1919

ND

ND

295.8372 
(296.8447)
251.8476 

(252.8550)

296.8459 
(4.4)

252.8561 
(4.2)

C6H3NO3
79Br81B

r

 
C5H3NO79Br81Br

6696

0

1270

3269

0

5159

0

4481

ND

ND

4,6-Dibromo-5-hydroxypicolinic acid

NBr

HO

Br

O

OH
NBr

HO

Br

Or

N

O

OH

Br

Br

O
N

Br

Br

O

214.8339
(215.842)
170.8445

(171.8518)

215.8422
(0.3)

171.8523
(1.5)

C2H2O2
79Br2

CH2
79Br2

3426

0

0
(CID=15)

358
(CID=15)

0

255

ND

ND

Dibromoacetic acid

Br

O

OH
Br

Br

Br
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Ultrahigh resolution mass spectrometry revealed substantial dissolved organic matter changes 
and the formation of numerous bromine-containing disinfection by-products during the seawater 
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