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ABSTRACT 25 

Flushing toilet with seawater is an effective method for preserving freshwater resources, but it 26 

introduces iodide and bromide ions into domestic wastewater. During chlorine disinfection, 27 

iodide and bromide ions in the saline wastewater effluent lead to the formation of iodinated and 28 

brominated aromatic disinfection byproducts (DBPs). Examples of aromatic DBPs include 29 

iodophenolic, bromophenolic and chlorophenolic compounds, which generally display 30 

substantially higher toxicity than haloaliphatic DBPs. This paper presented for the first time the 31 

rates of phototransformation of 21 newly identified halophenolic DBPs in seawater, the receiving 32 

waterbody of the wastewater effluent. The phototransformation rate constants (k) were in the 33 

range from 7.75 × 10−4 to 4.62 × 10−1 h−1, which gave half-lives of 1.5 to 895 h. A quantitative 34 

structure−activity relationship was established for the phototransformation of halophenolic DBPs 35 

as log � = 	−0.0100 × Δ
�
� + 5.7528 × log�� + 0.3686 × ��� − 19.1607 , where ∆Gf

0 is 36 

standard Gibbs formation energy, MW is molecular weight, and pKa is dissociation constant. 37 

This model well predicted the k values of halophenolic DBPs. Among the tested DBPs, 2,4,6-38 

triiodophenol and 2,6-diiodo-4-nitrophenol were found to exhibit relatively high risks on marine 39 

organisms, based on toxicity indices and half-lives. In seawater, the two DBPs underwent 40 

photonucleophilic substitutions by bromide, chloride and hydroxide ions, resulting in the 41 

conversion to their bromophenolic and chlorophenolic counterparts (which are less toxic than the 42 

parent iodophenolic DBPs) and to their hydroxyphenolic counterparts (iodo(hydro)quinones, 43 

which are more toxic than the parent iodophenolic DBPs). The formed iodo(hydro)quinones 44 

further transformed to hydroxyl-iodo(hydro)quinones, which have lower toxicity than precursor 45 

compounds. 46 

Keywords: Disinfection byproducts, DBPs, photoconversion, phototransformation, toxicity.  47 
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1. Introduction 48 

        Flushing toilet with seawater is an effective method to conserve freshwater. This has been 49 

practiced in Hong Kong, Marshall Islands, Avalon, and Kiribati (Boehm et al., 2009; Yang et al., 50 

2015; Liu et al., 2017). Consequently, the domestic wastewaters contain relatively high 51 

concentrations of inorganic ions such as iodide and bromide. In Hong Kong, the iodide and 52 

bromide ions in wastewater effluents have been found in the ranges of 30‒60 µg/L and 20‒31 53 

mg/L, respectively (Gong and Zhang, 2013; Yang et al., 2015; Liu et al., 2017; Li et al., 2018; 54 

Gong et al., 2018). Chlorination of water, rich in bromide and iodide ions, generates a suite of 55 

brominated, iodinated, and chlorinated disinfection byproducts (DBPs) (Richardson et al., 2007; 56 

Agus et al., 2009; Song et al., 2010; Criquet et al., 2012; Tang et al., 2012; Roccaro et al., 2013; 57 

Bond et al., 2014; Hua et al., 2015; Zhu and Zhang, 2016; Sharma et al., 2017; Li and Mitch, 58 

2018; Richardson and Postigo, 2018; Yan et al., 2016, 2018; Zhang et al., 2018; Gao et al., 2018; 59 

Jiang et al., 2018). There has been a growing concern regarding brominated and iodinated DBPs 60 

due to their substantially higher toxicity than that induced by the chlorinated counterparts 61 

(Echigo et al., 2004; Richardson et al., 2007; Dad et al., 2013; Yang and Zhang, 2013; Liu and 62 

Zhang, 2014; Sharma et al., 2014). In recent years, different groups of halophenolic DBPs have 63 

been identified in chlorinated wastewater effluents, including 5-halosalicylic acids, 4-64 

halophenols, 2,4-dihalophenols, 2,6-dihalophenols, 2,4,6-trihalophenols, 2,6-dihalo-4-65 

nitrophenols, 3,5-dihalo-4-hydroxybenzaldehydes, 3,5-dihalo-4-hydroxybenzoic acids, and 2,5-66 

dibromohydroquinone (Yang and Zhang, 2016). Toxicity of twenty halophenolic DBPs and five 67 

haloaliphatic DBPs has been evaluated by measuring the growth inhibition to the marine alga 68 

Tetraselmis marina and the developmental toxicity to the marine polychaete Platynereis 69 

dumerilii (Liu and Zhang, 2014; Yang and Zhang, 2013). The results revealed that halophenolic 70 
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DBPs generally induced dozens to hundreds of times higher toxicity than haloaliphatic DBPs. 71 

Moreover, of the halophenolic DBPs tested, 2,4,6-triiodophenol exhibited the highest growth 72 

inhibition to the marine alga; 2,6-diiodo-4-nitrophenol and 2,4,6-triiodophenol were two of the 73 

most toxic DBPs to the marine polychaete (Liu and Zhang, 2014; Yang and Zhang, 2013).  74 

        Chlorinated saline wastewater effluents containing DBPs are continuously discharged into 75 

seawater (the ultimate receiving water body), and consequently halophenolic DBPs (especially 76 

iodophenolic and bromophenolic ones) might chronically do harm to marine species (Yang et al., 77 

2015). Fortunately, the solar irradiation could transform most of toxic DBPs to less toxic 78 

products, causing a decrease in the toxicity of wastewater effluents (mixtures of all DBPs) (Liu 79 

et al., 2017; Lv et al., 2017). However, some toxic halogenated DBPs were likely persistent in 80 

receiving seawater (Fig. S1 in the Supplementary Information). Although great progress has been 81 

made to understand phototransformation of DBPs from the mixture point of view, information on 82 

individual halophenolic DBPs is still lacking. 83 

        Recently, the quantitative structure‒activity relationship (QSAR) approach has been 84 

increasingly applied in studies of emerging water contaminants to establish relationships between 85 

experimental (including chemical and toxicological) observations and physicochemical 86 

properties of the molecules (Yang and Zhang, 2013; Liu and Zhang, 2014; Xiao et al., 2015; Jin 87 

et al., 2015; Borhani et al., 2016; Wang et al., 2018). This approach enables prediction of 88 

properties on the assumption that compounds with similar structures behave alike and that the 89 

property differences are attributable to enthalpy changes caused by different types and numbers 90 

of functional groups (Chen, 2011). Different QSAR models have been developed for the 91 

hydrolysis of DBPs (Wang et al., 2018; Yu and Reckhow, 2015; Chen, 2011; Glezer et al., 1999). 92 

Currently, a large number of DBPs (especially the toxic halophenolic ones) in chlorinated 93 
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wastewater effluents are still unknown, and might be gradually identified and confirmed in future 94 

studies. It is important to develop a QSAR model for phototransformation of halopenolic DBPs, 95 

enabling prediction of the stability of halophenolic DBPs which were not included in this study.    96 

        Accordingly, the present paper aimed to: (i) investigate the phototransformation kinetics of 97 

various groups of halophenolic DBPs; (ii) develop a QSAR model for the phototransformation 98 

kinetics of halophenolic DBPs; (iii) delineate the phototransformation mechanisms of two 99 

selected iodophenolic DBPs, 2,4,6-triiodophenol and 2,6-diiodo-4-nitrophenol (which are of 100 

relatively high risks to marine organisms as shown later in the Results and Discussion) in 101 

seawater by identifying products and transformation pathways; and (iv) evaluate toxicity 102 

variations of the two iodophenolic DBPs during transformation against the marine polychaete P. 103 

dumerilii. This species has been successfully used in measuring the comparative toxicity of 104 

various DBPs, wastewater effluent and drinking water samples (Yang and Zhang, 2013; Yang et 105 

al., 2015; Liu et al., 2015; Liu et al., 2017; Li et al., 2017; Jiang et al., 2017; Han et al., 2017; 106 

Han and Zhang, 2018). 107 

 108 

2. Materials and methods 109 

2.1. Chemicals, solvents and experimental setup 110 

        Ultrapure water (18.2 MΩ⋅cm) was supplied by a NANOpure system (Barnstead). Seawater 111 

was collected from Clear Water Bay, Hong Kong (22.3 ºN, 114.2 ºE). The pH of seawater was 112 

8.2 and concentrations of iodide, bromide, chloride, nitrate, and total organic carbon (TOC) were 113 

32.1 µg/L, 64 mg/L, 19200 mg/L, <0.025 mg/L as N, and 1.1 mg/L as C, respectively. The 114 

iodide concentration was quantified per the method by Gong and Zhang (2013). Bromide, 115 

chloride and nitrate were measured with an ion chromatograph (Dionex). TOC was measured 116 
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with a TOC analyzer (Shimadzu). Prior to use, the seawater was filtered with a 0.45 µm filter, 117 

autoclaved at 121 ºC for 20 min, and cooled to ambient temperature. Additionally, the seawater 118 

was further aerated for 15 min for cultivating the polychaete. Standard compounds of DBPs were 119 

purchased from different suppliers, with details shown in Table S1. Other chemicals and organic 120 

solvents were purchased from Sigma‒Aldrich.  121 

        In phototransformation studies, 100-mL quartz flasks (base diameter 67 mm, overall height 122 

110 mm, neck diameter 22 mm, neck length 25 mm) were obtained from Technical Glass 123 

Products Inc., U.S. Eight full-spectrum simulated sunlight lamps (BlueMax Spectra 5900 47" T5 124 

High Definition Fluorescent Tube) were acquired from Full Spectrum Solutions, U.S., and the 125 

spectrum is shown in Fig. S2. A chamber with length × width × height of 1180 mm × 485 mm × 126 

615 mm was self-constructed in the lab. The simulated sunlight lamps were fixed at the top of 127 

the chamber and the distance between two adjacent lamps was 60 mm. The light intensity at the 128 

bottom of the chamber was calculated as 6134 ± 231 lux (equivalent to 48.5 ± 1.8 W/m2, per 129 

details shown in Fig. S3). The temperature in the chamber was controlled at 22 ºC. This chamber 130 

could hold totally 96 100-mL quartz flasks. During each test, the 96 quartz flasks each 131 

containing a 40 mL solution (i.e., a certain number of flasks contained DBP test solutions, 132 

depending on the experimental design, and the other flasks contained seawater) were placed in 133 

the chamber. The quartz flasks were repositioned each 2 h to eliminate the difference in 134 

locational illumination. The volume of each test solution was daily measured and replenished to 135 

40 mL by adding ultrapure water to compensate for evaporation loss. 136 

 137 

2.2. Phototransformation of 21 halophenolic DBPs in seawater  138 

        The phototransformation of 21 halophenolic DBPs (as shown in Table 1) in seawater was 139 

studied. These DBPs were newly identified in chlorinated saline wastewater effluents (Yang et 140 
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al., 2013; Ding et al., 2013). For each DBP, ~20 mg standard compound was dissolved in 4 L 141 

seawater to obtain a solution at 5 mg/L, and the solution was quickly adjusted to pH 8.2 (i.e., the 142 

pH of seawater) with NaOH and HCl solutions. Then, four 40 mL solutions were taken out and 143 

placed into 100 mL quartz flasks. Two aliquots (as duplicates) were exposed to simulated 144 

sunlight for 84 h, and then pretreated, followed by the analysis with a Waters Acquity ultra 145 

performance liquid chromatograph/electrospray ionization-triple quadrupole mass spectrometer 146 

(UPLC/ESI-tqMS). Details are shown in the Supplementary Information. The other two 147 

duplicate aliquots were pretreated and analyzed immediately after preparation.  148 

 149 

2.3. QSAR modelling 150 

        In QSAR modeling, the logarithm of the reaction rate constant (log k) was used as the 151 

dependent (Wang et al., 2018). Physiochemical parameters were selected as independent 152 

variables (molecular descriptors) based on the phototransformation mechanism of halophenolic 153 

DBPs. Multiple regression analyses were performed with the software STATISTICA 12.0 154 

(StatSoft). The quality of the model was characterized by the square of correlation coefficient 155 

(r2), the Fisher criterion (F), the significance level (p), and the standard error of estimate (σ). 156 

 157 

2.4. Phototransformation and toxicity variation of 2,4,6-triiodophenol and 2,6-diiodo-4-158 

nitrophenol in seawater 159 

        A 3 L solution of 2,4,6-triiodophenol (or 2,6-diiodo-4-nitrophenol) was prepared by 160 

dissolving the standard compound in seawater at 5 mg/L. The pH of seawater remained the same 161 

after the addition of 2,4,6-triiodophenol (or 2,6-diiodo-4-nitrophenol) at this low concentration. 162 

Then the solution was divided into 72 portions, and each portion was 40 mL and placed into a 163 
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100 mL quartz flask.  164 

        Seventy portions were divided evenly into seven groups and put under the irradiation of 165 

simulated sunlight for seven exposure times (0.025‒600 h for 2,4,6-triiodophenol and 0.025‒684 166 

h for 2,6-diiodo-4-nitrophenol). After a specific exposure time, two duplicate portions were 167 

pretreated following the same procedure as that for the solutions of the 21 DBPs as shown in 168 

Supplementary Information. Then, the duplicate pretreated solutions were combined into one 169 

solution, and subjected to precursor ion scan (PIS), product ion scan, and multiple reaction 170 

monitoring (MRM) analyses using UPLC/ESI-tqMS. PIS of m/z 126.9 is a powerful method for 171 

fast, selectively, and sensitively detecting iodine-containing compounds (Gong and Zhang, 2015). 172 

For identifying and monitoring iodine-containing phototransformation products, UPLC/ESI-173 

tqMS MRM scan and product ion scan were performed. The structure of each product was 174 

proposed according to the retention time, the isotopic ratio of the ion cluster, and the fragment 175 

information in product ion scans. The other eight portions of 2,4,6-triiodophenol (or 2,6-diiodo-176 

4-nitrophenol) seawater solutions in each group were combined into a 320 mL solution. After 177 

specific pretreatment, duplicate developmental toxicity tests were conducted with the embryos of 178 

a marine polychaete P. dumerilii following the procedure in previous studies (Yang et al., 2015; 179 

Liu et al., 2017) (see details in the Supplementary Information).  180 

        The remaining two portions were kept in darkness for 600 h for 2,4,6-triiodophenol (or 684 181 

h for 2,6-diiodo-4-nitrophenol). These samples were pretreated and analyzed with UPLC/ESI-182 

tqMS following the same procedure as that for the solutions exposed to light. 183 

 184 

3. Results and discussion 185 

3.1. Phototransformation rates of 21 halophenolic DBPs  186 
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        The phototransformation of 21 halophenolic DBPs in seawater within 84 h of light exposure 187 

was investigated. The degradation of these DBPs followed pseudo-first-order reactions, 188 

according to our previous study (Liu et al., 2017). Table 1 lists the percentages of the 189 

phototransformation of DBPs within 84 h light exposure. The calculated pseudo-first-order rate 190 

constants (k, h−1) and half-lives (h) are also given in Table 1. The results suggested that 191 

iodophenolic DBPs were transformed faster than their bromophenolic counterparts, which in turn 192 

were transformed faster than their chlorophenolic counterparts. For the four groups of DBPs 193 

tested (2,4,6-trihalophenols, 4-halophenols, 2,6-dihalo-4-nitrophenols, and 3,5-dihalo-4-194 

hydroxybenzaldehydes), the descending order of the phototransformation rates within each group 195 

was: 2,4,6-triiodophenol > 2,4,6-tribromophenol > 2,4,6-trichlorophenol; 4-iodophenol > 4-196 

bromophenol > 4-chlorophenol; 2,6-diiodo-4-nitrophenol > 2,6-dibromo-4-nitrophenol > 2,6-197 

dichloro-4-nitrophenol; 3,5-diiodo-4-hydroxybenzaldehyde > 3,5-dibromo-4-198 

hydroxybenzaldehyde > 3,5-dichloro-4-hydroxybenzaldehyde. Abusallout and Hua (2016a) and 199 

Wang et al. (2017) studied the photolysis of haloaliphatic DBP analogues and also observed the 200 

same descending order of photolysis rates: iodinated DBPs > brominated counterparts > 201 

chlorinated counterparts.  202 

        To better understand and capture the roles of functional groups on the photolytic stability of 203 

halophenolic DBPs, the k values were interpreted using a QSAR model. The standard Gibbs 204 

energies of formation (∆Gf
0) of DBPs may represent their relative stability. The ∆Gf

0 value of 205 

each DBP was calculated using the software Chem3D Ultra 8.0 (CambridgeSoft) and given in 206 

Table S2. A regression analysis of log k versus ∆Gf
0 was conducted (Equation (1) and Table S3). 207 

log � = 	−0.00319 × Δ
�
� − 2.58277        (1) 208 

r2 = 0.3098, F(1,19) = 8.5282, p = 0.00877, σ = 0.5778. 209 
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        The low correlation coefficient suggests that other factors also contribute to the k values of 210 

halophenolic DBPs. The authors’ previous research demonstrated that halophenolic DBPs 211 

underwent SN2 photonucleophilic substitution when they entered receiving seawater: 212 

bromophenolic and iodophenolic DBPs were converted to their chlorophenolic or 213 

hydroxyphenolic counterparts, via substituting the bromine and iodine atoms with chloride or 214 

hydroxide ions in seawater; chlorophenolic DBPs were converted to their hydroxyphenolic 215 

counterparts, via substituting the chlorine atoms with hydroxide ions in seawater (Liu et al., 216 

2017). As shown later in this manuscript, besides chloride and hydroxide ions, iodophenolic 217 

DBPs were also substituted by bromide ions to form their brominated counterparts. Accordingly, 218 

we considered the substitution possibilities (Psub) as one factor affecting the phototransformation 219 

rate constant. Psub is related to the number of each type of halogen atoms in a halophenol (n) and 220 

the number of substitution types of one halogen type (m), and we defined it as the sum of the 221 

products of n and m of all halogen types, i.e., ∑(n×m). For iodine, m is 3 as it can be substituted 222 

by Br−, Cl− and OH−
; for bromine, m is 2 as it can be substituted by Cl− and OH−

; for chlorine, m 223 

is 1 as it can be substituted by OH− only. The calculation of the Psub value of 2-bromo-4-224 

chlorophenol is exemplified here. This halophenol contains one chlorine atom and one bromine 225 

atom, so its Psub can be calculated as 1×1 + 1×2 = 3. The Psub values of the tested DBPs are 226 

presented in Table S2. A multiple regression analysis of log k versus ∆Gf
0 and log Psub was 227 

conducted, and a QSAR was obtained (Equation (2) and Table S3).   228 

log � = 	−0.00528 × Δ
�
� + 1.69789 × log ��� − 3.58772        (2)  229 

r2 = 0.5584, F(2,18) = 11.381, p = 0.00064, σ = 0.4749. 230 

        To further improve the prediction of the k values, ionization of halophenolic DBPs in 231 

seawater was considered. In the SN2 photonucleophilic substitution of each halophenolic DBP, 232 
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the nucleophile (bromide, chloride, or hydroxide) attacks on the DBP to form an unstable 233 

complex (Liu et al., 2017). Compared with the neutral form, the negatively charged form of a 234 

halophenolic DBP might be difficult to be attacked because of the charge repulsion. Logarithmic 235 

dissociation constant (pKa) is a quantitative measure of ionization of a halophenolic DBP in 236 

seawater. The pKa values of the tested DBPs at 25 °C, obtained from SciFinder, are given in 237 

Table S2. By including pKa as a descriptor, the QSAR was significantly improved, as shown in 238 

Equation (3) and Table S3. A plot of measured log k versus predicted log k is shown in Fig. 1a. 239 

log � = 	−0.01028 × Δ
�
� + 3.21592 × log ��� + 0.27402 × ��" − 6.50578      (3) 240 

r2 = 0.8365, F(3,17) = 28.987, p < 0.00000, σ = 0.2973. 241 

        Wang et al. (2018) analyzed the hydrolysis rates of aliphatic DBPs, and found that iodinated 242 

DBPs hydrolyzed faster than their brominated counterparts, which in turn hydrolyzed faster than 243 

their chlorinated counterparts. They established a QSAR model for the hydrolysis of aliphatic 244 

DBPs, using molecular weight (MW) (because the atomic weight of halogen follows the rank 245 

order of iodine > bromine > chlorine) and the total number of halogen atoms in a DBP molecule 246 

as descriptors. Accordingly, the QSAR model of Equation (3) was modified by replacing log Psub 247 

with log MW and adding the logarithm of the total number of halogen atoms in a molecule (log 248 

N) as a descriptor, as shown in Equation (4) and Table S3.   249 

log � = 	−0.0107 × Δ
�
� + 5.5409 × log�� + 0.3920 × ��� + 0.9085 × log# − 19.1031    (4) 250 

r2 = 0.8752, F(4,16) = 28.041, p < 0.00000, σ = 0.2678. 251 

        The model was slightly improved, but log N is “insignificant” in this regression (p > 0.05, 252 

Table S3). This indicates that the multiple regression should be re-conducted by removing log N. 253 

As shown in Equation (5), r2 of the regression slightly decreased because the removal of one 254 

descriptor, but the F value significantly increased. The plot of measured log k versus predicted 255 
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log k using Equation (5) is shown in Fig. 1b. 256 

log � = 	−0.0100 × Δ
�
� + 5.7528 × log�� + 0.3686 × ��� − 19.1607        (5) 257 

r2 = 0.8474, F(3,17) = 31.469, p < 0.00000, σ = 0.2872. 258 

        The insignificant contribution of log N to the QSAR model might result from the positive 259 

correlation between MW and N. For a group of halophenolic DBP analogues, the MW increase 260 

with the increase of the total number of halogen atoms on the benzene ring, e.g., the MWs of 261 

chlorophenols follow the rank order of chlorophenol (128.6) < dichlorophenol (163.0) < 262 

trichlorophenol (197.5). Equations (3) and (5) are both statistically acceptable, and Equation (5) 263 

is slightly better. Besides, the concept and calculation of Psub are somewhat complicated, while 264 

the calculation of MW is easier. Accordingly, Equation (5) is adopted as the QSAR model for the 265 

phototransformation of halophenolic DBPs.  266 

        It should be pointed out that the phototransformation of halophenolic DBPs in natural 267 

marine environment mainly depends on the actual intensity of sunlight and the penetration of 268 

sunlight in seawater. The solar intensity on horizontal surface depends on the solar elevation 269 

angle. Tables S4‒S6 show the solar elevations and intensities on horizontal surface in three 270 

coastal regions with different latitudes, including Singapore (1.3° N 103.8° E), Hong Kong 271 

(22.3° N 114.2° E), and Boston, MA, U.S. (42.4° N 71.0° W), on March 20, 2018 (when the sun 272 

directed at the equator). In this study, halophenolic DBP solutions were contained in 100 mL 273 

quartz flasks, with the water depth of ~1.1 cm, and the sunlight (6134 ± 231 lux) penetration 274 

could be considered as 100%. In natural marine water, the penetration of sunlight decreased with 275 

water depth (Liu et al., 2017). The phototransformation rates of halophenolic DBPs might vary 276 

with actual sunlight intensity received by the DBPs in seawater. The kinetics data and QSAR 277 

model obtained in this study show the “comparative” k values of halophenolic DBPs, which may 278 
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aid in determining the persistent DBPs.  279 

        The authors’ group previously evaluated the toxicity of the 21 tested halophenolic DBPs 280 

using a marine alga and a marine polychaete (Liu and Zhang, 2014; Yang and Zhang, 2013). The 281 

EC50 value of each DBP against each marine species is listed in Table S7. The toxicity index was 282 

calculated as the reciprocal of the EC50 value × 1000 (Pan et al., 2014). The risk of each 283 

halophenolic DBP on the alga or the polychaete was calculated as the product of the toxicity 284 

index and the half-life (Table S7). 2,4,6-Triiodophenol and 2,6-diiodo-4-nitrophenol showed 285 

relatively high risks among the 21 halophenolic DBPs, suggesting that these two DBPs deserve 286 

more attention. Thus, the phototransformation of 2,4,6-triiodophenol and 2,6-diiodo-4-287 

nitrophenol was further investigated. 288 

3.2. Phototransformation and toxicity variation of 2,4,6-triiodophenol in seawater  289 

        When the 2,4,6-triiodophenol solutions were kept in darkness for 600 h, no change in 290 

concentration was observed, indicating that no transformation of 2,4,6-triiodophenol occurred 291 

without light irradiation. Fig. 2 shows the ESI-tqMS PIS spectra of m/z 126.9 of 2,4,6-292 

triiodophenol solutions at different light exposure times. The intensity of ion m/z 471 293 

(corresponding to 2,4,6-triiodophenol) decreased with light exposure time, indicating the 294 

phototransformation of 2,4,6-triiodophenol. Several phototransformation products were detected 295 

(Table S8). After 0.025 h light exposure, diiodohydroquinone (m/z 361, including 2,6-diiodo-1,4-296 

hydroquinone and 2,4-diiodo-1,6-hydroquinone) was detected in the solution, and it might be 297 

generated via the substitution of an iodine atom in 2,4,6-triiodophenol with a hydroxyl group. 298 

Additionally, diiodohydroquinone was in equilibrium with diiodoquinone (m/z 360, including 299 

2,6-diiodo-1,4-quinone and 2,4-diiodo-1,6-quinone). UPLC/ESI-tqMS MRM scans of ions m/z 300 

361 and m/z 360 were conducted for all solutions. The variation in the total peak area (i.e., the 301 
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summation of the peak areas of ions m/z 361 and m/z 360) with exposure time indicates the 302 

change in the concentration of diiodohydroquinone. As shown in Fig. S4, diiodohydroquinone 303 

formed and subsequently converted, with the maximum concentration showing up at the light 304 

exposure time of 40 h. After 11.5 h of light exposure, chlorodiiodophenol (m/z 379/381) and 305 

bromodiiodophenol (m/z 423/425) were detected (Fig. 2), and they might form from the halogen 306 

atom substitution in 2,4,6-triiodophenol (i.e., via the substitution of iodine atom by chloride and 307 

bromide, respectively).  308 

        The substitution of iodine by hydroxide, chloride and bromide ions may follow the SN2 309 

photonucleophilic substitution mechanism (Liu et al., 2017) as follows:  310 

 311 

When exposed to the simulated sunlight, 2,4,6-triiodophenol became excited. The iodine atoms 312 

are at the para- and ortho-positions to the hydroxyl group (an electron donating group), and thus 313 

are readily substituted. In seawater, hydroxide, chloride and bromide ions could serve as 314 

nucleophiles. They added to the photo-excited 2,4,6-triiodophenol molecules to generate unstable 315 

δ-complexes, e.g., 4,4-hydroxyiodo-2,6-diiodophenol, 4,4-chloroiodo-2,6-diiodophenol, and 4,4-316 

bromoiodo-2,6-diiodophenol, respectively. These δ-complexes tended to transform to stable 317 

compounds by leaving either one functional group on the 4-position. Because the dissociation 318 

energies follow the rank order of C6H5‒I (272.0 kJ/mol) < C6H5‒Br (336.4 kJ/mol) < C6H5‒Cl 319 
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(399.6 kJ/mol) < C6H5‒OH (463.6 kJ/mol) (Cottrell, 1958), the iodine atom left as an I‒ ion in all 320 

the three δ-complexes, yielding the substitution products 2,6-diiodo-1,4-hydroquinone, 4-chloro-321 

2,6-diiodophenol and 4-bromo-2,6-diiodophenol.  322 

        In the UPLC/ESI-tqMS MRM chromatograms of ion clusters m/z 379/381 and m/z 423/425 323 

(Fig. S5 and S6), two peaks were observed for each ion cluster. Accordingly, ion cluster m/z 324 

379/381 might correspond to 4-chloro-2,6-diiodophenol and 2-chloro-4,6-diiodophenol, and ion 325 

cluster m/z 423/425 might correspond to 4-bromo-2,6-diiodophenol and 2-bromo-4,6-326 

diiodophenol. This suggested that the iodine atoms at both para- and ortho-positions to the 327 

hydroxyl group might be substituted. The peak areas of chlorodiiodophenol and 328 

bromodiiodophenol (as the summation of both isomers) increased from the exposure time of 11.5 329 

to 110 h and then decreased (Fig. S4‒S6). The decrease resulted from further photonucleophilic 330 

substitution.  331 

        After 110 h light exposure, dichloroiodophenol (m/z 287/289/291) and 332 

bromochloroiodophenol (m/z 331/333/335) were detected (Fig. 2), and they were the products of 333 

photonucleophilic chlorine substitution of chlorodiiodophenol and bromodiiodophenol, 334 

respectively. According to the UPLC/ESI-tqMS MRM chromatograms (Figs. S7 and S8), two 335 

dichloroiodophenols (2,6-dichloro-4-iodophenol and 2,4-dichloro-6-iodophenol) and one 336 

bromochloroiodophenol (2-bromo-6-chloro-4-iodophenol) were generated. The peak areas of 337 

dichloroiodophenol (as the summation of both isomers) and 2-bromo-6-chloro-4-iodophenol 338 

increased from the exposure time of 110 to 334 h and then decreased (Figs. S4, S7, and S8). 339 

Accordingly, photonucleophilic substitution played an important role in the transformation of 340 

2,4,6-triiodophenol in seawater (Fig. 3a). Photonucleophilic hydroxyl substitution was observed 341 

in the photodegradation of 2-chlorophenol (Rao et al., 2003), and photonucleophilic chlorine 342 
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substitution was found in phototransformation of iodophenolic and bromophenolic DBPs in 343 

seawater (Liu et al., 2017). This is the first time that the photonucleophilic bromine substitution 344 

of iodophenolic DBPs was observed. 345 

        After 236 h light exposure, iodotrihydroxyquinone (m/z 282) was observed (Fig. 2), and its 346 

peak area in UPLC/ESI-tqMS MRM chromatogram kept increasing within the exposure period 347 

from 236 to 600 h (Fig. S4). Iodotrihydroxyquinone was proposed to be a transformation product 348 

of diiodoquinone, as exemplified by the transformation of 2,6-diiodo-1,4-quinone (Fig. 3b). 349 

First, 2,6-diiodo-1,4-quinone underwent two sequential photo-addition reactions with water, 350 

leading to two more hydroxyl groups substituted on the benzene ring and the formation of 2,6-351 

diiodo-3,5-dihydroxy-1,4-quinone (with the mechanism shown in Fig. S9a‒b). Second, 2,6-352 

diiodo-3,5-dihydroxy-1,4-quinone was transformed to 2-iodo-3,5,6-trihydroxy-1,4-quinone via 353 

photonucleophilic hydroxyl substitution. Another possible pathway is that 2,6-diiodo-1,4-354 

quinone was first transformed to 2-hydroxy-6-iodo-1,4-quinone via photonucleophilic hydroxyl 355 

substitution, and then 2-hydroxy-6-iodo-1,4-quinone underwent two sequential photo-addition 356 

reactions with water, generating 2-iodo-3,5,6-trihydroxy-1,4-quinone (with the mechanism 357 

shown in Fig. S9c‒d). The mechanism of photo-addition reaction between haloquinone and 358 

water under UV radiation has been suggested earlier (Qian et al., 2013). 359 

        Fig. 4a shows the normal development percentages of the marine polychaete embryos in the 360 

2,4,6-triiodophenol solutions with different light exposure times. Notably, each concentration in 361 

Fig. 4a was the concentration of 2,4,6-triiodophenol in the concentrated sample before 362 

phototransformation. For each curve, the value of EC50 was calculated per Yang and Zhang 363 

(2013)’s method. According to the previous study (Yang and Zhang, 2013), the EC50 values of 364 

the same DBP solution from three different batches of embryos were within a relative standard 365 
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deviation of 1.2%.  366 

        Photonucleophilic bromine and chlorine substitution triggered the transformation from 367 

2,4,6-triiodophenol to its bromophenolic and chlorophenolic counterparts, which might decrease 368 

the toxicity of “2,4,6-triiodophenol” (to be exact, the overall toxicity of “2,4,6-triiodophenol and 369 

its transformation products”). However, per the EC50 values (Table S9), when the exposure time 370 

increased from 0.025 to 40 h, the toxicity of “2,4,6-triiodophenol” slightly increased (by 7.6%). 371 

This toxicity increase agrees with the concentration increase of diiodo(hydro)quinone. 372 

Halo(hydro)quinones are a new class of highly toxic DBPs in disinfected wastewater and 373 

drinking water. Halohydroquinones were found to be substantially more toxic than other 374 

halophenolic DBPs (Yang and Zhang, 2013). Certain haloquinones generated intracellular 375 

reactive oxygen species in T24 bladder cancer cells, and bound to oligodeoxynucleotides 376 

(Anichina et al., 2010; Du et al., 2013). When the light exposure time exceeded 40 h, the 377 

concentration of diiodo(hydro)quinone decreased, and the toxicity of “2,4,6-triiodophenol” also 378 

decreased. This indicates that further phototransformation of diiodo(hydro)quinone was a 379 

detoxification process. Photo-addition reaction with water led to more substitutions of hydroxyl 380 

groups on the benzene ring, which lowered log Kow of the (hydro)quinone product and thus 381 

lowered the toxicity of the product. This is consistent with the results of the previous study (Liu 382 

et al., 2017). After 600 h of light exposure, the toxicity of “2,4,6-triiodophenol” decreased by 383 

78%, compared with the initial toxicity. 384 

 385 

3.3. Phototransformation and toxicity variation of 2,6-diiodo-4-nitrophenol in seawater 386 

        The concentration of 2,6-diiodo-4-nitrophenol in the solution kept under darkness for 684 h 387 

was almost the same as the initial concentration, suggesting that no transformation occurred. Fig. 388 
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S10 shows the ESI-tqMS PIS spectra of m/z 126.9 of 2,6-diiodo-4-nitrophenol seawater solutions 389 

with different light exposure times. The intensity of ion m/z 390 (corresponding to 2,6-diiodo-4-390 

nitrophenol) decreased with the light exposure time, suggesting the occurrence of 391 

phototransformation. After 11.5 h light exposure, 2-chloro-6-iodo-4-nitrophenol (m/z 298/300) 392 

and 2-bromo-6-iodo-4-nitrophenol (m/z 342/344) were formed via the photonucleophilic chlorine 393 

and bromine substitutions of 2,6-diiodo-4-nitrophenol, respectively. The ion intensity of 2-394 

chloro-6-iodo-4-nitrophenol increased from the exposure time of 11.5 to 110 h and stayed the 395 

same afterwards, and the ion intensity of 2-bromo-6-iodo-4-nitrophenol increased from the 396 

exposure time of 11.5 to 110 h and decreased afterwards. Interestingly, 2,6-diiodo-1,4-397 

hydroquinone (m/z 361) was generated via the substitution of the nitro group in 2,6-diiodo-4-398 

nitrophenol with a hydroxyl group. This photonucleophilic substitution occurred because the 399 

C6H5‒OH bond (463.6 kJ/mol) shows higher dissociation energy than the C6H5‒NO2 bond 400 

(215.5 kJ/mol) (Cottrell, 1958), and also because the nitro group is at the meta-position of both 401 

iodine atoms (electron withdrawing groups) and the para-position of the hydroxyl group (an 402 

electron donating group) (Liu et al., 2017). 2,6-Diiodo-1,4-hydroquinone was in equilibrium with 403 

2,6-diiodo-1,4-quinone (m/z 360) in water. The total intensity of ions m/z 360 and m/z 361 404 

increased from the exposure time of 11.5 to 40 h, then decreased afterwards, and became 405 

undetectable after 362 h of light exposure. Further transformation of 2,6-diiodo-1,4-406 

(hydro)quinone should follow the reactions as observed in the phototransformation of 2,4,6-407 

triiodophenol. At the exposure time of 110 h, another photonucleophilic hydroxyl substituted 408 

product, 2-iodo-4-nitro-1,6-hydroquinone (m/z 280), was detected. This compound was in 409 

equilibrium with 2-iodo-4-nitro-1,6-quinone (m/z 279). The total intensity of ions m/z 280 and 410 

m/z 279 increased from the exposure time of 110 to 684 h. Within 684 h of light exposure, the 411 
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main reactions for the transformation of 2,6-diiodo-4-nitrophenol were photonucleophilic 412 

bromine, chlorine and hydroxyl substitutions (Fig. S11). Interestingly, 33% of 2,6-diiodo-4-413 

nitrophenol remained after 684 h of light exposure, while 2,4,6-triiodophenol was undetectable 414 

after 600 h of light exposure (Fig. 2). This confirmed that the phototransformation of 2,6-diiodo-415 

4-nitrophenol (m/z 390) was slower than that of 2,4,6-triiodophenol. 416 

        Fig. 4b shows the normal development percentages of the marine polychaete embryos in the 417 

2,6-diiodo-4-nitrophenol solutions with different light exposure times. Per the EC50 values (Table 418 

S10), the toxicity of “2,6-diiodo-4-nitrophenol” (to be exact, the overall toxicity of “2,6-diiodo-419 

4-nitrophenol and its transformation products”) increased by 14.9% within the first 40 h of light 420 

exposure, which matched well with the intensity increase of 2,6-diiodo-1,4-(hydro)quinone. This 421 

confirmed that the formation of halo(hydro)quinone increased the toxicity. With further 422 

phototransformation of 2,6-diiodo-1,4-(hydro)quinone from the exposure time of 40 to 110 h, the 423 

toxicity of “2,6-diiodo-4-nitrophenol” decreased. Later, another toxic haloquinone product, 2-424 

iodo-4-nitro-1,6-(hydro)quinone was generated, and its ion intensity increased with the exposure 425 

time; as a result, the toxicity of “2,6-diiodo-4-nitrophenol” kept slightly increasing within the 426 

exposure period from 110 to 684 h. From these results, it can be concluded that 2,6-diiodo-4-427 

nitrophenol is a relatively persistent DBP with relatively high toxicity in receiving seawater. 428 

Besides, 2,6-dibromo-4-nitrophenol and 2,6-dichloro-4-nitrophenol also showed low 429 

phototransformation rates (Table 1). It is expected that different (hydro)quinone products might 430 

also form during the phototransformation of these two DBPs, and their toxicity might maintain at 431 

relatively high levels after a long exposure time. Accordingly, controlling the formation of 432 

halonitrophenolic DBPs deserves a high priority in wastewater treatment. 433 

        It needs mentioning that, according to Abusallout and Hua (2016b), sunlight irradiation of 434 
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nitrate and natural organic matter (NOM) in water could result in the formation of HO·, NO· and 435 

NO2· radicals and excited NOM triplet state that could cause the indirect phototransformation of 436 

halophenolic DBPs. On the other hand, sunlight irradiation could convert halide ions in seawater 437 

to halogen radicals (Yang and Pignatello, 2017) that could react with NOM in seawater to form 438 

halogenated organics (Sankoda et al., 2017; Calza et al., 2008). As assessed in Supplementary 439 

Information, compared with the phototransformation of halophenolic DBPs, either the indirect 440 

phototransformation of or the formation of halophenolic DBPs in the seawater under sunlight 441 

irradiation might be negligible.       442 

 443 

4. Conclusions 444 

        This study investigated the phototransformation of 21 halophenolic DBPs in receiving 445 

seawater. The reaction rate constants (k, h-1) were well predicted using a QSAR model that 446 

employed three physicochemical descriptors, ∆Gf
0, log MW and pKa. Among the tested DBPs, 447 

2,4,6-triiodophenol and 2,6-diiodo-4-nitrophenol exhibited relatively high risks (i.e., relatively 448 

high toxicity and long half-life) on marine organisms. These two iodophenolic DBPs were 449 

transformed to their bromophenolic, chlorophenolic, and hydroxyphenolic counterparts via 450 

photonucleophilic substitutions by bromide, chloride and hydroxide ions in seawater.  451 

        By combining with our previous study (Liu et al., 2017), it can be concluded that the 452 

toxicity of a halophenolic DBP changed during its phototransformation in receiving seawater. 453 

Photonucleophilic bromine and chlorine substitutions might decrease the toxicity of iodophenolic 454 

DBPs, and photonucleophilic chlorine substitution might decrease the toxicity of bromophenolic 455 

DBPs. However, via photonucleophilic hydroxyl substitution, halophenolic DBPs were 456 

transformed to their hydroxyphenolic analogues, halo(hydro)quinones, and the toxicity might 457 
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significantly increase. Fortunately, halo(hydro)quinones could further transform to less toxic 458 

products. As expected, the variation in toxicity of a halophenolic DBP in receiving seawater 459 

mainly depended on the formation and further transformation of its hydroxyphenolic counterpart, 460 

halo(hydro)quinone. 461 
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Table 1. Phototransformation of 21 halophenolic DBPs in seawater, observed under 84 h light exposure.  
DBP Phototransformation (%) k (h−1) a Half-life (h) a 
2,4,6-trichlorophenol 15.2±1.1 1.96×10−3 353.1 
2,4,6-tribromophenol 22.7±2.1 3.07×10−3 226.1 
2,4,6-triiodophenol 27.3±2.0 3.80×10−3 182.6 
2,6-dichloro-4-nitrophenol 13.6±0.8 1.74×10−3 398.3 
2,6-dibromo-4-nitrophenol 15.0±0.5 1.93×10−3 358.3 
2,6-diiodo-4-nitrophenol 16.7±0.9 2.18×10−3 318.7 
4-chlorophenol 6.3±0.2 7.75×10−4 894.8 
4-bromophenol 8.0±0.4 9.93×10−4 698.3 
4-iodophenol 9.8±0.6 1.23×10−3 564.5 
3,5-dichloro-4-hydroxybenzaldehyde 29.4±1.1 4.14×10−3 167.2 
3,5-dibromo-4-hydroxybenzaldehyde 35.0±1.6 5.13×10−3 135.2 
3,5-diiodo-4-hydroxybenzaldehyde 76.7±4.2 1.73×10−2 40.0 
2,4-dichlorophenol 37.7±1.4 5.63×10−3 123.0 
2,6-dichlorophenol 12.2±2.0 1.55×10−3 447.5 
2,4-dibromophenol 49.5±2.8 8.13×10−3 85.2 
2,6-dibromophenol 29.4±1.6 4.14×10−3 167.2 
2-bromo-4-chlorophenol 47.7±2.8 7.72×10−3 89.8 
4-bromo-2-chlorophenol 35.8±2.1 5.28×10−3 131.4 
5-chlorosalicylic acid 88.8±4.8 2.61×10−2 26.6 
5-bromosalicylic acid 98.7±2.5 1.21×10−1 b 5.7 b 
2,5-dibromohydroquione 100 4.62×10−1 c 1.5 c 
a The results were calculated per the pseudo-first-order phototransformation. 
b The results were obtained in our previous study (Liu et al., 2017). 
c The concentration of 2,5-dibromohydroquinone was undetectable by the light exposure time of 84 h. Per 
our previous study (Liu et al., 2017), 2,5-dibromohydroquinone completely transformed within 3 h light 
exposure. 
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Fig. 1. (a,b) Plots of measured log k of the 21 halophenolic DBPs against log k values predicted from 
Equations (3) and (5), respectively.  
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Fig. 2. ESI-tqMS PIS spectra of m/z 126.9 of 2,4,6-triiodophenol seawater solutions with the light exposure 
times of (a) 0.025, (b) 11.5, (c) 40, (d) 110, (e) 236, (f) 334, and (g) 600 h. The y-axes are all on the same 
scale. Proposed structures of some ions and ion clusters are shown at the top of the figure. For 
chlorodiiodophenol, bromodiiodophenol and dichloroiodophenol, isomers were detected using UPLC/ESI-
tqMS MRM scans. 
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Fig. 3. Phototransformation pathway of 2,4,6-triiodophenol in seawater: (a) photonucleophilic substitution of 
2,4,6-triiodophenol, and (b) further phototransformation of the hydroxyl-substituted product. The products 
were tentatively proposed. The structures marked with m/z values indicate that the corresponding molecular 
ions or ions clusters were detected by ESI-tqMS PIS of m/z 126.9. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Photonucleophilic substitution 

(b) Further phototransformation of the hydroxyl-substituted product 

OH

I

I

I

OH−

hv

Br−

hv
Cl−

hv

Cl−

hv

Cl−

hv

OH

I

Br

I

(and )

OH

I

Cl

I

(and ) (and )

OH

I

OH

I

m/z361

OH

I

I

Br

m/z423/425

OH

Cl

I

I

m/z379/381

OH

Cl

I

Br

m/z331/333/335

OH

Cl

I

Cl

m/z287/289/291

O

O

II

m/z360

OH

OH

I

I

(and )

O

I

OI

(and )

OH

Cl

Cl

I

O

O

OHI
H2O

hv

O

O

OHI

OH

O

O

II

m/z360

O

O

II

OH

(or )

O

O

II

OHHO

H2O

hv

O

O

OHI

HO OH

m/z282

O
H

−

hv

O
H

−

hv O
H

−

hv

H2O

hv

H2O

hv

O

O

OHI

HO



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

33 
 

 
Fig. 4. Normal development percentages of the marine polychaete P. dumerilii in the (a) “2,4,6-triiodophenol” 
and (b) “2,6-diiodo-4-nitrophenol” solutions with different light exposure times. The x-axes indicate the 
concentrations of 2,4,6-triiodophenol and 2,6-diiodo-4-nitrophenol in the concentrated test sample prior to 
phototransformation. 
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Highlights 
 

• Photolysis rates of halophenolic DBP analogues followed iodo- > bromo- > chloro-.  
• A QSAR model was developed for the photolysis of halophenolic DBPs.  
• Iodophenolic DBPs phototransformed to the bromo-, chloro- and hydroxy-counterparts. 
• The hydroxy-counterparts (halo(hydro)quinone) were more toxic than the parent DBPs. 
• Further phototransformation of halo(hydro)quinone was a detoxification process. 
 

 

 

 

 

 

 

 

 

 

 


