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Abstract 1 

Controlling membrane fouling and disinfection by-products (DBPs) is an ongoing challenge 2 

in achieving sustainable membrane-based seawater desalination. This study assessed the 3 

efficacy of a new disinfectant, stabilized hypobromite, for controlling biofouling and DBP 4 

formation during reverse osmosis (RO) membrane treatment of seawater. Accelerated 5 

chemical exposure tests revealed that stabilized hypobromite did not degrade a commercial 6 

polyamide RO membrane; thus, unlike other powerful oxidants, it is able to remain as a 7 

residual chemical on membrane surfaces. In our experiments, stabilized hypobromite also 8 

effectively inactivated bacteria in seawater and reduced potential organic foulants (e.g., 9 

humic acid-like and protein-like substances). Disinfection at a stabilized hypobromite dose of 10 

5 mg/L resulted in the formation of trihalomethanes (THMs), haloacetic acids (HAAs), and 11 

bromate at 55, 29, and <10 µg/L, respectively. Chlorine treatment resulted in higher 12 

formations of THMs, HAAs, and bromate (80, 74, and 50 µg/L, respectively), indicating 13 

stabilized hypobromite is superior to chlorine in this respect. Pilot-scale validation 14 

demonstrated that pre-disinfection with stabilized hypobromite enabled the RO membrane 15 

treatment to operate for half a year without significant fouling. The findings in this study 16 

indicate the great potential of stabilized hypobromite for controlling DBP formation and 17 

biofouling in seawater desalination.  18 
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1 Introduction 21 

Seawater desalination is a powerful strategy for augmenting the drinking water supply in 22 

many coastal regions with severe droughts or arid climates. These classical seawater 23 

desalination technologies include thermal treatment processes, such as multistage flash and 24 

multi-effect distillation. In recent years, many newly developed desalination plants have 25 

employed a powerful desalination technology, that is, reverse osmosis (RO) membrane 26 

treatment [1]. RO membrane treatment can readily achieve the removal of over 99% of salts 27 

with an energy consumption lower than the classical thermal processes [2]. As the biofouling 28 

of RO membrane treatment during long-term operation leads to an increase in the required 29 

operating pressure and consequently energy consumption, a pre-disinfection process using 30 

conventional chlorination is often employed prior to the treatment [3]. Typical seawater 31 

treatment trains thus consist of a pretreatment to remove suspended and dissolved 32 

constituents, RO membrane treatment, and a post-disinfection process. Two examples of the 33 

pretreatment are media filtration and low-pressure membrane filtration (such as 34 

microfiltration or ultrafiltration). 35 

Despite the adoption of a pretreatment, biofouling control is still a major challenge in 36 

seawater desalination [4]. Chlorine, a strong oxidant and disinfectant, can readily degrade 37 

polyamide RO membranes, resulting in the deterioration of RO membranes during salt 38 

separation. Thus, residual chlorine is quenched prior to the RO process, and bacterial growth 39 

on the membrane surface may occur [5]. Viable bacteria in the disinfected water can attach 40 

themselves onto the membrane surface and form a biofilm as a result of their rapid 41 

multiplication and a continuous inflow of nutrients [6]. Pre-disinfection using chlorine or 42 

other stronger disinfectants, such as ozone, can also induce excess biofouling, as their 43 

oxidation reaction may make organics in the water biologically degradable (i.e., they are 44 
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converted into a food source). The occurrence of biofouling can be mitigated by maintaining 45 

residual biocides at the membrane surface [7]. Chloramine, a weak disinfectant typically used 46 

in RO-based wastewater recycling, has been found to deteriorate the performance of 47 

polyamide RO membranes when it was used in seawater [8, 9]. One of the potential biocides 48 

that can be continuously applied during the continuous pre-disinfection stage of RO processes 49 

is stabilized hypobromite, which has been suggested as an alternative to conventional 50 

chloramine in water recycling applications [10]. Hypobromite (BrO−) is a strong but unstable 51 

disinfectant [11]; thus, hypobromite ions are stabilized in stabilized hypobromite with 52 

sulfamic acid at a high pH. However, the efficacy of the new disinfectant (i.e., stabilized 53 

hypobromite) for biofouling mitigation in seawater applications still remains unclear, and 54 

changes in membrane properties (e.g., the removal of salts or boron) caused by the new 55 

disinfectant are of great concern for the viability of its long-term performance [12]. 56 

The formation of disinfection by-products (DBPs) is an emerging concern with respect to the 57 

application of disinfectants during seawater desalination. Small DBPs, such as 58 

trihalomethanes (THMs), readily permeate through RO membranes and have an adverse 59 

impact on public health via drinking water. In addition, large DBPs rejected by RO 60 

membranes are discharged as brine, which may contribute to having negative consequences 61 

on water environments [3]. Among the DBPs that form through conventional chlorination 62 

during seawater desalination, THMs and haloacetic acids (HAAs) have gained considerable 63 

attention [13]. THM and HAA concentrations in drinking water have been regulated in many 64 

countries to 25–250 or 60–150 µg/L, whereas high concentrations of THMs up to 67 µg/L 65 

have also been reported in the RO permeate of full-scale desalination plants [14]. Moreover, 66 

chlorination has been reported to cause high THM concentrations of up to 860 µg/L and 67 

HAA concentrations of up to 175 µg/L in chlorinated RO feeds [3]. Because the new 68 

disinfectant suggested in this study, i.e., stabilized hypobromite, is a weaker oxidant than 69 
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chlorine, it has the potential to minimizing DBP formation [10]. However, the use of a 70 

bromide-based disinfectant raises concern with respect to the formation of bromate (BrO3), a 71 

brominated DBP, which is more toxic than chlorinated DBPs [15].  72 

This study assesses the efficacy of stabilized hypobromite as an alternative to chlorine for 73 

controlling membrane fouling and DBP formation during seawater desalination. The 74 

evaluations were performed by evaluating (a) the degradation of a polyamide RO membrane, 75 

(b) the reduction of potential foulants (bacteria and dissolved organics), (c) the formation of 76 

THMS, HAAs, and bromate, and (d) fouling control levels at a pilot scale. 77 

2 Materials and methods 78 

2.1 Chemicals 79 

A sodium hypochlorite (NaOCl) solution (12% chlorine concentration) was purchased from 80 

Tosoh Co. (Tokyo, Japan). Stabilized hypobromite was supplied by Organo Co. (Tokyo, 81 

Japan). The stabilized hypobromite contained hypobromite ions, sulfamic acid, and sodium 82 

hydroxide. Throughout this study, the stabilized hypobromite dose is presented in units mg-83 

Cl2/L by a conversion of the bromine concentration in terms of chlorine. Flat sheet polyamide 84 

composite RO membrane (SWC5) samples and 4-in. RO membrane elements (SWC5-LD-85 

4040) were obtained from Nitto/Hydranautics (Oceanside, CA, USA). It should be noted that 86 

the SWC5 RO membrane is capable of rejecting >98% of hypobromite ions.  87 

2.2 Test protocols 88 

2.2.1 Membrane degradation 89 

Changes in RO membrane transport after exposure to a disinfectant agent were examined by 90 

immersing the polyamide membrane samples (membrane area = 33 cm2) in a 500-mL 91 
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seawater solution containing disinfectant (stabilized hypobromite or NaOCl) or a solution 92 

without any chemical addition (control). Actual seawater was obtained from the ocean and 93 

was pretreated using an ultrafiltration membrane. The concentration of the chemical reagent 94 

was adjusted to 800 mg-Cl2/L in the seawater, and its concentration was maintained between 95 

500 and 800 mg-Cl2/L. At the same time, the pH of the solution was adjusted to 7.0. The 96 

membrane samples were left submerged in the chemical reagent at 25°C for 96 h with a 97 

continuous dose of 3 mg-Cl2/L, which simulated the cumulative exposure over 3 years of 98 

function. Thereafter, the pure water permeability of each membrane was evaluated using the 99 

bench-scale RO system (Figure S1) in pure water and in an artificial seawater matrix (NaCl 100 

= 35 g/L; boric acid = 5 mg/L; pH = 8.0 ± 0.1). The rejection of conductivity and boron by 101 

each membrane was determined using the same seawater at a permeate flux of 15 L/m2h. 102 

2.2.2 Disinfection 103 

The disinfection potentials of the stabilized hypobromite and chlorine were evaluated by 104 

determining reductions in the number of bacteria using colony count as measured by 105 

epifluorescence microscopy. Actual seawater was obtained from the ocean and was pretreated 106 

using an ultrafiltration membrane. Each disinfectant agent (stabilized hypobromite or 107 

chlorine) was added to 200-mL seawater samples stored in glass flasks at doses of 1, 3, and 5 108 

mg-Cl2/L. Each sample was placed in a temperature-controlled room (25°C) for 5 h. 109 

Thereafter, the residual chemical in each sample was quenched by the addition of a sodium 110 

sulfite solution.  111 

2.2.3 Formation of disinfection by-products 112 

The formation of THMs, HAAs, and bromate (Table 1) by stabilized hypobromite and 113 

chlorine was also evaluated using a laboratory scale. For the evaluations, actual seawater was 114 

obtained from the ocean and was pretreated using an ultrafiltration membrane. Each 115 
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disinfectant agent (stabilized hypobromite or chlorine) was dosed into 100-mL seawater 116 

samples stored in glass flasks at doses of 3, 5, and 10 mg-Cl2/L. Prior to the addition of the 117 

disinfectant, the pH of the solution was adjusted via the addition of an HCl solution so that 118 

the pH of the sample solution would become approximately 7.0 after the disinfectant was 119 

added. All samples were stored in a temperature-controlled room (25°C) for 5 h, and the 120 

residual chemical was quenched via the addition of sodium sulfite solution. The formation 121 

potentials of THMs and HAAs, and bromate were examined in the seawater at a chemical 122 

dose of 5 mg-Cl2/L for 96 h and 13.5 d, respectively. For the formation of THMs and HAAs, 123 

the residual chemical was quenched via the addition of sodium sulfite solution. It should be 124 

noted that no quenching (i.e., reducing) agent was used for bromate until the analysis, as 125 

reducing agents can decompose bromate. 126 

Table 1 – List of disinfection by-products (DBPs) and their maximum contaminant level 127 
(MCL) concentrations in the USA 128 

DBP Chemical 
formula 

MCL in 
CA, USA 

Trihalomethanes (THMs)  80 
 - Chloroform  CHCl3 - 
 - Dibromochloromethane  CHBrCl2 - 
 - Bromodichloromethane CHBr2Cl - 
 - Bromoform CHBr3 - 
Haloacetic acids (HAAs)  60 
 - Monochloroacetic acid (MCA) ClCH2COOH - 
 - Dichloroacetic acid (DCA) Cl2CHCOOH - 
 - Trichloroacetic acid (TCA) Cl3CCOOH - 
 - Monobromoacetic acid (MBA) BrCH2COOH - 
 - Dibromoacetic acid (DBA) Br2CHCOOH - 
Bromate BrO− 10 

2.2.4 Pilot-scale demonstration 129 

The effectiveness of biofouling control using stabilized hypobromite was evaluated using a 130 

pilot-scale RO system that holds a single 4-in. RO element. In this study, media-filtered 131 

seawater was used as the RO feed (Figure S2). Two SWC5 RO membrane elements with 132 

surface areas of 7.4 m2 and nominal salt rejections of 99.6% were used. Stabilized 133 
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hypobromite was dosed prior to the RO feed reservoir at 0.2 mg-Cl2/L. The RO system was 134 

operated at a constant flux of approximately 15 L/m2h and a water recovery rate of 15%. The 135 

level of membrane fouling was evaluated based on the reduction in normalized permeate flux 136 

(Jt/Jt=0) and the increase in pressure drop (ΔP), which can be expressed as follows: 137 

 ∆𝑃 =  𝑃௙ −  𝑃௖      (1) 138 

Here, Pf is feed pressure (kPa), and Pc is concentrate pressure (kPa). The permeate flux at 139 

time t (Jt) [L/m2h] was corrected at 25°C with a temperature correction factor (TCF), which 140 

can be expressed as follows: 141 

 TCF = Exp [Ke × (1/(273 + T) – 1/298)]  (2) 142 

Here, T (°C) is the feed water temperature, and Ke is an empirically derived constant for a 143 

given membrane chemistry (Ke = 2206, Figure S3).  144 

2.3 Analysis 145 

2.3.1 Bacterial analysis 146 

The number of viable bacteria in the treated water was determined using the heterotrophic 147 

plate count method with R2A medium (Nissui Pharmaceutical, Tokyo, Japan). Each sample 148 

(1 mL) with and without dilution was dosed into agar medium in a petri dish and incubated at 149 

25°C. The number of bacteria was counted after 7 days and is presented in colony-forming 150 

units (CFU/mL). Intact bacterial cells were counted using a fluorescence microscope (BZ-151 

X800, Keyence Co., Osaka, Japan). The bacteria in the 1-mL samples were stained for 15 152 

min using a LIVE/DEAD BacLight Bacterial Viability Kit (Thermo Fisher Scientific, 153 

Waltham, MA, USA) containing SYTO®9 and propidium iodide. Thereafter, each sample 154 

was filtered using a track-etched polycarbonate microfiltration filter (0.2 µm pore size; Merck, 155 
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Tokyo, Japan). The number of bacteria on the filter was determined using a fluorescence 156 

microscope with a green filter (excitation wavelength = 470 ± 40 nm; absorption wavelength 157 

= 525 ± 50 nm) or a red filter (excitation wavelength = 545 ± 25 nm; absorption wavelength 158 

= 605 ± 70 nm).  159 

2.3.2 Chemical analysis 160 

Concentrations of chlorine and stabilized hypobromite were determined using a colorimeter 161 

(DR-3900, Hach Co., Loveland, CO, USA), while the concentration of organic carbon (TOC) 162 

was analyzed using a TOC analyzer (Sievers 900, GE Analytical Instruments Inc., Boulder, 163 

CO, USA). The size distribution of the organics was analyzed using a liquid 164 

chromatography–organic carbon detection (LC–OCD) system (DOC-LABOR, Karlsruhe, 165 

Germany) equipped with a chromatographic column (TSK HW 50S, Toso, Japan) [16, 17]. 166 

The four subfractions detected through the LC–OCD included biopolymers (molecular 167 

weight (MW) of ≥20,000 Da), humics (MW of approximately 1,000 Da), building blocks 168 

(MW of 300–500 Da), and low-molecular-weight (LMW) compounds (MW of <350 Da). 169 

Each sample was diluted tenfold with pure water for LC–OCD analysis. The organics in the 170 

seawater were characterized using excitation emission matrix (EEM) fluorescence spectra 171 

measured with an RF-6000 spectrophotometer (Shimadzu Co., Kyoto, Japan). The 172 

concentrations of THMs and HAAs were measured using gas chromatography–mass 173 

spectrometry (GC–MS), and the detection limit for each chemical was 2 µg/L. Bromate 174 

concentration was determined using liquid chromatography–mass spectrometry (LC–MS).  175 



9 

3 Results and discussion 176 

3.1 Degradation of polyamide reverse osmosis membrane 177 

The resilience of a polyamide RO membrane in making contact with stabilized hypobromite 178 

was evaluated by examining the pure water permeability of the membrane and its rejection of 179 

salts and boron after accelerated exposure tests (Figure 1). Chlorine exposure resulted in a 180 

considerable increase in pure water permeability from 3.0 to 35.5 L/m2hbar. Moreover, the 181 

rejection both of conductivity (a surrogate indicator of salts) and boron dramatically 182 

decreased from 99.4% to 24.0% and 76.3% to 0.0%, respectively. These deterioration effects 183 

caused by chlorine are consistent with those measured in previous studies [18, 19], indicating 184 

that chlorine degrades the cross-linked polyamide separation layer through hydrolysis and 185 

deteriorates the separation performance of the membrane. In contrast to chlorine, stabilized 186 

hypobromite exposure caused only a slight reduction in pure water permeability from 3.0 to 187 

1.8 L/m2hbar. However, the rejection of both conductivity and boron dramatically increased 188 

from 99.4% to 99.8% and 76.3% to 87.9%, respectively, for stabilized hypobromite. 189 

Altogether, the results from the three RO membranes (control, chlorine, and stabilized 190 

hypobromite) revealed a trade-off between pure water permeability and rejection of salts and 191 

boron.  192 

The enhanced separation performance and reduced permeability after stabilized hypobromite 193 

exposure indicate that the polyamide active skin layer of the RO membrane became tighter 194 

and that the chemical did not cause degradation of the layer. Similar observation (i.e., 195 

enhanced salt rejection and reduced water permeability) can be found when polyamide RO 196 

membranes are exposed to chlorine in seawater for a short contact time [9]. As hypobromite 197 

(BrO−) is an oxidizing reagent that is weaker than chlorine, it is reasonable to assume that 198 

chemical reactions between the polyamide RO membrane and stabilized hypobromite for an 199 
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extended period of time caused similar membrane property changes that can occur during a 200 

short-term chlorination. It should be noted that the evaluation was conducted through 201 

accelerated chemical exposure tests and that the effect of membrane aging during long-term 202 

operation, which generally increases water permeability and reduces salt and boron rejection, 203 

was not simulated. It is possible that membrane aging offsets the property changes caused by 204 

stabilized hypobromite (i.e., reduced water permeability and increased rejection of salts and 205 

boron). Overall, it was demonstrated that disinfection using stabilized hypobromite in 206 

seawater is less likely to have a negative impact on membrane separation performance 207 

compared with disinfection using chlorine. 208 

 209 
Figure 1 (a) Conductivity and (b) boron rejection as a function of pure water permeability 210 
after 96 h of exposure to chlorine and stabilized (S.) hypobromite at 500–800 mg-Cl2/L in 211 
seawater. The symbols and error bars represent the average and range of the triplicated 212 
chemical exposure tests, respectively. 213 
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3.2 Reduction of fouling constituents 214 

3.2.1 Bacteria  215 

The disinfection potential of the stabilized hypobromite in seawater was assessed using viable 216 

bacterial counts determined via colony-forming bacteria (Figure 2). After 1–5 mg/L 217 

treatment with either stabilized hypobromite or chlorine, the viable bacterial counts were 218 

reduced by 5.9 × 103 counts/mL and eliminated. Both chemicals also remained after the 219 

disinfection; the residual concentrations of stabilized hypobromite and chlorine at a chemical 220 

dose of 1 mg/L were 0.5 and 0.1 mg/L, respectively (Figure S4). Thus, the results indicate 221 

that a stabilized hypobromite dose of 1 mg/L is sufficient for inactivating colony-forming 222 

bacteria in seawater and that its effectiveness is comparable to that of chlorine. It should be 223 

noted that the plate-counting method only includes colony-forming bacteria grown on the 224 

R2A medium. In fact, most bacteria in water environments, including seawater, do not form a 225 

colony; thus, the conventional plate-counting method may underestimate the possibility of 226 

biofouling on membrane surfaces. 227 

 228 
Figure 2 Viable bacteria counts determined by colony plate count during the disinfection 229 
using chlorine and stabilized hypobromite in seawater for 5 h at 25°C. Error bars indicate the 230 
standard deviations of duplicated disinfection tests. 231 

Epifluorescence microscopy along with the staining of bacteria can cover almost all bacteria 232 
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the counting of intact bacteria having no damage on their cell membranes. With the highest 234 

chlorine dose of 5 mg/L in seawater, the intact bacterial counts decreased from 19.0 × 105 to 235 

9.6 × 105 counts/mL (#1 in Figure 3). At the same time, the 5 mg/L dose of stabilized 236 

hypobromite in seawater resulted in an even higher reduction from 19.0 × 105 to 1.3 × 104 237 

counts/mL. A similar reduction trend was also obtained when using the treated seawater 238 

collected on a separate occasion (#2 in Figure 3). Chlorine, which is not allowed to remain 239 

on polyamide RO membrane surfaces, is a powerful disinfectant that damages bacterial 240 

membrane cells, enzymatic functions, and nucleic acids [20]. The results of this study 241 

indicate that stabilized hypobromite is superior to chlorine with respect to its reduction of 242 

intact bacteria counts, suggesting that it has great potential for effective use in biofouling 243 

control. We will undertake investigations on the inactivation mechanisms of stabilized 244 

hypobromite in a future study. 245 

 246 
Figure 3 Disinfection effects using chlorine and stabilized hypobromite in two seawater 247 
samples collected on separate occasions (#1 and #2) at a chemical dose of 5 mg/L for 5 h. 248 
Errors indicate the standard deviations for duplicated disinfection tests. 249 
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an ultrafiltration membrane showed two major organic fractions: humics and LMW organic 254 

compounds. Overall, the seawater showed negligible reduction in these two peaks when 255 

treated with either chlorine or stabilized hypobromite, and no changes in organic foulants 256 

caused by the disinfection treatments were identified through LC–OCD analysis.  257 

 258 
Figure 4 Liquid chromatography–organic carbon detection (LC–OCD) chromatogram of raw 259 
seawater and seawater after chlorine and stabilized (S.) hypobromite treatments at a chemical 260 
dose of 5 mg/L for 5 h. 261 
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fluorescence spectra (Figure 5). The spectrum of the non-disinfected seawater showed three 263 
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Ex/Em at 340/425 nm (humic-like substances, denoted by “C”) [23-25]. The peaks at these 266 

regions in the raw seawater (Figure 5a) were consistent with those found in previous studies 267 

concerning the characterization of organics in seawater [13]. Overall, chlorine treatment 268 

reduced the major peaks of regions A, B, and C (Figure 5b), while stabilized hypobromite 269 

treatment caused a smaller reduction in the peaks of these regions (Figure 5c). Although the 270 

EEM data cannot be used for quantitative analysis, the results indicate that stabilized 271 
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seawater, while its impact may be lower than that of chlorine in this respect. As some 273 
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disinfection, these are able to assist in the formation of biofilms in the RO membrane 275 

elements during seawater desalination [26]. In addition, the degradation of organics through 276 

chemical reactions can lead to the formation of DBPs, including THMs [25, 27]. Therefore, 277 

the effectiveness of stabilized hypobromite on fouling mitigation and the potential of DBP 278 

formation were assessed in the following sections. 279 

 280 

(a) Raw water 

(b) NaOCl

 (c) S. Hypobromite 

Figure 5 EEM of (a) raw seawater and (b–c) seawater after (b) chlorine and (c) stabilized (S.) 281 
hypobromite treatment at a chemical dose of 5 mg/L for 5 h. 282 
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3.3 Formation of disinfection by-products 283 

Among the four THMs analyzed in this study, the disinfection of seawater using chlorine and 284 

stabilized hypobromite at varied doses of 1–10 mg/L resulted only in the formation of 285 

bromoform (CHBr3). The other three THMs, chloroform (CHCl3), dibromochloromethane 286 

(CHBrCl), and bromodichloromethane (CHBr2Cl), were not identified at above the detection 287 

limit (2 µg/L). Generally, bromoform is the most abundant halogenated organic chemical 288 

formed through the chlorination of seawater [3]. On the whole, the formation of bromoform 289 

increased along with the increasing chemical dose in the present study. In particular, during 290 

chlorine treatment, the bromoform formation increased along with the dose of chlorine up to 291 

35 µg/L (Figure 6a). It should be noted that the formation of bromoform by chlorine is a 292 

rapid reaction that takes place within an hour, which is not the case with respect to the other 293 

three THMs [28]. In contrast, the stabilized hypobromite treatment resulted in a lower 294 

bromoform formation of up to 23 µg/L, while the residual concentration of stabilized 295 

hypobromite was higher than that of chlorine at all chemical doses (Figure 6b). Altogether, 296 

the results indicate that stabilized hypobromite is less reactive than chlorine.  297 
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 298 
Figure 6 (a) Concentrations of bromoform in seawater as functions of chlorine and stabilized 299 
(S.) hypobromite doses and (b) residual chemical concentrations after each test (reaction time 300 
of 5 h, temperature of 25°C, and initial pH of 7.0). The symbols and error bars represent the 301 
average and range of duplicated formation tests, respectively. The dashed line indicates the 302 
equality line with a slope of 1.0. 303 

As the formation of THMs can vary depending on reaction time, the maximum formation 304 

potential of THMs caused by stabilized hypobromite or chlorine treatment was also evaluated 305 

for an extended reaction period of 96 h (Figure 7). Among the four evaluated THMs, neither 306 
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some marine species (e.g., shrimp and menhaden) [30]. Therefore, the fact that stabilized 316 
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hypobromite leads to a lower formation of bromoform gives it an advantage over chlorine 317 

with respect to THM formation. 318 

 319 
Figure 7 Concentrations of THMs at a chemical dose of 5 mg-Cl2/L and a reaction time of 96 320 
h (temperature of 25°C and initial pH of 7.0). The data represent the average and range of 321 
duplicated formation tests. 322 

The maximum potential formations of HAAs and bromate caused by stabilized hypobromite 323 

and chlorine were also determined (Figure 8), and the results revealed that disinfection at a 324 

stabilized hypobromite resulted in the formation of dibromoacetic acid (DBA) at 29 µg/L. 325 

Chlorine treatment resulted in higher formations of monochloroacetic acid (MCA), 326 

monobromoacetic acid (MBA), and DBA (2, 9, and 63 µg/L, respectively). Bromine, a 327 

precursor of bromate, is abundant in seawater with a concentration in the range of 65–80 328 

mg/L, and high concentrations of bromate (50 µg/L) were found after chlorine treatment. In 329 

contrast, no bromate formation (<10 µg/L) was detected after stabilized hypobromite 330 

treatment. The concentration of bromate after chlorine treatment was greater than the WHO 331 

guideline value for drinking water (10 µg/L) [31]. Generally, RO processes can achieve a 332 

high rejection of bromate ion removal (>95%) [32]; however, this means that high 333 

concentrations of bromate ions can be discharged into the water environment through brine. 334 

Therefore, disinfection using stabilized hypobromite, a weaker oxidant than chlorine [33, 34], 335 

has the advantage that it results in a lower formation of bromate in seawater.  336 
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 337 
Figure 8 Concentrations of HAAs and bromate at a chemical dose of 5 mg-Cl2/L and 338 
reaction time of 96 h and 13.5 days, respectively (temperature of 25°C and initial pH of 7.0). 339 
The data represent the average and range of duplicated formation tests. The concentration of 340 
chemicals with asterisk (*) represents below the detection limit of 2 µg/L. 341 

The results of this study indicate that stabilized hypobromite is able to form smaller amounts 342 

of THMs, HAAs, and bromate than chlorine during disinfection in seawater. Yang et al. [13] 343 

have reported that dissolved organic matter with a MW of <1 kDa dominates the formation of 344 

THMs and HAAs during the chlorination of seawater. Small and hydrophobic neutrals in 345 

particular, including humic acid-like and aromatic protein-like substances, are major 346 

precursors of THMs and HAAs. In this study, it was found that chlorine reduced a larger 347 

amount of these small and hydrophobic neutrals compared with stabilized hypobromite 348 

(Figure 5). This implies that stabilized hypobromite reacted less with these small organics in 349 

the seawater, resulting in a lower formation of THMs and HAAs. The DBP formation of 350 

THMs, HAAs, and bromate varies considerably depending on disinfection conditions (e.g., 351 

concentration, reaction time, and temperature) and water matrix conditions (e.g., precursor 352 

concentrations). To assess the efficacy of stabilized hypobromite during seawater 353 

desalination, it is important to validate the effectiveness of stabilized hypobromite for 354 

controlling membrane fouling and DBP formation with optimized disinfection conditions at 355 

pilot or full scale. 356 
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3.4 Pilot-scale demonstration  357 

The pilot-scale test demonstrated the effectiveness of pre-disinfection with stabilized 358 

hypobromite on biofouling mitigation (Figure 9). Over the course of the 180-day test, the 359 

differential pressure of the feed stream (ΔP) in the system containing stabilized hypobromite 360 

remained stable at approximately 8 kPa, while that in the system without pre-disinfection 361 

(control) increased proportionally from 8 to 28 kPa after 100 days of filtration (Figure 9a). 362 

Biofouling typically becomes evident after a certain period of the treatment, when substantial 363 

biofilm formation along with biological growth begins to occur. The ΔP represents the level 364 

of clogging in the feed stream, which is related to hydrolytic resistance. Thus, the results 365 

indicate that stabilized hypobromite is able to alleviate the deposition of foulants between the 366 

membranes and spacers in the feed stream. Similarly, the mitigation of biofouling by 367 

stabilized hypobromite was observed in normalized flux (Jt/Jt=0), corresponding to the level 368 

of membrane fouling on the membrane surface. A notable difference between the control and 369 

stabilized hypobromite systems was observed after 70 days of operation (Figure 9b). At this 370 

time, the normalized flux of the control system decreased to 0.6, while the stabilized 371 

hypobromite system maintained a normalized flux above 0.8. This indicates that the 372 

stabilized hypobromite system requires a lower energy than the control system to maintain a 373 

specific permeate flux. It is noted that the conductivity rejection of both systems was above 374 

99.3% throughout the evaluation (Figure S5), which means that the changes in the membrane 375 

properties during the half-year test were insignificant. The pilot-scale evaluations 376 

demonstrated that pre-disinfection of seawater using stabilized hypobromite was capable of 377 

alleviating bacterial growth in the RO feed channel as well as on the membrane surface 378 

without compromising the separation of salts, maintaining the permeance of the seawater RO 379 

membrane for half a year. Despite successful demonstration of controlling membrane fouling 380 

and DBP formation using stabilized hypobromite, it requires higher costs than conventional 381 
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disinfectants (e.g., sodium hypochlorite). A future study that focuses on the chemical dose 382 

optimization and chemical cost analysis will clarify the potential of stabilized hypobromite as 383 

an alternative disinfectant to chlorine. 384 

  385 

Figure 9 Changes in (a) differential pressure across the feed channel (ΔP) and (b) normalized 386 
permeate flux (Jt/Jt=0) during RO treatment of seawater with and without 0.2 mg-Cl2/L of 387 
stabilized (S.) hypobromite. 388 

4 Conclusion 389 

A new disinfectant, stabilized hypobromite, was found to be a viable alternative to chlorine 390 

for controlling membrane fouling while maintaining sufficient disinfection capacity during 391 

seawater treatment. The stabilized hypobromite did not cause degradation of the tested RO 392 

membrane, indicating that it can be used continuously for disinfection on polyamide RO 393 

membrane surfaces. Hypobromite and chlorine were also found to be equally effective in 394 

reducing potential fouling constituents (bacteria and organics). The formation of major DBPs 395 

including THMs, HAAs, and bromate caused by stabilized hypobromite was found to be 396 

lower than that caused by chlorine, indicating the superiority of stabilized hypobromite over 397 
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chlorine in this respect. Pilot-scale RO treatment of seawater with a continuous dose of 398 

stabilized hypobromite further revealed a half-year continuous operation without major 399 

fouling. Altogether, the results of this study indicate the great potential of stabilized 400 

hypobromite for use as a disinfectant of RO membranes for controlling DBP formation and 401 

membrane fouling during seawater desalination. 402 
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