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Abstract 

Commercial shipping activities impart significant strain on one of our most 

important natural resources as demand for affordable global trade drives ever increasing 

marine traffic. Shipping has long been recognized as one of the greatest threats to the 

health of the world’s oceans due to the translocation of invasive species by way of 

ballasting operations, which are indispensable to maintain ship safety and not likely to 

be abandoned as a practice. Yet, the industry’s role in the global movement of 

anthropogenic contaminants has not been previously investigated and may very well 

threaten marine and human health. As shipping traffic increases and new routes are 

navigated (opening of the Northwest Passage), the potential exists for the introduction 

of persistent and harmful contaminants to previously pristine waters. Upcoming 

regulatory change will further contribute to the environmental burden as ships will soon 

be required to treat ballast water using disinfecting techniques to prevent the spread of 

marine biota. Although seeking to address one global issue, the treatment of bromine-

rich seawater will likely generate large inputs of toxic disinfection byproducts to the 

world’s oceans.  

This goal of this dissertation was to explore current and future potential impacts 

on the marine environment by using a combination of high resolution mass 
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spectrometry instruments and data processing workflows. Ship ballast and port water 

samples were analyzed using complimentary targeted and non-targeted analyses to 

characterize the organic pollutant burden contained within tanks and extant in ports. 

This revealed the quantifiable presence of contaminants derived from both land sources, 

such as agricultural pesticides associated with land runoff, as well as compounds typical 

of shipboard maintenance and cleaning solutions. Several of these compounds have 

been shown to serve as precursors for disinfection byproduct (DBP) formation when 

subjected to chlorination and their presence may be cause for concern as the shipping 

industry begins to incorporate ballast water treatment systems. The role of natural 

organic matter composition in DBP formation was then investigated by chlorinating 

natural and synthetic seawater. Using a combination of high resolution gas and liquid 

chromatography coupled with accurate mass spectrometry, comprehensive disinfection 

byproduct profiles were generated to better understand the environmental conditions 

under which they are likely to form. Brominated and chlorinated compounds were 

tentatively identified and should be analyzed for potential toxicity prior to global release 

during ballasting operations. Finally, DBPs formed through chlorination of organic 

pollutants in seawater were identified and their chemical properties estimated using 

prediction software tools. This is important to assess the potential environmental fate 
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and risk to coastal ecosystems beyond the release of treated ballast water for compounds 

which have yet to be systematically studied under natural conditions.  

This dissertation used non-targeted workflows to supplement standard targeted 

analyses in order to discover compounds that may be of environmental concern relating 

to the shipping industry. As such, informed recommendations can be made as to the 

appropriate environmental conditions in which seawater chlorination should and 

should not be applied. In addition, this allowed for discovery of additional novel 

disinfection byproducts which can be further investigated for toxicity potential.  
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1. Introduction  

1.1 Global Shipping Impacts 

Recent globalization has increased reliance on shipping for transporting goods 

worldwide, resulting in about 9.35 billion metric tons of cargo transported by sea in 2013 

alone (UNCTAD, 2012). As a result of heavy oceanic transport, the International 

Maritime Organization (IMO) estimates that 3-10 billion metric tons of ballast water is 

discharged from vessels carrying water from other parts of the world each year (Kim et 

al., 2015; Ng et al., 2018). Ballasting operations have been identified as the major vector 

for the translocation of aquatic organisms globally, many of which become invasive in 

new environments (Ruiz et al., 1997). The introduction of invasive species into an 

environment often translates to disruption of local ecosystems, loss of fishery revenue 

and even risk to human health (Delacroix et al., 2013). In an effort to mitigate such 

impacts, the International Maritime Organization (IMO) has enacted the International 

Convention for the Control and Management of Ships Ballast Water and Sediments. 

While these stipulate ballast water exchange methods intended to reduce the spread of 

aquatic organisms globally, they are not 100% effective. 

As of September 2016, the IMO ratified its Ballast Water Management 

Convention, which will require commercial ships to begin installing ballast water 
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management systems (BWMS) according to a specified schedule beginning in September 

2017. Approved systems use combinations of physical-solid separation and disinfection 

mechanisms to destroy and remove aquatic organisms, preventing their global spread 

during ballasting operations. As of 2012, 45% of the 68 approved systems rely on the use 

of chlorine, whether generated in situ or by hypochlorite addition, and these tend to be 

preferred by ship owners due to cost, efficacy and easy-of-use (Lloyd’s Register, 2012). 

Oxidative treatment applied to halogen-containing waters, particularly seawater, is well-

known to generate disinfection byproducts (DBPs) through reaction with natural 

organic matter and halide addition to anthropogenic pollutants (Kim, et al., 2015; 

Gonsior, et al., 2015; Duirk, et al., 2011; Postigo and Richardson, 2014). The current 

system approval process requires assessment of volatile DBPs for BWMS making use of 

active substances, but does not consider semi- and non-volatile polar DBPs, which are 

expected to persist in the aqueous phase (IMO 2008c, IMO 2008d). As such, it is 

imperative to understand the potential impacts when 57,000 commercial ships begin 

releasing treated ballast water along coastal ecosystems.  

1.1.1 Ballast water exchange: Issues in shipping industry practices  

Water is routinely taken aboard ships as a weighting and stabilizing resource in 

the shipping industry to counter-balance the buoyant forces the waters in which it sails. 
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During shipping operations, water is pumped into ballast tanks aboard the ship to 

maintain stability and maneuverability, reduce stress on the hull and eliminate 

disturbing vibration and movement. The ship ballasts and de-ballasts as cargo is 

unloaded and loaded, respectively, and water may be transferred internally between 

tanks as necessary to prevent listing. Given an estimated global merchant fleet of 

approximately 57,000 ships, this equates to the translocation of over 10 billion metric 

tons of water annually (Statistica, 2016; Werschkun, et al., 2014). Ballast operations are 

indispensable to the shipping industry but are recognized as one of the greatest threats 

to the health of the world’s oceans through facilitation of global biodiversity loss 

(Simberloff, et al., 2013).  

This is attributed to the transfer of aquatic organisms along with the ballast water 

into new environments, leading to an alteration of receiving ecosystems under 

conducive conditions. Marine waters contain microorganisms, such as bacteria and 

protozoan cysts, as well as larger fish and shellfish, which are inadvertently pumped 

onboard during ballasting and released intact into new environments during 

deballasting. Newly introduced species lack natural predators thus outcompeting the 

native species and perturbing delicate ecosystems. Virulent pathogens, such as Vibrio 

cholerae, and toxin-producing algae are also dispersed through ballast water and have 

been implicated in several human epidemics (Ruiz, et al., 2000; Bright, 1998; Streftaris & 
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Zenetos, 2006). Thus, invasive species damage the ecological and economic landscape in 

terms of fishery alteration, threats to human health and creating a need for excessive 

anti-fouling measures (Pimentel, et al., 2005). 

Following the recognition of ballast water-associated invasive issues, regulations 

were established to help mitigate further invasions. In particular, the IMO enacted the 

International Convention for the Control and Management of Ships’ Ballast Water and 

Sediments (BWM Convention) in 2004 (IMO, 2004). Regulation D-1 of the Convention 

was adopted immediately and set guidelines for Ballast Water Exchange (BWE), 

requiring ships to exchange at least 95% of ballast tank volume using sequential, flow-

through, dilution or exchange methods, at least 50 nautical miles from land in waters of 

at least 200 m. The BWE method is intended to reduce survival of aquatic organisms 

entrained from one type of environment by release into another of differing water 

quality and environmental characteristics. Although BWE has helped reduce the 

incidence of invasive attacks, it is only 95 percent effective due to a small volume of un-

pumpable ballast water which remains in the tank and mixes with incoming water. As a 

next step to invasive prevention, Regulation D-2 was fully ratified in September 2016 

and entered into force 12 months later, requiring ships to maintain maximum allowed 

limits of viable organisms to be discharged in ballast water. To accomplish such 
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stringent requirements, every operational merchant vessel will be required to install an 

approved BWMS according to a published schedule.  

The approval process for BWMS are outlined in IMO guidelines G8 and G9, 

requiring rigorous testing benchmarks (IMO 2008a, IMO 2008b). However, the goal of 

BWMS testing, and thus the primary focus, is in assessing the ability of the system to kill 

aquatic organisms to meet Regulation D-2 standards. BWMS approval must be 

approved by a competent flag state authority, including DHI in Singapore and NIVA in 

Sweden. There, land-based testing is performed to evaluate the kill efficacy of each 

BWMS under two different salinities, designed to encompass the conditions under 

which it may be operated. Test water may be blended and spiked with additives, such as 

lignin, tea and methylcellulose, to meet specified total suspended solids (TSS) and NOM 

criteria. System dossiers also specify information regarding chemicals used and 

generated by treatment, as well as results from acute and chronic whole effluent toxicity 

testing. Upon passing land-based approval, the system is subjected to ship-board testing 

where efficacy is again tested on natural waters, though DBPs and ecotoxicity are not 

evaluated. 

To meet D-2 standards all BWMS make use of a combination of physical solid-

liquid separation (filtration, coagulation, etc.) and chemical or physical disinfection 

(chlorination, ozonation, UV radiation). Generally, systems apply disinfection at uptake, 
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hold treated water for a minimum amount of time (usually 5 days) and apply 

neutralizing chemicals to meet the residual oxidant threshold of 2.0 mg/L stipulated by 

the IMO upon discharge. To date, approximately 68 BWMS have been approved, in 

which 45% use chlorination techniques, whether in the form of in situ electrochlorination 

or direct hypochlorite addition to the ballast water (IMO BWM Technologies, 2018). 

Chlorination represents such a substantial proportion of the industry due to its efficacy 

in meeting discharge standards, ease of use to crewmembers and relatively low cost 

(Werschkun, 2012). Given the expected heavy use of chlorination methods in shipping 

upon enforcement of the BWM Convention, this work focuses on this disinfection 

method and addresses the possible environmental consequences. 

1.2 Oxidative Water Disinfection 

Water disinfection technologies have been fundamental in reducing the 

incidence of drinking water related illness, such as typhoid, and improving overall 

public health since the beginning of the 19 th century (Richardson, 2003; National 

Research Council, 1987). Following that time, the most common and effective 

disinfection method for drinking water treatment and sanitation purposes adopted 

worldwide is chlorination (US EPA, 2011). However, in the 1970’s, it was discovered that 

chlorine reacts with natural organic matter (NOM) present in the water to form toxic 
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trihalomethane (THM) disinfection byproducts (DBPs) (Rook, 1974). Additional DBP 

classes have since been identified and quantified in drinking water, including haloacetic 

acids (HAAs), haloacetonitriles (HANs), halophenols and haloketones (Richardson, 

2003). Over the following decades, hundreds of additional halogenated and non-

halogenated DBPs of many classes have been detected in disinfected drinking and pool 

waters (Richardson, et al., 2007; Richardson, et al., 2010). In the US, the Environmental 

Protection Agency (EPA) has set limits for several THM and HAA compounds in 

drinking water systems that have been linked to adverse health effects in 

epidemiological studies (Richardson, et al., 2007).  

However, due to the effectiveness, wide availability, long-lasting residual and 

low cost, chlorination remains a main choice in water disinfection. It has been so 

extensively and successfully used for drinking water purposes, that it has now been 

applied to disinfection of wastewater effluents, to prevent fouling at desalination plants 

and in treatment of ballast water (Yang and Zhang, 2016; Du, et al., 2017; Le Roux, et al., 

2015; Gonsior, et al., 2015). Often these applications involve treating brine or saline 

waters, resulting in preferential formation of brominated, and to a lesser extent 

iodinated, DBPs. In fact, the brominated forms of these compounds tend to increase with 

bromide concentration during chlorination. Studies have found these compounds to 

have greater inherent toxicity as opposed to their chlorinated analogues (Richardson, et 
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al., 2007; Gong and Zhang, 2015; Liu and Zhang, 2014; Yang and Zhang, 2013). Yet little 

is known regarding the potential ecological and human health risks associated with the 

release of huge volumes of ballast water into coastal and port areas. 

1.3 Chlorination Chemistry 

During chlorination of natural waters, chlorine may be introduced into receiving 

water as chlorine gas (Cl2), sodium hypochlorite (NaOCl) or calcium hypochlorite 

(Ca(OCl)2) where it hydrolyzes with water to form hypochlorous acid (HOCl) and 

hypochlorite (OCl-) according to the following reactions, respectively (White, 1999; 

Deborde and Gunten, 2008): 

Cl2 + H2O ⇔ HOCl + H+ + Clˉ 

NaOCl ⇔ Na+ + OClˉ 

Ca(OCl)2 ⇔ Ca2+ + 2OClˉ 

HOCl ⇔ OClˉ + H+ 

 

The hypochlorous acid and hypochlorite pair is known as the free chlorine 

residual, with HOCl being a much better disinfectant than the base. Thus, the 

disinfection potential of a receiving water is dependent on pH as the pKa is 7.6. 

Chlorination of saline waters containing relatively high concentrations of bromide, such 
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as in seawater, results in the generation of additional halogenated oxidation species 

(Gonsior, et al., 2015; Zhang, et al., 2014; Kumar and Margerum, 1987; Nagy, et al., 1988). 

Although bromide does not react with NOM directly, it is oxidized to by HOCl to form 

HOBr as follows: 

HOCl + Brˉ  ⇔ TOBr + Clˉ  (BrOˉ + H+ ⇔ TOBr) 

Studies have found that HOBr reacts 20 times faster, acting as a substitution 

agent, as compared to HOCl, which acts more efficiently as an oxidizing agent (Symons, 

et al., 1993; Acero, et al., 2005; Westerhoff, et al., 2004).  Thus, in seawater containing 

bromide concentrations of 65-68 mg/L, higher concentrations of brominated DBPs are 

formed following chlorine disinfection as compared to brackish and freshwaters, which 

can contain just trace amounts (<0.5 mg/L) (Morris and Riley, 1966; Hua, et al., 2006). 

Iodinated DBPs, on the other hand, tend to be more toxic than both chlorinated and 

brominated analogues but are formed in significantly lower concentrations (Yang and 

Zhang, 2013; Yang, et al., 2014). This is due both to its relatively low concentration in 

seawater as compared to bromide and iodide (60 ug/L) as well as its tendency to form 

IO3- according to the following reactions, inhibiting formation of iodo-DBPs (Criquet, et 

al., 2012): 

HOCl + I-  → HOI + Clˉ  (IOˉ + H+ ⇔HOI) 

2 HOBr + IOˉ → IO3- + 2 H+ + 2 Brˉ 
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The oxidizing species HOCl, HOBr, HOI and others formed in lower 

concentrations, such as Br2, Cl2, BrCl and BrOCl, react with NOM and organic pollutants 

to form halogenated DBPs. These free halogen residuals can react with organic 

pollutants present in the treated water by addition across double bonds and aromatic 

rings. For example, halogenated nonylphenols, nonylphenol ethoxylates and 

nonylphenol carboxylates were detected during drinking water production following 

chlorination of source waters containing the non-halogenated parent compounds 

(Petrovic, et al., 2003). Similarly, NOM contains various functional groups along which 

oxidizing agents can form carbonaceous DBPs through oxidation and substitution 

reactions with acetyl, carboxyl, phenol, carbonyl, methoxyl and alcohol moieties (WHO 

EHC, 2000; Khan and Weinberg, 2007). Dissolved organic nitrogen (DON) and non-

aromatic amine precursors, such as amino and nucleic acids, serve as precursors for a 

relatively new class of nitrogenous DBPs (N-DBPs), including chloropicrin and N-

nitrosodimethylamine (Shah and Mitch, 2012; Bond et al., 2012). In comparison to 

carbonaceous analogues, N-DBPs have been shown to impart significantly greater geno- 

and cytotoxicity in mammalian cell assays (Muellner, et al., 2007; Plewa, et al., 2008). 

Thus, complex mixtures of DBPs may be formed upon disinfection of natural waters 

depending on the type and quantity of substituents, and source and concentration, of 

NOM. In a study by Gonsior, et al, 2017, full scale electrochlorination of ballast water 
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yielded 462 individual brominated DBPs not present in untreated water, including the 

novel compound tentatively identified as tribromoethenesulfonate, illustrating the 

complexity of disinfection effluents.   

1.4 High Resolution Mass Spectrometry 

Current methods for analyzing known and emerging contaminants in complex 

environmental matrices include liquid and gas chromatography coupled with mass 

spectrometry (Richardson, 2003). The significantly higher resolution capabilities of 

current mass spectrometer instruments support exact mass measurements of analytes 

detected at ultra-trace levels, allowing distinction among isobaric compounds to more 

than four decimal places. Accurate mass of parent and fragment ions, in combination 

with isotopic distribution, provides information regarding both compound composition 

as well as structure. Ultimately, these molecular details are used to reduce the number of 

potential formulas and allows more confident formula assignment (Schymanski, et al., 

2015; Hollender, et al., 2017). Instruments such as the Thermo Scientific Orbitrap are 

capable of achieving resolutions >240,000 FWHM and mass accuracy of <2 ppm while 

acquiring full scan spectra. The ability to obtain high resolution, accurate mass data 

allows for more confident, non-targeted identification of known and emerging 

contaminants without a priori knowledge of their presence. This is extremely useful for 
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identifying compounds which are not available in traditional spectral libraries, such as 

brominated and iodinated disinfection byproducts.  

 Often, analysis of environmental samples is performed by one separation 

technique or another (i.e. GC vs. LC), depending on the expected molecular 

characteristics of the analytes in question. For example, volatile and semi-volatile, apolar 

and thermally stabile compounds are best suited for gas chromatography separation, 

while an analyst is likely to choose liquid chromatography for more polar, high 

molecular weight and thermally labile compounds. However, for complex 

environmental samples in which a variety of compounds are anticipated, it is highly 

advantageous to perform both GC and LC analyses to gain a wider analytical 

perspective.   

1.5 Objectives of the Dissertation 

The overall goal of this dissertation was to gain understanding of the potential 

for commercial shipping to both propagate and generate organic contaminants in 

marine environments by applying high resolution mass spectrometry workflows.  

First, the role of shipping ballast water as a vector for the translocation of port- 

and ship-derived micropollutants between ports was evaluated by characterizing the 

tank environment using targeted and non-targeted LCMS analyses. The chemical 
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composition was assessed from a range of ship types (container, bulker, tanker) collected 

from several global ports. The results were used to evaluate the source of organic 

contaminants detected within ballast tanks, whether from land- or ship-derived, as well 

as the potential of those compounds to form disinfection byproducts. Additionally, 

similarity between paired ballast and port water samples was used to determine if 

chemical composition in the ballast tank is reflective of local port conditions.  

The potential for NOM and halides in seawater to form DBPs during and 

following chlorination was evaluated using a combination of high resolution GC/MS 

and LCMS/MS targeted and non-targeted analyses. Natural and artificial seawater 

amended with standard reference NOM represented various water characteristics likely 

to be encountered during BWM activities. By considering non-, semi- and polar 

compounds using tandem separation methods (LC, GC), wider and more 

comprehensive DBP profiles can be associated with NOM of specific chemical 

composition. Total organic halogen was measured to better understand the formation 

organohalogen compounds in each sample type and to determine the fraction of DBPs 

unresolved by targeted analysis.   

Finally, the formation of pollutant-DBPs following chlorination of polluted 

seawater was demonstrated, and chemical properties were estimated using a 

combination of environmental prediction tools. This provided preliminary information 
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regarding potential environmental outcomes for DBPs lacking experimentally-derived 

data. Additionally, recommendations will be made regarding the use of chlorine 

disinfection for seawater treatment depending on expected natural water characteristics 

with a focus on reducing potential ecological and public health repercussions.   
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2. Characterization of ship ballast water chemical 

environment 

 

Abstract 

Anthropogenically-associated polar organic pollutants are frequently discharged 

into coastal marine systems through land runoff and port operations. In this work, the 

role of the shipping industry in global translocation of these compounds between ports 

and along shipping routes was analyzed by characterizing the chemical burden of 

ballasting operations. Ballast water (n=46) and paired port water (n=10) samples were 

collected from the ports of Long Beach (USA), Singapore, Durban (South Africa) and 

Shanghai (China) and analyzed by liquid chromatography-tandem high resolution mass 

spectrometry. Among 68 targeted pollutants, 41 were quantified in at least one ballast 

water sample of which the most frequently detected were caffeine (95%), carbendazim 

(85%), DEET (72%), bisphenol-A (BPA, 60%), atrazine (39%) and trimethoprim (37%). 

The compounds of highest concentrations were BPA (863.6 ng L-1), acephate (748.8 ng L-

1), 4-tert-octylphenol (461.6 ng L-1) and N,N-desmethylvenlafaxine (322.1 ng L-1). An 

additional 70 compounds were tentatively identified by non-targeted analytical and data 

processing workflows, including 21 pharmaceuticals, 20 biocides, 5 plasticizers and 10 

total metabolites of those classes. Paired ballast and harbor water samples were 

compared and ballast handling logs used to confirm that the organic pollutant burden is 



 

16 

highly dependent on water quality characteristics of the source water during ballasting 

and ballast water exchange operations. This is the first study to confirm the 

pervasiveness of organic pollutants in ship ballast water and underscores the need for 

further systematic monitoring of compound fate in the coastal and open ocean 

environments.  

2.1 Introduction 

Global demand for inexpensive trade and transport of goods over the last century 

has led to development of complex commercial shipping infrastructure and busy 

oceanic routes.  Almost 90% of global trade is transported by sea between over 150 

nations worldwide. Indispensable to the shipping industry is the use of water to add 

weight and stability when a vessel is light on cargo, compensating for increased 

buoyancy. Water surrounding the vessel is pumped into so-called ballast tanks as cargo 

is unloaded or as needed for safe navigation during rough seas, and then pumped out 

during cargo loading. Consequently, shipping operations are responsible for the 

translocation of 3-10 billion metric tons of seawater annually between ports and along 

shipping routes. Unfortunately, ballasting operations also serve as a vector for the 

introduction of invasive marine species to ocean ecosystems, which has caused 

devastating ecological and human health consequences (Ruiz et al., 1997). One such 

example was the introduction of killer algae (Caulerpa taxifolia) to coastal California, 

Japan, Australia and the Mediterranean from the Indo-Pacific, which out-competed 



 

17 

native plants, deprived native fish of its food source and devastated fisheries. 

Algaecides were used to eradicate the plant in California, but at the cost of additional 

economic and ecological burden.  

In an effort to prevent further proliferation of invasive species, The International 

Maritime Organization (IMO) enacted the International Convention for the Control and 

Management of Ships’ Ballast Water and Sediments (BWM Convention) in 2004 (IMO, 

2004). Regulation D-1 of the Convention was adopted immediately and set guidelines 

for Ballast Water Exchange (BWE), requiring ships to exchange at least 95% of ballast 

tank volume in “open ocean” conditions at least 200 nautical miles from land in waters 

of at least 200 m. The BWE method is intended to reduce survival of aquatic organisms 

entrained from one type of environment (coastal, open ocean) by release into another of 

differing water quality and environmental characteristics. Although BWE has helped 

reduce the incidence of invasive attacks, it is only 95% effective due to a small volume of 

un-pumpable ballast water which remains in the tank, and failure to perform BWE 

exchange in unfavorable oceanic conditions. As a next step to invasive prevention, 

Regulation D-2 was ratified in September 2016 and entered into force 12 months later, 

requiring ships to maintain a maximum limit of viable organisms to be discharged in 

ballast water. To meet such stringent standards, every operational merchant vessel will 

be required to install an approved ballast water management system (BWMS) by 2020, 

most often by means of disinfection technologies, such as chlorination, ozonation or UV. 
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Despite extensive research documenting ballast water as a vector for invasive 

species movement, very little is known about its role in the global movement of 

anthropogenic contaminants between ports and along shipping routes. Pollution is 

amongst the most prevalent ecological and human health threats to the coastal marine 

environment as evidenced by severe ecosystem decline, particularly near highly 

urbanized cities (Fabbri & Franzelliti, 2016). Polar organic pollutants (POCs), such as 

pharmaceuticals, pesticides, personal care products and industrial chemicals, are 

frequently detected in raw sewage, wastewater treatment plant (WWTP), groundwater 

and surface water streams which ultimately are discharged into coastal waters by way of 

freshwater tributaries (Loos et al., 2013a, Margot et al., 2013, Munaron et al., 2012, 

Nödler et al., 2014). Additionally, POCs are introduced directly by shipping and port 

activities, and raw and treated domestic and wastewater point-source release. Many of 

these compounds are recalcitrant to conventional WWT and/or environmental 

degradation and may potentially become persistent in the coastal marine environment. 

Implementation of BWMS may mitigate biological species translocation but fails to 

address and correct the global chemical burden of shipping activities. As new shipping 

routes open up (i.e. the Northwest Passage) and marine traffic increases to these areas, 

ballasting operations will introduce persistent contaminants to new, pristine regions. 

Potential exists for ecosystem decline in new geographic regions.  
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In this study we report polar organic contaminants (POCs) in samples collected 

from 48 ships in the ports of Long Beach CA USA, Singapore, Durban South Africa and 

Shanghai China. To the best of our knowledge, this study was the first of its kind to 

characterize the chemical characteristics of ballast water by using high resolution mass 

spectrometry and complementary targeted and non-targeted workflows. Water samples 

revealed the global presence of common pollutants such as stimulants, corrosion 

inhibitors, plasticizers, anticonvulsant medications, fungicides and herbicides, drugs of 

abuse and an HIV antiviral medication. Ballast samples were compared to adjacent port 

water in several cases to understand the potential for movement of POCs during 

ballasting operations. This work is important in understanding the residual impacts of 

shipping activities to coastal and port water quality and the movement of organic 

compounds across the world’s oceans. 

2.2 Materials and Methods 

Ballast and port water sampling. Ballast water, port water and surface water grab 

samples were collected on six sampling campaigns between January 2016 and July 2017. 

At the Port of Long Beach, water was sampled from tanks on 32 ships over three 

occasions (January 2016, March 2016, March 2017) and port water was sampled at the 

bow of 3 vessels. Four ships were sampled from the Port of Singapore during April-May 

2016, including one paired port water sample. In April 2017, three ships were sampled in 
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the Port of Durban, South Africa, and one paired port water sample. From the Port of 

Shanghai, China, six ballast and paired port water samples were collected in July 2017.  

From one ballast tank on each vessel, 1-L samples were collected from mid-tank 

depth using a grab sampler (WILDCO Kimmerer 1.2L stainless steel bottle, Yulee, FL, 

U.S.A.) into pre-combusted 1L borosilicate glass media bottles. The ballast tank sampled 

was chosen based on sufficient water level and tank accessibility, and copies of official 

ballast water handling logs were obtained for that tank. An additional 30 mL of ballast 

water was collected in 40 mL glass EPA vials for DOC analysis. Salinity, temperature, 

pH and dissolved oxygen were measured in situ with a portable meter. Ballast water 

samples were transported to the lab on ice and stored in the dark at 4 oC until 

processing, within 24 hours after collection. 

Ballast Water Sample Cleanup. Isotope-labelled IS (250 ng, 10 µL) were spiked into 

each sample prior to enrichment on Oasis HLB solid-phase extraction cartridges on an 

automated SPE system at 10 mL/min (AutoTrace, Dionex, Sunnyvalle, CA). Dried 

cartridges were extracted with 6 mL of 10% methyl t-butyl ether in methanol, 

concentrated under vacuum (Thermo Scientific Savant SPD121P Vacuum Concentrator, 

Waltham, MA, U.S.A.) and reconstituted to 1 mL of 5% acetonitrile in water. Extracts 

were stored at -20 oC prior to analysis.  

DOC Analysis. Water for DOC analysis was frozen and stored at -20 oC until 

analysis. After thawing, samples were filtered through pre-combusted glass microfiber 
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filters (Whatman GF/F, 0.45 µm) and analyzed by high-temperature catalytic 

combustion on a Shimadzu TOC-L TOC organic carbon analyzer (Shimadzu Scientific 

Instruments, Columbia, Maryland).  

LC-HRMS Analysis. Samples were separated using high performance liquid 

chromatography with high resolution mass spectrometry detection in both positive and 

negative electrospray ionization. A PAL autosampler (CTC Analytics, Zwingen, 

Switzerland) introduced 5 or 25 µL samples for ESI(+) and ESI(-), respectively, to an 

UltiMate 3000 HPLC system (Thermo Fisher, Waltham, MA, U.S.A.) equipped with a 

binary high pressure gradient mixing pump and column heater held at 30 oC. The 

column was Hypersil Gold aQ C18 endcapped (1.9 µm, 2.1 x 100 mm) from Thermo 

Fisher Scientific. For positive ionization, the mobile phase was water/acetonitrile, both 

with 0.1% formic acid to assist in ionization; the mobile phase for negative mode was 

water/acetonitrile without formic acid. At a flow rate of 300 µL/min, the solvent gradient 

program was:  95:5 until 1.5 min after injection, increasing acetonitrile to 56% in 45 

minutes and then to 99% in 10 minutes. This solvent ratio was held constant for 3 

minutes before returning to initial conditions and equilibrating for 2 minutes. Full scan 

MS was acquired using a Fusion Lumos Orbitrap (Thermo Fisher Scientific, San Jose, 

CA, U.S.A.) with a resolution of R = 250,000 (FWHM at m/z 200) over the m/z range 100-

1000. Rapid acquisition scans were acquired over 1 second cycle time using higher-
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energy collisional dissociation (HCD) at 35% collision energy with dynamic precursor 

ion exclusion. 

Nontarget and Target Compound Identification. Targeted analysis of ballast water 

and port water samples was performed against a set of 68 polar, organic lab standards of 

known environmental contaminants, including pharmaceuticals, pesticides, corrosion 

inhibitors and personal care products. Calibration curves were generated, and 

quantitation was performed using TraceFinder EFS software (Thermo Scientific v4.1, 

2018). Additionally, polyethoxylated surfactant series nonylphenol and octylphenol 

ethoxylate (NPEO and OPEO), lauryl, myristyl and cetyl alcohol ethoxylates (LaEO, 

MaEO and CaEO, respectively), and polyethylene and propylene glycols (PEG and PPG) 

hits were confirmed against lab standards by retention time and fragmentation 

comparison.  

Compound Discoverer software (Thermo Scientific v3.0, 2018) was used for peak 

picking, retention time alignment, and adduct and isotope grouping of molecular 

features in all raw files. After targeted identification and detection of polyethoxylated 

series, the remaining molecular features were filtered to extract those with a maximum 

intensity greater than 105 and at least 1 MS/MS spectra. The Compound Discoverer 

workflow included isotope rationalization for molecular formula assignment and 

interrogation of mzCloud spectral library (Highchem LLC, Slovakia) against MS/MS 

spectra. Masses with an mzCloud match greater than 80% were prioritized for 
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identification and assignment of sum molecular formula using Sirius and CSI:FingerID 

algorithms (Duhrkop, et al., 2013). Top structures were searched against the PubChem 

database (Kim, et al., 2015) to determine the number of references and environmental 

relevance to rank potential candidate structures. 

2.3 Results and Discussion 

The target and nontarget pollutant detection results are presented in Table 2 and 

Appendix C, respectively. Of 68 target compounds, 41 were detected in at least one 

water sample above the MDL, and 16 were below the reportable limits as a consequence 

of port and ballast water exchange dilutions. Two containerships sampled from Long 

Beach did not contain any target compounds above the MDL, though nontarget 

pollutants were present. A total of 70 additional compounds were tentatively identified 

in at least one ballast or port water sample and selected compounds are discussed 

below.  

2.3.1 Ballast Water Quality Characteristics 

Water quality characteristics were collected from all ballast and port water 

samples in which in situ measurements were feasible (full details in Appendix A). This 

excluded all 2015 Long Beach and 2017 China samples for lack of equipment access, and 

sample LB16C1 for safety reasons. The temperature of ballast water for those sampled 

the time of collection ranged from 13.7 °C to 31.7 °C (Table 1) and were dependent on 

the location of collection (as determined by unpaired two-sided t-tests, p < 0.05). 
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Samples collected from Long Beach averaged 16.3 °C during March with local water 

temperatures averaging 15.9 °C. Those from Singapore in April and May averaged 31.1 

°C with local water temperatures averaging 31.5 °C, while samples from South Africa in 

April averaged 24.5 °C with local water temperatures averaging 25.4 °C. Salinities of 

ballast water samples ranged from 1.3-36.1 psu with a mean of 32.0. Four samples had 

salinities significantly below mean full strength salinity, inconsistent with expected 

open-ocean exchanged ballast. LB17T2, SG16C2, LB16C9 and SG16C4 had salinities of 

1.3, 10.9, 22.0 and 23.8, respectively. Of these, LB17T2 and GC16C4 filled the sampled 

ballast tank in the Port of San Francisco, USA and Port of Ningbo, China, respectively, 

both which receive freshwater inputs. The remaining two ships reported open-ocean 

empty-refill exchange on the ballast water management report, however measured 

salinities are inconsistent with those expected in seawater (31-37 psu). Across all 

samples, pH averaged 7.72, ranged from 7.29-8.14 and did not vary significantly by 

sampling location. The DOC concentrations varied greatly between all samples, 

regardless of sampling location, ranging from 1.51 to 43.24 mg/L C. The average DOC 

concentration was 9.55 ppm, which is much higher than standard open ocean 

concentrations of around 1-3 ppm. The reason for elevated DOC within tanks is likely 

due to the presence of sediment in the bottom, un-pumpable portion which accumulates 

during voyages and may be “kicked up” as more ballast water is loaded. Higher DOC 

concentrations were most likely from ships that had recently ballasted or had not 
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cleaned out its tanks for a lengthy period of time. However, tank cleaning data was not 

collected, so this cannot be substantiated.  

 

Table 1: Average water quality characteristics by location for all ballast water 

samples, including standard deviation in parenthesis. 

 

Port Sampled 

 

Temperature 

(°C) 

 

Salinity 

(psu) 

 

pH 

 

DOC 

(ppm) 

 

BW age 

(d) 

 

Combined 

Long Beach 

Singapore  

South Africa 

 

18.95 (5.5) 

16.33 (1.7) 

24.53 (0.5) 

31.12 (0.7) 

 

31.97 (7.4) 

32.71 (6.9) 

33.10 (11.7) 

26.34 (0.9) 

 

7.72 (0.2) 

7.70 (0.2) 

7.90 (0.2) 

7.68 (0.3) 

 

9.55 (10.3) 

9.93 (11.1) 

9.89 (8.1) 

5.86 (4.7) 

 

7.9 (6.8) 

6.6 (6.0) 

16.3 (9.0) 

9.7 (4.7) 
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2.3.2 Targeted Compound Quantitation  

Ballast and port water samples were first screened against a suite of 68 standard 

compounds comprised of known environmental and wastewater-associated 

contaminants. Of these, 41 were detected in at least one water sample at concentrations 

above the limits of quantitation, the summary of the results are shown in Table 1. Two 

container ships sampled from Long Beach (LB17C1, LB17C5) did not contain any target 

compounds above the limits of quantitation. At least one target compound was detected 

in the remaining ships and a maximum of 25 were detected in one ship. Additionally, 16 

targets were detected below the limits of quantification, likely due to dilution in the port 

and by BWE activities. All paired port water samples contained at least four quantified 

targets, with a maximum of 27 and mean of 16. The most commonly detected compound 

was the fungicide carbendazim, quantified in 39 (85%) ballast tanks and 9 (90%) port 

samples in the concentration ranges of 0.23-107.74 ng L-1. The industrial chemical 

bisphenol-A (BPA) was detected in the greatest concentrations across all ship samples, 

ranging 6.29-863.62 ng L-1 in 28 (61%) ballast tanks. Though BPA was also detected in 

70% of paired port samples, concentrations were much lower, ranging 7.71-76.23 ng L-1. 

Of the target compounds detected, 21 (51%) were biocides, 5 (12%) were biocide 

transformation products (TPs), 10 (24%) were pharmaceuticals, 1 (2%) was a 

pharmaceutical TP and 2 (4%) were industrial chemicals.  

Following identification of monomeric compounds, common industrial 

polyethoxylated standards were used to identify surfactant mixtures in ballast and port 
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water samples, including polyethylene glycol (PEG), polypropylene glycol (PPG), 

nonylphenol ethoxylate (NPEO), octylphenol ethoxylate (OPEO), nonyl alcohol 

ethoxylate (NEO), decyl alcohol ethoxylate (DEO), cetyl alcohol ethoxylate (CaEO), 

lauryl alcohol ethoxylate (LaEO), myristyl alcohol ethoxylate (MaEO) and tridecyl 

alcohol ethoxylate (TrEO). PEG and PPG are known laboratory contaminants and 

pervasive in plastic materials and detergents. Similarly, compounds such as NPEO and 

NaEO are ubiquitous in environmental samples and commonly found in personal care 

products. Thus, care was taken to reduce false detection by collecting blank field 

samples and performing blank subtraction. Targeted surfactants were detected in every 

ballast and port water sample and the normalized relative abundance of each surfactant 

series signal intensity is shown in Figure 3. PEG and PPG compounds accounted for 

more than 50% of the total surfactant signal intensity in 39 (85%) of ballast water and 6 

(60%) of port water samples. Additionally, targeted surfactants comprised anywhere 

from 14-91% of the total signal intensity of all molecular features over all samples 

(Figure 2). However, it should be noted that this does not indicate concentration as 

signal intensity is dependent on the ionization efficiency of individual compounds.  
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Figure 1: Box and whisker plots of quantified target monomeric compounds in 

log concentration (ng/L) for (top) ballast and (bottom) port water samples. 
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Figure 2: Class distribution of targeted organic contaminants identified and 

quantified in ballast and port water samples.  
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Table 2: Summary of targeted organic contaminants quantified in at least one ballast or port water sample 

      Ballast Samples Port Samples 

Chemical Name Molecular 

Formula 

CAS Mass 

Error 

(ppm) 

RT 

(min) 

Detection 

Limit 

(ng/L) 

Count 

(n = 

46) 

Concentration 

Range (ng/L) 

Count 

(n = 10) 

Concentration 

Range (ng/L) 

Pharmaceuticals 

Carbamazepine C15H12N2O 

298-46-

4 0.212 20.700 0.06 6 0.21-18.05 4 0.26-0.21 

Ceti ri zine C21H25ClN2O3 

83881-

52-1 0.180 27.960 0.6 1 6.44 0 n/a  

Diphenhydramine C17H21NO 

147-24-

0 0.235 21.280 0.6 2 1.33-2.24 1 2.02 

Iminostilbene C14H11N 

256-96-

2 0.311 21.560 0.6 1 3.61 0 n/a  

Irbesartan C25H28N6O 

138402-

11-6 0.537 26.000 0.06 3 0.78-3.02 3 3.73-6.40 

Lamotrigine C9H7Cl2N5 

84057-

84-1 0.353 10.090 0.06 12 0.17-8.85 5 0.12-0.49 

Metoprolol C15H25NO3 
37350-
58-6 0.075 11.160 0.6 12 0.13-1.1 6 0.15-1.76  

Sul famethoxazole C10H11N3O3S 
723-46-
6 0.079 9.010 0.3 9 0.6-55.07 6 0.88-3.34 

Tramadol C16H25NO2 
22204-
88-2 0.190 10.900 0.6 7 0.67-26.75 3 0.7-4.51 

Trimethoprim C14H18N4O3 
738-70-
5 0.276 7.060 0.06 17 0.73-3.00 5 0.83-2.37 

Pharmaceutical transformation products 

N,N-
Didesmethylvenlafaxine C15H23NO2 

135308-
74-6 0.201 11.860 0.06 10 12.06-322.12 3 15.69-30.62 

Biocides 

Acephate C4H10NO3PS 

30560-

19-1 0.328 2.020 1.2 2 6.59-748.83 3 5.45-15.92 

Ametryn C9H17N5S 

834-12-

8 0.088 188.690 0.06 10 0.17-20.98 6 0.27-2.68 
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Atraton C9H17N5O 
1610-
17-9 0.568 15.330 0.06 1 0.24 0 n/a  

Atrazine C8H14ClN5 
1912-
24-9 0.372 15.510 0.06 18 0.17-44.93 7 1.09-16.18 

Azoxystrobin C22H17N3O5 
131860-
33-8 0.198 34.730 0.6 9 0.79-9.81 5 2.27-6.58 

Benomyl C14H18N4O3 

17804-

35-2 0.276 7.060 0.06 1 2.09 0 n/a  

Carbendazim C9H9N3O2 

10605-

21-7 0.314 4.240 0.06 39 0.23-107.74 9 0-72.65 

DEET C12H17NO 

134-62-

3 0.000 24.410 0.06 33 0.25-75.13 8 0.67-32.17 

Fipronil C12H4Cl2F6N4OS 

120068-

37-3 0.321 4.610 0.06 10 0.06-4.36 7 0.08-3.35 

Fluridone C19H14F3NO 

59756-

60-4 0.122 31.080 0.06 2 1.79-30.13 2 0.88-1.53 

Flutolanil C17H16F3NO2 

66332-

96-5 0.217 22.680 0.6 5 0.08-0.42 1 0.29 

Halosulfuron-methyl  C13H15ClN6O7S 
100784-
20-1 0.276 33.950 12 1 0.82 0 n/a  

Imazapyr C13H15N3O3 
81334-
34-1 0.306 6.790 0.6 5 0.11-2.11 3 0.07-0.12 

Imidacloprid C9H10ClN5O2 
138261-
41-3 0.863 9.810 1.2 7 2.02-25.01 6 2.85-19.44 

Metalaxyl C15H21NO4 
57837-
19-1 0.466 25.230 0.6 4 0.71-9.55 5 0.74-2.12 

Metsulfuron-methyl  C14H15N5O6S 
74223-
64-6 0.184 9.950 0.6 2 0.66-0.67 2 0.63-0.67 

Prometon C10H19N5 
1610-
18-0 0.400 15.740 0.06 6 0.24-103.29 5 0.07-3.16 

Quinclorac C10H5Cl2NO2 
84087-
01-4 0.373 16.080 1.2 10 4.86-253.32 4 20.01-83.55 

Simazine C7H12ClN5 
122-34-
9 0.149 6.250 0.06 14 0.64-49.87 6 0.71-6.21 

Sul fapyridine C11H11N3O2S 
144-83-
2 0.040 5.410 0.6 1 2.09 3 2.08-4.31 
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Ti l t (Propiconazole) C15H17Cl2N3O2 
60207-
90-1 0.029 39.860 0.06 2 3.24-10.11 2 1.54-2.10 

Biocide transformation products 
4-Hydroxy 

chlorothalonil  C8HCl3N2O 

28343-

61-5 0.691 7.950 0.6 6 1.75-11.75 5 0.74-4.99 

Atrazine Desethyl C6H10ClN5 

6190-

654 0.053 8.710 0.6 7 0.63-3.65 6 0.62-4.1 

Fipronil Desulfinyl  C12H4Cl2F6N4 
205650-
65-3 0.129 25.470 6 8 6.4-24.8 7 9.12-54.42 

Fipronil sulfide C12H4Cl2F6N4S 
120067-
83-6 0.572 26.480 0.06 8 0.17-7.05 7 0.5-5.68 

Fipronil sulfone C12H4Cl2F6N4O2S 
120068-
36-2 0.642 26.540 0.06 7 0.12-2.96 7 0.17-3.24 

Others (industrial chemicals and additives) 

4-Tertiary Octylphenol C14H22O 
140-66-
9 0.312 26.510 0.6 6 10.47-461.65 1 10.34 

Bisphenol-A C15H16O2 80-05-7 0.175 17.130 6 28 6.29-863.62 7 7.71-76.23 
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Figure 3: Signal intensity-weighted plot of molecular weight (Da) versus retention time (min) for all molecular 
features detected in ballast and port water samples. Blue circles indicate polyethoxylated series and demonstrate 

relatively high chromatographic frequency and intensity. 
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Figure 4: Relative abundances of targeted polyethoxylated surfactants in all ballast and port water samples on the primary 

axis and percent of the total ion chromatogram attributed to surfactants on the secondary axis. 
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2.3.3 Nontarget Compound Identification 

Prior to applying a nontarget workflow to ballast and port water samples, a 

validation experiment was performed assess the performance of the previously 

described instrument method and data processing workflow, and to guide parameter 

thresholds. A mixture of 68 lab standards were spiked into 95:5 water/acetonitrile and 

analyzed according to the non-targeted workflow. Of these, 66 were detected by 

Compound Discoverer and 65 yielded a spectral library match. The mass error and 

mzCloud match scores were regressed against neutral mass to determine the 95% 

prediction limits for those parameters to be used for nontarget identification.  MS2 

spectra were submitted to the in silico fragmentation tool, Sirius, to provide confidence 

against molecular formulas generated in Compound Discoverer. Molecular formulas 

were searched in SciFinder and ranked by number of references to determine 

plausibility and environmental relevance to support identification. This workflow 

allowed for the positive identification of 63 (92%) targeted compounds by nontargeted 

means.  

To tentatively identify unknown compounds in ballast and port water samples, 

feature data extracted from Compound Discoverer was filtered according to the 

validation experiment. A hit was considered as a match when a spectral library match 

score was greater than 80% and mass error was within + 1.1 ppm. Compounds flagged 

for further investigation included 64 in positive ionization mode and an additional 14 in 
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negative mode. Of these, 8 were rejected based on mass error, inability to generate a 

molecular formula, CFM-ID score or lack of literature and environmental reference. 

Ultimately, 70 compounds were tentatively identified in at least one ballast or port water 

sample. As an example, the veterinary tranquilizer and illicit drug, ketamine, was 

proposed after inspection of a chlorine-containing isotopic pattern, 78% spectral library 

match and generation of a fragmentation tree with reasonable mass deviation (Figure 4). 

As a whole, the contaminant classes include pharmaceuticals, biocides, industrial 

chemicals such as rubber additives and perfluoronated surfactants, as well as 

transformation products (Figure 5). Among the compounds with the highest signal was 

the common stimulant, caffeine, and recalcitrant chlorinated organophosphate, tris(1-

chloro-2-propyl)phosphate.  
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Figure 5: Nontargeted workflow steps for the identification of the compound 
ketamine using (top left) isotope rationalization and molecular formula assignment, 

(top right) spectral library match of 89% and (bottom) fragment tree generation with 

low mass error (<2 ppm). 
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Figure 6: Class distribution of compounds tentatively identified in at least one 

port or ballast water sample using the non-target workflow. 
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Figure 7: Heatmap of all target and non-target monomeric and polymeric 

compounds detected across all ballast and port water samples in terms of relative 

signal intensity 
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2.3.4 Pollutant Sources in Ballast & Port Water 

Port areas and coastal waterways are often impacted by an inflow of freshwater 

from rivers, streams and land runoff. Urban stormwater runoff is the largest source of 

pollution deposition to coastal water, acting as a vector for the transport of compounds 

such as pesticides and automotive fluids (USEPA, 2000). Another source of organic 

contaminants is from treated wastewater streams and reclaimed water used for 

irrigation and agricultural purposes (Ong, 2016). These modes of coastal contamination 

were evidenced by the detection of such expected compounds in the majority of ballast 

water samples and all of the port water samples. Out of 68 targeted compounds, 30% 

were biocides, including atrazine, a high volume herbicide commonly used on golf 

courses and residential lawns and 7% were biocide transformation products, including 

atrazine deisopropyl. These types of compounds are often transported to coastal 

waterways by rain and runoff events. The second largest class of compounds detected 

are pharmaceuticals, which made up 15% of target and 30% of non-target compounds. 

Many of those detected are recalcitrant by conventional wastewater treatment systems 

(WWTS) and present in detectable concentrations in wastewater streams, including 

carbamazepine, metoprolol and tramadol (Giraud et al., 2014).  The chlorinated 

organophosphate flame retardant tentatively identified as tris(2-chloroethyl)phosphate 

was relatively ubiquitous among samples. Given its known recalcitrance through 

WWTS, it has been used as a tracer wastewater streams and its presence suggests this as 

a source.   
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The stimulant caffeine was the most abundant analyte detected in this study with 

a frequency of 95% and 98% in ballast and port water samples, respectively, in 

concentrations as high as 65.2 ng L-1 (Figure 6).  The caffeine metabolite paraxanthine 

was also present in five ships and four harbor water samples, ranging from 18-40% of 

the caffeine signal intensity (paraxanthine was detected by nontarget methods and not 

quantified). Caffeine is commonly used as an indicator for the presence of raw sewage 

input when it is detected in natural waters given that more than 99% is removed by 

conventional WWTP and its relatively short persistence in coastal seawater, t1/2 3.5->100 

days (Buerge et al., 2003, Benotti & Brownawell, 2009). Previous studies have quantified 

concentrations of caffeine along coasts in the USA and Europe, finding median 

concentrations of 11-58 ng L-1 and as high as 358 ng L-1 in Venice, Italy (Loos et al., 2013b, 

Weigel et al., 2004, Klosterhaus et al., 2013). Considering the frequency of detection 

across all sampling locations and ships, regardless of having performed open ocean 

exchange in which significant dilution would be expected, the findings suggest chronic 

introduction into ballast tanks such that concentrations are similar to those detected in 

coastal environments (Nödler et al., 2016). These data imply that intentional or 

unintentional raw sewage dumping by commercial and recreational ships along busy 

shipping routes are likely the source for caffeine ubiquity in ballast tanks rather than 

from, or strongly in addition to, land-derived runoff sources.  
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Among the most frequently detected compounds in ballast water were the 

biocides carbendazim (85%), DEET (72%) and atrazine (39%), all of which are 

recalcitrant in conventional WWTP. Carbendazim is a broad spectrum agricultural 

benzimidazole fungicide used to protect crops against fungal diseases and, in some 

cases, as a worm control agent at golf courses (Pan et al., 2012, Singh et al., 2016). 

Classified as an endocrine-disrupting chemical and potential human carcinogen, its use 

has been banned in the USA, Australia and most European Union countries, though 

continues to be used widely in China, India, Portugal and Brazil (Huan et al., 2016, Xu et 

al., 2018).  Despite its phase-out, a study of 22 wastewater treatment plants in Germany, 

carbendazim was detected in 100% of effluents in concentrations up to 78 ng L-1 (Merel 

et al., 2018). The majority of its occurrence in the wastewater stream is likely attributed 

to residual rainwater runoff and application use of old product; however, more recently, 

leachate from paper and textiles has been implicated as an additional source (S ingh et 

al., 2016). In this study, concentrations up to 107.7 ng L-1 and 72.6 ng L-1 were quantified 

in ballast and port water samples, respectively, particularly in those collected from 

China and Singapore.  

Conversely, the insect repellant DEET (N,N-diethyl-meta-toluamide) is used 

worldwide for protection against mosquitoes and other biting insects, and has been 

detected in environmental matrices in Europe, Asia, Oceania, and North and South 

America (Merel & Snyder, 2016). DEET is most often applied dermally and so its 
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introduction to the aquatic environment is through household wastewater effluents or 

directly by recreational activities.  In literature, the attenuation rate of DEET has been 

reported in the ranges of 10-90% depending on the type of treatment processes applied 

and operating condition, the remainder of which may be introduced to coastal waters 

through wastewater effluent discharge. In this study, the compound was detected in 72 

and 80% of ballast and port samples, respectively, in concentrations up to 75.1 ng L-1. 

The highest concentrations of DEET were detected in four ballast and port water pairs 

from Shanghai, one pair from Singapore and a ship sampled in Long Beach that 

reported Kaohsiung, China as its last intake port.  

Additional contamination was expected to be derived directly from ship 

maintenance activities, grey water disposal and fueling within ports to contribute 

directly to port water pollution. The chemical characteristics of grey water from ships is 

likely to contain pharmaceuticals and personal care products similar to those already 

present in port water from land sources. This makes grey water constituents a poor 

choice for tracing contamination directly back to ship activities. Thus, it is useful to focus 

on compounds known to be used heavily by the shipping industry, such as industrial 

detergents and epoxy additives. Bisphenol-A (BPA) was the most abundant industrial 

chemical detected in ballast water and present at concentrations ranging 6.29-863.62 ng 

L-1, though the average across 28 (61%) of ballast tanks was 59.73 ng L-1. BPA is an 

environmentally mobile and ubiquitous ingredient used in polycarbonate plastics and 
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epoxy resins, shown to impart estrogen-mimicking effects in mammals and aquatic 

organisms.  In the shipping industry, BPA-based epoxy resins are heavily used during 

construction and maintenance of hulls, cargo holds, decks and ballast tanks as corrosion 

resistance to the tune of 51,000 tons annually in Europe alone (Epoxy Resin Committee, 

2015). Through chemical migration and degradation processes (UV, redox), an average 

0.0006% of the epoxy is expected to be released as BPA per year into water, particularly 

immediately following application. In this study, the maximum concentration of BPA 

(863.6 ng L-1) detected in any ship was from a bulk carrier sampled in the same year in 

which it was constructed. The second largest concentration (201.2 ng L-1) was quantified 

from another bulk carrier that was constructed three years prior to sampling and the 

third largest (104.8 ng L-1) was from a containership constructed nine years prior. Care 

must be taken in correlating BPA concentration with ship age as coating duration, and 

thus subsequent applications, may be anywhere from 5 to 15 years. Removal efficiency 

during WWT ranges 1-90% for BPA, depending on the presence of activated sludge and 

influence of hydraulic and solids retention times, mixed liquor suspended solids and 

ambient temperature (Guerra, 2015). Taken together, the frequency of detection in 

ballast tanks suggests that the dominant source of this compound is directly from 

standard ship operating materials rather than land runoff sources. In addition, BPA was 

detected in all paired port samples from Shanghai, China (10.6-76.23 ng L-1), one port 

sample from Long Beach, Ca, USA (7.7 ng L-1) and below the MDL in two additional 
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Long Beach samples. In literature, concentrations in the Huangpu River, upstream from 

the Shanghai Port mouth, were 170-3520 ng L-1 due to robust chemical manufacturing 

inland, which likely contributed to elevated port concentrations (Meng, 2014).  

Alcohol ethoxylates (AE) and alkylphenol ethoxylates (APEO) were also detected 

with relatively high intensity and present in all ballast and port water samples (Figure 

3). These compounds are commercially available surfactant and emulsifying agents and 

commonly found in industrial detergents. AE compounds are removed by conventional 

WWTS in excess of 95-99% and may undergo biologic degradation in the environment. 

Given this, the presence of decyl, nonly, cetyl, lauryl, myristyl and tridecyl AEs in ballast 

tanks suggest that these compounds have not been introduced via wastewater streams 

but rather directly from onboard cleaning practices. NPEO and OPEO, on the other 

hand, are ubiquitous in the environment, particularly in highly industrialized and urban 

areas. In fact, a study of river water that drains into the Port of Chongquing, China 

found that NPEOs were the dominant pollutant in April and December because of 

reduced biological activity (Priac et al., 2017). While this makes identifying a point 

source impossible, APEO compounds are likely derived from both land and shipboard 

sources given their high volume production and use in a variety of applications.  

This portion of the study was the first of its kind and important in establishing 

the presence and, when possible, concentration of detectable organic contaminants in 

ship ballast tanks. Based on published data regarding known fate through wastewater 
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treatment and environmental systems, it was possible to surmise to origin of these 

compounds, whether from terrestrial or marine anthropogenic activities. Attempts were 

also made to determine the ballast water characteristics that might be indicative of high 

pollutant content, including ballast water age and tank volume . As suspected, the age of 

the water (i.e. time it remained in the ballast tank) did not have an effect on the total 

concentration of organic pollutants detected. Several reasons might account for this, 

including the fact that many of these compounds are stabile in water and do not 

undergo hydrolysis during the voyage. The volume of the ballast tank did not correlate 

to changes in pollutant load, either. Several PCA analyses were performed (not shown) 

to assess the effects of ship type (container, bulker, tanker) and sampling location (USA, 

China, Singapore, South Africa) on pollutant load and none of these characteristics 

showed significant differences. From these results, it is probable that the pollutant load 

is ultimately dependent on the local hydrodynamic condition in the sampling point, 

which are in constant flux over days and even hours. However, further investigation 

would be required to substantiate this, including longer temporal monitoring of port 

water quality, use of passive sampling devices and additional paired ballast and port 

water samples.   
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2.3.5 Assessing the Relationship Between Ballast & Port Water 

A main focus of this study was to determine if the organic chemical profile of 

ballast water will be reflective of current port water chemical conditions. This fact is 

important in order to posit the initial source of contaminants detected in the ballast tank. 

A significant limitation in this study was the use of grab sampling, which provides only 

a snapshot of continually fluctuating environmental conditions, particularly in terms of 

port water. A second drawback is that paired port samples were only able to be collected 

for 6 of the ships sampled due to port safety rules. However, in the cases collected, 

similarities and differences in the chemical profiles between ballast and port can be 

visualized using identified target and non-target compound signal intensities. Four 

cases of paired samples in which ballasting occurred at various times and locations in 

relation to the time of sampling are presented below. Further, the impact of temporal 

and geographical differences on an individual ship’s pollutant load is investigated by 

comparing one ship that was sampled at the Port of Long Beach and once again a year 

later, and one ship that was sampled at the Port of Singapore and then at the Port of 

Shanghai over a year later.  

In the first case, (Figure 7) a containership moored in the Port of Shanghai was 

sampled just hours after it had filled its tanks within that port. Visually, the relative 

intensity and composition of detected organic compounds is almost identical between 

the paired samples. To further substantiate this, regression analysis of the remaining 

12,000 molecular feature intensities between the ballast and port samples indicate 
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Spearman and Pearson correlation values of 0.8203 and 0.7054, respectively. 

Additionally, the ethoxymer distribution (n=2-17) and average ethoxymer number was 

compared between samples for six selected polyethoxylated series to provide 

information regarding similarity in source (Figure 8). Series from the same source will 

follow identical distributions as they have not been altered through treatment or mixing 

of sources with different distributions. In this case, distributions and average EO 

number are almost identical between ballast (colored bars) and port (black bars) 

samples, strengthening evidence of shared chemical source. These visualizations 

demonstrate quite clearly that the chemical burden within ballast tanks is highly 

dependent on local port water conditions. In the second case, (Figure 9) this ballast 

water sample was collected from a ship in Long Beach, California which had filled its 

tanks within that same port approximately 24 hours prior to the sampling event. The 

chemical components appear to be of similar composition and relative intensity, though 

the regression analysis reveals slightly lower Spearman and Pearson values of 0.7869 

and 0.7121, respectively. Analysis of Figure 10 shows slightly skewed EO distributions 

between the samples, particularly for NPEO, OPEO and LaOE compounds. These 

findings suggest that although the ballast tank may reflect local port water chemical 

characteristics, this is time-dependent due to changing hydrodynamic conditions and 

may result in a blending of different chemical loads. Within only 24 hours, similarities 

begin to deteriorate. Alternatively, the case shown in Figure 11 demonstrates a situation 
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in which a tank sampled in Shanghai had ballasted 76 nautical miles away in Zhoushan, 

China 5 days prior to sampling. The chemical profiles are visually dissimilar and 

correlation is much lower, yielding Spearman and Pearson values of 0.6799 and 0.5045, 

respectively. EO distribution charts (Figure 12), however, are not entirely dissimilar in 

all series except PPG, which may suggest that the surfactant load is reflective of 

commonly used formulations between this port and the ballast tank. In the case of 

Figure 13, samples were collected in Singapore from a ship that had ballasted in 

Shanghai 4 days prior to sampling and did not perform ballast water exchange between 

ports. Again, ballast and port water chemical profiles were not similar and only weak 

correlation was found in molecular feature regression, yielding Spearman and Pearson 

values of 0.6623 and 0.4369, respectively. Plots of EO distribution (Figure 14) 

demonstrate differences in profiles between samples, particularly in NPEO, OPEO, 

LaOE and PEG distributions. The results of these 4 cases clearly demonstrate the 

influence of local port water conditions on the chemical profile within ballast tanks 

through chemical characterization. As previously discussed, results indicate the 

presence of both land- and ship-derived contaminants.  

One containership was sampled twice from the same port but one year apart to 

further understand the impact of ballasting location on chemical load. The first sampling 

event occurred after the ship had loaded ballast water in Tacoma, WA, USA 5 days prior 

while the second event occurred after it had ballasted in Kaoshiung, China 10 days 
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prior. Analysis of relative peak intensity for monomeric and polymeric compounds, as 

well as Spearman and Pearson correlation of 0.5118 and 0.4770, respectively, indicates a 

large disparity between the chemical profile aboard the same ship (Figure 15). Further, 

dissimilarity exists between sample EO distributions, particularly in the cases of NPEO, 

OPEO and PPG in which ballast water contains much shorter average chain length 

(Figure 16). Additionally, the bimodal distributions of OPEO in port water and PEG in 

ballast water suggests the blending of compound sources of differing composition. A 

second containership was sampled in Singapore in May 2016 and again in Shanghai in 

July 2017. Again, comparison of compound peak intensity, regression analysis and EO 

distribution (Figures 17 & 18) shows dissimilar chemical profiles despite sampling from 

the same ship. Taken together, the results of the paired ballast and port water samples, 

as well as sampling of the same ship over different times and port locations, support the 

hypothesis that the chemical burden of ballast water at any given point in time and 

space is dependent on the chemical profile of source water. Stated in another way, the 

chemical characteristic of ballast water is ultimately dependent on that of source water.  
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Figure 8: Comparison of paired ballast and port water samples for sample 

CH17C2, which ballasted within the port just prior to sampling, using (top) relative 
peak intensities of (left) monomeric compounds and (right) polymeric compounds. 

The bottom regression analysis compares feature intensity between samples with 

target and non-target compounds highlighted and Spearman-Pearson correlation 

coefficient indicated. 
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Figure 9: Comparison of paired ballast and port water samples for sample 

CH17C2, which ballasted within the port just prior to sampling, using (top) 

ethoxymer distribution for 6 targeted polyethoxylated series. The colored bars 
indicate ballast water, the black bars indicate port water and the legend values 

indicate average ethoxymer number. 
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Figure 10: Comparison of paired ballast and port water samples for sample 

LB16B3, which ballasted within the port 24 hours prior to sampling, using (top) 

relative peak intensities of (left) monomeric compounds and (right) polymeric 
compounds. The bottom regression analysis compares feature intensity between 

samples with target and non-target compounds highlighted and Spearman-Pearson 

correlation coefficient indicated. 
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Figure 11: Comparison of paired ballast and port water samples for sample 
LB16B3, which ballasted within the port 24 hours prior to sampling, using (top) 

ethoxymer distribution for 6 targeted polyethoxylated series. The colored bars 

indicate ballast water, the black bars indicate port water and the legend values 

indicate average ethoxymer number. 
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Figure 12: Comparison of paired ballast and port water samples for sample 

CH17C4, which ballasted in Zhoushan, China 5 days prior to sampling, using (top) 

relative peak intensities of (left) monomeric compounds and (right) polymeric 
compounds. The bottom regression analysis compares feature intensity between 

samples with target and non-target compounds highlighted and Spearman-Pearson 

correlation coefficient indicated.  
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Figure 13: Comparison of paired ballast and port water samples for  sample 

CH17C4, which ballasted in Zhoushan, China 5 days prior to sampling, using (top) 

ethoxymer distribution for 6 targeted polyethoxylated series. The colored bars 
indicate ballast water, the black bars indicate port water and the legend values 

indicate average ethoxymer number. 
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Figure 14: Comparison of paired ballast and port water samples for sample 
SG16C2, which ballasted in Shanghai, China 4 days prior sampling, using (top) 

relative peak intensities of (left) monomeric compounds and (right) polymeric 

compounds. The bottom regression analysis compares feature intensity between 

samples with target and non-target compounds highlighted and Spearman-Pearson 

correlation coefficient indicated.  
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Figure 15: Comparison of paired ballast and port water samples for sample 

SG16C2, which ballasted in Shanghai, China 4 days prior sampling, using (top) 

ethoxymer distribution for 6 targeted polyethoxylated series. The colored bars 
indicate ballast water, the black bars indicate port water and the legend values 

indicate average ethoxymer number. 
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Figure 16: Comparison of ballast water samples collected from the same ship 
in the same port one year apart using (top) relative peak intensities of (left) 

monomeric compounds and (right) polymeric compounds. The bottom regression 

analysis compares feature intensity between samples with target and non-target 

compounds highlighted and Spearman-Pearson correlation coefficient indicated. 

 



 

60 

 

 

Figure 17: Comparison of ballast water samples collected from the same ship 

in the same port one year apart using ethoxymer distribution for 6 targeted 

polyethoxylated series. The colored bars indicate ballast water, the black bars indicate 

port water and the legend values indicate average ethoxymer number. 
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Figure 18: Comparison of two ballast water samples from the same ship that 

was sampled in both Singapore and China using (top) relative peak intensities of 

(left) monomeric compounds and (right) polymeric compounds. The bottom 

regression analysis compares feature intensity between samples with target and non-

target compounds highlighted and Spearman-Pearson correlation coefficient 

indicated. 
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Figure 19: Comparison of two ballast water samples from the same ship that 
was sampled in both Singapore and China using ethoxymer distribution for 6 

targeted polyethoxylated series. The colored bars indicate ballast water, the black bars 

indicate port water and the legend values indicate average ethoxymer number. 
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2.3.6 Global Port Pollution Trends 

As demonstrated in the paired ballast and port water samples, the organic 

pollutant burden of a ship is highly dependent on the water quality from which ballast 

was drawn. A non-exhaustive list of factors that may affect pollutant presence, 

concentration and fate in ballast tanks include: geographic location of ballasting (port, 

open ocean, coastal), proximity to recreational waters, method of ballast water 

management (full or partial exchange, oxidative treatment), presence or absence of local 

BWE enforcement authority, internal tank transfer and blending, and pollutant 

persistence. The extent to which each factor influences the total pollutant burden is 

impossible to accurately discern given scarce data in the literature regarding organic 

pollutants in open ocean marine water and along shipping routes.  The results of this 

study, analysis of ballast water handling logs and micropollutant data obtained from 

literature were combined to present global shipping trends to the best of our knowledge.  

2.4 Environmental Implications 

In this present study, the organic chemical environment of ship ballast water was 

explored. Typical water quality characteristics were elucidated and will guide 

parameters to be used during disinfection treatment experiments. This work revealed 

over 100 organic contaminants by means of both target and non-target workflows to 

assess their transport by shipping activities. Several ports have recognized the impacts 

of shipping activities on coastal ecosystem decline and have taken measures to reduce 

pollution inputs. For example, the Port of Los Angeles has adopted several initiatives in 
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order to reduce ecological stress and slash air and water pollution. At this time, shipping 

routes between large ports and the ports themselves are highly polluted with 

anthropogenic contaminants from land and ballasting operations. As human population 

increases, developing countries ramp up imports and exports, and global climate change 

opens the Northwest Passage, extra marine traffic will expose new open ocean and 

coastal regions to ballast-related pollution, potentially threatening additional fisheries 

and ecosystems.  

In upcoming years, ships will begin treating its ballast water prior to release, 

which will help reduce the incidence of some organic pollutants as is done in drinking 

water streams. However, compounds present in the water may serve as precursors for 

DBP formation during treatment, particularly those containing double bond and ring 

structures. Several compounds identified in this study are likely to undergo halogen 

substitution, including 4-nonylphenol, 4-tert-octylphenol, azoxystrobin, benomyl, 

bisphenol-A, cetirizine and propranolol (Zheng et al., 2018). Halogenated, and in 

particular, brominated forms of these compounds are often more toxic than their 

original parent compound. This study was important in understanding the shipping 

industry’s role in dispersing coastal pollutants globally and provides new knowledge 

about the identity and potential current and future effects of their presence in ship 

ballast water 
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3. Comprehensive characterization of disinfection 

byproducts formed during chlorination of seawater 

3.1 Introduction 

Drinking water chlorination is responsible for advancing public health and 

reducing incidence of waterborne illness over the past century. Disinfection is critical for 

destroying infectious bacteria, parasites and viruses that cause potentially fatal diseases 

such as cholera and typhoid (Richardson, 2003; National Research Council, 1987). In fact, 

its efficacy against a range of organisms, low cost and accessibility has made 

chlorination a popular choice for additional industrial applications, including anti-

fouling of reverse osmosis membranes, and treatment of wastewater and ballast water 

streams (Yang and Zhang, 2016, Du, et al., 2017; Le Roux, et al., 2015; Gonsior, et al., 

2015). Although disinfection effectively destroys harmful organisms, the strong 

oxidative reactions of disinfectants with chemical constituents present in the water have 

been shown to generate disinfection byproducts (DBPs) (Rook, 1974; Richardson, 2003). 

Some of these DBPs, including trihalomethanes (THM), haloacetic acids (HAA) and 

haloacetonitriles (HAN), have been detected in drinking water and found to impart 

potentially toxic health effects in human epidemiological studies (Richardson and 

Ternes, 2014). To protect human health from potential health risks, such as cancer  and 

reproductive/developmental effects, DBP concentrations have been regulated in public 

drinking water systems as of 1979  (Richardson and Ternes, 2014) . Since discovery of the 

first DBPs, hundreds more halogenated and non-halogenated byproducts have been 
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identified, including N-nitrosodimethylamine (NDMA) and bromate, though the 

majority tend to be chlorinated.  

Studies have recognized that parameters influencing the species of DBP formed 

during disinfection include both water quality characteristics, such as salinity and 

natural organic matter (NOM) content, as well as the method of treatment  (Banerji, et al., 

2012). DBPs are formed through the reaction of oxidizing species with NOM and organic 

contaminants present in the water being treated (Chang and Young, 2000; Wallace, et al., 

2002). The NOM portion of DBP precursors consists largely of carbon-rich organic 

compounds made up of a complex and recalcitrant mixture of decaying plant and 

microbial material (Zhang, et al., 2017; Mopper, et al., 2007). The properties of NOM 

within natural waters are dependent on the original source of organic material and vary 

greatly by location. Terrigenous, or allochthonous, OM originates from decaying land 

plants altered by natural diagenetic processes and eventually transported to the water 

body (Wershaw, 2004). This material is generally comprised of high molecular weight, 

aromatic humic substances (humic and fulvic acids, and humin fractions), which contain 

phenols, quinones and carboxylic acid heteroatoms (Krasner, et al., 1996). 

Autochthonous OM is formed directly in the water column by microbial activity and is 

made up primarily of non-humic substances, such as proteins, carbohydrates, lipids and 

small organic acids (Krasner, et al., 1996). The proportion of each fraction plays a role in 

DBP formation during disinfection (Shukairy and Gusses, 2000).  
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The method of disinfection (hypochlorite addition vs. electrochlorination) is 

expected to influence DBP profiles as well, although such comparative studies are not 

currently available in the literature. During hypochlorite addition disinfection, sodium 

hypochlorite (NaOCl) or magnesium hypochlorite (Ca(OCl)2) is added directly to water 

to form the free chlorine residual. Electrochlorination is achieved by applying current to 

an electrolytic cell. At the anode, reduction of water results in the generation of 

hydrogen gas and hydroxide. At the cathode, chloride is oxidized to chlorine gas. 

Chlorine gas and hydroxide combine to form the hypochlorous acid/hypochlorite pair 

per the following reactions: 

2 H2O + 2e- → H2 + 2OHˉ 

2 Clˉ → Cl2 + 2e- 

Cl2 + 2OHˉ → OClˉ + Clˉ + H2O 

OClˉ + H2O ⇔ HOCl + OHˉ 

 

During the electrochlorination process, it is likely that additional redox reactions will 

take place within the cell in the presence of other water constituents, such as sulfur-

containing compounds. Thus, formation of additional oxidizing species might be 

expected to influence the overall DBP profile.  

To compound the complexity of factors influencing DBP formation, the presence 

of bromine in treated water results in preferential formation of brominated compounds, 
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as bromide is a better oxidizing agent than chloride, which are more toxic than their 

chlorinated counterparts (Richardson, et al., 2007; Plewa, et al., 2010). This is particularly 

concerning in situations in which seawater is treated by chlorination since it contains a 

relatively high concentration of bromide (60-65 mg/L) (Heeb, et al., 2007; Wang, et al., 

2018; Cai, et al., 2018). Most seawater disinfection activities are limited to small-scale 

applications and may not be considered as a threat to environmental or human health. 

However, the International Maritime Organization (IMO) has ratified and enacted the 

2004 International Convention for the Control and Management of Ships’ Ballast Water 

and Sediments, Regulation D2 (IMO 2004). This regulation will require a global 

merchant fleet of over 57,000 ships to install an approved ballast water management 

system (BWMS) prior to a stipulated deadline. The BWMS is employed to destroy 

marine organisms transported with ballast water in an effort to prevent the spread of 

invasive species. BWMS make use of a combination of physical-solid separation as well 

as a disinfection treatment, often as an oxidizing method (UV, ozonation, chlorination). 

Chlorination, in the form of electrochlorination or direct hypochlorite addition, is often 

the preferred treatment method among ship owners and crew due to low cost, ease of 

use and efficacy. Given that 45% of approved BWMS make use of chlorination, this work 

focuses only on DBPs generated by those means.  

Water surrounding the vessel is pumped into so-called ballast tanks as cargo is 

unloaded or as needed for safe navigation during rough seas, and then pumped out 
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during cargo loading. Currently, shipping operations are responsible for the 

translocation of 3-10 billion metric tons of seawater annually between ports and along 

shipping routes. It is expected that by the year 2024, all merchant ships will have been 

retrofitted with a BWMS and fully treating all ballast water prior to release. At this 

point, the potential environmental risks of releasing 10 billion tons of treated seawater 

annually is quite unclear and thus further investigation of DBP formation is necessary. 

Previous studies have identified hundreds of unique DBPs, particularly brominated 

compounds, following chlorination of seawater and saltwater pools by non-targeted 

high resolution mass spectrometry (Richardson, et al., 2010; Gonsior, et al., 2015; Wang, 

et al., 2018). However, quantified targeted DBPs (trihalomethanes, haloacetonitriles and 

haloacetic acids) account for as little as 14% and as much as 50% of total organic halogen 

(TOX) concentration in treated saline swimming pool water and seawater desalination 

plants, respectively (Manasfi, et al., 2017; Kim, et al., 2015). These findings underscore 

the need to fully characterize DBPs across a range of polarities in order to understand 

realistic potential environmental implications.  

 To address the dearth of information, this study aims to combine several 

analytical techniques to comprehensively identify DBPs in treated seawater, using GC-

ECD for targeted compound identification and quantitation, as well as high resolution 

GC-MS and LC-MS/MS. In this way, DBPs over a range of polarities and volatilities can 

be identified to provide a more complete analytical window. The role of NOM 
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characteristics in DBP formation was assessed by chlorinating natural and synthetic 

seawater of varying organic matter characteristics and concentration. The final goal of 

this study was to understand if DBP profiles will differ between methods of disinfection 

by treating the same natural water by direct hypochlorite addition and 

electrochlorination.  

3.2 Materials and Methods 

Water Sampling and Preparation. Suwannee River natural organic matter 

(SRNOM), reference material batch 2R101N, was purchased from the International 

Humic Substances Society (IHSS in St. Paul, MN). Synthetic seawater was prepared 

according to ASTM D 1141-98 with picopure water and amended with SRNOM to 

achieve final DOC concentrations of 5, 15 and 30 ppm (+ 1.2). A synthetic seawater 

sample was also prepared without addition of SRNOM to serve as a procedural blank as 

picopure water alone (0 psu) does not respond to electrochlorination. Natural seawater 

samples were collected from coastal North Carolina, USA using sterilized glass bottles 

and transferred to 20L non-reactive carboys. Sampling sites were selected to include a 

range of terrigenous and marine NOM sources; locations and water quality 

characteristics are given in Table 1. Samples were stored in the dark at 4 ºC, processed 

within 24 hours of collection and brought to room temperature (21-23 ºC) prior to 

experimentation.  
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Electrochlorination System. A proprietary electrochlorination system was 

constructed to simulate IMO-approved BWMS (generalized schematic in Appendix A). 

Briefly, a 20 L closed-loop system used a pump to circulate water at a rate of 2 L min -1 

through a 1L 220V electrolytic cell. Sensors were placed in-line and connected to a data 

logger to collect real-time pH, temperature, salinity and ORP measurements. A sampling 

port was included to collect samples for free chlorine measurements and to transfer 

samples to containers with minimal perturbation. Pre-experiments were performed to 

tune in the electrochlorination contact time required to achieve a free chlorine 

concentration of 10-12 mg L-1 using ORP readout.  

Chlorination Experiments. 18 L unfiltered samples were electrochlorinated to 

achieve a free chlorination concentration of 10-12 mg L-1 to simulate the upper-level of 

residual oxidant recommended by BWMS manufacturers. Free chlorine concentration 

was measured using Hach DPD free chlorine reagent powder pillows (25 mL) and a 

Hach DR2400 spectrophotometer. After the electric current was terminated, the sample 

was circulated for 30 minutes and then transferred to 2 L borosilicate media bottles with 

PTFE caps, sealed headspace free. Bottles were stored in the dark at room temperature 

for 5 days to simulate the maximum contact time required by the IMO prior to quench 

and release of ballast water. To study differences in method of chlorination, one 

proportion of Beaufort seawater was treated by electrochlorination as described above 

(Beaufort Electrochlorination) and one proportion was treated by hypochlorite addition 



 

72 

(Beaufort Hypochlorite). The Beaufort Hypochlorite sample was circulated through the 

electrochlorinator, but the current was not turned on and NaClO solution (5.65-6% 

laboratory grade, Fisher Chemical) was added to achieve identical free chlorine.   

500 mL aliquots were collected for TOX analysis at 30 minutes following 

chlorination and 5 days following chlorination (for Synthetic Seawater-5, Beaufort 

Electrochlorination, Beaufort Hypochlorite and Bock Marina samples only). Samples 

were quenched using a 120% molar ratio of ascorbic acid to free chlorine and stored 

headspace-free in muffled borosilicate media bottles with PTFE caps.  

Prior to chlorination, and then at timepoints of 0.5, 2, 6, 21, 29, 45, 53 and 120 

hours following chlorination, free chlorine was measured, and quenched aliquots were 

sampled, headspace-free, in 40 mL amber vials for GC-ECD analysis. Triplicate aliquots 

were collected for 0.5 and 120 hour timepoints to assess reproducibility.  

After 5 days, 16 L of the sample was quenched and filtered through pre-

combusted 0.7 µm glass fiber filters (Whatman). Samples were acidified to pH < 2 by 

adding 400 mL H2SO4 and concentrated through a pressure-based chromatographic 

column containing 24 mL each of pre-cleaned and DAX-8 and XAD-2 resins 

(Richardson, et al., 1994). The glass column was pre-combusted prior to use and 

acidified water was introduced using a piston pump to maintain a consistent flow rate 

of 18 mL/min. PEEK tubing and fittings, and PTFE support rings and filters were used to 

prevent introduction of plasticizers and other outside contaminants. Analytes were 
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eluted with 240 mL ethyl acetate at a flow rate of 5 mL/min (Sigma-Aldrich, HPLC 

grade, > 99.8% purity) after which the organic fraction was isolated using a separatory 

funnel and further dried over 50 mL of muffled Na2SO4. The extract was condensed to ~5 

mL using a RotoVap and further concentrated to 2 mL under a gentle stream of nitrogen. 

The extract was evenly split into two fractions for GC and LC analyses. The LC extract 

was solvent exchanged to 5% acetonitrile in water under a gentle stream of nitrogen.  

For each chlorinated sample, a paired, un-chlorinated 16 L sample was filtered, 

resin-extracted and prepared for dual MS analysis. The purpose of the paired un-

chlorinated samples is to validate formation of halogenated compounds during 

chlorination.  

GC-ECD Analysis. Targeted volatile DBPs were chosen based on those generally 

considered during BWMS type approval and are listed in Table 3. Trihalomethanes 

(THMs) and haloacetonitriles (HANs) were extracted and analyzed by a modified 

version of US EPA 551.1 (1990). Pentane was chosen for liquid-liquid extraction as 

chloral hydrate was not expected to form in highly brominated samples. Targeted DBP 

detection was performed on an Agilent 7890A GC equipped with a micro-ECD detector 

using. Haloacetic acids (HAAs) were determined by liquid-liquid extraction and 

derivatized by acidified methanol according to a modified version of US EPA 552.2 

(1993). Modified EPA methods 551.1 and 552.2 were adapted for seawater extraction and 

validated using synthetic seawater prepared according to ASTM D 1141-98.  



 

74 

HPLC-HRMS Analysis. Extracted DBP samples were separated using high 

performance liquid chromatography with high resolution mass spectrometry detection 

in negative ESI and APPI/APCI. A PAL autosampler (CTC Analytics, Zwingen, 

Switzerland) introduced 25 µL samples to an UltiMate 3000 HPLC system (Thermo 

Fisher, Waltham, MA, U.S.A.) equipped with a binary high pressure gradient mixing 

pump and column heater held at 30 oC. The column was Hypersil Gold aQ C18 

endcapped (1.9 µm, 2.1 x 100 mm) from Thermo Fisher Scientific. The mobile phase was 

water and acetonitrile at a flow rate of 300 µL/min under the following linear gradient: 

5-99% organic over 40 minutes, held for 3 minutes and returned to starting conditions 

for 2 minutes. Full scan MS was performed using a Fusion Lumos Orbitrap (Thermo 

Fisher Scientific, San Jose, CA, U.S.A.) with a resolution of R = 250,000 at m/z 250 over an 

m/z range of 150-2000, capillary temperature of 275 oC and spray voltage of 3.3 kV. Two 

scan events were programmed for 1 second cycle time. The first utilized targeted isotope 

scanning to detect and isolate precursor ions matching bromide and chloride isotopic 

patterns for preferential fragmentation. The second scan event performed fast 

acquisition full-scan selection for all ions above an intensity of 1E+05 over the remainder 

of the cycle time. This method was useful for isolating compounds likely to contain 

halogenated DBPs.  

 Compound Discoverer software (Thermo Fisher, v3.0) was used for peak 

picking, retention time alignment and de-adducting of LC-MS data. A targeted isotope 
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feature was used to automate identification of halogenated compounds based on 

specified isotopic patterns and spectral fit above 80%. Molecular formulas were 

calculated using Sirius software for isotope and fragmentation rationalization (Dührkop 

and Böcker, 2016; Böcker, et al., 2009). Elemental compositions were limited to 100 C, 200 

H, 40 O, 3 N, 2 S, 6 Br, 4 Cl and 4I, and restricted to feasible combinations (Wang, et al., 

2018; Zhang, et al.). Proposed structures were further validated by the spectral presence 

of 81Br and 126I isotopes.  

GC-MS Analysis. Ethyl acetate extracts were separated and detected using a Q 

Exactive GC equipped with autosampler (Thermo Fisher).  Injections of 1 uL  of the 

extracts were introduced in splitless mode with an injector temperature of 280 ºC. 

Separation was performed on a Thermo Scientific TR-5MS column (60 m x 0.25 mm i.d. x 

0.25 µm thickness) with helium as the carrier gas at a flow rate linearly of 1.2 mL min-1. 

The GC program temperature and program settings are described elsewhere 

(Richardson et al.,, 2012). Full scan electron ionization and negative chemical ionization 

(70 eV) modes were used at a scan range of m/z 50-650 with resolution of 60,000 at m/z 

200. 

Raw files were analyzed using TraceFinder General Quan (Thermo Fisher, v4.1) 

for peak deconvolution, retention time alignment and library match scoring of GC-MS 

data. Spectral data was compared to the NIST 2017 library and scores were generated 

based on similarity index, presence of a molecular ion, percent elements found and 
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percent of the TIC that was explained. The high resolution spectra for potential 

candidate hits were submitted to the in silico fragmentation tool, CFM-ID, to generate 

spectral match scores and increase ID confidence (Allen, et al., 2014). 

PubChem literature was used to generate a list of compounds identified as DBPs 

but not already in the NIST library. These compounds were submitted to CFM-ID 

fragmentation software to determine theoretical and experimental spectral match. This 

allowed generation of additional potential DBPs generated in chlorinated samples. 

Proposed matches were further validated by the presence of halogen isotopomers in 

NCI spectra.  

 

Table 3: Compounds regulated in drinking water that were detected and 

quantified in chlorinated natural and synthetic seawater samples 

Analyte CAS 

Number 

EPA 

Method 

Calibration 

R2 

MDL (µg/L) 

Monobromoacetic acid 

(MBAA) 

79-08-3 552.2 0.9917 0.4 

 

Bromochloroacetic acid 

(BCAA) 

5589-96-8 552.2 0.9921 0.4 

Dibromoacetic acid 
(DBAA) 

631-64-1 552.2 0.9925 0.3 

Bromoform 75-25-2 551.1 0.9988 0.1 

Bromodichloromethane 

(BDCM) 

75-27-4 551.1 0.9922 0.1 

Dibromochloromethane 

(DBCM) 

124-48-1 551.1 0.9974 0.06 

Dibromoacetonitrile 

(DBAN) 

3252-43-5 551.1 0.9982 0.2 
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Figure 20: Schematic of non-targeted workflow for HPLC-Orbitrap Fusion 

Lumos processing and data analysis. 
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Figure 21: Schematic of non-targeted workflow for HPLC-Orbitrap Fusion 

Lumos processing and data analysis. 
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3.3 Results and Discussion 

3.3.1 Water Quality Characteristics 

Offshore, coastal and inland brackish natural water samples were collected from 

North Carolina to cover a range of environmental characteristics that may be 

encountered by a ship during its voyage. The majority of ballast water exchange occurs 

under open ocean conditions in which water is expected to be full salinity (~36 psu) with 

low dissolved organic carbon (DOC) and natural organic matter (NOM) of a non-humic 

nature. However, initial ballasting occurs within coastal and port areas and is not fully 

removed during open ocean BWE, resulting in mixing of oceanic and coastal waters. 

Many global ports are also situated at the mouth of rivers and are subjected to 

fluctuating freshwater input. Near-shore natural waters may have a salinity ranging 

from 1-36 psu, elevated DOC concentrations and mixing of land-derived NOM that 

tends to have high humic content. In fact, a sampling campaign of 46 ballast water tanks 

in a previous study revealed a salinity range of 1.3-36.6 psu and DOC concentrations of 

1.51-43.24 mg/L C. In addition to studying differences in NOM structure in DBP 

formation, we wanted to understand the effect of concentration. Synthetic seawater was 

spiked with Suwannee River standard organic matter in concentrations of 0, 5, 15 and 30 

mg/L C and disinfected in the same manner as natural water. Complete water quality 

characteristics for each sample is given in Table 4.  

Characterization of NOM has proven difficult given its complex nature but 

several tools can be used as a proxy for tedious fractionation. The specific ultraviolet 
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absorbance at a wavelength of 254 nm (SUVA254) for a given source water has been 

widely accepted as an indicator for the aromatic character of humic content, calculated 

as the ultraviolet absorbance at 254 nm (m-1) divided by the dissolved organic carbon 

(DOC) concentration (mg/L). SUVA254 values of 4-5 L/mg-m indicate high humic 

material, whereas values <3 L/mg-m indicate non-humic fractions (Edzwald and 

Benschoten, 1990). Additionally, fluorescence spectrometry is useful for identifying 

humic, fulvic and protein fractions, each of which exhibits characteristic excitation and 

emission profiles (Baker et al., 2015).  The fulvic peak is present at excitation ranges of 

320-320 nm and emission ranges of 440-460 nm and the humic is present at excitation 

ranges of 240-260 nm and emission ranges of 425-475 nm. 

By combining both SUVA254 and excitation-emission (ex-em) spectra, inherent 

aromaticity characteristics of the NOM can be more confidently assigned.  The offshore 

sample from Cape Lookout was full strength salinity (36.1 psu), low DOC (1.9 mg/L) 

and SUVA254 (0.38 L mg‐C−1 m−1). These characteristics are indicative of non-humic NOM, 

which was confirmed by the absence of both fulvic and humic peaks in the ex-em 

spectra, and the presence of a protein peak (Figure 6a). On the other hand, the sample 

from Beaufort Marine Lab, also of full salinity with a DOC of 5.2 mg/L and SUVA254 of 

2.26 0.38 L mg‐C−1 m−1, gives a characteristic humic peak in the ex-em spectra (Figure 6b). 

The synthetic seawater spiked with Suwannee River NOM is expected to be of a very 

high humic content as the organic input is mainly from terrigenous sources rather than 
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marine. This was evidenced in the ex-em spectra, which had not only a humic peak, but 

a fulvic peak as well. Defining the NOM characteristics of each sample in this study was 

important in order to consider all of the water types that a ship may encounter during 

ballasting and subsequently treat by oxidative methods. 

 

 

Table 4: Water quality and NOM characteristics of natural and synthetic 

seawater used for chlorination experiments 

Sample Name Salinity 
(psu) 

DOC 
(mg/L) 

SUVA254 

(L mg‐C−1 m−1) 

NOM Characteristic 

Cape Lookout 36.1 1.9 0.38 Non-humic, marine 

Beaufort Marine  35.4 3.8 2.26 Humic / marine mix 

Bock Marina 21.1 21.0 4.31 High humic 

Suwannee, 15 
ppm 

35.0 13.8 4.88 High humic 
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Figure 22: Excitation-emission spectra to characterize the NOM characteristics 

of (a) Cape Lookout, (b) Beaufort Marine and (c) Synthetic seawater with 15 ppm 

Suwannee River NOM. 
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3.3.2 Generation Rates of Target DBPs 

Quantified DBP concentrations detected in seawater samples were calculating 

from calibration curves fit using a linear regression of concentration versus relative 

response factor. The response factor is defined as the analyte peak area divided by the 

internal standard peak area. Detected analyte R2 values were greater than 0.995 and 

shown in Table 3 along with MDL. Blanks were analyzed for background, 

contamination and carryover signals.  

Within two hours of chlorination, 64-87% of target DBPs form, after which time 

very little additional formation occurs.  Formation over the first two hours occurs 

according to first-order kinetics (Figure 22). Minimal formation occurred over the 

remaining 118 hour incubation period to yield zero-order rate reactions in all samples. 

The rate of formation was positively correlated to DOC concentration in full salinity 

samples. To illustrate, Cape Lookout (1.9 mg L-1 DOC), Beaufort Electrochlorination (3.8 

mg L-1 DOC) and Synthetic (30 mg L-1 DOC ) formed at a rate of 5.6, 6.2 and 20.9 mmol 

m-1, respectively. However, Bock Marina (21 mg L-1 DOC) which had a salinity of 21.1 

psu, formed at a rate of 7.95  mmol m -1, just slightly faster than Beaufort. Given the high 

humic content of this sample, the rate of formation compared to Beaufort 

Electrochlorination should be similar to Synthetic-30 if that were the only rate 

determining factor. This illustrates the importance of salinity, and thus halide 

concentration, on DBP formation in addition to NOM source and concentration.  
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While target DBP formation occurs rapidly over the first two hours, consumption 

of free chlorine continues at a first order kinetic rate over 21 hours before leveling off 

(Figure 23). Similar to targeted DBP formation, free chlorine consumption is correlated 

to NOM concentration as well as salinity; rates are 0.05, 0.14 and 0.15 mg Cl-1 h-1 by Cape 

Lookout, Beaufort and Bock Marina samples, respectively. Interestingly, the rate of 

chlorine loss continues linearly beyond the initial two-hour period in which most of the 

volatile DBPs are formed. This suggests simultaneous formation of additional DBPs, 

either not included as target compounds or not amenable to liquid-liquid extraction and 

GC-ECD detection. This is supported by differences in TOX measurements taken at 0.5 

and 120 hours following disinfection in which organohalides continue to generate over 

that time for all samples (Table 5). 

 

Table 5: Total organic halogen (TOX) measurements at 0.5 and 120 hours 

following disinfection for Beaufort, Bock Marina and Suwannee River samples. 

Sample Name TOX, 0.5 h 

(mg/L) 

TOX, 120 h 

(mg/L) 

Beaufort Hypochlorite 649.2 1107.4 
Beaufort Electrochlorination  915.1 1473.3 

Bock Marina 1374.5 2464.7 

Suwannee, 5 ppm 1305.1 2428.1 
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Figure 23: Free chlorine consumption rates for Suwannee River NOM samples 

(0, 5, 15 and 30 ppm DOC) over 120 hours contact time. 
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Figure 24: Free chlorine consumption rates for electrochlorinated natural 

seawater samples (Cape Lookout, Bock Marina, Beaufort) over 120 hours contact time. 
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Figure 25: Free chlorine consumption rates for Beaufort seawater samples 

treated by electrochlorination and hypochlorite addition over 120 hours contact time.  
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3.3.3 Quantitation of Targeted DBPs and TOX 

Low TOBr (34.9 + 0.5 ug L-1) and TOCl (91.3 + 14.4 ug L-1) concentrations were 

detected in chlorinated synthetic seawater not amended with NOM, indicating that 

transformation of Br- and Cl- to organic species is not possible without the presence of 

organic material. For natural and synthetic seawater samples amended with NOM, 

Figure 3 demonstrates rapid conversion to organohalogen compounds within 30 

minutes of chlorination and continued generation through 120 hours contact time. 

Interestingly, the HOCl concentration was more than double in the Beaufort 

Electrochlorination sample (268.4 ug L-1) as compared to the Beaufort Hypochlorite 

sample (127.1 ug L-1) at 30 minutes contact time, and more than triple at 120 hours 

contact time (376.4 and 108.6 ug L-1, respectively. TOBr concentrations were not 

significantly different between Beaufort Electrochlorination and Beaufort Hypochlorite 

samples at both 30 minutes (644.7 and 519.6 ug L-1) and 120 hours (1093.9 and 997.2 ug L-

1) contact time. Conversion to organobromide was greatly increased in  Bock Marina and 

Synthetic Seawater-5 samples, which were approximately equal at both 30 minutes and 

120 hours contact time, as compared to the Beaufort samples. The increased TOBr 

concentrations in these samples can likely be attributed to higher humic content. Given 

the lower bromide concentration in Bock Marina water (~41 mg L-1) than Synthetic 

Seawater-5 (65 mg L-1), TOBr would be expected to be much lower. However, the 

discrepancy can be explained by the DOC concentration, which was more than 4 times 

higher in Bock Marina.  
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A total of 26 THM, HAN and HAA compounds were present in the GC-ECD 

target mix, of which 15 were chlorinated only, six were brominated only and five 

contained both bromine and chlorine. Quantification of the mix yielded only seven 

compounds above the limit of quantitation: monobromoacetic acid (MBAA), 

bromochloroacetic acid (BCAA), dibromoacetic acid (DBAA), bromodichloromethane 

(BDCM), dibromochloromethane (DBCM), dibromoacetonitrile (DBAN) and 

bromoform. In all samples, bromoform made up the largest proportion of target DBPs 

formed, constituting 81-93% of the total concentration. The total concentration of DBPs 

generated was correlated with NOM concentration in full salinity samples, though 

reduced in the Bock Marina sample due to lower bromide content.  

At 120 hours following chlorination, Bock Marina had generated a TOX 

concentration of 2465 ug L-1, of which 2174.2 ug L-1 was as Br- and 289.3 ug L-1 was as Cl-. 

Quantitation of targeted DBPs revealed that only 26.6% of total TOX was explained by 

GC-ECD. Similarly, only 21.2% of TOX was explained in the Beaufort 

Electrochlorination sample; though interestingly the same sample treated by 

hypochlorite addition generated 49.6% of TOX in the form of targeted DBP compounds. 

The results indicate that only 20-50% of TOX are generally quantifiable by classic 

methods underscoring the need for complimentary analyses. The substantial proportion 

of unexplained TOX in this study is similar to findings in which disinfected drinking 

water DBPs were quantified (Krasner, et al., 2006). 
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Figure 26: Targeted DBP formation rates for Suwannee River NOM samples (0, 

5, 15 and 30 ppm DOC) over 120 hours chlorine contact time. 
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Figure 27: Targeted DBP formation rates for electrochlorinated natural 

seawater samples (Cape Lookout, Bock Marina and Beaufort) over 120 hours chlorine 

contact time. 
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Figure 28: Targeted DBP formation rates for Beaufort seawater samples treated 

by electrochlorination and hypochlorite addition over 120 hours chlorine contact time.  
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Figure 29: Total target DBP concentrations over 120 hours chlorination contact 

time for all samples. 
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Figure 30: Target DBP concentrations (ng/L) for Suwannee River NOM samples (5, 15 and 30 ppm DOC) on the 

primary axis and free chlorine consumption (mg/L) on the upper secondary axis over 120 hours chlorine contact time.  
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Figure 31: Target DBP concentrations (ng/L) for electrochlorinated natural seawater samples (Cape Lookout, Bock 

Marina and Beaufort) on the primary axis and free chlorine consumption (mg/L) on the upper secondary axis over 120 

hours chlorine contact time. 
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Figure 32: Target DBP concentrations (ng/L) for Beaufort seawater samples treated by electrochlorination and 

hypochlorite addition on the primary axis and free chlorine consumption (mg/L) on the upper secondary axis over 120 

hours chlorine contact time. 
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Figure 33: Total TOX concentration (ug/L) measured at 120 hours following 

disinfection for Synthetic-0, Synthetic-5, Beaufort Electrochlorination, Beaufort 

Hypochlorite and Bock Marina only. Concentration of quantified Br - and Cl-  in ug/L 
for targeted DBPs is shown on the secondary axis on the top panel and DOC 

centration is shown on the secondary axis on the bottom panel. 
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Figure 34: Total organic halogen (TOX) concentrations at 120 hours after 
disinfection by DBP class. Ratios are according to DBP class quantification (solid 

color) and remaining TOX that was unexplained by GC-ECD identifications 

(patterned). Total organic iodine (TOI) was also measured but is not visible in plots as 

it contributed less than 1% of TOX in all cases. 
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3.3.4 DBP Detection by LC-MS 

The pattern matching feature in Compound Discoverer was used to rapidly 

identify halogenated isotopic patterns with a spectral match greater than 80%. This 

yielded 651 and 239 unique potential features in negative ESI and APPI, respectively. 

Those features which were detected in at least two samples were further considered for 

identification. For each accurate mass, the Sirius algorithm was queried against the 

precursor full-scan data and mass spectra to yield the top 10 potential molecular 

formulas. Literature and PubChem databases were queried to match proposed formulas 

to previously described or identified molecular structures. However, many novel DBPs 

have not been previously detected and do not appear in spectral libraries or literature. 

Heuristic filtering was employed according to the Seven Golden Rules to consider only 

those molecular formulas that are chemically feasible (Kind and Fiehn, 2007). Excellent 

mass accuracy of the mass spectrometer allowed for confident molecular formula 

assignment, and only formulae <1 ppm were considered. Additionally, fine isotope 

resolution and presence of 79Br, 81Br, and in some cases 127I, isotopomers in MS/MS 

spectra validated identifications. An example of molecular formula confirmation 

through in silico fragmentation and spectral fragment rationalization is supplied in 

Figure 28.  

In total, 485 halogen-containing compounds were assigned molecular formulas 

in treated samples, of which 456 were bromine containing, including 140 monobromo-, 
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163 dibromo-, 110 tribromo- and 37 tetrabromo- compounds. In addition, 97 chlorinated 

and 6 iodinated molecular formulas are proposed (Appendix D). The distribution of 

these compounds in relation to one another is visualized in Figure379. A substantial 

number of halogenated DBPs were detected in all samples except the offshore Cape 

Lookout sample, which did not have any detected in LC-MS. These results highlight the 

potential for hundreds of DBPs to form upon chlorination of seawater, as long as 

reactive NOM is present. Not only was the DOC concentration low (1.9 ppm) for this 

sample, but the absence of reactive chromophores detected in both SUVA254 and 

excitation-emission spectra shows that oxidants preferentially react with electron dense 

functional groups, such as carboxyl groups.  

In addition to the tentatively identified halogenated compounds, 6,571 molecular 

features in which MS2 spectra were available with intensity above 1E5 were detected 

across all compounds in negative ESI and APPI/APCI modes. To visualize changes in 

the chemical composition after disinfection, bromine Kendrick mass defect plots were 

constructed (Figure 30). The IUPAC mass was multiplied by 78/77.9105 to represent 

substitution of a hydrogen by a bromine atom (H/Br) and highlight shifts in feature 

characteristics. A total of 471 features were present exclusively in non-chlorinated 

samples while 2,663 were exclusive to chlorinated samples. Compounds with a negative 

mass defect often contain halogen or sulfur heteroatoms, and a shift in the negative 
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direction is clearly shown. It is likely that these are compounds that did not yield an 

isotope match in Compound Discoverer but truly are halogenated. Further, given the 

presence of NOM signal in low, but constant, signal in the chromatogram, conservative 

filtering was employed to reduce the incidence of false positives. Attempts to identify all 

of these features would require extensive visual inspection, which is why preferential 

treatment was given to those that gave a clear isotopic match in CD. 

Of the halogenated compounds identified, 177 contained nitrogen which 

accounted for 2.7-32.5% by molar mass of the molecular formula. Nitrogen-containing 

DBPs are of considerable concern in drinking water treated by chloramination because 

of their increased toxicity as compared to carbonaceous DBPs (Plewa, et al., 2015; Bull et 

al., 2011). More studies are required to understand health effects of DBPs containing 

both halogens and nitrogen, but their presence in this study is indicative of potential 

toxicity of treated seawater. Sulfur heteroatoms were also detected in 191 features and 

made up 5.7-22.4% of the compound molecular weight. Sulfur-containing DBPs have 

been reported in previous studies, though only formulas with a maximum of S2 were 

considered in those cases (Gong and Zhang, 2015; Wang, et a., 2018). NOM is known to 

contain both nitrogen and sulfur heteroatoms, such as amides and thiols, so their 

presence in halogenated DBPs is defensible (Thorn and Cox, 2009; Manceau and Nagy, 

2012).  
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Additionally, one compound present in all electrochlorinated samples with the 

highest signal was further investigated to explore potential structural information. By 

exploring isotopic pattern simulation and predictive fragmentation, this molecular 

formula was tentatively identified as 2,2,4-tribromo-5-hydroxy-4-cyclopentene-1,3,-

dione (Figures 35 & 36). This compound was previously proposed by Gonsior, et al. 

(2015) following full-scale ballast water electrochlorination of seawater, supporting 

evidence for this compound’s presence in this study.  
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Figure 35: Annotated MS/MS spectra (top) and simulated versus experimental 

isotope pattern distribution (bottom) for the tentative identification of 2,2,4-tribromo-

5-hydroxy-cyclopent-4-ene-1.3-dione. 
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Figure 36: Halogen characteristic distribution for proposed molecular formulas 

detected in at least one treated natural and synthetic seawater sample. 
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Figure 37: Bromine Kendrick Mass Defect plots (top) of combined natural and 

synthetic seawater sample molecular features before and after chlorination. Bottom 

panels show Kendrick Mass Defect density plots, displaying a defined shift to in the 

negative direction following chlorination. 
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3.3.5 DBP Detection by GC-MS 

To gain a more comprehensive analytical window of DBP compound formation, 

high resolution GCMS was also performed on the treated seawater samples to detect 

polar, volatile and thermally labile compounds that may be missed by LCMS means. The 

samples were analyzed on an Orbitrap Exactive in both EI(+) and CI(-) ionization modes 

to acquire complimentary molecular ion and halide fragment signals for more confident 

compound identification. Following spectral deconvolution and retention time 

alignment, a total of 380 distinct features were detected across all samples.  The spectral 

data was queried against the NIST library and a high resolution filtering (HRF) score 

was applied (Weidt, et al., 2016). Compounds with an HRF score greater than 750 were 

further considered and visually inspected for the presence of the molecular ion. 

Additionally, the PubChem database was searched for all compounds suggested as 

DBPs but which were not already in the NIST library. These compounds were submitted 

to in silico fragmentation using Sirius software, which scored the spectral match to 

experimental data. Resulting tentative identifications were assigned confidence levels 

according to the work published by Schymanski et al. (2014).  Following this workflow, 

9 compounds were identified as potential matches and assigned a Level 3 match using 

isotopic pattern and fragmentation rationalization. An additional 19 compounds were 

assigned a Level 2 match given a spectral library match, of which 4 of these were 

upgraded to Level 1 following confirmation with available standards. Overall, 3 mono-
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bromo, 10 di-bromo, 3 tri-bromo and 4 tetra-bromo compounds were detected. Two 

iodinated and two chlorinated compounds were also identified 

 and confirmed by the presence of isotopomers in the NCI spectra. The results of 

this portion of the study are presented in Figure 31. 

Spectral libraries are relatively robust and reproducible for EI spectra 

compounds; however, the molecular ion is often lost with this hard ionization technique, 

making compound discovery an intensive process. Aside from those that are regulated, 

spectra of brominated DBPs are largely unavailable, particularly for novel structures. 

Given these limitations and the expectation that LC-HRMS is compatible with a larger 

variety of analytes, analysis by GC-HRMS was limited to screening against compounds 

already in NIST and spectral comparison against compounds indicated as DBPs in 

PubChem literature. The information collected by these means were an invaluable 

compliment to ECD and LC-HRMS results.  
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Figure 38. Chromatographic peak (top) of unknown compound detected in 

GC-MS, fragmentation spectra in electron ionization (middle) and negative chemical 

ionization (bottom).  
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Figure 39. Component spectrum comparison to library spectra reveals a 

tentative identification of ethyl iodoacetate with a score of 94.6 for the compound 

detected in Figure 38.  
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Figure 40: Heatmap of DBPs tentatively identified by GC-HRMS in all 

chlorinated natural and synthetic seawater samples by log intensity. Compound 

identification confidence level is indicated on the left green panel. 



 

111 

 

3.3.6 Assessing controls on DBP formation 

In the presence of high bromide concentration, addition of HOCl by way of 

either in situ generation by electrochlorination or direct introduction of hypochlorite will 

quickly convert to TOBr, a disinfectant capable of forming many brominated DBPs. The 

main goal of this study was to evaluate as many DBPs formed following seawater 

chlorination as was analytically possible, though the expectation was that brominated 

DBPs would dominate. Both chlorinated and brominated compounds have been 

detected in natural waters, such as the herbicides atrazine (chlorinated) and bromoxynil. 

In order to avoid ambiguity regarding the origin of DBPs, all compounds that were 

detected in any sample prior to disinfection were not further considered, regardless of 

potential for additional formation during disinfection. Therefore, all compounds 

presented in this work are truly the products of the disinfection process.  

As discussed previously, analysis of targeted and quantified DBPs revealed 

distinct differences in rates of formation and concentration of DBPs dependent on the 

concentration and source of NOM. For example, all samples formed 

bromodichloromethane (BDCM), which increased linearly with DOC concentration. 

However, the formation of monobromoacetic acid (MBAA) and bromochloracetic acid 

(BCAA) was not dependent on DOC concentration, and their concentration in relation to 

one another varied by location. It would be difficult to draw definitive conclusions just 

from these data as only 7 compounds were detected in the target mix.  
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In examining the heatmap from the GC-MS data (Figure 31), several trends 

become apparent. In general, the signal intensity for most compounds increase with 

DOC concentration in the synthetic seawater samples. The one exception is in the case of 

2-bromo-2,4-Pentadienal, though this may be an artifact of upstream data processing. 

Interestingly, the one sample that was treated by hypochlorite addition rather than 

electrochlorination gave a relatively low signal for tribromomethane, which is the 

compound of greatest concentration in all other samples. This sample did, however, 

form dibromochloromethane in concentrations on par with the other samples.  

A considerable amount of halogenated DBPs were detected by means of LC-MS, 

and so it is beneficial to visually characterize differences between samples by plotting 

data. In figure 32, bromine Kendrick mass defect plots reveal an overall similarity in the 

mass distribution between samples, except for the Bock Marina sample, which skews to 

higher mass brominated compounds.  
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Figure 41: Bromine Kendrick mass defect plots of chlorinated water samples as 

detected by LC-MS. Yellow dots represent chlorine only compounds, light blue are 

monobromo, purple are dibromo, red are tribromo and dark blue are tetrabromo.  
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Figure 42: Total halogenated feature counts detected by LC-MS for disinfected 

samples. 
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Figure 43: Feature plots of halogenated compounds detected in samples and 

weighted by peak area (left) and m/z distribution histogram (right). 
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Figure 44: Feature plots of halogenated compounds detected in samples and 

weighted by peak area (left) and m/z distribution histogram (right). 

 

 

 

 

 

 



 

117 

 

3.4 Environmental Implications 

Following disinfection of natural and synthetic seawater, many tentative DBPs 

were detected. The results of this research will guide future research endeavors and help 

to fill the dearth of knowledge in real-world situations. By performing a semi-targeted 

analysis, DBPs which were previously uncharacterized have been identified. This will 

guide bench scale research to understand the water characteristics that drive the 

formation of those particular DBPs within ballast tanks. It is my hope to help guide the 

IMO in choosing appropriate BWMS, depending on a ship’s typical route and ballasting 

points in order reduce the formation of DBPs based on those dominant water conditions. 

Collaborations with industrial institutions and partners may also help stimulate research 

into such areas as DBP bioconcentration in local marine organisms and the potential risk 

to sensitive ecosystems. The impact of BWMS enforcement is largely understudied 

under real-world conditions. This research aimed to spearhead discussion of possible 

impacts and think about mitigation strategies to protect our ports and recreational 

waters from inadvertent impacts from required ballast water disinfection technologies.  
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4. Formation of brominated disinfection byproducts by 

oxidation of organic pollutants during chlorination of 

seawater 

4.1 Introduction 

 With increasing demand for cheap global transport of goods and growing 

merchant fleet size, the shipping industry has become progressively detrimental to 

coastal marine environments. The use of ballast water has been implicated in the 

transport of organic contaminants and biological organisms between ports and along 

shipping routes, resulting in declining ecosystem health and introduction of invasive 

species worldwide. The chemical characteristics of ballast water, which is required for 

safety and ship stabilization during a voyage, has been shown to be reflective of the 

water quality of the source water area, particularly in ports and along heavily used 

shipping routes. Types of contaminants that may be present within tanks include 

pharmaceuticals, pesticides, surfactants and industrial chemicals present either directly 

from land runoff sources or from chemicals used directly onboard during ship operating 

procedures.  

 In response to pressure to reduce environmental impacts and the spread of 

invasive species through shipping activities, the International Maritime Organization set 

forth ballast water management regulations. Since 2004, ships have been required to 

perform open ocean water exchange to flush out and reduce the incidence of coastal 
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organism translocation; however, this method is only sub-effective. In 2017, the 

International Convention for the Control and Management of Ships’ Ballast Water and 

Sediments D2 standard was entered into force, requiring installation of ballast water 

management systems (BWMS) aimed to destroy organisms present in the ballast tank.  

 The BWMS employ a combination of mechanical separation to remove larger 

organisms and chemical treatments, most often making use of oxidative methods such 

as chlorination and ozonation. Because of efficacy and cost factors, the majority of 

shipowners choose to install BWMS that make use of chlorination by either 

electrochlorination or hypochlorite addition. Used extensively in drinking water 

applications, it was discovered that the oxidizing hypochlorite molecule reacts with 

natural organic matter and some organic pollutants to form chlorinated disinfection 

byproducts (DBPs), some of which are toxic to humans. As this technology is applied to 

bromine-containing saline waters, hypobromite is preferentially formed resulting in 

brominated DBPs rather than chlorinated analogues, which are generally more toxic 

than their chlorinated and non-halogenated counterparts.  

 Several studies have focused on identifying novel Br-DBPs generated through 

the reaction of NOM in seawater during chlorination, as little is known regarding their 

formation. In fact, a recent study by Gonsior, et al, 2015 detected 462 individual Br-DBPs 

formed following electrochlorination of natural seawater. However, formation of Br-
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DBPs through halogenation of common organic pollutants present in seawater is limited 

in the literature. In a drinking water compound degradation study, chlorinated and 

brominated analogues of pharmaceutical compounds salicylic acid and naproxen were 

formed under laboratory conditions by aromatic substitution (Quintana et al, 2010). 

Searches for similar experiments performed on pollutants detected in Chapter 2 were 

sparse and those that were available often did not include persistence or fate 

experiments. 

The aim of this study was to use high resolution mass spectrometry to  identify 

organic pollutants that undergo halogenation and/or other oxidative mechanisms 

during electrochlorination and hypochlorite addition of natural coastal seawater. 

Environmental persistence and bioaccumulation data may exist for common pollutants, 

but often their brominated analogues are missing from the literature and thus little to 

nothing is known regarding their potential fate and toxicity. Following identification of 

halogenated compounds, predictive modeling was applied to estimate the potential 

impacts of these novel and understudied DBPs to aquatic ecosystems. These analyses 

were performed to help guide future research in further assessing the environmental 

implications of treating and releasing heavily polluted ballast water by chlorination.  
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4.2 Materials and Methods 

Water Sampling and Preparation. Natural seawater samples were collected from 

coastal North Carolina, USA for electrochlorination using sterilized glass bottles and 

transferred to 20L non-reactive carboys. Sampling sites were selected to include a range 

of terrigenous and marine NOM sources; locations and water quality characteristics are 

given in Table 1. Natural seawater samples were collected from the Johor Straight (GPS 

location 1.451313, 103.776704) and South Pier (GPS location 1.272492, 103.865836) of 

Singapore in 1-L pre-combusted borosilicate media bottles for hypochlorite addition 

disinfection. Sampling sites were selected to include low flushing, river impacted, 

polluted waters (Johor Straight) and moderate flushing, marine water (South Pier). 

Samples were stored in the dark at 4 ºC, processed within 24 hours of collection and 

brought to room temperature (21-23 ºC) prior to experimentation. 

Hypochlorite Addition Experiments. Sodium hypochlorite was added to each 1-L 

sample to achieve a residual free chlorine concentration of 10-12 ppm. Samples were 

stored headspace-free in the dark at room temperature for 72 hours and quenched using 

a 120% molar ratio of sodium thiosulfate to free chlorine and filtered through pre-

combusted 0.7 µm glass fiber filters (Whatman).   

Electrochlorination Experiments. Electrochlorination experiments were performed 

on the system described in Section 3.2 of this document. 18 L unfiltered samples were 



 

122 

 

electrochlorinated to achieve a free chlorination concentration of 10-12 mg L-1 to simulate 

the upper-level of residual oxidant recommended by BWMS manufacturers. Free 

chlorine concentration was measured using Hach DPD free chlorine reagent powder 

pillows (25 mL) and a Hach DR2400 spectrophotometer. After the electric current was 

terminated, the sample was circulated for 30 minutes and then transferred to 2 L 

borosilicate media bottles with PTFE caps, sealed headspace free. Bottles were stored in 

the dark at room temperature for 5 days to simulate the maximum contact time required 

by the IMO prior to quench and release of ballast water. After 5 days, samples were 

quenched using a 120% molar ratio of ascorbic acid to free chlorine and filtered through 

pre-combusted 0.7 µm glass fiber filters (Whatman). Samples were acidified to pH < 2 by 

adding 400 mL H2SO4 and concentrated through a column containing 24 mL each of pre-

cleaned DAX-8 and XAD-2 resins (Richardson, et al., 1994). Analytes were eluted with 

240 mL ethyl acetate after which the organic fraction was isolated using a separatory 

funnel and further dried over 50 mL of muffled Na2SO4. The extract was condensed to ~5 

mL using a RotoVap and further concentrated to 2 mL under a gentle stream of nitrogen. 

The extract was solvent exchanged to 5% acetonitrile in water under a gentle stream of 

nitrogen. For each chlorinated sample, a paired, un-chlorinated 16 L sample was filtered, 

resin-extracted and prepared for MS analysis. The purpose of the paired un-chlorinated 

samples is to validate formation of halogenated compounds during chlorination.  
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HPLC-HRMS Analysis. Extracted DBP samples were separated using high 

performance liquid chromatography with high resolution mass spectrometry detection 

in negative and positive ESI and APPI/APCI. A PAL autosampler (CTC Analytics, 

Zwingen, Switzerland) introduced 25 µL samples to an UltiMate 3000 HPLC system 

(Thermo Fisher, Waltham, MA, U.S.A.) equipped with a binary high pressure gradient 

mixing pump and column heater held at 30 oC. The column was Hypersil Gold aQ C18 

end capped (1.9 µm, 2.1 x 100 mm) from Thermo Fisher Scientific. The mobile phase was 

water and acetonitrile at a flow rate of 300 µL/min under the following linear gradient: 

5-99% organic over 40 minutes, held for 3 minutes and returned to starting conditions 

for 2 minutes. Full scan MS was performed using a Fusion Lumos Orbitrap (Thermo 

Fisher Scientific, San Jose, CA, U.S.A.) with a resolution of R = 250,000 at m/z 250 over an 

m/z range of 150-2000, capillary temperature of 275 oC and spray voltage of 3.3 kV. Two 

scan events were programmed for 1 second cycle time. The first utilized targeted isotope 

scanning to detect and isolate precursor ions matching bromide and chloride isotopic 

patterns for preferential fragmentation. The second scan event performed fast 

acquisition full-scan selection for all ions above an intensity of 1E+05 over the remainder 

of the cycle time. This method was useful for isolating compounds likely to contain 

halogenated DBPs.  
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Nontarget and Target Compound Identification. The targeted and non-targeted 

workflows described in Section 2.2 were applied to identify common contaminants 

present in pre-chlorinated water samples. Additionally, mono-, di-, tri- and tetra-bromo 

substituted compound analogue mass lists were created and searched against post-

treatment samples to identify those which became halogenated following disinfection. 

Those tentatively identified halogenated analogues were also subjected to the non-target 

workflow, using Sirius and SciFinder to validate their presence. Literature was searched 

to  identify additional potential DBPs that have been formed through treatment of 

wastewater and drinking water streams by various oxidative methods (chlorination, UV, 

ozonation). Chlorinated analogues of suspected Br-DBPs were investigated to establish 

plausibility of proposed compounds.  

Environmental Fate Estimation. Chemical properties were estimated using the US 

EPA EPISuite software in cases where experimental data was not available. In particular, 

air-water (Kaw), octanol-water (Kow) and octanol-air (Koa) coefficients, aqueous solubility 

(pKa), bioconcentration factor (BCF) and partitioning and half-life values were estimated 

for air, water and soil compartments. Acid-dissociation constants were predicted using 

the LFER-based model SPARC in cases where experimental data was not available. 

Structure-based environmental fate predictions were made by applying estimated 
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and/or experimentally-derived chemical property data to the fugacity-based OECD 

(Overall Persistence and Long-Range Transport Potential) model.  

4.3 Results and Discussion 

4.3.1 Dibromination of Benzotriazole 

The compound, 1H-benzotriazole was detected in pre-chlorinated Beaufort and Bock 

Marina samples by targeted means. It is a common industrial compound and medicinal 

precursor, used particularly as a corrosion inhibitor for metals and alloys under both 

atmospheric and underwater applications (Mawhinney et al., 2012). Due to its 

hydrophilicity, recalcitrance in the environment and only partial removal in 

conventional wastewater treatment streams, it is regularly detected in surface water 

systems. Experimental chemical properties have been reported for benzotriazole, which 

has been found to impart weak toxicity to humans and plants, and antiestrogenic 

response in laboratory-based bioassays. These data were used to validate environmental 

fate estimations for brominated analogues. Mono-brominated 5-Bromobenzotriazole and 

di-brominated 5,6-Dibromobenzotriazole compounds were identified by non-target 

means in EC Bock Marina, EC Beaufort and HA Beaufort samples following disinfection 

through sequential nucleophilic substitution (Figure 33). Experimental physic-chemical, 

toxicity or environmental fate data does not exist in the literature for either compound.  
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Figure 45: Sequential halogenation of 1H-Benzotriazole during 

electrochlorination and hypochlorite addition of natural waters. 

 

Experimental Kow, pKa and aqueous solubility data was available for 1H-

Benzotriazole but not associated DBPs. However, given accurate physicochemical 

properties for the parent compound, the legitimacy of estimated values for DBP 

compounds can be assessed. For example, the log Kow was experimentally found to be 

1.44, which increases linearly with bromine substitution (Figure 34). This result is 

expected as the addition of halogens generally decreases a compound’s hydrophilicity. 

Similarly, the proportion of compound expected to partition into the atmosphere 

decreases and into soils and sediment increases linearly with bromine substitution. 

Using the known experimental and estimated associated physicochemical properties, 

the overall persistence in the environment (Pov), characteristic travel distance (CTD) and 

transfer efficiency percentage (TE) were calculated using the OECD tool. This tool is a 

multimedia mass balance unit-based model which utilizes three bulk compartments: 
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soil-surface layer, seawater-surface layer and the troposphere. Using experimental (for 

1H-Benzotriazole) and estimated (for DBPs) properties, it is expected that Pov will 

increase from 51.2 to 83.3 days with one Br substitution and to 94.2 days with two Br 

substitutions (Table 5). Inversely, the CTD decreases from 1955.5 to 1199.2 to 686.4 km, 

respective to number of substitutions. Further, the bioconcentration factor, in terms of 

log BCF, was estimated to be 0.617, 1.014 and 1.610 for 1H-Benzotriazole, 5-Bromo-1H-

benzotriazole and 5,6-Dibromo-1H-benzotriasole, respectively. As the hydrophilicity of 

the compound decreases with halogen addition, the propensity of that compound to 

partition into biological tissue and thus the potential for bioconcentration increases.  

 

 

Figure 46: Log Kow (left) and percent of the total compound molecules 

partitioned into air, water and soil (right) by number of bromine substitutions for 
benzotriazole based on experimental values for parent compound (0 substitutions) 

and estimated values for DBP compounds. 
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Table 6: Chemical properties found experimentally or estimated using in silico 

tools for 1H-Benzotriazole and halogenated DBP compounds.   

 1H-Benzotriazole 5-Bromo-1H-
benzotriazole 

5,6-Dibromo-1H-
benzotriazole 

Br substitutions 0 1 2 

SMILES N1=NC2=CC=CC=C2N1 C12C(CC(Br)CC1)N=NN2 C1=C(C(=CC2=NNN=C21)Br)Br 

Log Kaw a -5.221 -5.622 -6.021 

Log Kow a 1.44* 2.05 2.95 

Log Koa a 6.661 7.682 8.971 

pKa b 8.52* 8.03 8.04 

Half-life in air (h) a 256.7 407.8 1420 

Half-life in water (h) a 360 900 900 

Half-life in soil (h) a 720 1800 1800 

Biowin3 persistence a weeks weeks-months  months-weeks 

LogBCF a 0.617 1.014 1.61 

% in air a 1.83 0.432 0.181 

% in water a 24.2 19.1 16.1 

% in soil a 73.9 80.3 83.5 

POV (d) c 51.2 83.3 94.2 

CTD (km) c 1955.5 1199.2 686.4 

TE (%)c 8.2 4.6 3 

Values with an asterisk were found experimentally 

a Estimated using EPA EPISuite  

b Estimated using SPARC 

c Estimated using OECT 

 

4.3.2 Monobromination of Benzisothiazolinone 

Benzisothiazolinone is similar to benzotriazole and was identified by non-target 

workflow in Beaufort and Bock Marina pre-chlorination samples. This compound is 

used as a preservative and antimicrobial agent in cleaning and personal care products 

and, perhaps more importantly in this case, as a marine antifoulant. It has been found to 

be a skin, eye and lung irritant and immune system toxicant in humans and animals 

(ToxNet, 2018). The tentatively identified compound 5-bromo-1,2-Benzisothiazol-3(2H)-
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one was detected in post-chlorinated samples (Figure 35), though further halogenation 

was not detected as in the case with benzotriazole, either due to low concentration or 

non-formation due to steric hindrance between bromine and sulfur moieties on the 

benzene ring.  

 

Figure 47: Halogenation of Benzisothiazolinone during electrochlorination and 

hypochlorite addition of natural waters. 

 

 Experimental chemical properties were not available for either 

benzisothiazolinone or its brominated DBP analogue thus all values were predicted. In 

comparison to benzotriazole, the incorporation of electron-rich sulfur and oxygen 

moieties into the structure renders the compound much less mobile in the environment, 

with a calculated CTD of 135 km as compared to 1613 km (Table 6). Similar to 

halogenation of benzotriazole, however, bromination of benzisothiazolinone to 5-bromo-

1,2-Benzisothiazol-3(2H)-one results in a compound estimated to persist over twice as 

long in the environment (74 versus 31 days), disperse over a smaller geographical 
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distance (135 versus 93 days) and exhibit elevated bioconcentration potential (0.5 versus 

0.674) as compared to its parent compound (Table 6).  

Table 7: Chemical properties found experimentally or estimated using in silico 

tools for Benzothiazolinone and its halogenated DBP compound.   

 
Benzisothiazolinone 5-bromo-1,2-benzisothiazol-

3(2H)-one 
Br substitutions 0 1 

SMILES O=C(NSc1cccc2)c12 C1(=O)c2c(ccc(Br)c2)SN1 

Log Kaw a -6.548 -6.948 

Log Kow a 0.64 1.53 

Log Koa a 7.188 8.478 

pKa b 7.47 7.11 

Half-life in air (h) a 15.1 29.2 

Half-life in water (h) a 360 900 

Half-life in soil (h) a 720 1800 

Biowin3 persistence a weeks weeks-months 

LogBCF a 0.5 0.674 

% in air a 0.123 0.0253 

% in water a 24.4 21 

% in soil a 75.4 78.9 

POV (d) c 31.4 73.88 

CTD (km) c 135.17 93.35 

TE (%)c 0.34 0.32 

Values with an asterisk were found experimentally 

a Estimated using EPA EPISuite  

b Estimated using SPARC 

c Estimated using OECT 

 

4.3.3 Hydroxylation and Halogenation of Diethyl Phthalate 

Diethyl phthalate (DEP) was detected in Beaufort and Johor Straight seawater 

samples by non-targeted analytical workflow and is a common industrial chemical, 

plasticizer and personal care product additive. It has been found to potentially act as an 
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endocrine disruptor and obesogen in human epidemiological and rodent laboratory 

studies. The major environmental breakdown product of diethyl phthalate is the 

compound monoethyl phthalate (MEP), which was also detected in the samples. On its 

own, this compound was positively correlated with insulin resistance, waist 

circumference and breast cancer rates in human studies (Crinnion, 2010). The mono-

brominated analogue of DEP and MEP compounds were detected in post-chlorinated 

samples (Figure 36).  

 

Figure 48: Halogenation of diethyl phthalate and its breakdown product, 

monoethyl phthalate, during electrochlorination and hypochlorite addition of natural 

waters. 

 Experimentally derived Kaw and Kow values were available for DEP only and 

estimated values are provided in Table 7. Degradation of DEP to MEP does not result in 
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a significant reduction of estimated POV, but overall CTD is reduced from 969 km to 37 

km, respectively.  

4.3.4 Other Oxidative Reactions 

Although the major focus of this study was to identify instances of pollutant 

halogenation during disinfection, additional oxidative reactions are possible. This may 

include processes such as dealkylation, hydroxylation and oxidation, which tend to be 

much more difficult to predict in complex mixtures of chemicals. The beta blocker, 

metoprolol, was found in Singapore seawater by targeted identification and has been 

reported to undergo chlorine addition during chlorine treatment (Bedner and 

MacCrehan, 2006). In this study, however, halogenated analogues were not found in 

treated samples as expected, though the metoprolol signal was greatly reduced as 

compared to untreated samples, warranting further investigation. One study identified 

several hydroxylated and dealkylated metoprolol transformation products formed 

following ozonation, some of which were present in post-chlorinated Singapore samples 

(Benner and Ternes, 2009). Of those reported in the study, three were detected in this 

study and are shown in Figure 37. Unlike bromination reactions, which tend to form 

more persistent and potentially bioaccumulative compounds, estimated BCF and POV 

values were reduced through disinfection of metoprolol (Table 8).   
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Figure 49: Suspected metoprolol DBP chemical formulae and structures 

following hypochlorite addition of Singapore seawater.   

 

Several pollutants were detected in this study that have found to be recalcitrant 

to chlorine treatment in the literature, including the biocides DEET, the triazines atrazine 

and simazine, and mecoprop (Kock-Schulmeyer et al, 2013; Escolà Casas et al, 2017). In 

agreement with other findings, these compounds were  identified in both pre- and post-

chlorinated samples. Additionally, the pharmaceutical genistein and fungicide 

metalaxyl were present in the Beaufort seawater sample but not detected in the post-

chlorination sample. Literature regarding the fate of these compounds in chlorinated 
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streams is not available and halogenated analogues were not detected. The mechanism 

for removal of these compounds is unclear.  

4.3.5 Limitations and Implications 

Experimental data is lacking on the environmental fate and degradation of 

emerging polar DBPs, prohibiting useful risk assessments. Despite the tendency for in 

silico tools and predictive models to regularly inflate predictive values, they may 

provide valuable and rapid identification of potential emerging risks for compounds in 

which data is sparse. A limitation in this work was that it was not able to consider some 

environmental factors such as water temperature, microbial degradation and turbidity, 

all which are likely to impact the overall fate of the compound. However, by drawing 

upon experimentally-derived chemical properties of parent compounds and 

understanding basic molecular principals, it is possible to make assumptions regarding 

relative persistence and fate information. For example, as a generalization based on 

laboratory studies, the toxicity of a compound increases with an increasing number of 

halogen moieties.  

In this study, mono- and di- bromo-substituted organic pollutants were 

identified and predictive modeling tools were used to estimate environmental fate 

characteristics. Overall, it is apparent that addition of bromide to the parent compound 

correlates with longer persistence, reduced environmental transport and increased 
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bioaccumulation factor. This generalized trend may be important in further considering 

the global impacts of oxidative treatment of ballast water, particularly considering the 

lack of available data for novel and emerging DBP compounds.  

5. Conclusion 

In this work, high resolution mass spectrometry was used to explore the 

chemical burden of ship ballast water and identify emerging compounds of concern 

related to impending treatment technologies. Targeted and non-targeted workflows 

were employed to identify over 100 anthropogenic contaminants in ballast and port 

water samples across a variety of port locations and ship type. By comparing chemical 

profiles between ballast tanks and local port water at different post-ballast intervals, this 

work proved that the global dispersal of contaminants through shipping is dependent 

on port water characteristics. In turn, heavily trafficked coastal and oceanic shipping 

routes are susceptible to impacts of ballast water exchange activities. The quality of 

water taken onboard is the result of combined land-derived waste streams and ship-

derived pollution. 

The second part of this work sought to understand how water quality affects 

generation of DBPs following chlorination, and in particular NOM concentration and 

characteristics. Globally, ships encounter a wide variety of source waters conditions and 

so it is prudent to assess the chemical impacts of treatment technologies over a range of 
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characteristics. A combination of LC and GC analytical techniques were employed to 

identify as many DBPs as possible over the scope of volatilities and polarities. During 

the BWMS type approval process, regulatory agencies require analysis and quantitation 

for a handful of volatile DBP compounds generated by the treatment system but fail to 

assess the generation of semi- and non-volatile compounds, which are more likely to 

concentrate in the water column. In this work, over 400 brominated DBP compounds 

were detected by LC-MS following chlorination of seawater, many of which have not 

been evaluated for chronic aquatic toxicity. Further it was demonstrated that treating 

near-shore water that contains highly abundant terrigenous NOM (from river or runoff 

sources) generates higher concentrations and a wider variety of DBPs than off-shore, 

marine-dominated NOM sources.  

The last part of this work focused on identifying halogenated DBPs formed 

through chlorination reactions with organic pollutants present in seawater. Again, high 

resolution mass spectrometry was used in combination with targeted and non-targeted 

workflows to identify pollutants present prior to chlorination and their halogenated 

analogues detected in post-chlorination samples. As most of these DBPs do not have 

experimental chemical data available, predictive models were used to understand how 

each compound’s environmental fate and bioconcentration potential can change upon 

halogenation. This work demonstrated that while some compounds may become less 
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toxic following treatment, others become more persistent and bioavailable. More work is 

needed to truly examine chronic and acute effects of whole-effluent exposure to treated 

ballast water within coastal-type ecosystems. 

Taken together, the goal of this work was to understand the current and 

potential chemical impacts of ship ballast operations on seawater and guide decisions 

regarding the use of treatment systems and global dispersion of treated water. It was 

demonstrated that organic pollutants are present in ballast water, originating from port 

water and shipboard operations, and further that some of these compounds undergo 

halogenation during chlorination treatment to form potentially toxic and persistent 

DBPs. Further exacerbating this problem is the type and concentration of NOM taken 

onboard. It is the recommendation of this researcher that as stewards of the world’s 

oceans, regulatory agencies focus on establishing measures to reduce the presence of 

DBP-generating substrates in ballast tanks prior to treatment and subsequent release. 

This may be in the form of requiring open-ocean exchange prior to and following 

treatment and/or use of filters to remove NOM from water to be treated. Given the 

impending high-volume global release of treated seawater, it is imperative to take 

proactive measures to protect our ocean resources.  
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Appendix A 

Generalized schematic of electrochlorination ballast treatment management system 

(MEPC, 2010) 
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Appendix B  

Water quality characteristics and ballast water exchange data for all ballast water samples.  

 a Vessels in which a paired port sample was collected 

 b Method of ballast management: fill = fill only, no exchange; E/R = empty then refill; F/T = flow-through exchange; NR = not reported 

Vessel 
ID 

Sample 

Temp. 
(°C) 

Salinity 
(psu) 

pH 
DOC 
(ppm) 

Exchange 
methodb 

Tank 

Volume 
(m3) 

Volume 

Filled 
(m3) 

Last Intake 
Location 

Exchange 
latitude 

Exchange 
longitude 

CH17C1a na na na na Fill 873.44 820 
Marsaxlokk, 
Malta 

na na 

CH17C2a na na na na Fill 1729 336 
Hamburg, 
Germany 

na na 

CH17C3a na na na na E/R 1072.9 525 Shanghai, China 28.0333 S 45.4666 E 

CH17C4a na na na na Fill 1055.7 770 Zhoushan, China na na 

CH17C5a na na na na Fill 866.4 813 Zhoushan, China na na 

CH17C6a na na na na Fill 910.2 851 
Koahsiung, 
Taiwan 

48.4016 N 171.3833 E 

LB15B1a na na na na E/R 1448 1448 Lanqiao, China 44.4666 N 164.2838 E 

LB15B2 na na na na NR NR NR NR   

LB15B3 na na na na E/R 348.8 348 
Savona, Italy / 
Squamish, CA 

24.122 N 47.126 W 

LB15T1 na na na na 
NR NR 2283 

Los Angeles, USA 
na na 

LB16B1 na na na na 
E/R NR 865 NR   
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LB16B2 17.41 33.56 7.97 5.55 fill 1246.2 592 Los Angeles, USA na na 
LB16B3a 16.03 33.35 7.29 4.61 fill 972 901.4 Los Angeles, USA na na 

LB16C1 
na na na na NR NR NR NR   

LB16C11 
15.2 33.82 7.4 2.45 E/R 671.4 671.4 Ningbo, China 40.5175 N 154.0844 E 

LB16C10 
na 35.71 7.82 8.68 E/R 1010.1 1010.1 Los Angeles, USA 41.0516 N 

153.2666 
W 

LB16C2 
16.7 34.35 7.76 2.26 fill 7787.7 405 

Tacoma, WA, 
USA 34.8352 N 

140.0672 
W 

LB16C3 
19.74 35.62 7.69 28.33 TR 588.8 135.8 

Fos-sur-mer, 
France 

na na 

LB16C5 
15.74 33.03 7.77 3.1 E/R NR NR Qingdao, China 50.8336 N 

152.0022 
W 

LB16C6 
15.05 34.06 7.61 1.65 E/R 658.3 658.3 Yantian, China 41.3358 N 157.1666 E 

LB16C7 
13.77 34.29 7.69 2.77 E/R 1149.4 1149.4 

Navegantes, 
Brazil 39.5166 N 154.4519 E 

LB16C9 
15.37 21.99 7.82 3.67 E/R 728.4 728.4 NR 48.0836 N 169.4338 E 

LB16O1 
15.67 34.38 7.72 43.24 NR 471.7 NR 

Internal 
transfers/mixed    

LB16O2 17.09 33.76 7.75 27.94 NR NR NR NR   

LB16T1 
15.7 33.52 7.46 6.4 E/R NR NR NR 36.0502 N 

161.0833 
W 

LB16T2 
18.11 33.63 7.8 28.64 NR NR 3262 NR   

LB16T3 17.88 36.06 8.03 2.74 E/R 1804 1804 Mejillones, Chile 15.2011 S 85.7502 W 
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LB16T4 
16.89 33.81 7.79 22.52 E/R 1820.8 1820.8 NR 31.3666 N 

118.6180 
W 

LB17C1 
20.2 33.36 7.55 1.92 fill NR 487.8 Hong Kong 45.0855 N 

139.5011 
W 

LB17C2 
19 35.85 7.69 3.81 E/R 694.4 694.4 Hong Kong 40.5350 N 173.3522 E 

LB17C3 
15.6 35.03 7.78 7.81 E/R 1126.2 1126.2 

Zeebrugge, 
Belgium 41.8844 N 160.4347 E 

LB17C4 17.2 34.97 7.71 2.33 E/R 2373.6 2373.6 Kaohsiung, China 37.9844 N 165.6688 E 

LB17C5 
14.1 34.98 7.89 13.78 E/R 914.6 914.6 Busan, Korea 42.0855 N 

140.1522 
W 

LB17C6 
13.8 34.48 7.79 1.96 E/R 1064.7 1064.7 Chiwan, China 45.1505 N 

160.5502 
W 

LB17T1 16.5 34.93 7.42 16.37 fill NR 3000 Long Beach, CA na na 

LB17T2 
13.7 1.3 7.78 9.82 fill 1533 1500 

San Francisco, 
USA 

na na 

LB17T3 
16 34.82 7.7 3.16 NR NR NR Busan, Korea   

LB17T4 
15.8 35.7 7.62 2.58 NR NR NR NR   

SA17C1 
24.8 32.8 8.14 11.1 F/T NR 350 

Nhava Sheva, 
India 27.7844 S 38.5019 E 

SA17C2 
25.1 34.1 7.98 4.41 E/R 641.5 648.6 

Navegantes, 
Brazil 30.9355 S 2.3338 W 

SA17C3 
23.7 32.4 7.58 2.07 fill NR 130 Durban, SA   

SG16C1 
30.89 34.92 7.66 4.78 fill 1055.7 300 Port Said, Egypt 23.1683 N 117.5025 E 
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SG16C2a 
31.35 10.88 7.89 1.51 NR NR NR NR   

SG16C3 
30.54 35.8 7.73 14.52 fill 1300.1 1100 Yanchian, China   

SG16C4 
31.69 23.75 7.45 18.76 fill 910.2 455 Ningbo, China   
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Appendix C 

Tentatively identified organic pollutants detected in ballast and port water, chemical class, molecular formula, 

spectral library score, mass error and area count range across all samples.  

Proposed Compound Chemical Class 
Molecular 

Formula 

Library 

score 

Mass 

error 

(ppm) 

Area count 

range 

α-hydroxymetoprolol 

pharmaceutical 

TP C15H25NO4 87.3 -0.22 

2.60E+02 - 

3.58E+05 

2-(4-

morpholinyl)benzothiazole plasticizer C11H12N2OS 91 -0.38 

1.18E+03 - 

1.17E+06 

2-Benzothiazolesulfonic acid plasticizer C7H5NO3S2 90.5 -0.27 

1.58E+03 - 

3.97E+06 

2-hydroxysimazine 

pharmaceutical 

TP C7H13N5O 83.3 0.14 

5.30E+02 - 

8.80E+05 

2-phenylphenol biocide C12H10O 82.1 0.28 

1.11E+02 - 

1.65E+05 

3,4-dichorophenylurea 

pharmaceutical 

TP C7H6Cl2N2O 88.1 0.32 

2.15E+02 - 

2.95E+05 

4,4'-dihydroxydiphenylsulfone plasticizer C12H10O4S 87.5 0.06 

5.99E+02 - 

1.53E+07 
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4-cumylphenol other C15H16O 88.2 0.34 

2.40E+02 - 

3.36E+06 

4-formylaminoantipyrine 

pharmaceutical 

TP C12H13N3O2 95.7 -0.12 

6.56E+02 - 

7.37E+05 

9-Fluorenone pharmaceutical   C13H8O 92.6 0.26 

5.48E+02 - 

8.97E+05 

abacavir pharmaceutical C14H18N6O 87.7 -0.01 

3.53E+02 - 

2.32E+05 

amisulpride pharmaceutical C17H27N3O4S 84.1 0.17 

4.51E+02 - 

5.66E+05 

atenolol pharmaceutical C14H22N2O3 95.5 -0.23 

4.95E+02 - 

2.44E+06 

azelaic acid biocide C9H16O4 90.1 -0.47 

6.22E+02 - 

3.42E+05 

bensulfuron methyl biocide C16H18N4O7S 87.2 -0.42 

7.68E+02 - 

1.45E+06 

bentazone biocide C10H12N2O3S 91.3 -0.47 

0.00E+00 - 

8.05E+06 

benzoguanamine other C9H9N5 96 -0.18 

4.98E+03 - 

4.87E+06 

caffeine pharmaceutical C8H10N4O2 91.2 0.07 

9.29E+04 - 

2.65E+07 
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celecoxib pharmaceutical C17H14F3N3O2S 93.4 -0.28 

7.67E+02 - 

2.94E+06 

climbazole biocide C15H17ClN2O2 92 1.03 

4.14E+02 - 

6.37E+05 

clindamycin biocide C18H33ClN2O5S 91.2 0.3 

2.79E+02 - 

2.10E+05 

codeine pharmaceutical C18H21NO3 87.8 -0.15 

3.67E+02 - 

3.18E+05 

dextrorphan pharmaceutical C17H23NO 92.9 0.21 

3.62E+02 - 

9.71E+05 

diazinon biocide C12H21N2O3PS 92.9 -0.4 

4.85E+02 - 

5.06E+05 

dibutyl phthalate plasticizer C16H22O4 90.1 -0.43 

6.54E+04 - 

2.79E+07 

dimethoate biocide C5H12NO3PS2 90.1 -0.62 

4.61E+02 - 

2.78E+05 

dinoterb biocide C10H12N2O5 82.3 0.29 

5.48E+03 - 

1.89E+06 

diuron biocide C9H10Cl2N2O 88.1 -0.5 

3.74E+02 - 

4.38E+06 

dodecyl sulfate other C12H26O4S 95.6 0.03 

0.00E+00 - 

1.88E+08 
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ecgonine ethyl ester 

pharmaceutical 

TP C11H19NO3 91.6 -0.67 

7.57E+02 - 

5.02E+05 

efavirenz pharmaceutical C14H9ClF3NO2 85.1 -0.42 

4.41E+02 - 

4.47E+05 

ethylparaben biocide C9H10O3 80.1 0.39 

3.49E+02 - 

4.83E+06 

fenpyroximate biocide C24H27N3O4 89.7 0.01 

3.84E+02 - 

7.72E+05 

hexazinone biocide C12H20N4O2 80.4 -0.6 

8.59E+02 - 

7.46E+05 

irgarol 1051 biocide C11H19N5S 84.5 0.45 

4.14E+02 - 

3.30E+05 

isoprothiolane biocide C12H18O4S2 89.4 -0.62 

1.52E+03 - 

9.30E+06 

kahweol other C20H26O3 86.1 -0.56 

1.18E+04 - 

2.04E+07 

ketamine pharmaceutical C13H16ClNO 92.7 0.19 

3.85E+02 - 

1.02E+06 

lincomycin biocide C18H34N2O6S 86.5 -0.84 

3.37E+02 - 

9.88E+05 

losartan pharmaceutical C22H23ClN6O 88.4 0.14 

2.63E+02 - 

2.60E+05 
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lumichrome 

pharmaceutical 

TP C12H10N4O2 91.3 -0.05 

6.49E+02 - 

9.48E+05 

mefenamic acid pharmaceutical C15H15NO2 92.6 -0.41 

8.53E+02 - 

5.31E+05 

methaqualone pharmaceutical C16H14N2O 89.3 0.11 

4.55E+02 - 

1.91E+06 

metolachlor ethanesulfonic 

acid biocide TP C15H23NO5S 94.9 0.37 

1.48E+02 - 

6.94E+05 

minoxidil pharmaceutical C9H15N5O 87.4 -0.08 

5.30E+02 - 

2.89E+05 

mono(2-ethylhexyl) phthalate 

(MEHP) plasticizer TP C16H22O4 87.5 0.29 

0.00E+00 - 

1.34E+07 

monobutyl phthalate plasticizer C12H14O4 81.6 0.48 

1.06E+02 - 

2.75E+05 

monomethyldiuron (DCPMU) biocide TP C8H8Cl2N2O 89.8 -0.67 

2.71E+02 - 

7.07E+05 

N,N'-dicyclohexylurea other C13H24N2O 92.8 0.27 

3.53E+02 - 

2.52E+05 

N4-acetylsulfamethoxazole 

pharmaceutical 

TP C12H13N3O4S 94.1 0.02 

3.63E+02 - 

2.36E+05 

octabenzone other C21H26O3 83.3 -0.5 

9.82E+01 - 

1.62E+05 
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paracetamol pharmaceutical  C8H9NO2 89.6 0.2 

1.12E+03 - 

1.04E+07 

perfluoro-1-hexanesulfonic 

acid (PFHxS) other C6HF13O3S 90.3 0.09 

0.00E+00 - 

2.81E+06 

perfluoroctanoic acid (PFOA) other C8HF15O2 81.1 0.19 

3.45E+02 - 

6.29E+05 

piperine other C17H19NO3 83.8 0.31 

4.36E+02 - 

3.90E+05 

prometryn biocide C10H19N5S 97 0.09 

4.98E+02 - 

2.82E+06 

propylhexedrine pharmaceutical  C10H21N 84.7 0.05 

4.18E+02 - 

3.30E+06 

resorufin other C12H7NO3 80.2 0.16 

3.96E+02 - 

1.62E+06 

rhodamine 6G other C28H30N2O3 82 0.1 

1.20E+03 - 

1.93E+06 

riboflavin pharmaceutical  C17H20N4O6 89.7 0.12 

2.46E+02 - 

6.18E+04 

ritonavir pharmaceutical  C37H48N6O5S2 96.2 0.1 

7.19E+02 - 

1.10E+06 

simetryn biocide C8H15N5S 80.6 0.36 

3.80E+02 - 

3.50E+05 
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sitagliptin pharmaceutical  C16H15F6N5O 93.8 0.09 

8.47E+02 - 

3.80E+06 

telmisartan pharmaceutical  C33H30N4O2 92.9 0.2 

8.49E+02 - 

1.27E+06 

terbuthylazine biocide C9H16ClN5 95.2 0.28 

4.97E+02 - 

3.07E+06 

theophylline pharmaceutical  C7H8N4O2 90.7 0.01 

3.22E+02 - 

1.99E+06 

tricyclazole biocide C9H7N3S 85.8 0.17 

8.16E+02 - 

3.37E+06 

tris(1-chloro-2-

propyl)phosphate other C9H18Cl3O4P 92.5 0.17 

1.39E+04 - 

3.18E+06 

tris(2-chloroethyl)phosphate other C6H12Cl3O4P 98.3 0.12 

6.27E+03 - 

1.92E+06 

valsartan metabolite 

pharmaceutical 

TP C14H10N4O2 80.2 0.05 

3.50E+02 - 

3.77E+05 
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Appendix D  

Proposed molecular formulas DBPs detected in disinfected natural and synthetic seawater. Data includes ionization 

mode, molecular formula and weight, retention time, mass error and O/C and X/H ratios where X = Cl + Br + I. 

Ionization Mode Molecular Formula 
Molecular 
Weight 

Retention 
Time 
(min) 

Mass 
Error 

(ppm) O/C X/H 

ESI(-) C4HBrS 159.89826 5.893 0.17 0.00 1.00 

ESI(-) C5H5BrO 159.95238 9.587 0.04 0.20 0.20 

ESI(-); APPI(-) C5H3ClO4 161.97199 8.063 0.00 0.80 0.33 

ESI(-) C8H7ClO2 170.01347 8.105 0.09 0.25 0.14 

ESI(-) C5H3BrO2 173.93162 5.286 -0.11 0.40 0.33 

APPI(-) C4H2BrNO2 174.92688 9.084 -0.05 0.50 0.50 

ESI(-); APPI(-) C4H3BrO3 177.92655 6.554 -0.04 0.75 0.33 

ESI(-) C2H4Br2 185.86798 3.446 0.05 0.00 0.50 

ESI(-) C3H4BrClO2 185.90830 3.368 -0.09 0.67 0.50 

ESI(-) C9H13ClO2 188.06042 6.671 0.09 0.22 0.08 

ESI(-) C5H3BrOS 189.90879 6.73 -0.05 0.20 0.33 

APPI(-) C4H2BrNO3 190.92181 4.533 0.01 0.75 0.50 

ESI(-);APPI(-) C5H5BrO3 191.94220 3.678 -0.05 0.60 0.20 

ESI(-) C8H6BrN 194.96837 11.226 0.06 0.00 0.17 

ESI(-) C3H2Br2 195.85230 3.979 -0.11 0.00 1.00 

ESI(-); APPI(-) C7H4BrNO 196.94760 3.867 -0.13 0.14 0.25 

ESI(-) C3H4Br2 197.86799 4.458 0.10 0.00 0.50 

ESI(-);APPI(+) C7H7BrO2 201.96298 3.909 0.21 0.29 0.14 

ESI(-) C6H5BrO3 203.94218 9.583 -0.12 0.50 0.20 
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ESI(-); APPI(-) C5H3BrO4 205.92143 5.812 -0.19 0.80 0.33 

ESI(-) C4H4BrNO4 208.93234 10.415 -0.14 1.00 0.25 

ESI(-); APPI(-) C6H3Cl3O2 211.91990 11.165 0.18 0.33 1.00 

ESI(-);APPI(-) C7H4BrNO2 212.94252 12.791 -0.10 0.29 0.25 

ESI(-); APPI(-) C5HCl3O3 213.89913 2.584 0.01 0.60 3.00 

ESI(-) C9H4Cl2O2 213.95881 5.683 -0.11 0.22 0.50 

ESI(-); APPI(-) C8H7BrO2 213.96291 7.064 -0.13 0.25 0.14 

ESI(-); APPI(-) C8H4Cl2N2O 213.97020 10.704 0.62 0.13 0.50 

ESI(-) C9H7ClO4 214.00328 8.233 -0.02 0.44 0.14 

ESI(-) C6H2BrNO3 214.92179 5.132 -0.07 0.50 0.50 

ESI(-) C7H6BrNO2 214.95817 7.025 -0.11 0.29 0.17 

ESI(-);APPI(-) C8H9BrS 215.96086 8.847 0.12 0.00 0.11 

APPI(-) C2H3Br2O2 216.84996 10.901 -0.07 1.00 0.67 

ESI(-) C7H7BrO3 217.95781 8.416 -0.20 0.43 0.14 

ESI(-); APPI(-) C6H5BrO4 219.93711 2.139 -0.06 0.67 0.20 

ESI(-); APPI(-/+); C3H2Br2N2 223.85847 10.674 0.02 0.00 1.00 

ESI(-); APPI(-) C9H5BrO2 223.94722 10.465 -0.30 0.22 0.20 

ESI(-); APPI(-) C10H5ClO4 223.98756 4.059 -0.34 0.40 0.20 

ESI(-);APPI(-) C7H4BrNOS 228.91973 15.015 0.13 0.14 0.25 

ESI(-) C8H4ClNO5 228.97775 6.059 -0.22 0.63 0.25 

ESI(-) C2H2BrClN2O2S 231.87086 8.186 -0.12 1.00 1.00 

ESI(-) C6H3BrO3S 233.89868 4.658 0.23 0.50 0.33 

ESI(-) C7H7BrO4 233.95272 4.267 -0.23 0.57 0.14 

ESI(-) C7H3ClO7 233.95672 4.434 -0.05 1.00 0.33 

ESI(-);APPI(-) CH2Br2O2S 235.81423 5.66 0.01 2.00 1.00 

ESI(-) C5H2Br2O 235.84732 5.031 0.36 0.20 1.00 



 

 

1
5

2
 

ESI(-); APPI(-) C6H5BrO5 235.93205 5.717 0.05 0.83 0.20 

APPI(+);ESI(+) C4H4Br2N2 237.87418 11.914 0.24 0.00 0.50 

ESI(-) C9H6BrNO2 238.95819 11.224 0.01 0.22 0.17 

APPI(-) C3H2Br2N2O 239.85347 2.116 0.36 0.33 1.00 

ESI(-) C5H2BrClO2S 239.86472 5.795 -0.08 0.40 1.00 

ESI(-); APPI(-) C8H4BrNO3 240.93743 5.083 -0.08 0.38 0.25 

ESI(-) C10H11BrO2 241.99423 10.857 -0.03 0.20 0.09 

APPI(-) C13H19ClO2 242.10735 9.971 0.00 0.15 0.05 

ESI(-); APPI(-) C7H2BrNO4 242.91673 4.449 0.02 0.57 0.50 

ESI(-);APPI(-) C4H6Br2O2 243.87346 4.341 0.02 0.50 0.33 

ESI(-) C7H4BrNO4 244.93231 3.565 -0.24 0.57 0.25 

APPI(-) C2HBrCl2N4O 245.87131 2.937 0.95 0.50 3.00 

ESI(-) C8H7BrO4 245.95275 6.668 -0.07 0.50 0.14 

ESI(-) C7H5BrO3S 247.91428 6.132 0.02 0.43 0.20 

ESI(-); APPI(-) C4HBr2N3 248.85375 11.316 0.13 0.00 2.00 

ESI(-);APPI(-) C7H5BrClNO2 248.91928 12.602 0.24 0.29 0.40 

APPI(-) C2H4Br2O2S 249.82988 8.38 0.01 1.00 0.50 

ESI(-) C6H4BrClN2O2 249.91441 10.78 -0.22 0.33 0.50 

ESI(-) C5H2BrO5P 251.88250 7.602 0.70 1.00 0.50 

ESI(-) C7H9BrO5 251.96331 3.39 -0.09 0.71 0.11 

APPI(-) C5H10Cl3NO2S 252.94999 7.242 0.81 0.40 0.30 

ESI(-); APPI(-) C10H7BrO3 253.95783 3.695 -0.11 0.30 0.14 

ESI(-); APPI(-) C3H2Br2N2O2 255.84821 3.912 -0.35 0.67 1.00 

APPI(-) C6H3BrCl2O2 255.86922 11.97 -0.49 0.33 1.00 

ESI(-); APPI(-) C9H8BrNO3 256.96871 7.31 -0.16 0.33 0.13 

ESI(-) C5H8Br2O2 257.88909 5.711 -0.03 0.40 0.25 
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ESI(-) C8H3BrO3S 257.89863 9.56 0.01 0.38 0.33 

ESI(-); APPI(-) C8H4BrClN2O 257.91960 11.313 0.17 0.13 0.50 

ESI(-) C7H3BrN2O4 257.92766 11.954 0.16 0.57 0.33 

ESI(-) C10H4Cl2O4 257.94865 4.336 -0.04 0.40 0.50 

ESI(-); APPI(-) C7H2BrNO5 258.91158 5.198 -0.21 0.71 0.50 

APPI(-) C8H5BrO3S 259.91421 4.677 -0.25 0.38 0.20 

ESI(-) C7H5BrN2O4 259.94324 6.811 -0.10 0.57 0.20 

ESI(-) C7H3BrO6 261.91128 3.885 -0.09 0.86 0.33 

ESI(-) C6H3BrN2O5 261.92255 7.704 0.07 0.83 0.33 

ESI(-) C8H7BrO5 261.94761 3.662 -0.28 0.63 0.14 

ESI(-) C8H9BrO5 263.96327 4.043 -0.24 0.63 0.11 

APPI(-) C9H4BrN3O2 264.94862 10.633 -0.25 0.22 0.25 

ESI(-) C6H3BrO5S 265.88832 7.35 -0.51 0.83 0.33 

ESI(-); APPI(-) C6H4BrO5P 265.89809 2.329 0.42 0.83 0.25 

ESI(-) C7H7BrO6 265.94265 4.255 0.19 0.86 0.14 

ESI(-) C6H6Br2O2 267.87336 3.585 -0.33 0.33 0.33 

ESI(-); APPI(-) C10H5BrO4 267.93711 4.674 -0.03 0.40 0.20 

ESI(-); APPI(-) C11H5ClO6 267.97740 3.576 -0.26 0.55 0.20 

ESI(-); APPI(-) C5H6Br2OS 271.85063 5.347 0.10 0.20 0.33 

ESI(-) C5H6Br2O3 271.86840 6.79 0.13 0.60 0.33 

ESI(-); APPI(-) C10H9BrO4 271.96839 7.585 -0.11 0.40 0.11 

ESI(-) C4H4Br2O4 273.84761 3.494 -0.07 1.00 0.50 

ESI(-) C8H4Br2O 273.86291 11.381 0.09 0.13 0.50 

ESI(-) C7H4Br2N2 273.87421 18.566 0.33 0.00 0.50 

ESI(-); APPI(-) C5H8Br2O3 273.88404 2.189 0.08 0.60 0.25 

ESI(-); APPI(-) C8H3BrO4S 273.89349 3.113 -0.21 0.50 0.33 
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ESI(-) C9H7BrO5 273.94767 6.421 -0.05 0.56 0.14 

ESI(-) C6H3Br2N3 274.86935 10.028 -0.06 0.00 0.67 

ESI(-) C3H3Br3 275.77855 3.319 0.25 0.00 1.00 

ESI(-) C7H3BrO5S 277.88832 4.009 -0.49 0.71 0.33 

ESI(-) C11H3BrO4 277.92157 13.218 0.36 0.36 0.33 

ESI(-);APPI(-) C6H3Br2NO2  278.85304 9.212 -0.04 0.33 0.67 

ESI(-) C10H17BrO4 280.03095 9.64 -0.23 0.40 0.06 

ESI(-) C6H4Br2O3 281.85267 3.376 -0.16 0.50 0.50 

ESI(-) C5H3Br2NO3 282.84793 6.495 -0.12 0.60 0.67 

ESI(-); APPI(-/+) C3H2Br2N4O2 283.85453 5.792 0.29 0.67 1.00 

ESI(-); APPI(-) C11H5ClO7 283.97225 2.652 -0.46 0.64 0.20 

ESI(-); APPI(-) C9H4BrNO5 284.92719 3.422 -0.33 0.56 0.25 

ESI(-) C4HBr3 285.76274 6.887 -0.32 0.00 3.00 

APPI(-) C5H4Br2O4 285.84742 2.759 -0.74 0.80 0.50 

ESI(-); APPI(-) C5H3BrO5S2 285.86042 2.815 -0.40 1.00 0.33 

ESI(-) C6H8Br2OS 285.86626 4.738 0.01 0.17 0.25 

ESI(-); APPI(-) C10H7BrO5 285.94763 3.507 -0.20 0.50 0.14 

APPI(-) C5H7Br2NOS 286.86132 4.58 -0.65 0.20 0.29 

ESI(-); APPI(-) C5H7Br2NO3 286.87918 3.268 -0.29 0.60 0.29 

ESI(-) C9H6BrNO5 286.94279 7.076 -0.50 0.56 0.17 

ESI(-) C4H3Br3 287.77840 5.466 -0.28 0.00 1.00 

ESI(-) C5H6Br2O4 287.86321 3.204 -0.23 0.80 0.33 

ESI(-);APPI(-) C5H9Br2NOS 288.87715 4.909 -0.03 0.20 0.22 

ESI(-) C9H7BrO6 289.94256 4.392 -0.13 0.67 0.14 

ESI(+) C10H20Cl2O5 290.06868 6.359 -0.32 0.50 0.10 

ESI(-) C7H3Br2NO2 290.85299 16.701 -0.21 0.29 0.67 
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ESI(-) C7H2Br2O3 291.83726 3.665 0.66 0.43 1.00 

ESI(-) C9H9BrO6 291.95824 3.306 -0.03 0.67 0.11 

ESI(-) C10H13BrO5 291.99462 3.693 -0.05 0.50 0.08 

ESI(-) C13H21ClO5 292.10771 9.504 -0.12 0.38 0.05 

ESI(-); APPI(-) C7H5Br2NS 292.85095 13.323 0.03 0.00 0.40 

ESI(-) C4H5Br2ClOS 293.81161 5.478 -0.09 0.25 0.60 

ESI(-);APPI(-) C6H4Br2N2O2 293.86391 9.166 -0.15 0.33 0.50 

ESI(-) C8H7BrO7 293.93749 3.514 -0.08 0.88 0.14 

ESI(-); APPI(-) C6H5Br2NOS 296.84575 3.864 -0.36 0.17 0.40 

APPI(-) C6H10Cl3NO4S 296.93969 4.592 0.25 0.67 0.30 

ESI(-);APPI(-) C6H4Br2O4 297.84757 3.507 -0.20 0.67 0.50 

ESI(-); APPI(-/+) C5H8Cl2O6S2 297.91379 6.258 -0.49 1.20 0.25 

APPI(-) C10H7BrN2O4 297.95883 7.686 -0.29 0.40 0.14 

ESI(-) C5H2Br2ClNO2 300.81397 12.007 -0.38 0.40 1.50 

ESI(-);APPI(-) C9H5Br2NO 300.87357 4.319 -0.71 0.11 0.40 

ESI(-) C10H8BrNO5 300.95842 5.289 -0.54 0.50 0.13 

ESI(-) C4HBr3O 301.75762 8.777 -0.44 0.25 3.00 

ESI(-) C5H4Br2O5 301.84254 3.168 -0.03 1.00 0.50 

ESI(-);APPI(-) C4HBrCl2N4O3 301.86106 3.59 0.51 0.75 3.00 

ESI(-);APPI(+) C8H4Br2N2O 301.86906 14.006 0.07 0.13 0.50 

ESI(-) C10H7BrO6 301.94248 5.774 -0.39 0.80 0.25 

ESI(-); APPI(-) C13H19BrO3 302.05165 10.856 -0.34 0.23 0.05 

ESI(-) C4H3Br2NO3S 302.81998 4.571 -0.19 0.75 0.67 

ESI(-) C7H3Br2N3O 302.86420 13.88 -0.27 0.14 0.67 

ESI(-) C4H3Br3O 303.77328 7.918 -0.38 0.25 1.00 

ESI(-); APPI(-) C9H5BrO7 303.92179 3.371 -0.23 0.78 0.20 
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ESI(-) C3HBr3O2 305.75264 3.682 -0.07 0.67 3.00 

ESI(-) C11H15BrO5 306.01016 5.573 -0.39 0.45 0.07 

ESI(-) C10H13BrO6 307.98944 3.478 -0.34 0.60 0.08 

ESI(-); APPI(-) C4H8Br2O2S2 309.83325 3.886 0.02 0.50 0.25 

ESI(-);APPI(-) C8H8Br2OS  309.86622 14.476 -0.11 0.13 0.25 

APPI(-) C7H6Br2O2S 311.84548 5.494 -0.13 0.29 0.33 

ESI(-) C7H6Br2O4 311.86324 6.973 -0.12 0.57 0.33 

ESI(-) C6H6Br2N2O3 311.87443 9.737 -0.26 0.50 0.33 

ESI(-); APPI(-) C7H7BrCl2N4O 311.91822 3.28 0.61 0.14 0.43 

ESI(-); APPI(-) C11H5BrO6 311.92685 5.473 -0.31 0.55 0.20 

ESI(-) C12H9BrO5 311.96324 6.428 -0.30 0.42 0.11 

APPI(-) C6H10Cl3NO5S 312.93458 3.607 0.17 0.83 0.30 

ESI(-) C6H4Br2O5 313.84246 3.418 -0.27 0.83 0.50 

ESI(-) C5H4BrIN2O 313.85533 3.522 0.50 0.20 0.50 

ESI(-); APPI(-) C6H8Br2N2OS 313.87231 5.255 -0.29 0.17 0.25 

ESI(-); APPI(-) C11H7BrO4S 313.92478 4.311 -0.20 0.36 0.14 

ESI(-); APPI(-) C7H11Br2NO3 314.91045 5.393 -0.37 0.43 0.18 

ESI(-) C11H10BrNO5 314.97418 9.019 -0.16 0.45 0.10 

ESI(-) C6H6Br2O5 315.85815 3.047 -0.14 0.83 0.33 

ESI(-) C7H10Br2O4 315.89438 5.018 -0.63 0.57 0.20 

ESI(-) C8H14Br2OS 315.91323 5.566 0.08 0.13 0.14 

ESI(-); APPI(-/+) C5H6BrCl2N5O2 316.90829 5.583 0.32 0.40 0.50 

APPI(-) C9H8BrN3OS2 316.92945 8.592 0.75 0.11 0.13 

ESI(-) C3HBr3N2O 317.76381 5.164 -0.27 0.33 3.00 

ESI(-) C6H5Br2ClO3 317.82924 5.297 -0.48 0.50 0.60 

ESI(-) C6H8Br2O3S 317.85601 3.94 -0.23 0.50 0.25 
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ESI(-);APPI(-) C9H3BrO6S 317.88325 4.107 -0.40 0.67 0.33 

ESI(-) C10H4BrClO5 317.89285 11.023 -0.67 0.50 0.50 

ESI(-) C10H7BrO7 317.93739 9.272 -0.39 0.70 0.14 

ESI(-) C12H15BrO5 318.01018 9.115 -0.31 0.42 0.07 

APPI(-) C15H15ClN4O2 318.08847 3.423 0.38 0.13 0.07 

ESI(-) C7H3Br2N3O2 318.85908 8.301 -0.37 0.29 0.67 

ESI(-) C4H3Br3O2 319.76816 4.841 -0.47 0.50 1.00 

ESI(-) C5H3Br2ClO4 319.80851 3.827 -0.47 0.80 1.00 

ESI(-) C5H8Br2O4S 321.85081 5.076 -0.59 0.80 0.25 

ESI(-) C9H7BrO8 321.93229 3.311 -0.43 0.89 0.14 

ESI(-) C7H3Br2ClN2O 323.83019 3.518 -0.24 1.25 0.33 

APPI(-) C4H3Cl2INO4 325.84854 7.33 0.46 1.00 1.00 

ESI(-) C8H8Br2O4 325.87888 4.317 -0.17 0.50 0.25 

ESI(-) C6H3Br2NO5 326.83764 3.972 -0.47 0.83 0.67 

ESI(-) C6H3Br3O 327.77342 19.787 0.07 0.17 1.00 

ESI(-); APPI(-) C7H10Br2N2OS 327.88800 9.252 -0.17 0.14 0.20 

ESI(-) C8H10Br2O4 327.89443 3.621 -0.47 0.50 0.20 

ESI(-);APPI(-) CH2Br3NO2S 328.73544 5.753 -0.59 2.00 1.50 

ESI(-) C10H4BrNO7 328.91702 4.214 -0.28 0.70 0.25 

ESI(-); APPI(-) C8H13Br2NO3 328.92612 8.254 -0.28 0.38 0.15 

ESI(-) C5HBr3O2 329.75255 11.469 -0.34 0.40 3.00 

APPI(-/+) C5H3BrCl4O3 329.80205 5.149 0.25 0.60 1.67 

ESI(-) C8H12Br2O2S 329.89239 3.571 -0.24 0.25 0.17 

ESI(-) C5H9Cl2IO4 329.89259 4.767 0.37 0.25 0.25 

ESI(-) C8H12Br2O4 329.91007 6.712 -0.48 0.50 0.17 

ESI(-) C5H3Br3O2 331.76828 6.617 -0.09 0.40 1.00 
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ESI(-);APPI(-) C5H6Br2N2O3S 331.84648 3.416 -0.32 0.60 0.33 

ESI(-);APPI(-) C6H6Br2O6 331.85307 4.194 -0.13 1.00 0.33 

ESI(-) C7H10Br2O3S 331.87166 3.601 -0.24 0.43 0.20 

ESI(-) C11H9BrO7 331.95304 4.713 -0.37 0.64 0.11 

ESI(-) C4H5Br2N3O3S 332.84165 3.709 -0.55 0.75 0.40 

ESI(-) C5H5Br3S 333.76623 5.827 0.08 0.00 0.60 

ESI(-) C11H11BrO5S 333.95103 5.834 -0.07 0.45 0.09 

APPI(-) C9H7Br2NO3 334.87915 8.572 -0.34 0.33 0.29 

ESI(-) C8H2Br2O5 335.82677 3.707 -0.38 0.63 1.00 

APPI(-) C14H25BrO4 336.09352 12.731 -0.27 0.29 0.04 

ESI(-) C15H25ClO6 336.13392 10.113 -0.11 0.40 0.04 

APPI(-) C9H9Br2NOS 336.87709 6.84 -0.19 0.11 0.22 

ESI(-) C8H4Br2O5 337.84252 6.546 -0.08 0.63 0.50 

ESI(-) C7H4Br2N2O4 337.85387 9.091 0.27 0.57 0.50 

ESI(-); APPI(-) C8H10Br2N2O3 339.90567 4.031 -0.41 0.38 0.20 

ESI(-) C8H8Br2O5 341.87369 4.697 -0.44 0.63 0.25 

ESI(-); APPI(-) C9H12Br2O4 341.91006 7.616 -0.49 0.44 0.17 

ESI(-); APPI(-) C9H3Br2N3O2 342.85911 13.252 -0.26 0.22 0.67 

ESI(-) C7H7Br3O 343.80443 6.135 -0.77 0.14 0.43 

APPI(-) C6H2Br2N8 343.87665 5.23 -0.77 0.00 1.00 

ESI(-) C9H14Br2O4 343.92579 7.85 -0.25 0.44 0.14 

ESI(-) C17H25ClO5 344.13884 17.537 -0.59 0.29 0.04 

ESI(-); APPI(-) C5HBr3O3 345.74756 11.536 -0.04 0.60 3.00 

ESI(-) C6H5Br3O2  345.78379 3.5 -0.49 0.33 0.60 

ESI(-);APPI(-) C7H8Br2O4S 345.85088 4.82 -0.34 0.57 0.25 

ESI(-) C8H12Br2O3S 345.88771 6.514 0.94 0.38 0.17 



 

 

1
5

9
 

ESI(-) C7H11Br2NO3S 346.88257 5.021 -0.18 0.43 0.18 

ESI(-);APPI(-) C5H3Br3OS 347.74542 5.896 -0.15 0.20 1.00 

ESI(-) C5H3Br3O3 347.76312 5.223 -0.31 0.60 1.00 

ESI(-) C6H7Br3S 347.78175 3.321 -0.29 0.00 0.43 

ESI(-);APPI(-) C10H6Br2O4 347.86319 9.083 -0.25 0.40 0.33 

ESI(-) C10H7Br2ClN2 347.86670 6.177 0.73 0.00 0.43 

ESI(-); APPI(-) C15H22BrClO2 348.04892 11.083 -0.70 0.13 0.09 

ESI(-) C5H5Br3O3 349.77874 6.799 -0.39 0.60 0.60 

ESI(-) C5H4Br3ClO 351.74998 10.388 -0.27 0.20 1.00 

ESI(-); APPI(-) C11H14Br2O3 351.93095 13.358 -0.03 0.27 0.14 

ESI(-) C2HBr3N2O2S 353.73085 4.917 -0.09 1.00 3.00 

ESI(-) C8H4Br2O4S 353.81966 7.84 -0.12 0.50 0.50 

APPI(-) C12H10BrN3OS2 354.94517 4.538 0.86 0.08 0.10 

ESI(-);APPI(-) C3H3Br3O3S 355.73524 5.027 -0.18 1.00 1.00 

ESI(-) C8H6Br2O4S 355.83535 8.928 -0.02 0.50 0.33 

ESI(-);APPI(-) C9H10Br2O3S 355.87172 3.573 -0.06 0.33 0.20 

ESI(-) C8H7BrCl2N4O3 355.90808 9.157 0.63 0.38 0.43 

ESI(-) C12H5BrO8 355.91667 4.197 -0.31 0.67 0.20 

ESI(-) C7H4Br2O5S 357.81456 6.388 -0.16 0.71 0.50 

ESI(-) C7H4Br2O7 357.83229 3.458 -0.24 1.00 0.50 

ESI(-) C8H8Br2O2S2 357.83335 5.415 0.30 0.25 0.25 

ESI(-); APPI(-) C8H8Br2O4S 357.85096 3.278 -0.11 0.50 0.25 

ESI(-); APPI(-) C8H8Br2O6 357.86873 4.63 -0.09 0.75 0.25 

APPI(-) C12H19BrN6O2 358.07545 13.497 0.49 0.17 0.05 

ESI(-);APPI(-) C8H11Br2NO5 358.90029 5.16 -0.28 0.63 0.18 

ESI(-) C12H10BrNO7 358.96403 6.704 -0.09 0.58 0.10 
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ESI(-) C8H10Br2O6 359.88437 3.689 -0.11 0.75 0.20 

ESI(-) C6H5Br3O3 361.77886 4.494 -0.04 0.50 0.60 

ESI(-) C10H4Br2O5 361.84251 3.756 -0.10 0.50 0.50 

ESI(-) C7H8Br2O5S 361.84591 3.778 -0.02 0.71 0.25 

APPI(-) C10H8Br2N2O3 361.89013 10.914 -0.09 0.30 0.25 

ESI(-) C5H4Br3NOS 362.75638 5.594 0.03 0.20 0.75 

APPI(-) C6H6Br2ClNO5 364.83004 4.275 -0.22 0.83 0.50 

APPI(-) C6H8Br2O6S 365.84084 3.98 0.03 1.00 0.25 

ESI(-) C16H15BrO5 366.01014 10.74 -0.38 0.31 0.07 

ESI(-) C9H6Br2O6 367.85302 4.057 -0.24 0.67 0.33 

ESI(-) C3H2Br4O 369.68375 11.179 -0.42 0.33 2.00 

ESI(-) C7HBr3O3 369.74742 8.784 -0.43 0.43 3.00 

ESI(-) C10H12Br2O5 369.90490 9.876 -0.65 0.50 0.17 

ESI(-) C7H4Br3NS 370.76137 18.332 -0.22 0.00 0.75 

ESI(-) C9H10Br2O2S2 371.84873 5.032 -0.44 0.22 0.20 

ESI(-);APPI(-) C10H6Br2N4O2 371.88559 7.158 -0.42 0.20 0.33 

ESI(-) C15H17BrO6 372.02079 10.39 -0.16 0.40 0.06 

APPI(-) C5H5BrCl2IO2 372.78968 11.214 0.56 0.40 0.80 

ESI(-) C12H8BrNO8 372.94317 4.362 -0.43 0.67 0.13 

ESI(-) C8H8Br2O5S 373.84583 4.303 -0.23 0.63 0.25 

APPI(-) C6H10BrCl3N2OS2 373.84849 3.088 0.38 0.17 0.40 

ESI(-) C9H12Br2O4S 373.88219 5.356 -0.31 0.44 0.17 

ESI(-) C15H19BrO6 374.03636 9.187 -0.36 0.40 0.05 

ESI(-); APPI(-) C6H7Br2N3O4S 374.85218 3.117 -0.60 0.67 0.29 

APPI(+);ESI(-) C6H7Br3N2S 375.78784 6.771 -0.43 0.00 0.43 

ESI(-) C11H6Br2O5 375.85811 7.703 -0.22 0.45 0.33 
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ESI(-);APPI(-) C11H7Br2ClN2O 375.86140 6.583 0.11 0.09 0.43 

ESI(-) C6H5Br3O2S 377.75606 5.769 0.08 0.33 0.60 

ESI(-) C6H4Br2O5S2 377.78656 5.454 -0.34 0.83 0.50 

APPI(-) C11B8Br2O3S 377.85603 5.552 -0.15 0.27 0.25 

ESI(-) C10H8Br2ClN3O 378.87242 7.543 0.43 0.10 0.38 

ESI(-) C11H10Br2O3S 379.87171 9.081 -0.07 0.27 0.20 

ESI(-) C14H23BrO7 382.06276 13.887 0.14 0.50 0.04 

ESI(-) C3H3Br2Cl4NO2 382.72838 5.552 -0.23 0.67 2.00 

ESI(-);APPI(-) C6H11Br2NO4S2 382.84954 4.852 -0.22 0.67 0.18 

ESI(-) C4H4Br4O 383.69945 4.759 -0.28 0.25 1.00 

ESI(-) C9H6Br2O7 383.84800 3.553 -0.06 0.78 0.33 

ESI(-) C10H10Br2O6 383.88438 5.616 -0.07 0.60 0.20 

ESI(-) C11H14Br2O3S 383.90295 8.861 -0.22 0.27 0.14 

ESI(-);APPI(-) C8H5Br3OS 385.76111 6.039 -0.02 0.13 0.60 

ESI(-) C9H8Br2O7 385.86370 3.683 0.07 0.78 0.25 

APPI(-) C14H11BrO8 385.96371 4.37 -0.04 0.57 0.09 

ESI(-) C16H19BrO6 386.03639 9.199 -0.27 0.38 0.05 

ESI(-) C6H3Br3N2O3 387.76939 4.537 0.04 0.50 1.00 

ESI(-) C8H7Br3O3 387.79449 6.095 -0.09 0.38 0.43 

ESI(-) C7H5Br3O2S 389.75607 4.476 0.08 0.29 0.60 

ESI(-) C6H5Br3N2OS 389.76726 4.56 -0.02 0.17 0.60 

ESI(-) C7H5Br3O4 389.77370 6.251 -0.23 0.57 0.60 

ESI(-) C6H6BrIN3O2S 389.84088 5.072 -0.01 0.33 0.33 

ESI(-) C9H12Br2O5S 389.87735 8.8 0.35 0.56 0.17 

APPI(-) C11H8Br2N2O4 389.88501 10.212 -0.18 0.36 0.25 

ESI(-) C17H27BrO3S 390.08655 17.371 0.35 0.18 0.04 
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ESI(-) C6H3Br3O5 391.75306 4.658 0.01 0.83 1.00 

ESI(-) C7H7Br3O2S 391.77166 4.13 -0.06 0.29 0.43 

ESI(-); APPI(-) C11H6Br2O6 391.85312 3.385 0.03 0.55 0.33 

ESI(-) C6H5Br3O3S 393.75103 5.56 0.21 0.50 0.60 

ESI(-) C7H9Br3O2S 393.78741 5.927 0.20 0.29 0.33 

ESI(-) C9H5Br3N2O 393.79527 16.194 0.19 0.11 0.60 

ESI(-); APPI(-) C6H7Br3O3S 395.76652 3.287 -0.20 0.50 0.43 

APPI(-) C8H10BrClO7S2 395.87428 5.44 0.75 0.88 0.20 

ESI(-); APPI(-) C5H3Br3ClNOS 396.71732 9.626 -0.20 0.20 1.33 

APPI(-) C5H2Br3N7 396.79207 5.57 -0.27 0.00 1.50 

ESI(-); APPI(-) C6H10Br3NO2S 396.79809 5.716 -0.35 0.33 0.30 

ESI(-); APPI(-) C4H2Br4O2 397.67901 10.871 0.46 0.50 2.00 

ESI(-);APPI(-) C9H4Br2O6S 397.80946 7.746 -0.17 0.67 0.50 

APPI(-) C8H4BrClN4O6S 397.87233 5.459 -0.04 0.75 0.50 

ESI(-) C5H7Br3O4S 399.76152 6.667 0.02 0.80 0.43 

ESI(-) C9H6Br2O6S 399.82507 8.914 -0.28 0.67 0.33 

ESI(-) C10H10Br2O5S 399.86143 9.201 -0.34 0.71 0.20 

ESI(-) C4H6Br3NO4S 400.75662 3.714 -0.35 1.00 0.50 

ESI(-) C9H8Br2O8 401.85881 4.345 0.56 0.89 0.25 

ESI(-); APPI(-) C4H8Br3NO2S2 402.75462 7.291 -0.08 0.50 0.38 

ESI(-) C7H3Br3O5 403.75306 9.892 0.01 0.71 1.00 

ESI(-) C7H7Br3N2O3 403.80063 7.164 -0.11 0.43 0.43 

ESI(-) C9H10Br2O6S 403.85646 5.088 -0.05 0.67 0.20 

ESI(-) C17H25BrO6 404.08342 6.508 -0.05 0.35 0.04 

ESI(+) C17H28BrNO5 405.11498 13.157 -0.23 0.29 0.04 

ESI(-) C7H5Br3O5 405.76866 4.711 -0.11 0.71 0.60 
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ESI(-) C8H9Br3O2S 405.78714 6.499 -0.47 0.25 0.33 

ESI(-) C12H8Br2O6 405.86871 9.209 -0.13 0.50 0.25 

ESI(-) C8H12Br3NO3 406.83682 10.884 0.24 0.38 0.25 

ESI(-) C6H4Br2Cl2N4O3 407.80301 7.669 0.72 0.50 1.00 

ESI(-) C8H10Br2O7S 407.85151 3.525 0.28 0.88 0.20 

ESI(-) C12H10Br2O4S 407.86663 6.504 -0.06 0.33 0.20 

ESI(-) C7H9Br3OS2 409.76444 4.17 -0.12 0.14 0.33 

ESI(-) C5H5BrCl6N4 409.78315 6.556 0.68 0.00 1.40 

ESI(-) C10H10BrIN3O2 409.90007 7.519 -0.10 0.20 0.20 

ESI(-); APPI(-) C6H7Br3O4S 411.76163 5.211 0.29 0.67 0.43 

ESI(-) C12H14Br2O6 411.91585 8.927 0.35 0.50 0.14 

ESI(-) C9H6Br3NO3 412.78995 9.375 0.42 0.33 0.50 

ESI(-) C10H8Br2O4S2 413.82315 5.594 0.17 0.40 0.25 

ESI(-) C13H5Br2ClN2O2 413.84101 3.951 0.93 0.15 0.60 

ESI(-) C9H11Cl5N4O4 413.92230 3.493 0.02 0.44 0.45 

ESI(-) C4H5Br4NS 414.68767 4.861 0.14 0.00 0.80 

APPI(-) C5H9Br4NO 414.74207 3.088 0.75 0.20 0.44 

ESI(-) C8H3Br3O5 415.75300 4.41 -0.14 0.63 1.00 

ESI(-) C7H3Br3N2O4 415.76426 9.665 -0.07 0.57 1.00 

ESI(-);APPI(-) C8H5Br3O3S 417.75111 8.83 0.39 0.38 0.60 

ESI(-); APPI(-) C8H9Br3N2O3 417.81634 7.168 0.04 0.38 0.33 

ESI(-) C13H9Br2ClN2O2 417.87230 7.167 0.90 0.15 0.33 

ESI(-) C7H3Br3O6 419.74806 3.39 0.21 0.86 1.00 

ESI(-) C8H6Br2O4S3 419.77959 4.016 0.22 0.50 0.33 

ESI(-) C12H6Br2O7 419.84811 3.351 0.19 0.58 0.33 

APPI(-) C13H14Br2N2O2S 419.91456 13.376 0.70 0.15 0.14 



 

 

1
6

4
 

ESI(-) C5HBr4NO2 422.67441 13.764 0.80 0.40 4.00 

ESI(-) C7H7Br3O4S 423.76190 3.505 0.90 0.57 0.43 

APPI(-) C6H9Br2Cl3O5 423.78828 8.931 0.12 0.83 0.56 

ESI(-) C10H11BrCl2O3S3 423.84297 9.968 -0.24 0.30 0.27 

ESI(-) C12H10Br2O5S 423.86147 7.813 -0.22 0.43 0.27 

ESI(-) C11H10Br2N2O6 423.89067 8.978 0.27 0.55 0.20 

ESI(-); APPI(-) C7H10Br3NO3S 424.79335 7.948 0.47 0.43 0.30 

APPI(-) C11H12Br2N2O4S 425.88857 7.119 0.29 0.36 0.17 

ESI(-) C5H4Br4O3 427.68933 5.118 -0.13 0.60 1.00 

ESI(-) C5H3Br3O6S 427.71989 4.326 -0.36 1.20 1.00 

ESI(-) C6H4Br3ClO5 427.72974 4.963 0.00 0.83 1.00 

ESI(-) C5H7Br3N2O2S2 427.74995 3.813 0.11 0.40 0.43 

ESI(-);APPI(-) C5H6Br4OS 429.68732 5.213 0.08 0.20 0.67 

ESI(-) C5H5Br3O4S2 429.71803 5.316 0.22 0.80 0.60 

ESI(-) C9H5Br3O3S 429.75097 5.726 0.05 0.33 0.60 

APPI(-) C18H23BrO7 430.06243 6.003 -0.64 0.39 0.04 

ESI(-) C9H8Br3NO2S 430.78253 9.916 -0.12 0.22 0.38 

ESI(-) C7H6Br3Cl3 431.70854 6.582 0.06 0.00 1.00 

ESI(-) C10H10Br2O7S 431.85142 3.356 0.06 0.70 0.20 

ESI(-) C12H13ClO3S6 431.88786 3.481 0.24 0.25 0.08 

ESI(-) C3H2Br4O3S 433.64568 5.738 -0.30 1.00 2.00 

ESI(-) C8H5Br3O6 433.76370 5.064 0.18 0.75 0.60 

ESI(-) C8H4Br2O7S2 433.77623 5.768 -0.67 0.88 0.50 

ESI(-) C9H9Br3O3S 433.78219 5.034 -0.13 0.33 0.33 

ESI(-) C11H9BrCl2O7S 433.86336 4.053 0.97 0.64 0.33 

ESI(-) C13H8Br2O7 433.86371 6.184 0.07 0.54 0.25 
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ESI(-) C8H7Br3O4S 435.76157 5.829 0.13 0.50 0.43 

APPI(-) C8H10Br3NO5 436.81112 6.759 0.50 0.63 0.30 

ESI(-) C10H12Cl6O2S2 437.84090 7.361 -0.21 0.20 0.50 

ESI(-) C13H12Br2O5S 437.87742 8.514 0.47 0.38 0.17 

ESI(-) C5H4Br3N3O4S 438.74734 3.752 0.18 0.80 0.75 

ESI(-) C14H18Br2O4S 439.92931 9.323 0.14 0.29 0.11 

ESI(-) C7H10Br3NO4S 440.78818 5.245 0.27 0.57 0.30 

ESI(-);APPI(-) C11H10Br3NO3 440.82122 11.156 0.33 0.27 0.30 

ESI(-) C6H4Br3ClO4S 442.70044 3.774 0.35 0.60 0.80 

ESI(-) C9H4Br3NO5 442.76403 6.249 0.17 0.56 0.75 

ESI(-) C7H12Br3NO4S 442.80372 5.115 0.02 0.57 0.25 

ESI(-);APPI(-) C11H12Br3NOS 442.81906 16.508 0.21 0.09 0.25 

ESI(-) C5H4Br4O4 443.68418 5.172 -0.28 0.80 1.00 

ESI(-) C6H7Br3O4S2 443.73364 4.617 0.13 0.67 0.43 

ESI(-) C10H7Br3O3S 443.76665 8.408 0.12 0.30 0.43 

ESI(-);APPI(-) C8H7Br3N4O3 443.80693 7.025 0.25 0.38 0.43 

ESI(-) C10H6Br2O8S 443.81505 3.807 0.08 0.80 0.33 

ESI(-); APPI(-) C5H7Br4NOS 444.69827 2.734 0.20 0.20 0.57 

ESI(-) C9H6Br3NO3S 444.76197 6.146 0.28 0.33 0.50 

ESI(-) C4H2Br4O3S 445.64592 8.998 0.25 0.75 2.00 

ESI(-) C5H6Br4O2S 445.68245 4.722 0.58 0.40 0.67 

ESI(-) C6H6Br3ClO4S 445.72268 7.142 0.31 0.67 0.67 

ESI(-) C10H10Br2O8S 447.84661 3.665 0.67 0.80 0.20 

ESI(-); APPI(-) C3H3Br4NO3S 448.65690 3.604 0.43 1.00 1.33 

ESI(-) C7H2Br4O3 449.67389 6.344 0.34 0.43 2.00 

ESI(-) C9H9Br3O4S 449.77730 9.444 0.30 0.44 0.33 



 

 

1
6

6
 

ESI(-) C13H8Br2O8 449.85866 7.133 0.16 0.62 0.25 

APPI(-) C18H29BrO6S 452.08681 6.058 0.00 0.33 0.03 

ESI(-) C6H6Br4N2S 453.69864 8.849 0.27 0.00 0.67 

ESI(-);APPI(-) C10H12Cl6O3S2 453.83607 3.869 0.36 0.30 0.50 

ESI(-) C21H27BrO6 454.09907 11.129 -0.04 0.29 0.04 

ESI(-) C10H16Br3ClO3 455.83368 3.756 -0.26 0.30 0.25 

ESI(-);APPI(-) C10H7Br3ClN3O 456.78320 6.681 0.93 0.10 0.57 

ESI(-) C6H6Br4O2S 457.68234 6.131 0.32 0.33 0.67 

ESI(-) C6H5Br3O7S 457.73095 4.837 0.75 1.17 0.60 

ESI(-) C6H8Br4O2S 459.69818 3.656 0.73 0.33 0.50 

ESI(-) C5H2Br3ClO6S 461.68128 4.67 0.45 1.20 2.00 

ESI(-) C8H11Br2IN3S 465.80867 10.24 0.34 0.00 0.27 

ESI(-) C8H7Br3O6S 467.75171 3.541 0.79 0.75 0.43 

ESI(-) C9H11Br3O5S 467.78792 5.347 0.42 0.56 0.27 

ESI(-) C11H7Br3ClN3O 468.78312 5.548 0.75 0.09 0.57 

ESI(-) C6H2Br4O5 469.66344 6.71 -0.27 0.83 2.00 

ESI(-) C8H10Br4OS 469.71871 8.855 0.28 0.13 0.40 

ESI(-) C7H8Br4O2S 471.69801 9.007 0.35 0.29 0.50 

ESI(-) C6H6Br2Cl4O6 471.72861 4.332 0.19 1.00 1.00 

ESI(-) C12H11BrCl2N4O7 471.91927 9.064 0.97 0.58 0.27 

APPI(-) C20H25BrO8 472.07328 6.253 0.02 0.40 0.04 

ESI(-) C6H8Br4O3S 475.69314 3.508 0.80 0.50 0.50 

ESI(-) C8H8Br2Cl2OS4  475.72004 7.159 -0.29 0.13 0.50 

APPI(-) C19H25BrO9 476.06831 5.927 0.26 0.47 0.04 

APPI(-) C20H29BrO8 476.10471 6.04 0.30 0.40 0.03 

ESI(-) C9H5Br3O8 477.75360 8.904 0.31 0.89 0.60 
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ESI(-) C10H9Br3O5S 477.77223 9.372 0.32 0.50 0.33 

ESI(-) C13H12Cl6N4O3 481.90376 9.051 -0.61 0.23 0.50 

ESI(-) C6H2Br4O6 485.65886 3.579 0.77 1.00 2.00 

ESI(-) C7H6Br4O3S 485.67717 6.989 0.12 0.43 0.67 

ESI(-) C7H5Br3O4S3 485.69019 10.496 0.38 0.57 0.60 

APPI(-) C21H27BrO8 486.08915 6.177 0.47 0.38 0.04 

ESI(-) C3H3Br4Cl2NO3 486.62196 6.016 -0.79 1.00 2.00 

ESI(-) C7H9Br4NO2S 486.70890 5.383 0.33 0.29 0.44 

ESI(-) C9H9Br2Cl2NO2S3 486.75416 5.566 0.49 0.22 0.44 

ESI(-) C4H2Br3IN3S 487.65688 3.36 0.93 0.00 2.00 

ESI(-) C6H4Br4O6 487.67444 4.928 0.63 1.00 1.00 

APPI(-) C8H7Br2Cl2NO5S2 488.75140 2.241 0.93 0.63 0.57 

ESI(-) C10H5Br3O8 489.75373 6.276 0.57 0.80 0.60 

ESI(-) C4H4Br4N2O4S 491.66296 3.806 0.89 1.00 1.00 

APPI(-) C4H6Br4N2O2S2 493.66083 2.749 0.84 0.50 0.67 

ESI(-) C9H5Br3O7S 493.73068 9.173 0.15 0.78 0.60 

ESI(-) C7H2Br4O6 497.65874 9.291 0.52 0.86 2.00 

ESI(-) C10H20Cl3INO7 497.93504 9.206 0.07 0.70 0.20 

ESI(-) C12H7Br3O5S 499.75679 9.503 0.73 0.42 0.43 

ESI(-);APPI(-) C21H25BrO9 500.06840 9.165 0.42 0.43 0.04 

ESI(-) C11H6Br3NO5S 500.75209 7.529 0.83 0.45 0.50 

APPI(-) C9H11Br3ClNO4S 500.76478 5.782 0.08 0.44 0.36 

ESI(-) C10H11Br2Cl2NO2S3 500.76975 3.628 0.36 0.20 0.36 

ESI(-) C11H8Br3NO5S 502.76745 5.376 0.25 0.45 0.38 

APPI(-) C12H22Cl2N10O8 504.09992 6.004 0.03 0.67 0.09 

ESI(-) C19H17BrCl2N6O2 509.99710 16.541 -0.46 0.11 0.18 
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ESI(-) C8H6Br4O4S 513.67233 9.087 0.60 0.50 0.67 

ESI(-) C9H10Br4O3S 513.70863 5.011 0.43 0.33 0.40 

ESI(-) C8H10Br3ClN4OS2 513.75356 7.957 0.19 0.13 0.40 

ESI(-) C14H18BrIN3O3S 513.92982 9.223 0.24 0.21 0.11 

ESI(-) C14H18BrIN3O5 513.94793 9.19 0.93 0.36 0.11 

ESI(-);APPI(-) C22H27BrO9 514.08416 9.219 0.63 0.41 0.04 

ESI(-) C6H7BrCl3INO7 515.75194 7.98 0.61 1.17 0.71 

APPI(-) C22H29BrO9 516.09965 5.984 0.32 0.41 0.03 

ESI(-) C11H5Br3O9 517.74876 3.507 0.76 0.82 0.60 

ESI(-) C7H8Br4O5S 519.68302 4.789 0.83 0.71 0.50 

ESI(-) C10H14ClIN5O8S 525.93006 9.072 0.81 0.80 0.14 

ESI(-) C8H4Br4O7 527.66929 7.304 0.46 0.88 1.00 

ESI(-);APPI(-) C13H9Br3O4S2 529.74886 3.274 -0.70 0.31 0.33 

ESI(-) C14H33ClN8O10S 540.17287 19.344 -0.02 0.71 0.03 

ESI(-) C9H9Br3Cl4O3 541.68592 9.225 0.62 0.33 0.78 

ESI(-) C13H10Br2Cl4O3S 543.74704 3.384 -0.19 0.23 0.60 

ESI(-) C9H10Br4O3S2 545.68094 4.195 0.84 0.33 0.40 

ESI(-) C8H8Br4Cl2O2S 553.63594 6.895 0.71 0.25 0.75 

ESI(-) C7H2Br3Cl3S4 555.56512 10.795 -0.69 0.00 3.00 

ESI(-) C15H11Br3O4S2 555.76464 7.416 -0.44 0.27 0.27 

ESI(-) C14H9Br3O5S2 557.74392 4.337 -0.41 0.36 0.33 

ESI(-) C8H14BrClI2O3S 557.76232 8.971 -0.33 0.38 0.29 

ESI(-) C12H12Br3Cl3N4O3 601.75260 3.241 0.16 0.25 0.50 
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