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ABSTRACT 

Low-Molecular Weight Organic Contaminants in Advanced Treatment: Occurrence, 

Treatment and Implications to Desalination and Water Reuse Systems 

by 

Eva Agus 

Doctor of Philosophy in Engineering - Civil and Environmental Engineering 

University of California, Berkeley 

Professor David L. Sedlak, Chair 

 

  Water reuse and desalination are increasingly considered as viable sources of 
potable water because improvements in materials and designs have decreased the cost of 
reverse osmosis (RO) membranes and their operation. Although most contaminants are 
efficiently rejected by reverse osmosis membranes, compounds with neutral charge and 
low molecular weight have proven to be difficult to remove. Depending on the 
characteristics of the membrane and the feed water, some contaminants may be present in 
reverse osmosis permeate at concentrations that are high enough to compromise water 
quality.  

 When chemical disinfection is applied in desalination systems, compounds that 
pose potential risks to the human health and aquatic ecosystems or impact the aesthetic 
quality of drinking water may be formed. In particular, several compounds of concern are 
produced when chlorine is used as pretreatment. The formation and speciation of 
chlorination byproducts in desalination systems is affected by the elevated concentrations 
of bromide and iodide in seawater and desalinated product water. To gain insight into 
byproducts most likely to be formed in desalination systems, disinfection byproduct 
formation studies conducted in saline source waters, coastal power stations and existing 
desalination systems were reviewed. These prior studies suggested that chlorine, 
chloramine and chlorine dioxide all pose potential risks in desalinated water systems. 
Chlorination of seawater intakes to prevent membrane fouling and disinfection of 
blended product water both pose potential risks to water quality. 

 To assess the formation and fate of chlorination byproducts under different 
conditions likely to be encountered in desalination systems, trihalomethanes, 
dihaloacetonitriles, haloacetic acids, and bromophenols were analyzed in water samples 
from a pilot-scale seawater desalination plant. In the pilot plant, the rejection of neutral, 
low-molecular-weight byproducts ranged from 45% to 92%, while charged species of 
similar molecular weights ranged between 77% to 97% rejection. Bench-scale 
chlorination experiments conducted on seawater from various locations indicated 
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significant temporal and spatial variability for chlorination byproduct formation that 
could not be explained by bulk measurements of dissolved organic carbon concentration 
and UV absorbance.   

 When desalinated water was blended with freshwater, elevated concentrations of 
bromide in the blended water enhanced dihaloacetonitrile formation through a shift in the 
active disinfecting agent from hypochlorous acid (HOCl) to hypobromous acid (HOBr). 
In most situations, data from the pilot plant and bench-scale studies indicated that 
chlorination byproducts formed from continuous chlorination of seawater or blending of 
desalinated water and freshwater will not compromise water quality or pose significant 
risks to aquatic ecosystems. However, blends of desalinated seawater with water rich in 
humic substances could lead to higher-than-expected production of haloacetonitriles and 
other chlorination byproducts. 

 When reverse osmosis is used for the treatment of municipal wastewater effluent, 
compounds that exhibit low taste and odor thresholds could compromise water quality. 
To assess potential for odors in wastewater effluent to compromise potable water reuse 
schemes, we evaluated odors in secondary effluent using flavor profile analysis and gas 
chromatography with olfactometry detection (GC/Olfactometry or GC/Olf). The primary 
odor reported in secondary effluent samples was classified as earthy/musty and was 
typically present at an intensity well above the odor threshold. Using GC/Olfactometry 
on samples prior to reverse osmosis, we identified sixteen peaks present at high intensity 
in more than 80% of the wastewater effluent samples. Odor descriptors reported in 
GC/Olfactometry analysis of secondary effluent were categorized as fragrant, sulfide, 
rancid, and hydrocarbon/chemical. Potential odorants associated with olfactometry peaks 
were identified by comparing the odorant with sensory descriptors and gas 
chromatography and mass spectrometry (GC/MS) analysis of an authentic standard of the 
putative compound. Other than organosulfide, aldehydes and volatile acid odorants 
previously identified in wastewater treatment, compounds including 2-pyrrolidone, 
lactones, chlorophenol, and vanillins were also identified as odorants associated with 
olfactometry peaks. 

 Potent odorous compounds were detected in secondary effluent by quantitative 
GC/MS. The most prominent compounds were 2,4,6-trichloroanisole (median 
concentration 9.5 ng/L) and geosmin (median 7 ng/L). Both compounds exhibited 
earthy/musty sensory profiles at these concentrations. During advanced treatment, 
olfactometry peaks exhibited variable fate depending on their abundance, molecular 
structures and odor thresholds. Reverse osmosis significantly decreased the 
concentrations of low molecular weight odorous compounds in wastewater, but did not 
eliminate all odors. Odor peaks were typically reduced to below their odor thresholds 
during advanced oxidation processes (i.e., UV/H2O2) but also in a system employing 
biologically activated carbon (BAC) with ozone pretreatment. Odors can be removed 
from secondary effluent by applying multiple barrier treatment trains that combine 
reverse osmosis or another physical treatment method with chemical oxidation.
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CHAPTER 1: Introduction 

I.1 Motivation 

Production of a safe and reliable water supply to meet the demands of human 
population is one of the great challenges faced by the global community. With population 
growth and climate change exerting pressures on freshwater supplies, many cities are 
being forced to look beyond conventional sources such as imported water, surface water 
and local groundwater. Moreover, an increasing trend of urbanization often means that 
water needs cannot be met with local sources. Furthermore, pollution of water supplies 
and changes in precipitation patterns associated with climate change means that the water 
supply portfolio of cities must incorporate sources that are more sustainable than the 
current mode of single-use of imported and local freshwater supplies [USBR 2003, 
CCCC 2006].  

Development of new supplies through water reuse and desalination are 
increasingly considered key components of solutions to urban water supply challenges. 
[Cooley et al. 2006, Asano et al. 2007]. The sources for desalination and water reuse 
plants—namely seawater and municipal wastewater effluent—cannot be used as potable 
water supply without additional purification. Reverse osmosis (RO) treatment is one of 
the most widely applied processes for these new water supplies. Half of the world’s 
desalination capacity is currently produced through reverse osmosis, with the proportion 
reaching 70% in the United States [Greenlee et al. 2009]. Reverse osmosis technology is 
even more prevalent in potable water reuse projects—whether direct or indirect—with  
nearly all full-scale plants relying on reverse osmosis membranes in their treatment trains 
[Asano et al. 2007]. 

I.1.1 The Reverse Osmosis Process 

Reverse osmosis is a term to describe the treatment process in which water is 
forced across a semi-permeable membrane which rejects solutes in the feed solution. The 
ideal outcomes of the reverse osmosis process are a permeate that is nearly free from 
solutes and a concentrate stream that is enriched in solutes. Rejection of a solute is due to 
the tendency of solutes to diffuse across the membrane at much slower rates than water 
molecules [Muller 1998]. The two mechanisms by which membrane rejection occurs are 
by steric or chemical hindrance at the pore and by restriction of trans-membrane diffusion 
of solutes [Ozaki and Li 2002, Kosutic et al. 2002]. Reverse osmosis membranes are 
designed to achieve close to 99% rejection of contaminants such as ions, pathogens, and 
natural organic matter. Reverse osmosis also rejects uncharged organic compounds, 
although rejection by reverse osmosis membranes varies among contaminants and 
membrane types [Schafer et al. 2003, Ozaki and Li 2002, Kosutic et al. 2002, WBMWD 
2006].  

Reverse osmosis rejection depends on the characteristics of membrane, feed water 
composition, and solute size and structure [Bellona et al. 2004]. One of the essential 
membrane parameters is the molecular weight cut-off (MWCO) which is a crude measure 
of the molecular weight at a hypothetical neutral solute would be rejected with an 
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efficiency of 90%. Other important membrane characteristics affecting rejection are 
membrane porosity, the surface charge and membrane polymer composition. Feed water 
composition affects the rejection of organic contaminants because certain feed water 
components may alter the interaction between solutes and membrane surfaces. For 
instance, presence of fulvic acid and wastewater-derived organic matter in feed water was 
shown to decrease membrane rejection of estrogenic hormones that would adsorb more 
easily onto membrane surface covered by organic macromolecules [Schafer et al. 2003]. 
As for the solute, a number of properties influence physicochemical interactions with 
membrane surfaces including molecular weight, molecular size, acid disassociation 
constant and polarity.  

Based on previous research on rejection of chemicals by reverse osmosis 
membranes, we chose to focus on low-molecular weight compounds that are not ionized 
at circumneutral pH values. Low-molecular weight compounds that would be most 
problematic in reverse osmosis treatment systems would be those for which the 
concentrations in source water (e.g., chlorinated seawater) are well above thresholds for 
human and ecological health risks. In addition, compounds that could compromise the 
aesthetic integrity of potable water (e.g., by imparting odors) would also be a concern. 

Our initial assessment of feed water composition in existing and planned reverse 
osmosis-based treatment processes identified two distinct scenarios in which low-
molecular-weight contaminants could affect water quality. The first system involves 
disinfection byproducts formed during chlorine pre-treatment in seawater desalination 
systems, while the other involves wastewater-derived odor compounds in potable water 
reuse systems. 

I.1.2 Desalination of Seawater by Reverse Osmosis 

Desalination broadly describes any water treatment process that separates salinity 
from water source to produce freshwater, usually by distillation, membrane and 
electrolytic technologies [Elimelech and Phillip 2011]. Desalination may be applied to 
any saline source water including seawater, estuarine water, and brackish groundwater. 
Desalination plants produce freshwater from feed water with total dissolved solids (TDS) 
concentrations between 1 g/L for slightly brackish groundwater to 60 g/L in seawater in 
locations with high evaporations rates [Greenlee et al. 2009]. Drinking water standards 
established for freshwater vary between WHO, US and Australia but never exceed TDS 
limit of 1 g/L. Because salt content also affects the aesthetic quality and corrosion 
potential of potable water, secondary standards for TDS typically specify concentration 
guidelines between 250 and 500 mg/L. Most current desalination plants are operated to 
achieve permeate TDS concentrations between 200 to 500 mg/L [Voutchkov 2009]. 

Membranes for seawater reverse osmosis desalination system are often optimized 
for sodium (Na+) and chloride (Cl-) rejection, but must also act as barriers to other 
components of seawater. Natural and anthropogenic contaminants of concern in seawater 
include borate (H3BO4

-) [Glueckstern & Priel 2003, Magara et al. 1996], hydrocarbons 
[Ali and Riley 1990], viruses and algal toxins [Caron et al. 2010]. Boron—a naturally 
existing component of seawater—is particularly problematic because it is present in 
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seawater at concentration between 4.5 and 6.0 mg/L, with much of it in uncharged form 
(H3BO3)  [Glueckstern & Priel 2003]. Potable water standards for boron have been 
established at concentrations between 0.3 and 2.4 mg/L based on reproductive toxicity 
observed in animal studies [WHO 2009], 

The most frequently discussed concerns associated with chemical contaminants in 
seawater desalination are related to the effects of the discharge of brine [Cooley et al. 
2006, Einav et al. 2003, Latteman & Höpner 2008].  In addition to an elevated salt 
concentration, desalination plants discharge water that contains residual chlorine, metals, 
regulated disinfection byproducts (DBPs) and anti-scalants. However, these chemicals 
have not been seen as major problems in desalination projects relative to the salt content 
of brines [Lattemann and Höpner 2008, Abarnou and Miossec 1992]. 

Chemical disinfectants are often used in pre-treatment systems for seawater 
desalination plants to inhibit biofilm formation and protect the membranes from fouling 
[Voutchkov 2010]. Many chlorine disinfection byproducts have low molecular weights 
near or below the nominal molecular weight cutoff of 200 daltons (Da) for seawater 
reverse osmosis membranes [Bellona et al. 2004]. The limited available data on 
byproduct formation in desalination systems suggests that some low molecular weight, 
neutral compounds are present at concentrations well in excess of drinking water 
standards prior to desalination [Ali and Riley 1989, Saeed et al. 1998, Dalvi et al. 2000]. 
Therefore, there is a potential for desalinated product water from seawater reverse 
osmosis plants to pose human health risks. Furthermore, aquatic organisms near the 
outfalls of reverse osmosis concentrate would be exposed to chlorination byproducts at 
elevated concentrations. 

Desalinated water is sometimes blended with other water sources. For example,  
desalinated water has been used as a barrier against seawater intrusion (e.g. Newark, CA 
desalination facility [ACWD 2011]) or as a means of remediating salinized aquifers (e.g. 
Lake Kinerret-Rift Valley desalination project [Bick and Oron 2000]). If blended waters 
are subjected to chlorination prior to consumption, chlorine disinfection byproducts could 
be formed. Due to the high concentration of bromide in desalinated seawater, higher 
concentration of toxic brominated disinfection byproducts may be formed in such 
situations. To prevent unnecessary risks to consumers of blended desalinated water, it is 
important to understand the formation of chlorination byproducts in blended water. 

I.1.3 Potable Water Reuse by Reverse Osmosis 

Water reuse generally describes the practice of incorporating beneficial use of 
treated wastewater back into the urban water cycle [Asano 2007]. Public acceptance of 
recycled water is typically much higher for non-potable reuse applications such as 
irrigation of landscape and non-food agriculture and industrial use.  Increasingly, highly 
treated wastewater effluent is potentially indirectly incorporated as part of the potable 
water supply. In potable water reuse schemes, reverse osmosis is frequently used as the 
main purification process. Wastewater-derived organic contaminants with low molecular 
weight (i.e., NDMA [WBMWD 2006]) or phenolic moieties (i.e., estradiol [Schafer et al. 
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2004]) have previously been shown to exhibit rejection as low as 10% rejection in water 
reuse RO systems. 

Various groups of wastewater-derived organic contaminants have recently 
received attention from researchers and regulators. In particular, pharmaceuticals, 
personal care products, industrial/household chemicals and endocrine disruptors in water 
and wastewater have been the subjects of numerous studies and conferences. In general, 
these compounds are removed well by reverse osmosis process [Agenson 2003, Yoon et 
al 2007]. Good rejections are typically observed due to the fact that many of these 
compounds are charged or have molecular weights much higher than 200 Da. One class 
of contaminants that may compromise acceptance of alternative water supplies has 
received much less scrutiny: organic compounds that have the potential to impart odors 
or tastes. Many of these compounds impart strong tastes and odors to water at extremely 
low concentrations.  

Compounds that cause off-flavors in drinking water and lead to odor nuisances 
downwind of sewage treatment plants have been studied extensively [Gostelow et al. 
2001, Stuetz et al. 1999, Suffet et al. 1999]. In drinking water treatment, potent drinking 
water odorants have been associated with cyanobacterial blooms (e.g., geosmin, 2-
methylisoborneol [Watson 2004]), fungal growth in treated water distribution systems 
(e.g., haloanisoles [Piriou et al. 2001]) and disinfection processes (e.g., bromophenols 
[Acero et al. 2005]). Most of these compounds are below the nominal molecular weight 
cutoff of 200 Da for reverse osmosis membranes [Bellona et al. 2004, Greenlee et al. 
2009]. Given the strong tastes and odors associated with these compounds, the efficacy of 
reverse osmosis technology to remove odor compounds from municipal wastewater 
effluent warrants special attention. 

I.2 Research Objective  

The objective of this research was to examine the formation and fate of low 
molecular weight compounds present in systems employing reverse osmosis membranes. 
To achieve this objective, the research examined the occurrence of these compounds in 
pilot- and full-scale reverse osmosis systems operating under different conditions. By 
identifying sources of the compounds and the processes affecting their removal, it is 
possible to determine if they will become an impediment to production of potable water 
using reverse osmosis and to identify additional technologies suitable for treatment. 

I.3 Research Summary and Approach 

This dissertation involved research projects on two types of reverse osmosis 
systems organized in three steps. The initial step in each project was to identify and 
prioritize the compounds most likely to pose concern based on previously reported data 
and information on treatment conditions. The literature review was then followed by 
collection and analysis of low-molecular-weight compounds in representative pilot- and 
full-scale treatment systems. In the third step, laboratory experiments were conducted to 
provide insight into potential removal mechanisms and to identify approaches for 
minimizing risks.  
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The literature review in Chapter 2 describes disinfection byproducts likely to be 
formed in desalination systems. Byproduct speciation, occurrence and quantification 
reported in peer-reviewed literature were reviewed and compiled, including studies 
conducted in coastal power stations and existing desalination systems.  

Chapter 3 describes the formation and fate of chlorine disinfection byproducts 
under different treatment conditions likely to be encountered in desalination systems. 
Trihalomethanes, dihaloacetonitriles, haloacetic acids, and bromophenols were analyzed 
in water samples from a pilot-scale seawater desalination plant equipped with a chlorine 
pre-treatment system. Additional bench-scale experiments were carried out to simulate 
other feed water conditions and to simulate byproduct formation when desalinated water 
was blended with conventional water supply sources.  

Chapter 4 reviews and examines off-flavor compounds in municipal wastewater 
effluent that has the potential to compromise the aesthetics of potable water. A review of 
literature on odor complaints in drinking water identified a suite of extremely potent odor 
compounds with odor thresholds as low as 0.1 ng/L. In additional, sensory analytical 
methods typically in the drinking water, food and beverage industries were applied to 
wastewater effluent to identify the characteristic odors consistently detected in treated 
wastewater effluent.  

Chapter 5 describes a study conducted to assess the occurrence of odor 
compounds in wastewater effluent from three countries where full-scale water reuse 
projects were being planned or operated. Data on contaminant rejection in full-scale 
reverse osmosis systems as well as the treatment efficacy of additional treatment systems 
including activated carbon and oxidation were collected. In addition, laboratory studies 
were conducted to assess the potential of chlorine, chloramine, UV and UV/H2O2 to 
remove wastewater-derived odors. Quantitative GC/MS data on a subset of potent 
odorants and qualitative sensory data by GC/Olf also were analyzed. 
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CHAPTER 2 - Potential Impact of Disinfection Byproducts in Desalination Systems 

II.1. Introduction 

As systems for desalination of seawater and brackish water adopt new 
technologies and spread throughout the world, issues related to the formation and impacts 
of a wider range of disinfection by products are likely to become more prominent (Figure 
2.1).  The purpose of this review is to synthesize available data on DBP production in 
desalination systems and to identify areas where additional research is needed to assess 
the impacts of chemical disinfection on desalination processes. 

Chemical disinfectants are used in desalination plants for pre-treatment and for 
disinfection of water after desalination.  Chemical disinfectants are applied during pre-
treatment to control biofouling on intake structures, to improve the performance of filters 
and to control biofouling on membranes.  In plants equipped with reverse osmosis, many 
of the byproducts formed during chlorine pre-treatment will be discharged in the brine, 
where they could affect aquatic ecosystems if they are not diluted sufficiently after 
discharge.  Disinfectants also are applied prior to sending the water into the distribution 
system where byproducts may be formed when desalinated water is blended with water 
from other sources prior to disinfection or when water from desalination plants and other 
sources mix in the presence of a residual disinfectant in the distribution system.   

In most existing desalination plants, free chlorine (i.e., HOCl/OCl-) is used for 
pre-treatment and final disinfection and most of the available data from desalination 
systems pertain to chlorination byproducts.  However, some research conducted on 
alternative disinfectants that have the potential to control biofouling and produce water 
with fewer DBPs are also included in this review.   

II.2. Effect of Salinity on Disinfection Byproduct Formation 

The kinetics of DBP formation and the nature of compounds formed are affected 
by the presence of bromide and iodide.  For example, elevated concentrations of bromide 
lead to enhanced production of brominated DBPs during chlorination [Krasner et al. 
1996] and enhanced bromate production during ozonation [Haag et al. 1983]. Brominated 
and iodinated DBPs are particularly problematic because they often are more 
carcinogenic or mutagenic than their chlorinated analogues [Richardson et al. 2003, 
Plewa and Wagner 2004]. Besides the increased health risks posed by brominated and 
iodinated compounds, they also typically have taste and odor thresholds significantly 
lower than their chlorinated analogues [Young et al.1996, Cancho et al. 2001]. 
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FIGURE 2.1. Structure of disinfection byproduct compound classes formed from 
application of chemical disinfectants.  The X in the molecular structures indicates the 
possible sites of halogen substitution and may represent chlorine, bromine, iodine or 
hydrogen as substituent. 
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Bromide in surface and ground waters often originates directly from marine 
sources (e.g., seawater intrusions into coastal aquifers) or is derived from salts formed 
during the evaporation of seawater (e.g., halide applied to roads during winter).  As a 
result, the highest concentrations of bromide are usually detected in arid regions with 
high rates of evaporation, such as the Mediterranean, Southwestern Australia and the 
Western United States (Table 2.1).  In such arid regions, concentrations of bromide in 
freshwater sources can be up to an order of magnitude higher than the median 
concentrations detected in a survey of US water supplies.  Although the concentration of 
dissolved solids in desalinated water is usually quite low (i.e., total dissolved solid 
concentrations in desalinated seawater are typically less than 200 mg/ [Magara et al. 
1996]), the concentration of bromide in desalinated water is often comparable to those 
detected in surface and ground waters in arid climates with elevated dissolved solids 
concentrations. This is because the relative contribution of bromide to the overall 
dissolved solids concentration is higher in seawater than in freshwaters. 

TABLE 2.1. Representative concentrations of bromide in waters subjected to treatment with 
chemical disinfectants. 

Location Br- Concentration 
     (mg/L)              (mM) 

References 

Ocean 65,000 810 Stumm & Morgan 1996 
Desalinated seawater 650 8.1 Magara et al. 1996 

Water Supplies in Arid Regions 
   

Lake Kinneret 1,900 24 Heller-Grossman et al. 
1993 

Aegean Islands (groundwater) 330-1,040 4.1-13 Kampioti & Stephanou 
2002 

Mundaring (Southwest Australia) 700 8.8 Hansson et al. 1987 
 

Sacramento/San Joaquin Delta 100-500 1.3-6.3 Krasner et al. 1996 
 

US Rivers (National Survey) 
90th percentile  
75th percentile 
Median 

 
160 
83 
35 

 
2.0 
1.0 
0.44 

Obolensky &Singer 
2005 

 

Iodide is usually present in natural waters at concentrations that are significantly 
lower than those of chloride or bromide.  Nevertheless, its presence can lead to formation 
of elevated concentrations of iodinated DBPs when chloramines are employed for 
disinfection [Bichsel and von Gunten 2000, Hua et al. 2006]. In addition to their potential 
adverse health effects, iodinated DBPs are a concern because the taste and odor threshold 
of iodinated organic compounds is often very low [Hansson et al. 1987]. 

Iodide concentrations in desalinated waters are usually lower than those of 
chloride and bromide because iodide occurs at lower concentrations in seawater (i.e., the 
concentration of total iodine in seawater is about 60 mg/L compared to 19,400 mg/L 
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chloride and 65,000 µg/L bromide at a salinity of 35). Moreover, in seawater, iodine is 
usually present in its oxidized form, iodate (IO3

-) [Fuge and Johnson 1986, Luther et al. 
1995]. As a result, iodide concentrations are not always correlated with concentrations of 
chloride and bromide.  The highest iodide concentrations usually occur in arid regions 
and in groundwater where the local geology is rich in iodide.  For example, surface water 
in Mundaring, Southwest Australia, contains 50 mg/L of iodide and 700 mg/L of bromide 
[Hansson et al. 1987] while produced water from natural gas fields in Colorado, which 
have high concentrations of dissolved solids (i.e., 5,500 mg/L), contains 55,000 mg/L of 
iodide [Xu and Drewes 2006]. Thus, formation of iodinated DBPs may be localized to 
desalination systems in which the source water is enriched in iodide. 

II.3.  Byproducts Formed During Chlorination 

II.3.1  Application of Chlorine in Desalination Systems 

Chlorine has been the most common disinfectant used for power plant cooling 
water, intakes for desalination systems and municipal wastewater effluent.  To prevent 
biofouling in heat exchangers used in once-through cooling systems employed by power 
plants, chlorine is applied intermittently, with initial concentrations between 0.5 and 2 
mg/L as Cl2 two or three times per day [Mills et al. 1998]. Chlorine is applied 
continuously at plants where biofouling is a serious concern at similar initial 
concentrations as those used for intermittent chlorination [Jenner et al. 1997, Allonier et 
al. 1999]. 

Intakes for seawater RO desalination systems are typically subjected to 
intermittent chlorination to control biofouling in the intake structure, equipment and on 
reverse osmosis membranes [Brehant et al. 2002].  Many distillation plants use 
continuous chlorination combined with intermittent shock dosing.  Much of the available 
data on DBP formation in seawater intakes come from studies conducted in the Persian 
Gulf, where relatively high doses of chlorine are needed to control biofouling in the 
warm, organic-matter rich water at the intake of some desalination plants.  Reverse 
osmosis desalination systems employing conventional pre-treatment (i.e., coagulation and 
sand filtration) use intermittent or continuous chlorination, with target residual chlorine 
concentrations between 0.2 and 4 mg/L as Cl2 and typical contact times between 15 and 
30 minutes [Ali and Riley 1989, Applegate et al. 1989, El Din et al. 1991, Khordagui 
1992]. Microfiltration or beachwell intakes are receiving increasing attention because 
they are less expensive to operate and provide a more reliable quality feed water for 
reverse osmosis membranes [Bou-Hamad et al. 1997, Brehant et al. 2002]. Although 
these systems can be operated without a disinfectant, there are considerable technical 
problems associated with their application, especially for large desalination plants 
[Voutchkov 2006]. 

In comparison to the relatively modest chlorine doses used for biofouling control, 
higher chlorine doses are used when wastewater effluents or surface waters are 
disinfected to protect public health.  Disinfection of municipal wastewater effluent 
typically employs initial chlorine concentrations between 5 and 10 mg/L as Cl2 and 
contact times of approximately one hour [Metcalf & Eddy 2003].  For drinking water, 
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primary disinfection typically employs initial chlorine doses that are slightly lower than 
those used for effluent disinfection (e.g., an initial free chlorine concentration of 3 mg/L 
as Cl2 and a contact time of one hour is typical for primary disinfection of surface waters 
[MWH 2005].  As a result of the lower initial chlorine concentrations and the shorter 
contact times, the dose (i.e., C*t) of chlorine applied for biofouling control in cooling 
systems and continuous chlorination of seawater intakes is usually considerably less than 
that applied in wastewater and drinking water disinfection.  As a result of the lower doses 
of chlorine applied in desalination pre-treatment, extrapolations of DBP data from 
drinking water treatment plants and wastewater treatment plants to desalination systems 
may overestimate DBP formation. 

Chlorine frequently is applied for disinfection after desalination at typical 
concentrations of approximately 1 mg/L as Cl2.  Depending upon the length of the 
distribution system, the chlorine contact time can be as long as several days [Alsaleh and 
Alhaddad 1994, Hafsi et al. 2004]. Given the relatively low dose of chlorine applied at 
the treatment plant, DBP precursors that pass through desalination systems may be 
converted to DBPs within the distribution system rather than in the desalination plant. 

II.3.2 Trihalomethanes 

The term trihalomethanes typically refers to chloroform (CHCl3), bromoform 
(CHBr3), iodoform (CHI3) and all of the species with mixed halogens (e.g., 
dichlorobromomethane—CHCl2Br).  Concerns associated with trihalomethanes in 
drinking water began after reports of the production  of chloroform in chlorine-
disinfected water [Rook 1974, Bellar and Lichtenberg 1974]. Following the discovery of 
chloroform in chlorinated water, scientists reported the formation of brominated 
trihalomethanes [Rook 1974, Krasner et al. 1989, Cooper et al. 1985]. Recently, 
iodinated trihalomethanes also have been detected in chlorinated waters [Bichsel and von 
Gunten 2000, Hua et al. 2006] at much lower concentrations than the chlorinated and 
brominated trihalomethanes.   

 Chloroform, bromodichloromethane and bromoform are classified as probable 
human carcinogens by the United States Environmental Protection Agency [USEPA 
2007]. These trihalomethanes have been linked to induction of tumors in target organs 
(e.g., liver, kidney and bladder) of experimental animals [Coffin et al. 2000]. Human 
epidemiological studies also have correlated increased levels of brominated 
trihalomethanes in drinking water with increased colorectal and bladder cancer incidence 
and mortality [Sittig et al. 1985, Cantor et al. 1998]. Trihalomethanes also have been 
shown to act as reproductive and developmental toxicants in several laboratory studies 
and have been linked to adverse reproductive effects in one epidemiological study 
[Waller et al. 1998, Klotz and Pyrch 1999, Bove et al. 2002] 

 In response to concerns about the adverse effects of trihalomethanes, a variety of 
regulations have been established for drinking water in 1979 (Table 2).  The USEPA 
established a maximum contaminant limit (MCL) for the sum of the four 
trihalomethanes—chloroform, bromodichloromethane, dibromochloromethane, and 
bromoform.  Recently, the USEPA also established guideline levels for each of the 
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regulated THMs.  A somewhat less stringent standard for total trihalomethanes 
established by the European Union (EU) has been transposed into national drinking water 
standards in most EU-member countries [Roccaro et al. 2002]. The World Health 
Organization (WHO) has set provisional guidelines for each THM species that are 
generally much higher than the USEPA and EU standards [WHO 2006]. 

 Aside from the health effects associated with direct exposure, the trihalomethanes 
are treated as a regulatory surrogate for other less prevalent and difficult-to-measure 
chlorine disinfection byproducts.  In desalination systems, the formation and behavior of 
trihalomethanes may not be correlated with these less prevalent DBPs as closely as they 
are in conventional drinking water treatment plants (e.g., the rejection of THMs during 
reverse osmosis treatment may be lower than that of charged DBPs or DBPs of higher 
molecular weights). 

 The hazards posed by brominated THMs on marine ecosystems, including 
sensitive phytoplanktonic and invertebrate species, were studied in detail when scientists 
debated the potential adverse effects of chlorinating power plant cooling waters over 
twenty years ago [Abarnou and Miossec 1992].  Mussel and oyster larvae appear to be 
the most sensitive species with respect to trihalomethane toxicity.  For these marine 
organisms, the LC50 for chloroform and bromoform is approximately 1,000 mg/L 
[Stewart et al. 1979].  At lower chronic exposure levels, the trihalomethanes are 
bioaccumulated and induce production of stress proteins [Taylor 2006]. It is possible that 
chronic effects occur in these organisms at lower concentrations, but few studies have 
been conducted on the chronic effects of low-level exposure of aquatic organisms to 
trihalomethanes.  In general, trihalomethane impacts on aquatic organisms near power 
plants or desalination plants have not been considered a significant problem.  Residual 
oxidant in the discharges from distillation plants and power plants—but not RO plants—
are usually assumed to be more toxic to marine life than these DBPs.  In response to 
concerns about the effects of trihalomethanes on aquatic organisms, the State of 
California recently established criteria for trihalomethanes in surface waters that are 
similar to drinking water criteria (Table 2.2).  

The production of trihalomethanes in desalination systems has been studied at 
several full-scale plants.  In general, THMs have not posed a significant concern for 
operators of desalination plants that employ distillation because the compounds volatilize 
during distillation: less than 10% of the trihalomethanes in the seawater are carried over 
into the product water [Ali and Riley 1989, El Din et al. 1991].  THMs and other 
uncharged low-molecular weight compounds are among the compounds most likely to 
pass through reverse osmosis and nanofiltration membranes [Bellona et al. 2004].  
Previous studies of thin-film composite reverse osmosis and tight nanofiltration 
membranes used for treatment of municipal wastewater effluent indicated removal of 
only about 40% of the bromoform [Xu et al. 2005]. However, rejection of bromoform 
and other THMs by seawater reverse osmosis membranes is substantially better than that 
observed in water reclamation systems (Table 2.3), presumably because the membranes 
have different structure or the high ionic strength of the seawater improves the ability of 
the membrane to reject THMs.   
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TABLE 2.2. Regulatory guidelines for trihalomethanes in drinking water and surface 
waters.  

 

 

TABLE 2.3. Removal of salts, DBPs and total organic carbon during pilot-scale testing at the 
Tampa Bay desalination plant. 

2.5 mg/L Cl2
1  5 mg/L Cl2

2 Parameter 
RO 

Feed 
RO 

Permeate 
Rejection 

(%) 
RO 

Feed  
RO 

Permeate 
Rejection 

(%) 
TDS (mg/L) 28,000 170 99.4 29,668 118 99.6 
Cl- (mg//L) 13,900 67.6 99.5 16,482 65.7 99.6 
Br- (mg/L) 48.5 0.28 99.4 55.5 0.24 99.6 
THMs (mg/L) 490 2.3 99.5 860 6.4 99.3 
HAA5 (mg/L) 69 1.0 98.6 175 2.5 98.6 
TOC (mg/L) 4.3 0.5 88.4 10.9 0.379 96.5 

NOTES: 1Hydranautics SWC 2 membrane;  2Hydranautics SWC 3 membrane; 3 RO feed 
is chlorinated during pretreatment. 

Contaminant MCL1                          

µ g/L
EU Standard2            

µ g/L  

Total THM 80 100  
Contaminant

MCLG1                

µ g/L

WHO 
Guidelines3 

µ g/L
CTR Criteria4  

µ g/L
Chloroform 70 200 -
Bromodichloromethane zero 60 46
Dibromochloromethane 60 100 34
Bromoform zero 100 360
MCL = maximum contaminant limit, MCLG = MCL guidelines
1 From USEPA Stage 2 Disinfectant and DBP Rule (January 4, 2006)
2 From WHO Guidelines for Drinking Water Quality (2003)
3 From EU Directive 98/83/EC
4 From California Toxics Rule, protection of aquatic organisms only.
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Numerous studies have demonstrated a shift in the speciation of trihalomethanes 
produced during chlorination from predominantly chloroform at low bromide 
concentrations to bromoform at high bromide concentrations [Krasner et al. 1996, Luong 
et al. 1982]. The shift in trihalomethane speciation is important because the brominated 
compounds tend to be more toxic than their chlorinated analogs [Muellner et al. 2007, 
Plewa et al. 2004, Richardson et al. 2003]. The formation of brominated disinfection 
byproducts is attributable to the conversion of hypochlorous acid to hypobromous acid, 
which occurs through an acid-catalyzed reaction [Kumar and Margerum 1987] with the 
net stoichiometry: 

HOCl  +  Br-    HOBr  +  Cl-      Eq. 1 

The relationship between trihalomethane speciation and bromide concentration is 
complicated by variations in concentrations of trihalomethane precursors, which normally 
are correlated with dissolved organic carbon concentrations.   

The speciation of trihalomethanes also is affected by the ratio of hypochlorous 
acid to bromide, because bromide is depleted at high chlorine doses. In general, a higher 
degree of bromide substitution into the trihalomethanes is observed at low dissolved 
organic carbon concentrations because the bromide is depleted during the reactions 
[Krasner et al. 1996, Obolenski et al. 2005]. For example, at 1.10 mg C/L, bromoform 
accounted for the majority of the trihalomethanes produced during a 3-hour simulated 
distribution system test (i.e., contact with a sample to achieve a final chlorine residual of 
0.4 mg Cl2/L) at bromide concentrations between 200 and 300 mg/L.  For water with a 
dissolved organic carbon concentration of 4.15 mg C/L subjected to the same 
chlorination conditions, bromoform only accounted for about 40% of the trihalomethanes 
formed at a bromide concentration of 800 mg/L (i.e., the highest bromide concentration 
tested [Krasner et al. 1994]).  At the relatively high concentrations of bromide 
encountered in seawater (i.e., 65,000 mg/L), bromoform accounts for over 95% of the 
trihalomethanes produced during chlorine disinfection over a wide range of dissolved 
organic carbon concentrations [Allonier et al. 1999, Ali and Riley 1989, El Din et al. 
1991].       

The presence of bromide also results in an increase in the total concentration of 
trihalomethanes formed on a molar basis, with total trihalomethane concentrations nearly 
doubling as bromide concentrations increase from <70 mg/L to approximately 2,000 
mg/L [Hua et al. 2006]. The higher yield of trihalomethanes in the presence of bromide is 
attributable to the tendency of HOBr to undergo substitution reactions more readily than 
HOCl [Luong et al. 1982, Cowman and Singer 1995]. 

Iodinated trihalomethanes (i.e., iodoform—CHI3—and the mixed halogen species 
such as CHClI2) are formed when chlorine is applied in the presence of iodide [Bichsel 
and von Gunten 2000, Hua et al. 2006]. Although the presence of these compounds could 
pose public health risks and aesthetic concerns for water suppliers (due to the low odor 
thresholds of the iodinated THMs), the concentrations of iodinated trihalomethanes are 
generally low in waters treated with chlorine because iodide concentrations in most 
surface waters are too low to outcompete the other halides.  In addition, HOI is rapidly 
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oxidized to iodate by free chlorine [Bichsel and von Gunten 2000]. Iodinated 
trihalomethanes usually are not detected at concentrations above the lowest odor 
threshold concentration (OTC) values (i.e., 0.03 mg/L [Cancho et al. 2001]) after 
chlorination until the total iodine concentration normally detected in seawater (i.e., 60 
mg/L) is exceeded by an order of magnitude [Hua et al. 2006]. Thus, concerns associated 
with formation of iodinated DBPs are probably more relevant to saline waters derived 
from sources where the local geologic features are rich in iodide. 

The total concentration of trihalomethanes formed during the chlorination of 
seawater also depends on the concentration and nature of the dissolved organic carbon 
precursors.  For example, in once-through seawater cooling systems for power plants in 
the United States and Northern Europe, bromoform concentrations range from 
approximately 10 to 50 mg/L [Jenner et al. 1997, Allonier et al. 1997, Abarnou and 
Miossec 1992, Helz and Hsu 1978] whereas bromoform concentrations in chlorinated 
seawater in desalination plants in the Middle East typically contain 70 to 100 mg/L of 
bromoform [Ali and Riley 1989, El Din et al. 1991].  The higher concentrations of 
bromoform in the Middle Eastern desalination plants may be attributable to the higher 
concentrations of dissolved organic matter at the sites of Persian Gulf desalination plants 
(e.g., typical dissolved organic concentrations at desalination plants in UAE and Kuwait 
were 2.5 mg C/L compared to around 1 mg C/L in the US and Europe where DBP 
formation was measured) [Allonier et al. 1999, Ali and Riley 1989, El Din et al. 1991, 
Fabbricino and Korshin 2005, Kristiansen et al. 1996]. Alternatively, the higher levels of 
bromoform could be related to hydrocarbon pollution, as indicated by a study in which an 
oil spill resulted in bromoform concentrations of around 225 mg/L in water that had 
passed through a chlorinated seawater intake [El Din et al. 1991]. 

Trihalomethanes also can be produced in distribution systems used for 
desalination systems.  As mentioned previously, bromide concentrations in desalinated 
water produced by reverse osmosis systems (i.e., 650 mg/L) can be as high as those 
detected in freshwater sources in arid regions where brominated DBP production has 
been a significant concern.  However, desalinated water tends to contain extremely low 
concentrations of dissolved organic carbon (i.e., dissolved organic carbon rejection by 
reverse osmosis membranes is typically greater than 80% [Yoon and Lueptow 2005], 
Table 2.3).  As a result, trihalomethane production is usually low when free chlorine is 
used as a residual disinfectant for desalinated water [Ali and Riley 1990, McGuire 2004]. 
Blends of desalinated water and water from other sources can result in the production of 
more trihalomethanes than would be predicted by taking a weighted average of the 
concentrations of trihalomethanes produced in the waters prior to blending.  For example, 
chlorination of a mixture of equal volumes of surface water and desalinated water 
resulted in the formation of 0.30 mM of trihalomethanes (54 mg/L) compared to a 
predicted value of 0.23 mM obtained by averaging the concentrations of trihalomethanes 
formed when the surface water and the desalinated water were chlorinated separately 
[McGuire 2004]. 

Bromoform will be the predominant THM formed when chlorine is used for 
seawater pre-treatment or disinfection of desalinated water.  Bromoform produced during 
pre-treatment will be rejected effectively during desalination with reverse osmosis 
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membranes. Under some circumstances, bromoform levels in reverse osmosis brine could 
approach levels of concern for bioaccumulation and chronic toxic effects to aquatic 
organisms.  However, concentrations and toxic effects will diminish as the brine mixes 
with seawater.  Bromoform production in water distribution systems will only approach 
regulatory guidelines when the desalinated water is blended with waters that contain high 
concentrations of THM precursors.  Considerable research is available to facilitate 
prediction of THM production in bromide-containing waters as a function of the 
concentration of bromide, dissolved organic carbon and chlorine dose. 

II.3.3  Haloacetic acids 

Following the period of intense research on trihalomethanes and other volatile 
DBPs in the late 1970s, researchers then focused on detection, treatment and health 
effects of polar halogenated DBPs in chlorinated drinking water [Christman et al. 1983]. 
Results of this research indicated that chlorinated and brominated acetic acids occur in 
chlorinated water at concentrations similar to or slightly lower than those of the 
trihalomethanes.  A variety of chlorinated and brominated acetic acids have been detected 
in chlorinated water with one to three bromine or chlorine substituents, as listed along 
with their acronyms in Table 2.4.  For simplicity, the haloacetic acids are grouped 
according to their likelihood to occur in chlorinated water and the analytical methods 
used to detect the compounds.  The HAA5 are the haloacetic acids most frequently 
studied in drinking water and are subject to USEPA regulations while data on the HAA6 
and HAA9 often are reported by researchers because they are detected by the analytical 
methods used for HAA5. The haloacetic acids are regulated by the USEPA [2006] and 
the WHO [2006].  The USEPA established a maximum contaminant limit (MCL) for 
HAA5 as well as MCL guideline levels for three of the chlorinated compounds (Table 
2.5).  In contrast, the WHO guidelines only address DCAA and TCAA. 
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TABLE 2.4. Haloacetic acid groups subjected to drinking water regulations. 

Compound Abbrev. Formula  Groups  

Monochloroacetic acid MCAA CH2ClCOOH 

Dichloroacetic acid DCAA CHCl2COOH 

Trichloroacetic acid TCAA CCl3COOH 

Monobromoacetic acid MBAA CH2BrCOOH 

Dibromoacetic acid DBAA CHBr2COOH HAA5 
Bromochloroacetic acid BCAA CHBrClCOOH  HAA6 

Tribromoacetic acid TBAA CBr3COOH   

Bromodichloroacetic acid BDCAA CBrCl2COOH   

Dibromochloroacetic acid DBCAA CBr2ClCOOH   HAA9 
       
1.  USEPA Stage 2 Disinfectants and Disinfection Byproducts Rule, 2006.  Class sums are 

reported as local running annual average of total HAA5, HAA6 or HAA9 in mg/L.   
 

 

TABLE 2.5. Regulatory standards for haloacetic acids in drinking water. 

Contaminant MCL1                          
µg/L 

WHO Guideline2            
µg/L 

HAA5 60 - 
Monochloroacetic Acid (MCAA) 70 - 
Dichloroacetic Acid  (DCAA) zero 50 
Trichloroacetic Acid (TCAA) 20 100 
MCL = maximum contaminant limit, MCLG = MCL guidelines 
1 From USEPA Stage 2 Disinfectant and DBP Rule (January 4, 2006) 
2 From WHO Guidelines for Drinking Water Quality (2006)   

 

The potential human health effects of haloacetic acids have been predicted by 
extrapolating cell assay and animal studies on individual compounds and mixtures.  
Cancer studies have established that DCAA is a hepatocarcinogen for mice and rats, 
while TCAA induced tumors only in the livers of mice [Bull et al. 1990, DeAngelo et al. 
1996, Herren-Freund et al. 1987]. CAA, BCAA, MBAA and DBAA produced adverse 
reproductive effects on male rats following acute and subchronic exposures [Bhat et al. 
1991, Linder et al. 1994]. Like the trihalomethanes, the mutagenicity of the brominated 
HAAs are consistently higher than that of the chlorinated analogs [Plewa et al. 2004].  

As indicated by their historical use as herbicides and pesticides, chlorinated 
haloacetic acids are toxic to aquatic organisms [Lewis et al. 2004].  A number of aquatic 
macrophytes are particularly susceptible to HAAs [Hanson and Solomon 2004]. 
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Phytoplankton also are particularly sensitive to the effects of haloacetic acids.  For 
example, the EC10 values for the green algae (Scenedesmus subspicatus) for MCAA and 
MBAA are 7 mg/L and 20 mg/L, respectively [Kuhn and Pattard 1990]. Other organisms 
also are less susceptible to HAAs, with LC50 values for TCAA ranging from 1,000 to 
10,000 mg/L for fish [Lewis et al. 2004]. The toxicity of brominated and iodinated acids 
in aquatic ecosystem have not been reported but are likely to be similar or higher than 
that of the chlorinated haloacetic acids [Richardson et al. 2007].  

The formation of brominated haloacetic acids has been observed when waters 
with elevated bromide concentrations are chlorinated.  In a manner analogous to that 
observed for the trihalomethanes, elevated bromide concentrations shift the speciation of 
haloacetic acids from chlorinated to brominated species [Thibaud et al. 1988, 
Pourmoghaddas et al. 1993]. For example, in drinking water from a municipal plant 
where the source water contained approximately 3,000 mg/L Br-, the brominated acids 
MBAA and DBAA accounted for 72-93%, respectively of the HAA5 on a molar basis 
[Krasner et al. 1989]. When Lake Kinneret water ([Br-] = 1,900 mg/L) was chlorinated 
with an initial concentration of 20 mg/L as Cl2, between 69-91% of HAA formed 
consisted of the mixed (e.g., BCAA) and brominated acetic acids on a molar basis 
[Heller-Grossman et al. 1993]. Likewise, when solutions of humic acid extracted from 
surface water and groundwater were chlorinated in the presence of different bromide 
concentrations, equivalent molar incorporation of chloride and bromide into haloacetic 
acids was observed at approximately 800 mg/L bromide and a molar HOCl/Br- ratio of 
about 10.  The overall yield of haloacetic acids (i.e., HAA9) also increases in waters with 
elevated bromide concentrations [Wu and Chadik 1998].  

DCAA, BDCAA and DBAA are usually the predominant haloacetic acids 
produced during chlorination of seawater [Ali and Riley 1989, Fabbricino and Korshin 
2005, Kristiansen et al. 1996]. For example, in the effluent from chlorinated cooling 
systems for power plants using seawater, DBAA, which was detected at concentrations 
up to 10 mg/L, accounted for over 70% of the haloacetic acids produced.  DBAA levels 
at these plants were typically between 38% and 98% of bromoform on a molar basis.  In a 
desalination plant in Saudi Arabia, a mean concentration of 7 mg/L of HAA6 was 
detected in the chlorinated seawater with similar concentrations of BCAA, DCAA and 
TCAA [Dalvi et al. 2000]. Haloacetic acid concentrations in the product water of this 
distillation plant were less than 2 mg/L presumably because the haloacetic acids were not 
carried over by the distillation system.  The haloacetic acids were removed efficiently by 
a reverse osmosis desalination plant (Table 2.3) because the compounds are charged 
under the conditions encountered in the membrane system and charged organic 
compounds are removed readily by reverse osmosis systems. 

The concentration of haloacetic acids formed during chlorine disinfection depends 
on the characteristics of natural organic matter (NOM).  Relative to freshwater, much less 
is known about the role of NOM sources on DBP formation in seawater.  The speciation 
of HAAs produced by chlorination in coastal seawater is similar to the speciation of 
chlorination byproducts from terrestrial humic substances when they are chlorinated in 
the presence of similar bromide concentrations [Cowman and Singer 1996, Fabbricino 
and Korshin 2005]. However, more chlorine incorporation is observed per mole of carbon 
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during the chlorination of deep ocean seawater possibly because the dissolved organic 
carbon contains fewer aromatic functional groups. 

In summary, bromo-substituted HAAs will be produced when chlorine is used in 
desalination systems.  The HAAs formed during seawater pre-treatment are almost 
completely removed by seawater reverse osmosis and as a result, levels of these HAAs in 
brine may exceed levels at which toxicity has been observed in algae.  The potential for 
HAAs to impact the aquatic ecosystem will depend upon the concentration formed and 
the extent of dilution of brine near the outfall.  HAAs will only be produced at 
concentrations of concern when desalinated water is blended with organic-matter rich 
water from other sources. 

II.3.4  Halophenols  

Chlorination of phenols in natural waters results in the production of chlorine-, 
bromine- and iodine-substituted phenols. The concentrations of halophenols in 
chlorinated water normally are orders of magnitude lower than standards for protection of 
public health (e.g., the WHO provisional guideline for 2,4,6-trichlorophenol is 200 mg/L 
compared to typical concentrations of less than 1 mg/L following chlorination [Bruchet et 
al. 2008]).  Nevertheless, the halophenols pose significant problems for water suppliers 
because they have extremely low odor threshold concentrations (OTCs) (Table 6).  In 
particular, the mono and dihalogenated compounds have much lower OTCs than the 
trihalogenated phenols.  Furthermore, halophenols can be converted to haloanisoles by 
fungi and other microorganisms in water distribution systems [Karlsson et al. Piriou]).  
Because the halogenated anisoles have odor thresholds substantially lower than the 
trihalogenated phenols, partial conversion of halophenols within the distribution system 
can cause serious aesthetic problems for drinking water suppliers.  

 

TABLE 2.6.  Reported odor threshold concentrations (OTCs) for substituted 
phenols and anisoles.   

  
Substituents  

Chlorinated 

OTC in (ng/L) 
 

Brominated 
 

Iodinated 

2-phenol 2,000 [1] 30 [2] 1,000 [1]  
2,6-phenol 0.02 [3] 0.5 [2]  

2,4,6-phenol  600 [2]  
2,4,6-anisole 0.03 – 1 [3] 0.03 – 10 [3]  

NOTES: [1] Dietrich et al. 1999; [2] Whitfield 1988; [3] Young et al. 1996 
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The formation of halophenols occurs through sequential electrophilic 
substitution of the acid form of the halogen (i.e., HOCl, HOBr or HOI) on the aromatic 
ring of phenolate anion [Gallard and von Gunten 2002, Smith et al. 1976]. Because the 
phenol group is an ortho/para directing substituent, the main products of the reaction are 
substituted in the 2, 4 or 6 positions.  When excess chlorine is present, the phenols are 
rapidly converted to the trihalogenated phenols.  Eventually, sequential halogen addition 
cleaves the aromatic ring yielding a variety of halogenated, low molecular weight 
products, including trihalomethanes [Gallard and von Gunten 2002, Boyce and Hornig 
1983], haloacetic acids [Christman et al. 1983] and haloacetonitriles [Oliver 1983].  

The reaction of hypobromous acid with phenolate anions is much faster than the 
corresponding reactions of hypochlorous acid [Acero et al. 2005]. As a result, the 
brominated phenols predominate when bromide is present at elevated concentrations 
[Sweetman and Simmons 1980]. For example, 2,4,6-tribromophenol was the dominant 
halophenol produced when municipal wastewater chlorinated with 20 mg/L Cl2 and 
amended with10,000 mg/L of bromide [Watanabe et al. 1984, Ventura et al. 1986]. 2,4,6-
Tribromophenol was also the main halophenol detected in chlorinated cooling water from 
coastal power plants with concentrations ranging from approximately 0.1 to 0.4 mg/L 
[Jenner et al. 1997, Allonier et al. 1999]. Measurements of bromophenols in water 
produced by seawater desalination systems are not available.  On the basis of the 
chemical properties of the compounds, it is unlikely that significant carryover of 
halophenols would occur during distillation.  However, it is likely that halophenols will 
not be completely rejected (i.e., 90-99% removal) by reverse osmosis membranes 
because phenol-containing compounds can partition through reverse osmosis membranes 
[Nghiem and Schafer 2004].  Although there are no reports of consumers of desalinated 
water complaining of phenolic tastes and odors, the extremely low OTCs of the 
brominated phenols could pose an aesthetic issue for desalinated water systems under 
conditions favorable to halophenol production.   

In the presence of iodide, hypoiodous acid (i.e., HOI) will be formed through a 
reaction with HOCl.  Phenolate anions will react with HOI to produce iodinated phenols.  
Although these reactions are faster than the corresponding reactions with HOCl [Hua et 
al. 2006], the reactions are of limited importance because concentrations of HOI present 
during chlorination are expected to be very low resulting in rapid oxidation of HOI to 
iodate (IO3

-).  As a result of the relatively low concentrations of HOI present during 
chlorination, iodophenols are only likely to be present at detectable concentrations in 
iodinated drinking water [Dietrich et al. 1999]. 

II.3.5  Haloacetonitriles 

Haloacetonitriles (HANs) are small, nitrogenous haloorganics that are most stable 
in the dihalogenated form—dichloroacetonitrile (DCAN), dibromoacetonitrile (DBAN), 
and bromochloroacetonitrile (BCAN) [Glezer et al. 1999]. Although HANs are usually 
formed at about an order of magnitude lower concentrations than the trihalomethanes and 
haloacetic acids during chlorination, they are relatively toxic and are believed to 
contribute significantly to the overall health risks associated with consumption of 
chlorinated water [Muellner et al. 2007]. As a result, numerous studies have been 
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conducted on the toxicology, formation, and treatment of haloacetonitriles in drinking 
water. 

HANs have exhibited genotoxicity and mutagenicity in various in vitro bioassays 
[Muellner et al. 2007, Bull et al. 1985, Lecurieux et al. 1995, Muller-Pillet et al. 2000]. 
The reactivity of individual species of haloacetonitrile towards DNA, a measure of 
genotoxicity, follows the order of IAN > BAN ~ DBAN > BCAN > CAN > TCAN > 
DCAN (99).  The teratogenicicity of haloacetonitriles increases with increasing halogen 
substitution.  Although the HANs are not regulated as DBPs in finished drinking water, 
USEPA Federal drinking water guideline levels have been established for DCAN (6 
mg/L) and DBAN (20 mg/L).  Regulatory guidelines or standards have not been set for 
these compounds by the EU or the WHO. 

The formation of HANs has been observed during chlorination of nitrogen-
containing organic materials including amino acids, algae suspensions and nitrogen-
containing compounds that serve as surrogates for humic acids [Oliver 1983, Trehy and 
Bieber 1981, Ueno et al. 1996, Peters et al. 1990]. Haloacetonitriles also undergo 
hydrolysis and reactions with oxidants under the conditions encountered in water 
treatment and distribution system [Reckhow et al. 2001]. Hence, the level of HANs 
detected in chlorinated waters depends on a balance between formation and degradation 
rates of each haloacetonitrile species.  Because the haloacetonitrile precursors may be 
consumed during the initial contact with chlorine, it is likely that haloacetonitrile 
concentrations will decrease within the distribution system as the compounds degrade 
through reactions with residual disinfectants.  

At elevated concentrations of bromide, the speciation of haloacetonitriles shifts 
from the chlorine-containing species to the bromine-containing species.  Monitoring data 
and experiments using natural waters amended with bromide indicate that the shift to 
bromine-containing species occurs at lower bromide concentrations than those observed 
for the trihalomethanes and trihaloacetic acids [Hua et al. 2006, Obolensky and Singer 
2005, Heller-Grossman et al. 1999]. In Lake Kinneret, which contains high 
concentrations of organic nitrogen and bromide, Heller-Grossman et al. [1999] reported 
maximum concentration of total HANs of 12 mg/L, the majority of which consisted of 
the brominated species.  

At the high bromide concentrations in seawater, DBAN and BCAN are the 
principal haloacetonitriles formed during chlorination, with DBAN concentration in 
chlorinated seawater cooling waters ranging from 0.3 to 3.4 mg/L [Jenner et al. 1997, 
Allonier et al. 1999]. HANs typically account for approximately 10% of the total mass of 
byproducts in chlorinated seawater.  Under similar conditions, the chlorination of marine 
organic matter produces fewer haloacetonitriles than the chlorination of coastal organic 
matter [Fabbricino and Korshin 2005].  No data are available on the removal of HANs by 
seawater reverse osmosis systems.  
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II.3.6  Other Chlorination Byproducts 

The disinfection byproducts discussed in the previous sections account for 
about half of the total organic halogens (TOX) produced when water is chlorinated 
[Richardson 2003].  As analytical methods have improved, scientists have begun to 
identify new classes of potentially hazardous disinfection byproducts in chlorinated 
water.  In most cases, the concentrations of these compounds are low relative to the 
trihalomethanes and trihaloacetic acids.  Because many different compounds are present 
at low concentrations in chlorinated water, prioritization of research on these DBPs has 
been guided by use of in vitro bacterial and mammalian cell bioassays.  For example, the 
potent mutagen 3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone (MX) was 
originally identified as an important DBP using the Ames mutagenicity test [Kronberg 
and Vartianen 1988, IARC 1991, Wright et al. 2002]. After later studies with rats verified 
the potency of MX as a carcinogen affecting various target organs [Komulainen et al. 
1997] research was conducted on MX and compounds with similar structures. When 
water is chlorinated in the presence of bromide, brominated analogues of MX are formed 
including the closed (BMXs) and open (BEMXs) ring forms of the compound with one to 
three bromine substituents.  BMXs and BEMXs were found at similar levels to MX in 
plants treating bromide-rich source water when chlorine was used alone or in 
combination with ozone, chloramines or chlorine dioxide [Weinberg et al. 2002]. The 
cyclic BMX compounds are comparable to the chlorine-substituted MXs in terms of 
mutagenicity and are responsible for most of the mutagenicity of the brominated MX 
compounds. No data are available on the concentrations of MX or its brominated analogs 
or their removal in desalination systems.   

The halogenated nitromethanes are another class of compounds that have received 
considerable attention over the last decade because they are cytotoxic and genotoxic in 
mammalian cells.  In general, the toxicity of the nitromethanes increases with bromine 
substitution [Plewa et al. 2004]. Occurrence and in vivo toxicity data on these 
halonitromethanes are extremely limited.  Available data suggest that combined use of 
disinfection technologies may enhance the production of relatively toxic DBPs.  For 
example, elevated concentrations of brominated nitromethanes are produced when 
bromide-containing water is ozonated prior to chlorination or chloramination [Richardson 
et al. 1999]. 

II.4  Byproducts Formed By Alternative Disinfectants 

II.4.1 Chloramines 

Chloramines have been used to control biofouling of membrane systems used for 
wastewater reclamation because they do not damage reverse osmosis membranes.  
However, the presence of bromide results in production of more reactive oxidants (e.g., 
bromamines) so the use of chloramines has not been widely adopted for biofouling 
control in seawater intakes and in distribution systems delivering desalinated water 
because of it has proven to be difficult to regulate the bromamine formation [Saad 1992]. 
In locations where desalinated water is blended with water from other sources, the 
elevated concentrations of bromide, attributable to the desalinated water, and the natural 
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organic matter from the other water sources may result in the formation of bromamines 
and chloramine DBPs.   

Chloramines are produced when hypochlorous acid reacts with ammonia [Jafvert 
and Valentine 1992] in a sequential process. The first step in this reaction results in the 
production of monochloramine: 

HOCl  +  NH3    NH2Cl  +  H2O      Eq. 2 

When ammonia is present at concentrations in excess of chlorine (on a molar basis) 
monochloramine is the main form of active chlorine-type oxidant present.  However, 
when the concentration of chlorine exceeds that of ammonia, dichloramine is produced: 

HOCl  +  NH2Cl   NHCl2  +  H2O      Eq. 3 

Provided that the concentration of chlorine is below the breakpoint, chloramines 
are relatively stable, disappearing through reactions with organic matter when present as 
residual disinfectant. However, in water containing elevated concentrations of bromide 
(e.g., seawater, desalination permeate), hypobromous acid, which was formed through 
Eq. 1, would react with ammonia to form bromamines, which are much stronger and 
more unstable than its chlorinated counter part.  

Bromamine decay occurs in the following steps: 

HOBr  +  NH3  NH2Br  +  H2O      Eq. 4 

HOBr  +  NH2Br   NHBr2  +  H2O      Eq. 5 

Monobromamine and dibromamine are unstable and decay rapidly under the conditions 
encountered in water treatment and distribution systems [Lei et al. 2004]. In distribution 
systems in which desalinated seawater is disinfected with free chlorine prior to addition 
of ammonia, the stability of the residual disinfectant will be affected by the concentration 
of bromide, which is correlated with the dissolved solids concentration (Figure 2.2).  To 
maintain a stable disinfectant residual in such a distribution system, it might be necessary 
to produce desalinated water with a low dissolved solids concentration. 
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FIGURE 2.2. Decay of chloramine residual in desalinated seawater at different 
total dissolved solids concentrations.  Initial conditions: 25 minute exposure of 
desalinated water (pH 8) to 1 mg/L of free chlorine followed by addition of 1.5 
mg/L of chlorine and 0.6 mg/L of ammonia. 

 

If free chlorine is added to the water before ammonia, HOBr will be formed 
(reaction 4).  However, if ammonia is added prior to chlorine, chloramines will 
predominate because reaction 2 is faster than reaction 1 under the conditions encountered 
in disinfection systems. Under these circumstances, bromochloramine may be formed 
slowly according to a multi-step reaction with the following stoichiometry [Trofe et al. 
1980]: 

2 NH2Cl  +  Br-  +  H+   NHBrCl  +  Cl-  +  NH4
+    Eq.6 

Under conditions encountered in desalinated seawater, monochloramine has a half-life 
ranging from days to weeks. Notable disinfection byproducts posing potential concern 
from use of chloramines in desalination systems are trihalomethanes, cyanogen halides 
and nitrosodimethylamine [Agus et al. 2009]. 

 In locations where the formation of trihalomethanes is a concern, many drinking 
water utilities have switched to chloramines.  Although this strategy is effective in 
meeting regulations, chloramination can result in the production of more iodinated 
trihalomethanes than free chlorine [Hansson et al. 1987]. The enhanced production of 
iodinated trihalomethanes is attributable to the low reactivity of HOI with chloramines: in 
the presence of free chlorine, HOI is oxidized to iodate (IO3

-) whereas it is stable in the 
presence of chloramines [Bichsel and von Gunten 2000].  HOI reacts quickly with natural 
organic matter to produce iodoform through a mechanisms similar to the mechanisms that 
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results in formation of chlorinated and brominated trihalomethanes. For example, 
chloramination of water that contained 50 mg/L of iodide resulted in the production of 5 
mg/L of CHI3 [Hansson et al. 1987]. As mentioned previously, iodine concentrations in 
seawater are less than 60 mg/L and assuming good rejection of iodide during 
desalination, iodinated disinfection byproducts should not be particularly problematic 
when desalinated water is disinfected.  However, desalinated water produced from saline 
groundwater enriched with iodide could produce elevated concentrations of iodinated 
trihalomethanes after chloramination. 

 Cyanogen halides (i.e., CNCl and CNBr) are usually produced when water is 
subjected to chloramination.  Although cyanogen halides are also formed during 
chlorination, these compounds undergo chlorine-catalyzed hydrolysis to form cyanate in 
the presence of a free chlorine.  Thus, concerns about the formation of this byproduct 
class limited to chloramination systems.  After chloramination of a bromide-enriched lake 
water, cyanogen bromide was the only cyanogen halide species detected [Richardson et 
al. 1999].  

The production of these DBPs is a concern because they are transformed to toxic 
products by metabolic processes.  Metabolism of the cyanogens halides results in rapid 
conversion into cyanide ion, which is subsequently conjugated into thiocyanate in the 
liver and eventually excreted in urine.  Acute toxicity of cyanogen halides and its 
hydrolysis product, cyanic acid, is similar to the effects of cyanide, including respiratory 
failures by various pathways, disruption of cellular energy metabolism and central 
nervous system damage [Munro et al. 1999]. Long-term exposure to thiocyanate, the 
primary metabolite of cyanide, affects the thyroid system.  Cyanogen chloride also is 
extremely toxic to aquatic invertebrates and fish, with 48-hr and 96-hr LC50 values of less 
than 150 mg/L [Kononen 1988]. 

Nitrosodimethylamine (NDMA) is produced when chloramines are used for 
disinfection.  NDMA has received considerable attention over the past decade because it 
has been detected at elevated concentrations at hazardous waste sites and in highly 
treated wastewater effluent produced by indirect potable water reuse programs. Due to its 
low molecular weight (74 Da), NDMA also has the potential to pass through reverse 
osmosis membranes. The carcinogenicity of NDMA has been widely documented, 
usually in studies concerning exposures from food, consumer products and occupational 
settings [Mitch et al. 2003].  NDMA is classified as a probable human carcinogen by the 
USEPA and IARC based on the carcinogenesis observed in animal studies [Pedersen et 
al. 1999]. NDMA is produced through reactions involving chloramines and nitrogen-
containing organic compounds found in municipal wastewater and in water treated with 
certain types of cationic polymers [Gerecke and Sedlak 2003]. Surface waters containing 
elevated concentrations of algae or humic substances do not appear to be important 
sources of NDMA [Mitch and Sedlak 2002]. As a result, chloramination of desalinated 
seawater is unlikely to be a significant source of NDMA. 
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II.4.2. Ozonation 

Ozone (O3) use as disinfection agent is becoming widespread due to its powerful 
oxidizing properties and effectiveness in the inactivation of microorganisms resistant to 
other disinfectants. Ozonation has not found practical implementation in pretreatment of 
seawater due to factors including potential oxidative damage to the RO membranes, high 
costs and excessive bromate ion (BrO3

-) formation.   

Similarly, bromide concentrations in desalinated waters may also be too high for 
safe use of ozone without production of excess bromate. Currently, drinking water 
regulations in the United States and EU include a standard for BrO3

- which is established 
at 10 µg/L.  Ozonation of raw water containing as low as 50 µg/L of bromide produces 
bromate at concentrations in excess of the regulatory threshold [Boorman et al. 1999, 
Butler et al. 2005]. Optimization of plant ozonation conditions may control bromate 
formation for source waters containing up to 150 µg/L Br- [von Gunten and Pinkernell 
2000]. One strategy involves addition of ammonia as a sink for HOBr, a vital 
intermediate in bromate formation. Another strategy is lowering the pH to favor HOBr 
and suppress the oxidation of the dissociated hypobromite ion (OBr-). Ozonation, even 
with these control steps, is still unsuitable for use in bromide-rich waters in desalination 
systems. At the level needed for microbial inactivation, ozonation of coastal groundwater 
affected by seawater intrusions (typical bromide concentrations of 4 mg/L) produced 
~300 µg/L BrO3

- [Myllykangas et al. 2000]. Besides the formation of BrO3
-, ozonation of 

water rich in organic matter and bromide can produce carbonyl, aldehyde and ketone 
compounds as well as brominated trihalomethanes, phenols, acetic acids, cyanogen 
halides, nitromethanes and acetonitriles [von Gunten 2003, Tyrovola and Diamadopolous 
2005, Huang et al. 2005, Richardson et al. 1999]. 

Ozonation of iodide-containing water forms the analogous iodate ion which does 
not pose a significant health risk because it is quickly metabolized and excreted as iodide 
[Burgi et al. 2001]. 

II.4.3.  Chlorine Dioxide  

Chlorine dioxide (ClO2) has been extensively used as a primary drinking water 
disinfectant in Europe and Israel for decades while in North America, its use as 
disinfectant and pre-oxidant has been increasing [Singer 1993]. As a drinking water 
disinfectant, ClO2 is especially effective on chlorine-resistant viruses and protozoan 
cysts. Application of ClO2 as pre-oxidant is effective in reducing byproduct formation 
potentials of other disinfectants [Li et al. 1996]. The formation of DBPs from chlorine 
dioxide use in seawater has not been reported in the peer-reviewed literature although 
several large-scale reverse osmosis desalination plants—including the facilities in Tampa 
Bay, Florida, and Carboneras, Spain—employ chlorine dioxide for pretreatment.  
Chlorine dioxide is also increasingly used as an alternative disinfectant in distillation 
plants in the Gulf, especially in the United Arab Emirates (UAE). 

The inorganic species, chlorite (ClO2
-) and chlorate (ClO3

-), are the major 
byproducts of chlorine dioxide disinfection in drinking water treatment plants. The 
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production of chlorite and chlorate vary depending on the source NOM in the raw water. 
Typically, up to 60% of the applied ClO2 dose is reduced into chlorite ion and up to 10% 
is converted into chlorate ion [Collivignarelli and Sorlini 2004]. Chlorate may also be 
present in treated water due to disproportionation of sodium chlorate during the 
generation of ClO2, although new methods of generating ClO2 have significantly reduced 
chlorate concentration in stock solution [MWH 2005]. In the United States, the USEPA 
established the federal drinking water threshold level of 0.8 mg/L for chlorine dioxide 
and 1.0 mg/L for chlorite ion [USEPA 1998]. More stringent regulations on chlorite ion 
are in place in parts of the EU and some states in North America. For example, by 2006, 
the maximum allowed concentration in drinking water in Italy is 200 µg/L [Roccaro et al. 
2005]. 

Chlorite and chlorate induce hematological responses in subchronic and acute 
exposures resulting in oxidative damage to erythrocytes, methemoglobinanemia and 
hemolytic anemia [Couri et al. 1982, DHHS 2004]. Reproductive, neurodevelopmental 
and endocrine toxicity of sodium chlorite also have been reported in laboratory animals 
[Gill et al. 2000]. The water quality criteria (WQC) for acute ecotoxicity of chlorite is 
calculated to be between 25 to 135 µg/L, based on protection of the most sensitive family 
(the crustacean Daphnidae, LC50 = 270 µg/L) [Fisher et al. 2000]. Acute and subchronic 
exposure to adult and larval rainbow trout determined that chlorine dioxide and chlorite 
ions are moderately toxic to fish, with maximum acceptable toxicant concentration of 
0.21 mg/L and 3.3 mg/L, respectively [Svecevicius et al. 2005]. 

As a result of the lower reactivity of ClO2 with organic matter, formation of the 
regulated THMs and other haloorganic byproducts are not observed from use of this 
disinfectant [Li et al. 1996, Svecevicius et al. 2005]. In the absence of bromide, chlorine 
dioxide DBPs typically include oxygen-containing organic compounds (e.g., aldehydes, 
ketones, maleic anhydrides, and carboxylic acids [Miller et al. 1978, Richardson et al. 
1994]). At bromide concentrations comparable to seawater and desalination product 
water, formation of brominated organic byproducts have been observed in a laboratory 
study although, in a kinetics study, ClO2 and ClO3

- do not react with bromide ion to form 
HOBr, the reactive species with dissolved aquatic organic matter [Hoigne et al. 1994]. In 
humic acid solutions containing 5 mg/L of Br-, bromoform was the only trihalomethane 
detected after chlorine dioxide disinfection [Li et al. 1996]. Further research is warranted 
to explain this discrepancy between the ClO2/Br- reaction rate and laboratory study 
outcome. 

When used in combination with chlorine, preoxidation with ClO2 has been 
determined to be an effective method to suppress the formation of THMs [Singer 1993, 
Collivignarelli and Sorlini 2004]. One laboratory experiment involving combined 
oxidation of natural humic acid in the presence of 5 mg/L Br- demonstrated a decrease of 
trihalomethane formation potential as the molar ratio of the ClO2/Cl2 increases. The use 
of ClO2 in combination with chloramines on high-bromide water, however, has been 
shown to enhance the formation of brominated trihalomethanes and cyanogen bromide 
(CNBr) in amounts exceeding the sum that would have formed from the individual 
disinfectants [Heller-Grossman et al. 1999]. ClO2 may be capable of promoting oxidative 
decarboxylation of active sites on humic substances to form chloramination DBP 
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precursors [Richardson et al. 1994]. The major halogenated organic DBPs observed after 
combined disinfection of bromide rich waters with ClO2 and other forms of chlorine 
include trihalomethanes, haloacids, halonitriles, and cyanogens [Li et al. 1996, 
Richardson et al. 1994, Heller-Grossman et al. 1999]. In Lake Kinneret water, a large 
number of other brominated organics were identified when ClO2 was combined with 
other disinfectants. 

II.5.  Comparison of Chemical Disinfectants for Desalination Pretreatment  

   The potential impact of chlorine, chloramine, ozone and chlorine dioxide as 
desalination pretreatment—along with their potential byproducts upon application to 
bromide rich seawater—were discussed. Although chlorine has the potential to produce 
high concentrations of disinfection by products, it was advantageous to employ as 
disinfectant in seawater desalination over other options for a variety of reasons. 
Chloramine proved to be unstable in seawater due to production of the highly reactive 
bromamines. When chloramine is applied to seawater, it might be difficult to maintain 
residuals needed in the pretreatment system of a full-scale plant with retention times as 
long as 4 hours. Ozone and chlorine dioxide both reduced the formation of 
trihalomethanes and haloacetic acids but would form their own suite of inorganic by- 
products, which are also toxic at very low concentrations (i.e. bromate from O3 and 
chlorite/chlorate from ClO2). Although these ionic contaminants might be better reduced 
during reverse osmosis treatment, their presence is an impediment from adaptation of 
these alternative disinfectants as seawater desalination pretreatment. 
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CHAPTER 3 - Formation and Fate of Chlorination Byproducts in Reverse Osmosis 
Desalinations Systems 

III.1 Introduction 

In reverse osmosis (RO) desalination plants, raw intake seawater frequently is 
subjected to continuous chlorination, at initial doses less than 1 mg/L and contact times 
up to 4 hours, or intermittent chlorination at higher concentrations prior to filtration 
[Agus et al. 2009].  Under these conditions, relatively high concentrations of brominated 
trihalomethanes and haloacetic acids are formed [Ali & Riley 1989, El Din et al. 1991, 
Magara et al. 1996, Dalvi et al. 2000].  Available data on chlorination of seawater and 
salt-impacted freshwater suggest that other compounds of concern, such as halophenols 
and haloacetonitriles also are produced [Jenner et al. 1997, Allonier et al. 1999, Heller-
Grossman et al. 1999].  

Incomplete rejection of uncharged organic compounds by RO membranes has 
been observed for chloroform, bromoform, halophenols, and other phenols under 
laboratory conditions [Bruchet and Laine 2005, Yoon et al. 2007, Bellona et al. 2004]. 
For example, under high-pressure membrane operating conditions of 99% salt rejection 
for a 5 mM NaCl solution, only approximately 25% of bromodichloromethane and 57% 
of bromoform were rejected during bench-top RO experiments [Agenson et al. 2003].   

Disinfection byproducts rejected by RO membranes are typically discharged into 
the marine environment. Available aquatic ecotoxicity data on chlorine byproducts 
indicates that some marine organisms could be affected by exposures to brines [Miri and 
Chouikhi 2005, Agus et al. 2009]. 

Desalinated seawater also contains between 250 and 600 µg/L bromide, which is 
an order of magnitude above the median concentrations observed for surface water in the 
US [Agus et al. 2009, Krasner et al. 2006].  Disinfection of bromide-rich water can 
increase the formation potential of certain chlorination byproducts [Hua et al. 2006].  
Therefore, the increase in bromide resulting from the blending of desalinated water with 
organic-matter rich water sources may lead to increased formation of chlorination 
byproducts in potable water distribution system. 

 The objective of this study was to assess the formation and fate of chlorination 
byproducts associated with chlorine pretreatment and subsequent blending at reverse 
osmosis desalination plants.  To achieve these objectives, the formation and removal of 
trihalomethanes, haloacetic acids, haloacetonitriles and bromophenols were quantified at 
a pilot-scale desalination plant under various operating conditions and in bench-scale 
chlorination experiments with seawater from different regions and blends of desalinated 
water and surface water. 
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III.2 Experimental Approach 

III.2.1 Sampling and Experiment Procedures  

Grab water samples were collected in 4-L amber glass bottles from the locations 
indicated in Table 3.1. All samples were shipped overnight on cold packs, arrived at 
temperatures below 5oC, and were stored at temperatures below 10oC. Seawater and 
surface water samples were filtered with 0.45-µm disk filters prior to storage.  
Conductivity, pH, total dissolved solid (TDS), dissolved organic carbon (DOC), UV 
absorbance at 254 nm (UVA254) and halogen anions (Cl-, Br-, and I-) were measured 
within 24 hours of sample receipt. Liquid-liquid or solid phase extraction was completed 
within 24 hours of arrival of the samples. Bench-scale studies were started within 3 days 
of sample receipt.  

For the bench-scale seawater chlorination, samples were dosed in 1-L glass 
containers at initial chlorine concentrations of either 0.5 mg Cl2/L (low dose) or 2 mg 
Cl2/L (high dose) and stored in the dark at ambient temperature (23 ± 2oC) for a contact 
time of 30 minutes. Each chlorination experiment was carried out in duplicate.  
Chlorination was stopped by adding excess (5 mL) 1 M sodium bisulfite.  Control 
solutions without chlorine addition and chlorinated Milli-Q water were included in each 
experiment.  Total chlorine concentrations in the chlorinated samples were monitored 
immediately after addition of chlorine and after 30 minutes contact time.    

Pilot-scale experiments were conducted at a 0.026 MGD (0.001 m3/s) pilot-scale 
desalination plant located in Carlsbad, California (Figure 3.1).  The intake was located in 
Agua Hedionda Lagoon, adjacent to the power plant. Chlorine (NaOCl), ferric sulfate and 
polymeric flocculants were added immediately after the intake water storage tank.  Prior 
to entering the Hydranautics SWC3 RO modules, feed water was quenched with excess 
sodium bisulfite and an anti-scaling agent was added. The estimated hydraulic retention 
time between chlorine addition and quenching was 28 minutes.  The pilot plant RO 
system ran at 45-50% recovery with target TDS concentration of 300 mg/L. 
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FIGURE 3.1. Simplified process diagram of the pilot-scale desalination plant. Sodium bisulfite is 
employed for dechlorination and antiscaling and anticaking agents were used for conditioning. 
Raw intake seawater (I), quenched RO feed water (F), RO concentrate (C), and RO permeate (P) 
samples were collected. 

 

TABLE 3.1. Water quality parameters for seawater, pilot plant and surface water samples. 

Source Location Conductivity TDS pH Temp[1] DOC SUVA 

    µS/cm mg/L   oC mg/L m-1.L/mg 
Carlsbad, Southern California   
Pilot plant experiments      
 Intake 51,100±800 35,800±2,100 7.6±0.3 20±2 3.1±2.6 1.5±1.2 

 Feed 51,300±1,000 36,000±1,400 7.6±0.2 21±2 2.8±2.9 2.1±2.0 

 Concentrate 89,700±1,300 72,300±3,200 7.5±0.3 21±2 3.0±2.4 1.6±1.0 

 Permeate 204±18 310±50 8.6±0.5 25±2 0.62±0.3 1.1±0.9 

Intake, summer 2007 48,500 36,000 7.4 23±2 0.91 1.5 

Intake, winter 2008 46,200 34,800 7.5 23±2 1.5 3.6 

Monterey, Central California    

  43,200 33,200 7.2 23±2 1.6 1.5 

San Francisco Bay, Northern California    

    42,100 31,200 7.3 23±2 1.9 3.2 

Panama City, Florida    

  49,300 36,700 7.2 23±2 4.4 1.9 

Singapore      

    44,300 33,300 7.4 23±2 3.1 1.3 

Raw surface water for blending studies  

Colorado River, NV 850 600 7.4 23±2 7.6 8.6 

San Pablo Reservoir, CA 110 100 7.6 23±2 4.7 9.2 

[1] Temperature of pilot plant samples were measured during chlorination experiments at the Carlsbad 
pilot plant.  Temperature of bench-scale chlorination samples were ambient laboratory temperature.  
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Samples were collected from the intake storage tank, quenched RO feed, 
discharged concentrate, and RO permeate of the pilot plant at intervals of at least one 
week during two periods (Fall 2007 and Winter 2008) with the pilot plant operated with 
an initial chlorine concentration of 0.5 mg Cl2/L (low dose) and 2.0 mg Cl2/L (high dose) 
each day.  The pilot plant was equilibrated for at least 2 hours at the desired chlorine dose 
before grab samples were collected. The Winter 2008 samples were collected following 
wet weather conditions to examine the effects of terrestrial runoff in the watershed 
upstream of the intake lagoon.   

To simulate the potential formation of chlorine byproducts when desalinated 
water is blended with water from other sources, permeate from the pilot plant was 
blended with untreated freshwater collected from the Colorado River at Lake Mead, NV 
and the San Pablo Reservoir at Orinda, CA at a 1:1 (v/v) ratio and subjected to 
chlorination with contact times up to 72 hours. Coagulation was not performed prior to 
blending and, as a result, the concentrations of byproducts formed during chlorination 
were higher than what would be expected in a potable water system. Control solutions of 
100% freshwater, 100% desalinated water and a blend with chloraminated local tap water 
were included in the experiments.  

Experiments were carried out in 1-L amber glass bottles covered with a PTFE-
lined plastic cap, sealed with PTFE tape, and stored in the dark at ambient temperature. 
The pH of all samples was adjusted to 7.5 using NaOH or H2SO4 prior to chlorination. 
An initial chlorine concentration of 4 mg Cl2/L was used to maintain a residual 
concentration higher than 0.5 mg Cl2/L in every sample after 72 hours. Samples were 
collected immediately after chlorine addition and after 0.5, 8, 16, 24, 48, and 72 hours. At 
the end of each experiment, samples were quenched with excess (5 mL) 1 M sodium 
bisulfite and analyzed for THMs, HAA9, DHANs and chlorine residual. The blending 
experiments were conducted in triplicate. 

III.2.2  Reagents and Analytical Methods  

All standards and chemicals were of the highest available purity purchased from 
Sigma-Aldrich (St. Louis, Missouri) and Fisher Scientific, Inc. (Fairlawn, New Jersey) 
with the exception of d5-2,4,6-trichloroanisole (Cambridge Isotope Laboratory, Inc., 
Andover, MA). Dilution water was produced with a Millipore Milli-Q system. 
Trihalomethanes, haloacetic acids, haloacetonitriles, bromophenols and haloanisoles were 
purchased in the highest purity commercially available. Although purchase of other 
chlorine disinfection byproducts (i.e. mutagen X, cyanogen halides and 
halonitromethanes) were attempted, standards for these more exotic compound classes 
were not readily available for purchase without a costly custom order during in-house 
analytical method development. 

 For bench-scale chlorination experiments, fresh stock solutions of chlorine were 
prepared daily by diluting a concentrated NaOCl solution in dechlorinated dilution water.  
The total concentration of chlorine in the stock solutions was standardized daily using the 
N, N'-diphenyl-p-phenylenediamine (DPD) ferrous titration method (Standard Methods 
4500-Cl F [APHA 1997]).   
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Analysis of trihalomethanes (THMs) and dihaloacetonitriles (DHANs) were 
carried out according to USEPA Method 551.1 with 1,2-dibromopropane as a surrogate.  
Haloacetic acids (HAA9) were extracted in methyl tert-butyl ether (MTBE), derivatized 
with acidic CH3OH and analyzed according to a modified USEPA Method 552.3 with 
2,3-dibromopropionic acid as a surrogate. THMs, DHANs and HAA9 were analyzed by 
gas chromatography with electron capture detection (GC/ECD) on a Varian 3800 gas 
chromatograph equipped with a DB-5 fused silica column (30-m, ID 0.25 mm, 0.25 µm 
thickness, J&B Scientific).  

Halophenols (i.e., 2,4,6-trichlorophenol, 2-bromophenol, 2,6-dibromophenol, 
2,4,6-tribromophenol) and haloanisoles (i.e., 2,4,6-trichloroanisole and 2,4,6-
tribromoanisole) were subjected to solid phase extraction (SPE) and analysis by gas 
chromatography/tandem mass spectrometry (GC/MS/MS) using a Varian 3900 GC with a 
Saturn 2100T ion trap mass spectrometer and a HP5-MS fused silica column (30-m, ID 
0.25 mm, 1.0 µm thickness, Agilent).  Prior to SPE, 100 ng of deuterated d5-
trichloroanisole was added as the surrogate standard. The pH of each 1-L water sample 
was adjusted to pH 4 using concentrated H2SO4 and ionic strength was adjusted by 
addition of reagent-grade NaCl to match the salinity of RO concentrate from the pilot 
plant (~70 g/L).  Extractions were carried out in silanized 6-mL glass cartridges packed 
with 250 mg Isolute-ENV resin at a flow rate of approximately 10 mL/min. The Isolute-
ENV resin was pre-conditioned with 5 mL CH3OH, 5 mL Milli-Q H2O and 5 mL pH 4 
Milli-Q H2O at a flow rate of approximately 2 mL/min.  Immediately after loading the 
resin, the cartridge was washed with 2 mL of a 30:70 acetone:Milli-Q H2O solution and 
then dried for at least one minute.  The analytes were then eluted with at least 6 mL of 
50:50 acetone:methylene chloride. The eluent then was spiked with 2,3,5-trichlophenol as 
an internal standard and dried to a volume of about 1 mL using a gentle stream of ultra-
pure N2. Typical SPE recoveries were between 70-130%, with better yields observed for 
compounds with higher molecular weights.  

Water quality parameters were analyzed using established methods. Conductivity 
was measured using a Hach SensIon 7 meter and pH was measured using a Denver 
Instrument UB-10 meter. Total dissolved solids were analyzed using Standard Method 
2540C. Dissolved organic carbon (DOC) was analyzed using a Shimadzu 5000A TOC 
analyzer (MDL = 0.65 mg/L). UV absorbance at 254 nm (UV254) was measured on a 
Perkin-Elmer Lambda 14 spectrophotometer with a 1-cm path length.  Specific UV254 
absorbance (SUVA254) values were determined as the ratio of measured UV254 and DOC 
values, with half the DOC detection limit (i.e., 0.65 mg/L) used for non-detects. Total and 
free chlorine residuals were analyzed using the DPD ferrous titration method. Chloride 
was analyzed by ion chromatography (Dionex DX 120) while bromide and iodide anions 
were analyzed by high-pressure liquid chromatography (HPLC) with UV detection 
(Waters Alliance 2695) with quantification at 194 nm and 226 nm, respectively [Oleksy-
Frenzel et al. 2000].   

Statistical analysis of experimental results were conducted using JMP software 
from SAS Institute (Cary, NC).  Half the method detection limits were used for non-
detects. 



 33 

III.3 Results and Discussions 

III.3.1 Chlorination Byproducts at the Pilot Plant 

As expected, trihalomethanes, haloacetic acids, dihaloacetonitriles and 
bromophenols were detected in chlorinated RO feed and concentrate at the Carlsbad pilot 
plant (Figure 3.2, Table 3.2 and Table 3.3). Although 2,4,6-trichloroanisole and 2,4,6-
tribromoanisole were also targeted for quantitation, they were never detected above the 
ion trap GC/MS method detection limit (40 ng/L). Since this detection limit is much 
higher than the odor thresholds, haloanisoles were omitted from the discussions of 
results. The concentration of chlorination byproducts detected in feed water was within 
the range observed in other studies at seawater desalination plants and coastal power 
plants [Allonier et al. 1999, Jenner et al. 1997, Agus et al. 2009, El Din et al. 1991, 
Magara et al. 1996, Dalvi et al. 2000]. Chlorination byproducts were also present at low 
concentrations in pilot plant intake water potentially due to chlorination at the co-located 
power plant.  

Upon chlorine pretreatment, the formation of chlorination byproducts at the pilot 
plant varied with chlorine dose and seasonal conditions, especially for trihalomethanes 
(Figure 3.2). The maximum sum concentration of THMs and HAA5 detected in pilot 
plant RO feed, expressed in the mass units as stated in most regulatory standards, were 74 
µg/L and 28 µg/L, respectively, which are below the US Maximum Contaminant Limit 
for drinking water (i.e., 80 µg/L for sum of THMs and 60 µg/L for sum of HAA5).  

Brominated byproducts dominated the speciation in all classes of disinfection 
byproducts due to relatively high concentrations of bromide (i.e., 65 mg/L in seawater).  

HOCl + Br -  HOBr + Cl -    Eq [3.1]  

During the rainy winter season in California, concentrations of THMs were generally 
higher and the speciation of byproducts was typically more variable with a higher 
fraction of mixed halogenated compounds. For example, bromoform was the dominant 
trihalomethane during the dry fall sampling period but only accounted for an average of 
30% of the total molar yield during the wet winter period.  
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TABLE 3.2. Trihalomethane and haloacetic acid concentrations at the Carlsbad pilot plant and 
previous studies (including at seawater desalination and coastal power plants). 

Source and Location THMs HAAs Cl2 Dose Source 
  µg/L µg/L species ppm    
Ambient seawater / plant intake     

ND 12±5 HAA9 0.5 This study Carlsbad Fall '07           
intake ND 11±3 HAA9 2.0 This study 

6.1±4.1 9.1±4.9 HAA9 0.5 This study Carlsbad Winter '08      
intake 3.0±1.5 10±4 HAA9 2.0 This study 
Doha West, Kuwait Bay <0.1 -- -- NR Saeed et al. 1998 
Al-Zor, Arabian Gulf <0.1 -- -- NR Saeed et al. 1999 
Osaka Bay, Japan -- <5 DCAA, TCAA NA Kakutani et al. 1995 
Chlorinated seawater / RO feed         

3.0±0.7 9.5±3.8 HAA9 0.5 This study Carlsbad Fall '07               
RO feed 10±4 16±3 HAA9 2.0 This study 

20±14 17±6 HAA9 0.5 This study Carlsbad Winter '08          
RO feed 52±34 19±6 HAA9 2.0 This study 
Shuwaikh, Kuwait Bay 183±122 -- -- 2.0 Ali & Riley 1989 
Gravelines, France 27±6 9.5±2.0  DBAA 0.1-1.25 Allonier et al. 1999 
Al-Jubail, Arabian Gulf -- 7.0 HAA6 0.2-0.25 Dalvi et al. 2000 
Tampa Bay, Florida 490 69 HAA5 2.5 Agus et al. 2009 
Umm Al Nar, Abu Dhabi 90-220 -- -- 0.3-0.5 El Din et al. 1991 
Okinawa, Japan 55 -- -- 1.0 Magara et al. 1996 
Ebara Corp, Japan 15-25 -- -- 0.3 Kojima et al. 1995 
Product water / RO permeate         

ND 3.4±0.7 HAA9 0.5 This study Carlsbad Fall '07              
RO permeate ND 6.1±2.6 HAA9 2.0 This study 

6.7±3.7 2.9±1.3 HAA9 0.5 This study Carlsbad Winter '08         
RO permeate 

4.2±1.9 2.1±0.3 HAA9 2.0 This study 
Shuwaikh, Kuwait Baya 15 -- -- 2.0 Ali & Riley 1989 
Al-Jubail, Arab Gulfa -- 1.6 HAA6 NA Dalvi et al. 2000 
Tampa Bay, Florida 2.3 1.0 HAA5 2.5 Agus et al. 2009 
Umm Al Nar, Abu Dhabi 7-15 -- -- NA El Din et al. 1991 
Okinawa, Japan 2.7 -- -- 1.0 Magara et al. 1996 
Ebara Corp, Japan 2.0-3.0 -- -- 0.3 Kojima et al. 1995 
Brine outfalls / RO concentrate     

5.0±1.9 17±9 HAA9 0.5 This study Carlsbad Fall '07              
RO concentrate 14±5 27±5 HAA9 2.0 This study 

29±24 19±6 HAA9 0.5 This study Carlsbad Winter '08         
RO concentrate 61±36 20±4 HAA9 2.0 This study 
Doha West, Kuwait Bay ~2.0 -- -- NR Saeed et al. 1998 
Al-Zor, Arabian Gulf ~1.0 -- -- NR Saeed et al. 1999 
Kuwait Bay effluenta 2900 -- -- 2.0 Ali & Riley 1989 
Kuwait Bays outfalla <90 -- -- 2.0 Ali & Riley 1989 
Umm Al Nar, Abu Dhabi 18,000 -- -- 0.3-0.5 El Din et al. 1991 
Ebara Corp, Japan 24-39 -- -- 0.3 Kojima et al. 1995 

NOTE: (a) Multi-flash-distillation desalination plant samples, provided for comparison. 
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TABLE 3.3. Trihaloacetonitrile and bromophenol concentrations at the Carlsbad pilot plant and 
previous studies (including at seawater desalination and coastal power plants). 

 

Source and Location DHANs 
Br-

phenols 
Cl2 

Dose Source 
  µg/L µg/L ppm    
Ambient seawater / plant intake 

0.50±0.08 0.15±0.06 0.5 This study Carlsbad Fall '07      
intake 0.54±0.07 0.26±0.12 2.0 This study 

2.4±3.6 0.19±0.09 0.5 This study Carlsbad Winter '08 
intake 1.8±2.5 0.22±0.07 2.0 This study 
Chlorinated seawater / RO feed 

0.47±0.05 0.46±0.29 0.5 This study Carlsbad Fall '07          
RO feed 1.4±1.5 0.32±0.18 2.0 This study 

1.9±1.0 0.59±0.15 0.5 This study Carlsbad Winter '08    
RO feed 1.7±1.7 0.57±0.31 2.0 This study 
Gravelines, Francea 3.6±1.1 0.37±0.05 0.1-1.25 Allonier et al. 1999 
 Product water / RO permeate 

0.73±0.21 ND 0.5 This study Carlsbad Fall '07             
RO permeate 0.69±0.22 ND 2.0 This study 

0.58±0.16 ND 0.5 This study Carlsbad Winter '08         
RO permeate 

0.79±0.35 ND 2.0 This study 
Brine outfalls / RO concentrate 

0.78±0.37 0.76±0.46 0.5 This study Carlsbad Fall '07          
RO concentrate 1.9±1.4 0.53±0.31 2.0 This study 

3.1±1.7 0.93±0.15 0.5 This study Carlsbad Winter '08     
RO concentrate 2.2±2.5 0.96±0.20 2.0 This study 

NOTE: (a) Power plant cooling water, provided for comparison. 
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FIGURE 3.2. Trihalomethanes, haloacetic acids, dihaloacetonitriles and 
bromophenols in pilot plant samples. Fall samples collected weekly in 
October 2007 and winter samples collected after storm events in 
February-March 2008. 
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The enhanced production of byproducts and increased variability observed during 
winter appeared to be related to variation of organic precursor concentrations in the 
intake water (Figure 3.3). Following rain events, surface water runoff enters the lagoon 
where the intake is located through a small stream running through a residential area.  
Furthermore, higher flows into the lagoon during winter may have resuspended organic 
precursors from the sediments.  Consistent with this hypothesis, DOC concentrations 
were significantly higher (p < 0.05) during winter (Figure 3.3a) and THM formation was 
correlated with DOC during both seasons (r2=0.97).  The aromaticity of organic carbon—
quantified as the SUVA254—entering the intake lagoon did not exhibit seasonal variations 
(Figure 3.3b) 

 

FIGURE 3.3. (a) Dissolved organic carbon (DOC, mg/L) and (b) specific UV 
absorption at 254 nm (SUVA254, m-1*L/mg) in pilot plant intake samples. Fall 
samples were in October 2007 and winter samples collected in February-March 
2008. 

(a)	  

(b)	  
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Chlorination byproducts were removed by reverse osmosis at different overall 
rejection rates at the Carlsbad pilot plant (Figure 3.2, Table 3.2). In general, compounds 
that are present in their charged form at circumneutral pH (i.e., haloacetic acids) hare 
rejected completely while the neutral compounds (i.e., trihalomethanes and 
haloacetonitriles) are affected more by their molecular weight and size. Rejection of 
neutral byproducts decreased especially for those with molecular weights below the range 
of molecular weight cutoff of 200 Da (Figure 3.4), which is consistent with previous 
observations for trihalomethanes and various model compounds [Kojima et al. 1995, 
Verliefde et al. 2006]. For bromophenols with larger molecular size and dissociation 
constants close to seawater pH, a mix of ionic repulsion and steric exclusion may 
contribute to rejection by reverse osmosis.  

 

 

FIGURE 3.4. Apparent overall rejection at the pilot plant as a function of 
molecular weight. Neutral compounds include THMs, DHAN and bromophenols, 
while ionic compounds are the HAA9. Only samples in which feed 
concentrations were at least five times higher than the MDL were used to 
calculate rejection.  One-half the MDL was used in calculation whenever the 
permeate concentration was below the MDL. 

 
Seawater desalination is typically operated with a goal permeate TDS level at or 

below 500 mg/L. The Carlsbad pilot plant was run with a lower TDS target of 
approximately 300 mg/L resulting in overall rejection rates exceeding published values 
for reverse osmosis membranes from previous laboratory studies [Xu et al. 2005, 
Agenson et al. 2003]. Reverse osmosis membranes used in seawater desalination plants 
are typically tighter against solute diffusion than membranes for water reuse applications 
for which published data are available. Compared to neutral byproducts, the negatively 
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charged haloacetic acids (pKa ≤ 3) were rejected more effectively by the reverse osmosis 
membrane (i.e., average rejections 86 - 94%) due to electrostatic repulsion [Bellona et al. 
2004]. Since brominated products are formed in seawater chlorination, the disinfection 
products in the pretreatment system have typically higher molecular weights than in 
water reuse applications with bromide concentrations close to ambient freshwater. 

Chlorine disinfection is typically used for biofouling control upstream of direct 
media filtration systems but also in some plants equipped with microfiltration or 
ultrafiltration, depending on design evaluations. The pre-treatment system at such full-
scale desalination plants typically have longer hydraulic retention times (i.e., up to four 
hours) than the 30 minute retention times estimated at the pilot plant [Voutchkov 2009].  
Therefore, the concentration of chlorine byproducts in full-scale plants are likely to be 
somewhat higher than those observed here.  The possible exception to this assessment is 
the presence of halophenols, which may be completely transformed to smaller byproducts 
at longer chlorine contact times [Acero et al. 2005]. Although continuous application of 
chlorine during pretreatment can produce relatively high concentrations of byproducts 
during wet weather conditions, the practice ultimately poses minimal risks to product 
water quality due to the effective reverse osmosis membrane rejection for byproducts of 
varying molecular weights. 

III.3.2 Chlorination Byproduct Formation in Seawater from Other Locations  

To assess the potential of seawater from other locations to produce higher 
concentrations of chlorination byproducts during pretreatment due to temporal and spatial 
variations in organic precursor concentrations, samples from other locations were 
chlorinated under conditions comparable to those employed at the pilot plant. Seawater 
from Gulf of Mexico (Panama City, FL) produced the highest total molar yield of 
chlorine byproducts with concentrations of THMs that were approximately twice as high 
as those detected in samples from any other location (Figure 3.5). Bromoform was the 
dominant species of disinfection byproduct formed (>96% by molarity). This observation 
is consistent with the elevated concentration of DOC relative to other sites. The DOC 
concentration in the Gulf of Mexico sample (4.4 mg/L) is approximately twice as high as 
the other samples.  However, a clear correlation between DOC in seawater from different 
locations and the formation of chlorination byproducts was not evident.  The absence of 
simple correlation between DOC and chlorination byproducts is consistent with the 
results of previous research. For example, chlorination of seawater with similar DOC 
concentrations at similar chlorine doses produced as little as 61 µg/L of THMs (0.24 µM, 
assumed as CHBr3) in seawater from Kuwait [Ali & Riley 1989] and as much as 490 
µg/L THMs (1.9 µM, assume CHBr3) at the Tampa Bay desalination plant [Agus et al. 
2009].  

In addition to the observed variability in the overall molar yield of chlorination 
byproducts, the distribution of byproducts varied among different locations. For example, 
haloacetic acids were the most abundant byproduct group—accounting for 77% of the 
compounds produced on a molar basis—detected in samples collected from the 
California coastline during dry conditions. In contrast, the molar ratio between THMs and 
HAA9 was close to 1:1 in the Gulf of Mexico sample and in the winter (wet weather) 
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Carlsbad sample.  The influence of source on the ratio of THMs to HAA9 has previously 
been reported [Fabbricino and Korshin 2005] and may be related the origin of the 
byproduct precursors (i.e., coastal or deep ocean seawater).   

Bromophenols accounted for less than 0.5% of the byproducts produced upon 
chlorination on a molar basis—with little variability observed among geographic 
locations. Higher concentrations of bromophenols were detected during low-dose 
chlorination, because tribromophenols continuously reacting with chlorine would 
eventually undergo ring cleavage to form low molecular weight byproducts [Acero et al. 
2005].  Although this byproduct class made up a significantly smaller portion of the 
molar yield, one of the congeners (2, 6-dibromophenols) has reported odor thresholds of 
0.5 ng/L [Whitfield 1988] and would produce the characteristic medicinal odors at very 
low concentrations. Although sensory analysis was attempted for some of the chlorinated 
seawater samples, chlorine odor dominated our experimental samples. Aliquots of 
deionized water spiked with 0.5 µg/L of each bromophenols (similar to concentrations in 
chlorinated feed water) registered an intense medicinal odor. 

 

 

 

FIGURE 3.5. Trihalomethanes, haloacetic acids, dihaloacetonitriles and 
bromophenols (in nM) formed during bench-scale chlorination of seawater from 
different locations. Chlorination conducted in the dark at ambient temperature 
with initial doses of 0.5 and 2.0 mg/L as Cl2 and contact time of 30 minutes.  
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Dihaloacetonitriles (DHANs)—mainly bromochloroacetonitrile (BCAN) and 
dibromoacetonitrile (DBAN)—accounted for less than 3% of the overall byproduct yield; 
except in water collected from Singapore and from Carlsbad during winter conditions, 
where they accounted for 21% and 18% of the molar yield of chlorination byproducts, 
respectively.  Bench-scale chlorination of samples collected from Singapore on two 
different occasions at initial concentration of 2 mg/L Cl2 resulted in formation of DHANs 
of 53 and 122 nM molar sum (10 and 23 µg/L mass sum). The only previous data on 
DHANs in chlorinated seawater were from coastal power plants along the English 
Channel where an average of 18 nM (3.6 µg/L) DBAN was detected [Allonier et al. 
1999]. In chlorination of other bromide-rich water sources, the maximum sum of 
haloacetonitriles are usually lower than the maximum yields observed in this study.  For 
example, the USEPA survey of drinking water treatment plants found a maximum of 14 
µg/L for the sum of DHANs [Krasner et al. 2006] while the maximum concentration 
reported in chlorinated water from Lake Kinneret, Israel was 12 µg/L [Heller-Grossman 
et al. 1999]. Although organic loading appeared slightly higher, organic matter 
concentration (as mg/L TOC) cannot account for the elevated production of DHAN in 
chlorinated seawater from the South China Sea. As discussed in Chapter 2, HANs may be 
formed from chlorination of amino acids, algae and humic acids. Additional research is 
needed to identify the sources of haloacetonitrile precursors and determine if seawater 
from equatorial regions produces higher HAN concentration upon chlorination. 

Using data on contaminant rejection in the pilot plant (Figure 3.4) and 
measurements of byproducts in chlorinated seawater from various geographical locations 
(Figure 3.5), predictions were made of the maximum concentrations of chlorine 
byproducts at initial dose of 2 mg/L Cl2 in the RO permeate and concentrate (Figure 3.6).   
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FIGURE 3.6. Predicted permeate and concentrate concentrations from bench-scale 
chlorination results and previous studies, calculated using the average observed 
concentration factor and rejection rate of the Carlsbad pilot plant.  Maximum THM and 
HAA6 concentrations for the Arabian Gulf were obtained from Ali & Riley 1989 and 
Dalvi et al. 2000.  Mean DBP concentrations for North Atlantic were obtained Allonier et 
al. 1999. 

 

For regulated byproducts, the maximum predicted concentrations in the RO 
permeate (i.e., 14 µg/L for THMs and 3.3 µg/L for HAA5) were always well below 
USEPA regulatory guidelines of 80 µg/L for THMs and 60 µg/L for HAA5. These values 
agree with typical concentrations reported at desalination plants [Agus et al. 2009].  With 
respect to these regulated DBPs, it appears that product water from desalination plants 
will normally contain much lower concentrations of regulated chlorination byproducts 
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than conventional drinking water from plants that use chlorine as a primary disinfectant 
[Weinberg et al. 2002].  Furthermore, the efficient removal of high molecular weight 
organic precursors during RO will likely result in little formation of additional 
byproducts in the distribution system. The maximum predicted concentration of 
dihaloacetonitriles in permeate is 8.2 µg/L as DBAN. This value is lower than the 
USEPA drinking water guideline of 20 mg/L for DBAN but within the range of 
haloacetonitrile concentration found in other chlorinated surface water (i.e. 1 - 12 µg/L 
sum DHANs [Krasner et al. 2006]).  

According to our calculations, bromophenols could be present in RO permeate at 
concentrations above their odor threshold concentrations under certain conditions.  For 
example, the highest predicted concentration for 2,6-dibromophenol of 73 ng/L is 
approximately 150 times higher than the reported organoleptic threshold (0.5 ng/L 
[Young et al. 1996]). Bromophenols would be reduced when RO permeate from 
desalination plants receives free chlorine residual in the distribution system.  We are 
unaware consumer complaints or previous studies addressing medicinal odors from 
bromophenols in desalinated seawater.  

III.3.3 Chlorination Byproducts in Reverse Osmosis Concentrate  

Byproducts in the concentrate is often discharged to the ocean where they have 
the potential to affect marine organisms. Measured and predicted chlorination byproducts 
in RO concentrate (Figure 3.6) were always below the threshold for effects in sensitive 
marine organisms. Among the compounds monitored, the chlorine byproducts that came 
closest to exceeding the effects threshold was monobromoacetic acid, where the 
maximum concentration (14 µg/L) was approximately 70% of the most sensitive effects 
concentrations (i.e., EC10 of 20 µg/L for green algae). Predicted concentrations of 
chlorine byproducts in the concentrate (Figure 6) are consistent with limited previously 
reported values. For example, predicted THM concentrations in RO concentrate from this 
study ranged between 11 and 640 µg/L while concentrations between 270 and 1500 µg/L 
has been previously reported at other desalination plants [Ali & Riley 1989, Agus et al. 
2009]. The THM concentration predicted in desalination plant RO concentrate are within 
the same range of concentrations reported from European coastal power stations (i.e., 16 
µg/L [Jenner et al. 1997] and 26 µg/L [Allonier et al. 1999]). 

In most situations, RO concentrate is diluted by surrounding seawater near the 
discharge point [Saeed et al. 1999] and, as a result, elevated concentrations of 
chlorination byproducts should only be present in the immediate proximity of the 
discharge point.  In these areas, chlorination byproducts may contribute to marine life 
stress due to oxidant residuals, hypersalinity and elevated temperatures.  The most 
sensitive endpoints associated with desalination plants are probably those associated with 
exposure to hypersaline brines, especially in shallow and enclosed sites receiving high 
volumes of discharge [Lattemann & Hopner 2008].   
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III.3.4 Chlorine Byproduct Formation in Blended Desalinated Water  

Desalinated water (RO permeate) contains relatively high concentrations of 
bromide  (Table 3.1) compared to freshwater sources. When desalinated seawater is 
blended with surface water from other sources, there is a potential for producing elevated 
concentrations of chlorination byproducts or shifting the distribution of byproducts to 
brominated species.  Blending Colorado River water with an equal volume of desalinated 
water resulted in a doubling of bromide concentration from 133 µg/L (1.7µM) to 274 
µg/L (3.4 µM), while blending San Pablo Reservoir water with desalinated water 
increased the bromide concentration almost fourfold from 59 µg/L (0.74 µM) to 208 µg/L 
(2.6 µM).  

While increasing bromide concentrations shifted the distribution of THMs and 
HAAs towards brominated compounds, the total concentration formed (expressed on a 
molar basis) was approximately equal to the predictions based on the weighted average 
from chlorination experiments conducted with pure desalinated water and pure surface 
water.  For DHANs, however, a higher-than-predicted molar yield of byproducts was 
observed (compare hollow to filled squares in Figure 3.7) compared to predictions of 
volumetric average. Dihaloacetonitriles were formed at 30% higher molar yield than 
predicted in blends with Colorado River water and at 20% higher molar yield than 
predicted in blends with San Pablo Reservoir water.  In chlorination of raw (unblended) 
surface water, DCAN and BCAN were the main DHAN species produced whereas, after 
blending with desalinated water, BCAN and DBAN increased almost two-fold and 
became the more abundant species.  These findings are consistent with previous 
experimental results in which bromide was added directly to freshwater prior to 
chlorination [Hua et al. 2006].  Similarly, more rapid decay of the disinfectant residual 
was observed as HOBr was formed in the presence of elevated bromide in blended water. 

 The experimental blending of desalinated water with surface water illustrates that 
diluting with desalinated water would result in a decrease of organic precursors, thus 
decreasing concentrations of chlorine byproducts in subsequent disinfection processes. 
However, precise prediction of concentrations in treated blended water requires 
consideration of the augmenting effects of high bromide content on formation of 
byproducts. Similar considerations also applied where desalination of brackish or 
seawater-intruded groundwater is used to augment a drinking water aquifer. In practice, 
desalinated water is often either used directly or blended with treated surface water which 
has undergone processes to remove organic precursors (e.g., coagulation or flocculation). 
In such cases, the concentration of byproducts generated from chlorinating blended water 
will be considerably lower than those observed in these experiments with raw water. 
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FIGURE 3.7. Dihaloacetonitriles formed upon 72-hour chlorination of raw 
freshwater, Br--rich desalinated water (RO permeate) and 1:1 (v/v) blend of 
the two raw water sources. Initial dose at 4 mg/L as total Cl2 
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FIGURE 3.8.  Chlorine residual (mg Cl2/L) during chlorination of desalinated 
water, reservoir water and a blend of the two sources (1:1 v/v). The volumetric 
average represents the expected residual decay without the effect of bromide 
contribution from the desalinated seawater. 
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CHAPTER 4 – Identification of Odorous Compounds in Treated Wastewater 
Effluent 

IV.1 Introduction 

Odor compounds have been extensively studied in drinking water and in air 
downwind of wastewater treatment plants. However, characterization of odorous 
compounds in municipal wastewater effluent and their impacts on potable water supplies 
has been studied in less detail. As an initial step in identifying odorous compounds in 
wastewater effluent, a review of literature on taste and odor issues in potable water 
supplies was conducted. This was followed by a summary of odor studies conducted on 
air downwind of wastewater treatment works. Following the literature reviews, 
identification of the characteristic odors in treated wastewater effluent collected from 
full-scale plants was conducted by employing flavor profile analysis by a sniffing panel 
and gas chromatography with olfactometry detection (GC-Olf) and mass spectrometry. 

IV.1.1 Odorous Compounds in Drinking Water 

Odorous compounds in drinking water originate from sources related to the 
presence of microbes and algae in surface water, reactions between chlorine and natural 
organic matter (NOM), biofilm exudates in distribution system and release of odorous 
industrial chemicals [Suffet et al. 1999]. A selection of odorants previously reported in 
drinking water, along with their odor descriptors and thresholds, are listed in Table 4.1.  

TABLE 4.1: Common drinking water odorants, odor threshold concentrations (OTCs) and odor 
descriptors. 

1 Odor threshold concentration 

Compound OTC1 (ng/L) Odor Description Ref. 
2-methylisoborneol  5 - 10 earthy, camphor Peters et al. 2009 

geosmin  1 - 10 earthy, wet dirt Peters et al. 2009 

2-isopropyl-3-methoxypyrazine 0.2 - 16 green, decay Peters et al. 2009 

2-isobutyl-3-methoxypyrazine 1.0 - 16 green pepper Peters et al. 2009 

β-ionone 7 violet, woody Cotsaris et al.1995 

(E,Z)-2,6-nonadien-1-al 20 cucumber Cotsaris et al.1995 

β-cyclocitral 19,000 green, woody Cotsaris et al.1995 

1-penten-3-one 1,250 fishy, rancid Burlingame et al. 1992 

cis-3-hexen-1-ol 70,000 grassy Cotsaris et al.1995 

2,4,6-trichloroanisole 0.1 - 2 musty, moldy Peters et al. 2009 

2,3,4-trichloroanisole 0.1 - 2 musty Zhang et al. 2006 

2,3,6-trichloroanisole 0.2 - 2 musty Zhang et al. 2006 

2,4,6-tribromoanisole 0.15 - 10 musty Zhang et al. 2006 

2-bromophenol 30 medicinal Whitfield 1988 

2,6-dibromophenol 0.5 medicinal, hospital Whitfield 1988 

2,4,6-tribromophenol 600 phenolic Whitfield 1988 

2,4,6-trichlorophenol 380,000 phenolic Young et al. 1996 

iodoform  30 - 1000 iodine, alcohol  Hansson et al. 1997 
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2-Methylisoborneol (2MIB) and geosmin are two odorous byproducts attributed 
to cyanobacteria, actinomycetes and soil bacteria that have been studied for decades 
[Izaguirre et al. 1982]. These odor compounds exude an earthy odor in water when 
present at low parts-per-trillion concentrations and are widespread in many surface water 
reservoirs and rivers [Watson 2004, Westerhoff et al. 2004]. Because of their potency and 
prevalence, these cyanobacterial exudates frequently are monitored by drinking water 
treatment plants in communities with surface water sources. Activated carbon is 
commonly used to remove odorous compounds in drinking water treatment [Cook et al. 
2001]. For surface water sources that are affected on a regular basis by these compounds, 
ozone [Rosenfeldt et al. 2005] or UV/H2O2 [Pei et al. 2006] are also employed.  

Other odorants related to the presence of microbes or algae have been identified 
in surface waters. For example, the woody/hay odorant β-cyclocitral was identified in a 
lake following a Microcystis algal bloom [Young et al. 1999, Davies et al. 2004]. Other 
compounds thought to be responsible for odors include 3,5-dimethylcyclohexanol 
(algae/fishy), 2-butyl-5-(2-methylpropyl)-thiophene (grassy) and 2-methyl-8-
propyldodecane (medicinal) [Young et al. 1999]. Low molecular weight ketones and 
aldehydes released by decaying algae (e.g., 1-penten-3-one, trans-4-heptenal, n-hexanal 
and n-heptanal) also have been implicated in fishy odors in surface water supplies while 
compounds such as trans,cis-2,6-nonadienal reportedly imparts fruity/sweet odors to 
drinking water [Suffet et al. 1999]. β-Ionone (woody/violet) is also known to be 
produced by cyanobacteria in reservoirs and streams [Peter et al. 2009, Smith et al. 
2008].  

In addition to odor compounds exuded by live and decaying microbes, drinking 
water supplies also receive runoff which may contain odorous byproducts of biochemical 
decay of vegetation and soil microbes activities. For example, the grassy odorant—cis-3-
hexen-1-ol and cis-3-hexen-1-ol acetate—were identified from mixing fresh grass and 
vegetation with water [Khiari et al. 1999]. Alkyl methoxypyrazines (green/earthy), 
dimethyl sulfides (swampy) and indoles (septic) were also identified as potential odorants 
in drinking water supply originating in decaying grass and vegetation.  2-isopropyl-3-
methoxypyrazines and 2-isobutyl-3-methoxypyrazines hade been identified as 
metabolites of the soil microbes in the Actinomycetes genus [Suffet et al. 1999].  

Off-flavors in drinking water may also appear after water treatment, particularly 
from disinfection and the growth of biofilms in water distribution systems. Disinfection 
byproducts that have been associated with taste and odor episodes include dichloramine, 
bromophenols, aldehydes, ketones and alkyl nitriles. Dichloramine is the form of 
chloramine disinfectant with a swimming pool odor detectable at a much lower odor 
threshold than monochloramine or chlorine [Suffet et al.1999]. Bromophenols are 
medicinal-smelling compounds formed during chlorination or chloramination of 
bromide-rich water and seawater [Acero et al. 2005, Bruchet et al. 2008, Agus et al. 
2010]. Iodinated disinfection byproducts also impart medicinal/hospital odors and may be 
formed either from disinfection of iodine-rich water [Hansson et al. 1987] or use of 
iodine as disinfecting agent [Dietrich et al. 1999]. Aldehydes and ketones are odorous 
byproducts of ozonation or chlorination of amino acids while alkyl nitriles are byproducts 
of chlorination or chloramination of aldehydes [Fabrellas et al. 2004]. Odor descriptors 
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for carbonyl-containing odor compounds vary widely depending on the specific molecule 
but generally categorized as fruity, sweet, rancid/swampy or solvent-like.  For alkyl 
nitriles, similar odor descriptors were reported with additional geranium and rubbery 
notes also reported.  

Another class of potent odorous compounds—trihaloanisoles—is indirectly 
related to residual chlorine disinfection and subsequent biofilm activities in treated water 
distribution systems. These compounds appear to be formed by fungal biomethylation of 
halophenols in biofilms [Karlsson et al. 1996, Piriou et al. 2001]. Trihaloanisoles also 
can be formed by methylation of halophenols in rivers receiving chlorinated paper mill 
effluent [Brownlee et al. 1993]. The compounds 2,4,6-trichloroanisole (246TCA), 2,3,4-
trichloroanisole (234TCA), 2,3,6-trichloroanisole (236TCA), 2,4,6-tribromoanisole 
(246TBA) and mixed bromochloroanisoles had been implicated with taste-and-odor 
episodes generated in distribution systems [Benanou et al. 2003, Peter et al. 2009]. These 
musty/moldy odorants have extremely low sensory thresholds—as low as 30 picograms 
per liter reported by sensory panel [Young et al. 1996], making them among the most 
potent odor compounds ever identified. 

Finally, the drinking water literature includes occasional case studies of odor 
episodes arising from materials used in pipes or industrial chemicals that contaminate the 
water supply. Chemicals leaching from pipe materials had been implicated with taste-
and-odor episodes typically following installation of new polyethylene or PVC pipes, 
including alkyl benzenes and naphthalene (paint/putty [Khiari et al. 1999]; 2,6,-di-tert-
butylphenol (chemical/plastic [Peter & von Gunten 2007]). Industrial chemicals that had 
been reported to result in drinking water off flavors include methyl tert-butyl ether 
(turpentine [Suffet et al. 1999]), dicyclopentadienes (camphor [Ventura et al. 1997]), 2,3-
butadione (sweet/buttery [Diaz et al. 2004]), and many others aromatics that impart 
hydrocarbon or solvent-like odors [Young et al. 1996]. 

IV.1.2 Odor Compounds in Wastewater Treatment 

Researchers studying odors associated with municipal wastewater treatment have 
identified reduced sulfide compounds as the common source of complaints downwind of 
treatment plants [Gostelow et al. 2001, Stuetz et al. 1999, Kim et al. 2008]. As the goal 
of these studies is to identify compounds with the most potential to transport via air, the 
analytical methods employed selectively aimed at capturing highly volatile odorants at 
different stages of treatment and not necessarily those present in wastewater effluent. For 
example, Lambert et al. (2000) captured headspace gas above an agitated sludge sample 
into polyethylene bags for a panel to sniff while Gostelow et al. (2001) reviewed odor 
studies using purge-and-trap methods. Purged gas [Hwang et al. 1995] and solid phase 
micro-extraction (SPME) [Turkmen et al. 2001]) have also been used to study the 
sulfurous and nitrogenous odorants in wastewater. 

Volatile odor compounds reported at wastewater treatment plants may be 
classified as sulfurous compounds, nitrogenous compounds, fatty acids, aldehydes and 
ketones (Table 4.2)—usually breakdown products of raw sewage components [Gostelow 
et al. 2001]. Organosulfides are present in wastewater and sludge due to the breakdown 
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of nucleic acids. Nitrogenous odor compounds are the potential breakdown products of 
protein. Fatty acids, aldehydes and ketones have been associated as degradation of 
carbohydrates and fats.  

Sulfurous compounds include a wide array of sulfides, disulfides, alkyl and 
aromatic mercaptans that are described as sulfide, cabbage, or swampy odors [Gostelow 
et al. 2001, Burlingame et al. 2004]. Odors from these sulfurous compounds also have 
been described as rotten eggs, garlic, decayed vegetation, rubbery, rancid, skunk and 
putrid. Nitrogenous odor compounds include low molecular weight alkyl amines 
(fishy/ammonia), pyridine (irritating/decaying), and indoles (fecal/sewery). Of the 
fishy/ammonia odorants, dimethylamine and trimethylamines are often included in odor 
studies of wastewater treatment because of their relative abundance and potency [Hwang 
et al. 1995].  

TABLE 4.2. Select odorants reported in air monitoring at wastewater treatment 
plants and their odor descriptors [Gostelow et al. 2001 and Burlingame et al. 2004]. 

Compound or Compound Class   Odor Descriptions 

SULFUROUS  
Hydrogen sulfide rotten eggs 
Alkyl sulfides garlic, burnt rubber 
Alkyl disulfides decayed vegetation/cabbage, putrid 
Mercaptans unpleasant, garlic, skunk 
Τhiophenols rancid, putrid, decay, skunk 

NITROGENOUS  
Alkyl amines fishy, ammoniacal 
Diamines decomposing meat 
Pyridine penetrating, urine 
Indoles fecal, animal 

ACIDS  
Butanoic acid yeasty, rancid 
Valeric acid sweaty, sour 
Isovaleric acid fecal, sweaty 

CARBONYL  
Butyraldehyde rancid, sweaty 
Isobutyraldehyde fruity, acrid 
Isovaleraldehyde fruity, pungent 
Butanone green apple 

 
IV.1.3 Identification of Odor Compounds in Wastewater Effluent  

To identify dominant odor peaks in secondary wastewater effluent and assess 
their potential for causing odors in potable water reuse schemes, an analytical method 
that employed several techniques was developed. Identification efforts began by 
developing a common odor language for the qualitative analysis derived from the generic 
categories (Table 4.3). Although numerous odor compounds are reported in the drinking 
water and wastewater literature, those within the same compound class and molecular 
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weight range are typically associated within a related generic odor categories [Suffet et 
al. 1999, Young et al. 1999, Andersson et al. 2005]. The generic odor categories were 
used as guidance and common vocabulary during analysis of wastewater effluent 
collected from a series of full-scale treatment plants.  

TABLE 4.3. Generic odor categories and associated odor descriptors from the 
wastewater and drinking water odor wheel. 	  

ODOR CATEGORY DESCRIPTOR REFERENCE COMPOUND 

Earthy/musty Earthy/musty 2-methylisoborneol 
geosmin	  

 Musty/moldy 2,4,6-trichloroanisole 
Chlorinous Chlorinous dichloramine 

hypochlorous acid	  

Grassy/woody Woody β-cyclocitral 

 Green cis-3-hexen-1-ol 
 Hay formaldehyde 
Sulfide Decaying vegetation dimethyltrisulfide 
 Garlic, Skunk t-butyl mercaptan 
Rancid/putrid Fatty heptanal 
 Sour, Sweaty isovaleric acid 

butyraldehyde 
 Putrid, Decayed trimethylamine 
Fragrant/fruity Cucumber trans,cis-2,6-nonadienal 
 Fruity acetaldehyde 
 Sweet benzaldehyde 
 Floral β-ionone 

Ammonia/Fishy Ammonia ammonia 
 Fishy trimethylamine  

heptanal 
Solvent/hydrocarbon Shoe polish cumene 
 Chemical/solvent various simple aromatics 
Medicinal Medicinal 2,6-dibromophenol 

Iodoform 

Fecal/sewery Fecal, Sewery valeric acid 
skatole 

NOTES: Adopted from Suffet et al. 1999 and Burlingame et al. 2004. Mouth-feel and taste 
categories are not included. Representative odor compounds with available authentic standards 
were used in training and sensory analysis during this research. 
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Flavor profile analysis by a panel of trained analysts was used to describe the 
odors contained in wastewater effluent collected after secondary treatment. This sensory 
method has not only been used in many odor studies to mimic the experience of drinking 
water customers during odor episodes but also in routine monitoring at water utilities 
[APHA 1997].  

Due to the complexity of wastewater effluent, it was necessary to determine the 
components of the whole sample odor using instrumental analysis. GC-Olfactometry 
coupled with mass spectrometry operated in full-scan mode was used to separate the odor 
components into different retention times during which sensory detection was 
simultaneously evaluated at an olfactory port. Olfactometry has been used previously to 
identify or confirm odor components in wastewater as well as raw and treated drinking 
water [Brownlee et al. 1993, Hochereau and Bruchet 2004, Diaz et al. 2005, Strube et al. 
2009, Peter et al. 2009]. As a result, water utility and researchers are often familiar with 
the technique. 

Another challenge in identification of odors in effluents arose from the 
differences in sensory thresholds among odor compounds. For instance, a number of odor 
compounds have reported odor thresholds in the parts-per-billion range (i.e., β-cyclocitral 
(19 µg/L), cis-3-hexen-1-ol (70 µg/L)) while the most potent odorants ranges have 
sensory thresholds in at or below parts per-trillion level (e.g., β-ionone (7 ng/L), 2,4,6-
trichloranisole (0.03 ng/L)). Due to this wide range of relevant concentrations for 
potential odor compounds in wastewater effluent, comprehensive identification must be 
achieved by using two separate but complementary methods. In our study, 
GC/Olfactometry was used to collect information on the quality of sensory components 
of wastewater effluent to assure that sensory effects of odorants would be detected even if 
they could not be detected by the mass spectrometer when operated in total ion current 
(TIC) mode. Quantification and identification of odorous compounds was performed in 
the more sensitive selective ion monitoring mode. Given the complexity and richness of 
odor components in wastewater effluent, prioritization of the most significant 
contributors to overall odor was also conducted through comparison of relative odor 
intensities.  

Previously reported sensory methods for identifying odorous compounds from 
studies in drinking water and wastewater [Andersson et al. 2005, Young et al. 1996, 
Hwang et al. 1995], food and beverage science [Lermussieau et al. 2001, Quinn et al. 
2007], and air quality nuisance from industrial, waste and agricultural operations [Stuetz 
et al. 1999, Hobbs et al. 1996] provided guidelines for appropriate techniques to use on 
odor identification in wastewater effluent. For potent compounds with odor thresholds 
much lower than the background noise of the wastewater extract, a quantitative selective 
ion monitoring spectrometry method was used to selectively pinpoint when the targeted 
potent odorant is present (Chapter 5). 
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IV.2 Experimental Method 

IV.2.1 Chemicals and reagents 

When commercially available, authentic standards were purchased for 
confirmatory analysis and training of analysts (Tables 4.2 and 4.4). Odorant standards 
were purchased at the highest level of purity available from Aldrich (Saint Quentin 
Fallavier, France) and Sigma-Aldrich (Saint Louis, MI, USA). A mixed standard of C10-
C40 straight-chain alkanes for measurement of retention indices, solvents and reagents 
were purchased at reagent grade or higher from Sigma-Aldrich and Merck KGaA 
(Darmstadt, Germany). Ultrapure deionized water (R ≥ 18.2 Mcm−1) was produced in-
house using a Milli-Q purification system. 

IV.2.2 Sensory Analysis  

Flavor profile analysis (FPA) was conducted using Standard Method 2170B 
[APHA 1997]. The analysts consisted of 4 female and 4 male non-smokers between 24 
and 45 years of age (mean age 33 years), with normal olfactory functions and no known 
anosmia. The team conducting flavor profile analysis also were responsible for analysis 
of samples by GC/Olfactometry. 

A simplified direct intensity method was employed to record odor descriptor and 
intensity [van Ruth 2001, Delahunty et al. 2006]. Briefly, during olfactometry runs, odor 
descriptors were verbalized and recorded as olfactory peaks occurred. Odor intensity at 
each peak was recorded either by hand or using a controller device with button 
designated for the 1 through 4 ratings, based on analyst preference. Odor descriptor, 
intensity rating and peak length data were manually inserted into a uniform olfactometry 
worksheet following each olfactometry run. To avoid fatigue and contamination, each 
analyst is responsible for a maximum of two samples per day, separated by at least 4 
hours between sniffing runs. For each sample, GC-Olfactometry and GC-MS in full-scan 
mode were run by three independent analysts chosen at random. 

Odor intensity ratings were initially calibrated by challenging analysts with samples 
containing 2-methylisoborneol and geosmin at concentrations near or slightly higher than their 
reported odor thresholds. Analysts classified odor intensities as follows: 0 = no odor; 1 = 
maybe/very weak; 2 = weak; 3 = moderate; and 4 = strong. Typically, a rating of strong at the 
olfactory port corresponded to concentrations at least 10x the threshold values (Table 4.1).  

IV.2.3 Sample Preparation 

Wastewater effluent samples were collected after secondary treatment at four full-
scale wastewater treatment plants between September 2009 and June 2010. Sampling 
points were located immediately at the outlet of the activated sludge tanks. All samples 
were collected as duplicate 1-L amber glass bottles with minimal headspace and shipped 
on the same day in iced coolers by courier. Samples used for GC-Olfactometry were 
extracted within 48 hours of receipt, while flavor profile analyses were conducted on the 
same day of receipt. Samples were stored at 4oC. Field blanks and duplicates were 
included for analysis in all sampling rounds. 
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Wastewater effluent samples were filtered through a 0.8 µm, glass-fiber disk filter 
prior to solid phase extraction (SPE) using Oasis-HLB resin (Waters, Milford, MA). Prior 
to use, SPE cartridges were conditioned with 5 mL dichloromethane, 5 mL methanol and 
10 mL Milli-Q water. After extraction, samples were dried with N2 for 5 minutes, washed 
with 5 mL 10% methanol, and eluted with 10 mL dichloromethane. The eluent was then 
blown down under gentle N2 stream to a final volume of 100 µL. Overall pre-
concentration factor was 5000x. Extraction using other SPE resins—including C18 
(Supelco), ENVI-18 (Supelco) and Strata-X (Phenomenex)—indicated that HLB 
cartridges yielded the largest number of odor peaks and highest recovery for 2-MIB and 
geosmin while producing the fewest odor peaks in control samples. Extraction blanks 
consisting of DI water extracted in HLB resin and solvent blanks consisting of blown-
down dichloromethane were also analyzed in olfactometry. 

IV.2.5 Gas Chromatography and Mass Spectrometry 

Sample extracts were injected (2µL, splitless mode, 290 oC inlet temperature) into 
an Agilent 7890 gas chromatograph (Agilent Technologies, Palo Alto, CA) equipped 
with a 30-m HP5-MS capillary column (0.25-mm, i.d. 0.25 µm, Agilent Technologies). 
The carrier gas was helium at 1.2 mL/min constant flow. The GC column outlet was split 
equally to both an Agilent HP 5973 mass spectrometry detector (MSD) set at at 280 oC 
and a ODP3 port (Gerstel GmbH, Mülheim an der Ruhr, Germany) with the transfer line 
and mixing chamber heated at 250 oC. Analysis of pure standards of 2MIB, 2,4,6-
trichloroanisole and geosmin indicated that a time delay of up to 4 seconds (~0.1 min) 
between the start of olfactometry detection and the mass spectrometry signal. 

The following GC oven temperature program was employed: 40 °C (2 min hold) 
to 280°C at 10°C/min then to 300°C at 30°C/min (2 min hold). Olfactory analysis was 
initiated one minute after the solvent peak (retention time = 7.0 min) until oven 
temperature reached 240°C (retention time = 22 min). This sniffing period may be 
divided into two or three sections, upon analyst request. After 22 minutes, the 
background signal of odors increased, making it difficult to detect additional compounds.  

The MS detector was operated in two different modes. During the screening 
analysis, the detector was operated in full-scan mode (m/z 35-550). For confirmation and 
quantitation, selective-ion-monitoring (SIM) mode was employed for target ions listed in 
Table 4.5.  
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IV.2.6 Odorant Identification Tools 

	  

FIGURE 4.1: Tools employed in identification of odor compounds associated with 
olfactometry peaks.   

 From screening GC-olfactometry runs in full-scan mode, chromatogram peaks 
that appeared between the onset of the olfactometry peak to 0.2 min thereafter were 
isolated and entered into the National Institute of Standards and Technology (NIST) mass 
spectral library search (Agilent Chemstation software, Santa Clara, CA). Search results 
were then prioritized by match probability and compared to previously reported odorous 
compounds or compound classes in peer reviewed literature and commercial odor 
databases. 

 The retention indices of olfactometry peaks were determined by running straight-
chain alkane C10-C40 reference standards (2µL of 100 µg/mL) in identical 
chromatographic conditions as the GC-Olfactometry runs. Kovat’s retention indices were 
calculated according to the formula: 

[NIST 2011] 

I = Kovats retention index    z = N - n 
n = carbon number of smaller n-alkane  tr = the retention time 
N = carbon number of larger n-alkane 

Since olfactometry peaks may be present for up to 10 seconds, retention indices 
were calculated for the onset and end of each olfactometry peak (Table 4.5). The Kovat’s 
retention index of olfactometry peaks and potential odorants identified by mass spectral 
library search were matched to compounds listed in the NIST Chemistry WebBook, when 
available [NIST 2011]. 

For a number of compounds with high level of confidence of tentative 
identification, commercial reference standards purchased at the highest purity from 
Sigma Aldrich (USA) when available. Reference standards were then analyzed under 
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identical chromatographic conditions to confirm odor descriptor and retention index 
match.  

IV.3 Results and Discussions 

Identification of the most pervasive odors in wastewater effluent was completed 
in three phases: description of whole sample odor by flavor profile analysis, separation 
and description of the most potent odors by olfactometry, and identification of the 
associated odor compounds. 

IV.3.1  Flavor Profile of Secondary Effluent 

Flavor profile analysis resulted in qualitative comparisons of odors in wastewater 
effluent to odors derived from other sources (Table 4.4). The odor qualities assigned to 
wastewater effluent diverged markedly to odors reported for surface water, treated 
drinking water and raw sewage—differentiable even in triangular blind testing. The 
primary odor reported in secondary effluent samples is earthy/musty, typically assigned a 
moderate or higher intensity rating by all panelists during flavor profile analysis (Table 
4.4) and dominating over other descriptors [Lambert et al. 2000]. Lingering earthy/musty 
odor was also detected in highly diluted effluent samples (FD>32) and reverse osmosis 
permeate.   

Beyond the pervasive odor, panelists also often report secondary odors of 
fishy/amine and soapy in wastewater effluent samples in 8 and 9 of 13 FPA results, 
respectively. Odor descriptors from conventional water sources reported during flavor 
profile analysis were markedly different from those identified in wastewater effluent. 
Odors from drinking water reservoirs have been described as earthy/musty and 
green/vegetable-like [Watson 2003, Peter et al. 2009] with the cyanobacterial products 2-
methylisoborneol and geosmin being the most common odorant causing odor complaints. 
Although reservoir water and wastewater effluent were described generally as 
“earthy/musty” odor categories, the more precise descriptions of the odors were different. 
Panelists were able to differentiate between reservoir water and wastewater effluent in a 
triangular blind testing.  

Because analysts were trained using a number of authentic reference standards 
(Table 4.3), they were frequently able to differentiate between the 2-methylisoborneol 
and geosmin detected in reservoir water and 2,4,6-trichloroanisole as the mustiness in 
wastewater effluent. 
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TABLE 4.4. Odor descriptions of water samples from an urban water cycle as determined 
by flavor profile analysis (FPA). 

 

IV.3.2 Olfactogram of Secondary Effluent	  

To prioritize the peaks most consistently present in wastewater effluent, 
olfactometry was conducted on ten secondary effluent samples collected in December 
2009. The olfaction period is between 7 and 22 min, beginning one minute after the 
solvent peak to minimize exposure of harmful dichloromethane to the analysts (Figure 
4.2). During this initial screening, sniffing at the detector port covered the entire 15 
minute portion of the chromatogram which could be divided into three 5-minute 
increments, as needed. 

Given the relatively high preconcentration of extracts, only odor peaks detected 
during olfactometry at moderate or strong intensities could potentially impact the overall 
odor of effluent. Twenty two distinct strong odor peaks (intensity 3-4) were detected in 
GC/olfactometry of wastewater effluent. Two of them—one chemical/solvent odor peaks 
and one burnt/penetrating peak—were soon confirmed to be part of the solvent blank. 
Four other strong odor peaks were only detected occasionally: a pear/fruity odor in 40% 

Sample Odor Descriptors Intensity[1]    Panelists[2] 

Reservoir earthy moderate 3.2 5 / 5 
 fishy, algae weak 1.8 3 / 5 
Tap water, normal none none 0.0 3 / 5 
 chlorine weak 1.5 2 / 5 

earthy, musty weak 2.2 5 / 5 Tap water, after 
customer complaint kerosene, chemical very weak 1.4 2 / 5 
 chlorine moderate 2.8 3 / 5 

sulfide/sewery very strong 4.0 5 / 5 
ammonia/urine strong 4.0 3 / 5 

Raw sewage, after 
aerated grit removal 

rotten, rancid strong 3.6 5 / 5 
 unpleasant strong 4.0 2 / 5 

musty strong 3.6 5 / 5 
earthy moderate 2.7 3 / 5 

Wastewater effluent, 
after secondary 
treatment soapy, sweet weak 2.0 3 / 5 
 woody moderate 2.5 2 / 5 

chlorine moderate 2.0 3 / 5 Reclaimed water, after 
reverse osmosis earthy, musty moderate 2.7 5 / 5 
 sweet weak, maybe 1.2 2 / 5 
 plastic, chemical weak 1.7 3 / 5 

chlorine weak 2.2 2 / 5 
plastic, chemical weak 0.8 2 / 5 
none none 0.0 3 / 5 

Reclaimed water, after 
reverse osmosis & 
advanced oxidation 

    
NOTES: Intensity rating scale: 0 = no odor; 1 = maybe/very weak; 2 = weak; 3 = 
moderate; and 4 = strong. 
[1] Average of detections reported; [2] Number of panelists who detected odor 
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of samples, a medicinal odor in 40% of samples, a woody/black tea odor in 30% of 
samples and a woody/mushroom odor in 30% of samples. Dozens of additional odor 
peaks that were detected at intensity ratings 0-2. These lower-intensity or less frequent 
odor peaks were not included in subsequent analyses.  

During this selection period, we identified sixteen olfactory peaks that were 
present at high intensity (≥ 3.0) in at least eight of the 10 secondary effluent samples 
(Table 4.5, Figure 4.2). This suite of odor peaks is likely to represent the dominant and 
characteristic odors for our subsequent analysis of secondary effluent. Additionally, these 
odor peaks were also adopted as the target effluent odors during assessment of treatment 
process efficacy (Chapter 5). Focusing on a limited number of dominant odors also 
allowed analysts to rest between (e.g., it was not necessary to ‘sniff’ from 9 to 11.5 
minutes) thereby increasing accuracy and decreasing fatigue. 

The odor peaks chosen for analysis are summarized in Table 4.4. Earthy/musty (3 
peaks in Table 2), fragrant (3 peaks) and amine (1 peak) odor categories were the most 
intense and consistent olfactometry peaks detected in secondary effluent, based on an 
average of their intensity ratings given to all seoncdary efflunet samples analyzed 
between January to June 2010.  Other categories detected during the olfactometry runs 
were sulfide, rancid, grassy/woody,  medicinal, and plastic/hydrocarbon odors. The 
olfactometry results are in agreement with flavor profile analysis assessment that 
earthy/musty odors are dominant in wastewater effluent. 

 




