
ABSTRACT  

 

MANESS, JOHN CLARK. Control of Regulated and Unregulated Disinfection Byproducts by 
Granular Activated Carbon: Effects of Bromide, Iodide, and Pre-Chlorination.  (Under the 
direction of Detlef Knappe). 

 

 Chemical disinfection is necessary to assure the microbial safety of drinking water, but it 

also leads to the formation of disinfection by-products (DBPs).  DBPs can be carcinogenic, 

mutagenic, and teratogenic, and chronic exposure to DBPs leads to health risks for consumers of 

disinfected drinking water.  Eleven DBPs are regulated by the United States Environmental 

Protection Agency.  To meet DBP standards, many utilities distribute water with chloramine to 

control the formation of regulated DBPs.  However, chloramine can increase formation of 

emerging DBPs that are not regulated. Risk associated with DBP exposure can be exacerbated by 

elevated concentrations of bromide and iodide in drinking water sources and the resulting 

formation of brominated and iodinated DBPs.   

Granular activated carbon (GAC) adsorption is widely used to control the formation of 

regulated DBPs.  However, the efficacy of GAC adsorption for controlling the formation of 

emerging DBPs is not well understood, especially for drinking water sources with elevated 

bromide and iodide concentrations.  The overall objectives of this research were to evaluate (1) 

the efficacy of GAC for the formation control of regulated and emerging DBPs in water with 

different bromide and iodide concentrations and (2) the effect of pre-chlorinating GAC influent 

on the formation control of regulated and emerging DBPs at different bromide and iodide 

concentrations.   

To meet the research objectives, rapid small scale column tests (RSSCTs) were 

conducted with coagulated and settled North Carolina reservoir water. The first set of RSSCTs 



was operated at ambient bromide and iodide levels without pre-chlorination. Subsequently, an 

influent and three effluent samples, corresponding to different GAC ages, were chlorinated or 

chloraminated at ambient and elevated bromide and iodide levels. Two additional RSSCTs were 

operated with pre-chlorinated GAC influent that had been spiked with two different 

concentrations of bromide and iodide prior to chlorine addition. DBP formation in RSSCT 

influent and effluent samples was assessed following chlorination and chloramination.   

Following chlor(am)ination of GAC influent, formation of total organic halogen (TOX) 

and DBPs increased with increasing bromide and iodide concentrations. GAC treatment lowered 

TOX and DBP formation at all bromide and iodide concentrations, and DBP precursor removal 

was in the range of 30-40% after 30,000 bed volumes of water had been treated by the GAC. 

With free chlorine, concentrations of the four trihalomethanes and the nine haloacetic acids 

comprised about 75-90% of the total mass concentration of identified DBPs. In contrast, 

haloacetaldehydes dominated the DBP signature following chloramination. With free chlorine, 

bromine incorporation into DBPs was lowest in the GAC influent and highest early in the GAC 

service life. As GAC service life increased, bromine incorporation into DBPs tended to decrease 

to levels just above the GAC influent. No such pattern was observed following chloramination. 

Pre-chlorination of the GAC influent had little effect on TOX and regulated DBP 

concentrations when GAC effluent samples were treated with free chlorine. However, emerging 

DBP concentrations in GAC effluent samples from the pre-chlorine RSSCT were approximately 

double those of the control. Following chloramination, DBP levels in the GAC effluent samples 

were substantially lower for the pre-chlorine RSSCT than for the control, the formation of 

haloacetaldehydes was greatly reduced, and bromine incorporation was lower. However, the 

TOX data showed no discernable improvement by pre-chlorination.   



The majority of the TOX in GAC-treated samples could not be described by the 

individual DBPs targeted for measurement in this study. Thus, it is not possible to estimate 

overall toxicity. To better understand the potential benefits or risks of using GAC for DBP 

control, results from toxicity assays are needed.   
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Chapter 1: INTRODUCTION AND OBJECTIVES  

TOPIC MOTIVATION 

 Chemical disinfection is an important step in drinking water treatment.  Before 

widespread use of chemical disinfection, millions of people were afflicted with and died from 

microbial, waterborne diseases.  However, an unintended consequence of chemical disinfection 

is the formation of disinfection by-products (DBPs).  Prolonged exposure to DBPs may lead to 

cancer and adverse reproductive and developmental effects.  

 Two of the most common chemical disinfectants, chlorine and monochloramine, 

effectively inactivate pathogens and control microbial growth in water distribution systems, but 

they also react with organic matter (OM), bromide, and iodide in source waters to form 

halogenated and nitrogenous DBPs.  Ozone, a common alternative disinfectant, can also react 

with bromide to form bromate and brominated organic DBPs.  Another alternative disinfectant, 

chlorine dioxide, has been shown to produce chlorite and halogenated organic DBPs.  The 

United States Environmental Protection Agency (USEPA) currently regulates 11 DBPs.  

However, many scientists believe that adverse health effects observed in human epidemiologic 

studies are primarily caused by exposure to emerging, unregulated DBPs (Richardson et al., 

2007).  The scientific literature reports that there are now more than 600 identified DBPs 

(Richardson et al, 1998; Richardson et al, 2011).  Brominated, iodinated, and nitrogenous DBPs 

are part of this growing list of emerging, unregulated DBPs.  
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 To better protect public health, it is important to control human exposure to regulated and 

unregulated DBPs.  At this time, there are many ongoing studies on the efficacy of technologies 

and treatment strategies to control the formation of regulated and unregulated DBPs. One 

important approach is to remove organic DBP precursors by technologies such as granular 

activated carbon (GAC) adsorption and nanofiltration.  

The focus of this research was to evaluate the efficacy of GAC adsorption for the control 

of both regulated and emerging DBPs.  In the drinking water industry, activated carbon is most 

often used in the form of powdered activated carbon (PAC) to adsorb organic compounds that 

cause taste and odor problems or serve as DBP precursors.  GAC is also frequently used as a 

cost-effective treatment alternative, especially when taste and odor compounds and DBP 

precursors must be removed continuously.  GAC is primarily used in stand-alone, fixed bed, 

adsorbers after conventional filtration (post-filter adsorbers), or as a granular medium in a 

conventional filter (filter adsorber) (Summers, Knappe, and Snoeyink. 2010).  Carefully 

observed and managed fixed bed GAC adsorption is known to be effective for removing OM and 

controlling regulated DBP formation, and GAC treatment strategies for regulated DBP removal 

are well established (Summers et al., 1989, Summers et al., 1996; Summers, Knappe, and 

Snoeyink. 2010).  

However, formation control of unregulated DBPs by GAC is not well understood.  

Additionally, some literature suggests that after water has been treated with GAC, DBP 

speciation swings towards brominated-DBPs, and the toxicity of the DBPs produced through 

chlorination or chloramination can be higher in water treated with GAC (Summers et al., 1993; 

Symons et al, 1993; Krasner et al., 2016).    
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Inland surface waters may contain concentrations of bromide and iodide ranging from 

0.05 to > 1 mg/L and 0.0005 to 0.010 mg/L, respectively (Good and VanBriesen, 2016; Greune, 

2014).  Coastal groundwater impacted by seawater intrusion may have bromide and iodide 

concentrations up to 2.3 and 0.050 mg/L, respectively (Bichsel and Von Gunten, 1999). 

Conventional water treatment processes, i.e., coagulation, sedimentation, and filtration, do not 

remove bromide and iodide.  In most cases, the installation of treatment technologies to remove 

bromide and iodide is not cost-effective or practical because of high capital costs and energy 

intensity.  Reducing anthropogenic bromide and iodide loading through regulation of wastewater 

discharges is an option; however, these efforts can be hampered by economic and political 

barriers.  Therefore, the complications introduced by disinfection of bromide and iodide 

impacted waters need to be understood.  

 Pre-oxidation of GAC influent is an additional treatment step that has been shown to 

have some benefits in DBP formation control.  Gosh et al., (2011) showed that pre-oxidation 

with chlorine and chlorine dioxide can extend the service life of GAC for DOC removal and 

slow the breakthrough of regulated DBPs, such as trihalomethanes (THMs) and haloacetic acids 

(HAAs).  However, the effects of pre-oxidation on the adsorptive removal of unregulated DBPs 

and their precursors is largely unknown.  Furthermore, the impacts of pre-oxidation on DBP 

formation is not well understood for water sources with high bromide and iodide concentrations.  

GAC adsorption continues to gain attention and consideration as a DBP treatment 

strategy from many water utilities.  Fixed bed GAC adsorption is already a widely used treatment 

strategy and new installations are coming online each year at drinking water treatment plants 

across the United States.  Therefore, it is imperative to understand how GAC treatment, 



       
 4 

 

supplementary treatment practices like pre-oxdiation, and bromide and iodide may affect the 

formation and speciation of both regulated and unregulated DBPs,  

 

RESEARCH OBJECTIVES 

 The main objectives of this research were to (1) study how GAC adsorption affects the 

concentration and speciation of regulated and unregulated DBPs in water with varying bromide 

and/or iodide concentrations and (2) study how pre-oxidation with chlorine of GAC influent 

water affects the concentration and speciation of regulated and unregulated DBPs.  

 The literature suggests that GAC adsorption treatment will reduce the formation of both 

regulated and unregulated DBPs as precursor material is adsorbed over the service life of the 

GAC.  However, there will likely be a shift in speciation to more brominated DBPs in the GAC 

effluent.  The shift in speciation will also likely become more prominent at elevated bromide 

concentrations.  Pre-oxidation is expected to slow and reduce the breakthrough of THMs and 

HAAs over the service life of the GAC.  Emerging DBP breakthrough will also likely be slower 

with pre-oxidation, however, without much pre-existing data it is difficult to predict to overall 

reduction emerging DBP formation.   
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APPROACH 

To meet the research objectives, the following tasks were completed: 

1. Designed, built and operated two (2) RSSCTs to analyze and evaluate the formation 

control of regulated and unregulated DBPs after chlorination or chloramination at varying 

elevated bromide and iodide concentrations.  

2. Designed, built, and operated two (2) RSSCTs to analyze and evaluate the effects of pre-

oxidation with chlorine of GAC influent on the formation control of regulated and 

unregulated DBPs after chlorination and chloramination at elevated bromide and iodide 

concentrations.  
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Chapter 2: BACKGROUND  

DISINFECTION BY-PRODUCTS: REGULATED AND UNREGULATED    

Disinfection and Disinfection By-Products in Drinking Water  

 Disinfection is any process used to reduce the number of pathogenic microorganisms in a 

matrix, i.e, soil, water, or air.  Chemical disinfection of drinking water has saved countless lives 

since its acceptance in water treatment in the early twentieth century.  Before chemical 

disinfection waterborne diseases, such as typhoid, cholera, and dysentery, were responsible for 

the death of millions around the world (Haas, 2011).  Even today, around 2.4 million deaths 

globally could be prevented annually if everyone had access to clean, reliable sanitation and 

drinking water (Bartram, Cairncross, 2010).  Clearly, the importance of protecting public 

drinking water from pathogenic microorganisms cannot be overstated.  

 In the United States, disinfection is required and strictly monitored in almost all major 

public water systems, except where specific and stringent exemption criteria are met (Roberson 

and Burneson, 2011).  Chlorine is the most commonly used disinfectant due to its effectiveness, 

efficiency, and the regulatory requirement for a chlorine residual in distribution systems (Haas, 

2011).  Other commonly utilized chemical disinfectants in the drinking water industry include 

chlorine dioxide, chloramines, and ozone.  Disinfection strategies vary on a “plant-to-plant” 

basis and depend on many factors, including but not limited to, source water characteristics, 

existing treatment processes, and state and federal regulatory issues.  With the advent of wider 

and stricter regulations, many utilities have developed disinfection strategies that use multiple 

disinfectants.  For example, a common practice is to use chlorine as a primary disinfectant and 
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chloramine as a residual disinfectant, as chloramine is naturally more persistent in distribution 

systems (Haas, 2011).   

 Even with all its deserved merits, chemical disinfection has also produced unintended 

public health hazards.  Chemical disinfectants are powerful oxidants that react with organic 

matter (OM) and inorganic matter to form many distinct oxidized forms of organic and inorganic 

compounds, normally referred to as disinfection by-products (DBPs).  Many DBPs are known or 

suspected to be carcinogenic, mutagenic, and/or teratogenic in nature to humans.  Since the 

discovery of trihalomethanes (THMs, first identified halogenated by-products) by Rook et al. in 

the early 1970’s, there has been a plethora of scientific work in Europe and North America to 

identify more DBPs, the risks associated with their consumption, and strategies to prevent their 

formation and remove them from drinking water (Roberson and Burneson, 2011).     

 

Disinfection By-Products and Existing Regulations  

 The 93rd United States Congress passed the Safe Drinking Water Act in 1974, which 

allowed the United States Environmental Protection Agency (USEPA) to establish the National 

Primary Drinking Water Regulations (NPDWRs), the first federally enforceable minimum 

drinking water standards in the United States.  Following the 1974 SDWA, the Total 

Trihalomethanes (TTHMs) Rule was established in November, 1979 setting the Maximum 

Contaminant Level (MCL) for TTHMs at 0.10 mg/L and effectively becoming the first DBP 

regulation (USEPA, 1983).  Many years passed before more known DBPs joined the list of 

USEPA regulated contaminants (Roberson, Burneson, 2011).      
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It was not until 1998 when the Stage 1 Disinfectants/Disinfection By-Products Rule 

(DBPR) was finalized that more DBPs came under the regulatory control of the USEPA.  The 

Stage 2 Disinfectants/Disinfection By-Products Rule was finalized in 2006 and provided 

additional implementation and monitoring requirements, but did not increase the number of 

regulated DBPs or lower the MCL for any regulated DBPs.  Table 2.1 provides a summary of the 

MCLs and Maximum Contaminant Level Goals (MCLGs) for currently regulated DBPs 

(Roberson, Burneson, 2011).    Full detailed information on the implementation and monitoring 

requirements for the Stage 1 and Stage 2 DBPR may be found online at the USEPA’s website or 

in the Federal Register.   

Table 2.1:  Summary of NPDWRs for DBPs (Roberson, Burneson, 2011) 

Regulated Disinfection 
By-Product 

Maximum Contaminant 
Level (mg/L) 

Maximum Contaminant Level Goal 
(mg/L) 

Total Trihalomethanes 
(TTHM) 
(sum of:  
Chloroform 
Bromoform 
Bromodichloromethane 
Dibromochloromethane) 

0.080 

None for whole group.  Individual 
MCLGs for individual DBPs include:  
Chloroform =                    0.07 mg/L 
Bromoform =                    0 mg/L  
Bromodichloromethane = 0 mg/L  
Dibromochloromethane = 0.06 mg/L 

Haloacetic Acids (HAA5) 
(sum of:  
Monochloroacetic Acid 
Dichloroacetic Acid 
Trichloroacetic Acid  
Monobromoacetic Acid 
Dibromoacetic Acid)  

0.060 

None for whole group.  Individual 
MCLGs for individual DBPs include:  
Monochloroacetic Acid = 0.07 mg/L 
Dichloroacetic Acid =       0 mg/L 
Trichloroacetic Acid =      0.02 mg/L  

Bromate  0.01 0 
Chloral Hydrate  TT 0.040 
Chlorite  1.0 0.80 

Regulated Disinfectant Maximum Contaminant 
Level (mg/L) 

Maximum Contaminant Level Goal 
(mg/L) 

Chlorine  4 (as Cl2) 4.0 (as Cl2) 
Chloramines 4 (as Cl2) 4.0 (as Cl2) 
Chlorine Dioxide  0.8 0.8 
TT: Treatment Technique Required 
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 The 1996 SDWA Amendments defined mechanisms that the USEPA must follow to 

prioritize contaminants for risk management actions.  These mechanisms include: (1) developing 

the Contaminant Candidate List (CCL), (2) creating the Unregulated Contaminant Monitoring 

Rules (UCMRs), (3) regulatory determinations, and (4) the review of NPDWRs every 6 years 

(Roberson, Burneson, 2011).  The USEPA announced the final version of the fourth CCL on 

November 17, 2016, and excluding four nitrosamines, no other emerging DBPs were listed to be 

considered for regulatory determination.  Additionally, no other emerging DBPs are listed in the 

most recent UCMR (USEPA, 2017). 

 

The Emergence of Unregulated Disinfection By-Products  

Emerging DBPs can be defined as DBPs that have at least moderate occurrence levels in 

public drinking water systems (sub- to low-µg/L), are known or suspected to cause adverse 

toxicological effects, and are currently unregulated by the USEPA.  In 2007, Richardson et al. 

published an extensive review of existing research on the occurrence, genotoxicity, and 

carcinogenicity of 85 DBPs, of which only the 11 listed in Table 2.1 are currently regulated.  The 

remaining 74 DBPs include halonitromethanes, iodo-acids, iodo-trihalomethanes, halofuranones, 

haloamides, haloacetonitriles, tribromopyrrole, aldehydes, and N-nitrosodimethylamine (NDMA) 

and other nitrosamines.  The emerging DBPs that are most commonly found at the highest levels 

include chlorate, bromochloroacetic acid, bromodichloroacetic acid, dibromochloroacetic acid, 

tribromoacetic acid, trichloronitromethane (chloropicrin), and trichloroaetaldehyde (chloral 

hydrate) (Richardson et al., 2007).   
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Reasons for the increased emergence of these DBPs are not fully understood.  However, 

it is known that alternative disinfection practices, primarily the use of combined chlorine 

(chloramines), increase the levels of emerging DBPs in drinking water relative to water that is 

only chlorinated (Richardson et al., 2007).  Many classes of DBPs and specific compounds can 

be formed by two or more common disinfectants, but the formation of certain DBPs is closely 

associated with specific disinfectants.  For example, bromate is only formed in significant 

quantities through the use of ozone, while nitrosamines are more often detected in the low- to 

moderate-ng/L range in systems that use chloramines compared to those that only use chlorine 

(Reckhow and Singer, 2011).   

The rise in the popularity of alternative disinfection practices can be partially attributed to 

new DBP regulations.  The Stage 1 and Stage 2 DBPRs promulgated stricter MCLs and 

monitoring requirements for THMs and haloacetic acids (HAAs) in 1998 and 2006, respectively.  

Under pressure to meet these new regulations, many drinking water treatment plants, especially 

those struggling with OM removal, altered their disinfection practices to reduce THM and HAA 

formation.  Many facilities switched from primary chlorine disinfection to chloramines, ozone, 

or chlorine dioxide and used chlorine as a secondary, residual disinfectant.  Others developed 

treatment strategies in which multiple disinfectants were used at different points in the treatment 

process.  While these alternative disinfection practices typically reduce THM and HAA levels in 

finished drinking water they also have the unintended consequence of increasing the formation 

of other DBPs (Richardson et al., 2007).   

Using chloramines for primary disinfection has been shown to increase the formation of 

DBPs more toxic than THMs and HAAs, including but not limited to, nitrosamines, iodo-THMs, 

and iodo-acids (Richardson et al., 2007).  Plants switching from chlorination to ozonation or 
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chlorine dioxide risk significantly increasing bromate formation or chlorite formation, 

respectively.  Additionally, combinations of different disinfectants in series have been shown to 

increase the formation of some DBP classes.  A DBP Occurrence Study published in 2006 by 

Krasner et al. found that chlorination or chloramination following pre-ozonation increased the 

formation of bromonitromethanes when source waters contained high bromide/iodide and OM 

levels.  Even ultraviolet (UV) disinfection with subsequent chlorination has been shown to 

increase trichloronitromethane (chloropicrin) concentrations (Reckhow et al., 2010).   

It is important to note that many unregulated DBPs have yet to be identified and that 

disinfected drinking water is a complex mixture of known and unknown DBPs, which is not fully 

represented in existing treatment and toxicological studies.  In studies of chlorinated drinking 

water approximately 50% of the total organic halogen (TOX) content has not been identified.  In 

waters treated with alternative disinfectants approximately 75% of the TOX content remains 

unknown.   Furthermore, TOX measurements do not even account for non-halogenated DBPs, 

such as formaldehyde or carboxylic acids (Richardson et al., 2007).  The cited studies in this 

chapter and numerous other publications make it increasingly clear that reducing regulated DBP 

formation is not straightforward and that simply changing disinfection practices and/or 

implementing new treatment technologies may have unintended toxicological consequences 

(Richardson et al., 2007; Krasner et al., 2006; Woo et al., 2002).    

 

Genotoxicity and Carcinogenicity of Regulated and Unregulated Disinfection By-Products 

It is hypothesized that many emerging DBPs, especially brominated DBPs and iodinated 

DBPs, are more genotoxic and carcinogenic than many currently regulated DBPs.  In general, the 



12 
 

literature postulates that iodinated DBPs are substantially more genotoxic than brominated DBPs 

and that brominated DBPs are more toxic chlorinated DBPs.  Brominated DBPs are also more 

carcinogenic than chlorinated DBPs, while iodinated DBPs have not been fully analyzed for 

carcinogenicity. Data on the genotoxicity and carcinogenicity for all classes of DBPs is currently 

lacking, however there is ample genotoxicity data and some carcinogenicity data for some DBP 

classes, including halomethanes, haloaceticacids, halofuranones, and nitrosamines (Plewa et al., 

2008).   

The relative genotoxicities for some DBP classes have been determined by Plewa et al. 

(2008) by examining DNA damage in Chinese hamster ovary cells using single cell gel 

electrophoresis assays.  Chinese hamster ovary cell chronic cytotoxicity and acute genotoxicity 

indices were determined to make broader comparisons between DBP classes.  Using the cyto- 

and genotoxicity indices Plewa et al. (2008) showed that the halomethanes and haloacetic acids 

are the least toxic chemical classes and that emerging N-DBPs are the most toxic.  When the 

cyto- and genotoxicity indices were organized into halogen species classes it was found that 

iodinated DBPs were the most toxic and that iodinated and brominated DBPs were much more 

toxic than chlorinated DBPs.  

Within the group of regulated DBPs, bromodichloromethane, bromate, dichloroacetic 

acid, and bromoacetic acid are the most suspected species to be carcinogenic to humans, as they 

have been shown to be mutagenic and carcinogenic in rats and mice (Richardson et al., 2007).  

Three individual unregulated DBPs, including formaldehyde, acetaldehyde, and 3-Chloro-4-

(dichloromethyl)-5-hydroxy-2(5H)-furanone (MX) and one unregulated class of DBPs, 

nitrosamines, have shown evidence of carcinogenicity from 2-year rodent studies, some human 

studies, and other genotoxicity research.  Chlorate has also been found to induce thyroid tumors 



13 
 

in rats, however due to a lack in genotoxicity data it has not been listed as a likely carcinogen 

(Richardson et al., 2007).  Overall, current data show that much more research is needed to 

understand the genotoxic and carcinogenic potency of DBPs. 

While it is clearly important to continue studying the toxicological effects of individual 

DBPs in drinking water, it is also important to recognize that drinking water is a complex 

mixture of many DBPs.  The public is exposed to drinking water that is a complex mixture of at 

least 600 identified DBPs through dermal, inhalation, and ingestion routes.  The makeup of these 

complex mixtures is largely dependent on the characteristics of the source water and the modes 

of treatment and disinfection used by the water provider (Richardson et al., 2007).  As such, the 

complexity of this mixture should be reflected in future toxicological studies of DBPs to better 

understand and identify the potential adverse health effects of consuming disinfected drinking 

water.   

 

The Role of Bromide, Iodide, and Alternative Disinfectants  

   Many surface waters contain moderate to high levels of bromide and iodide from both 

natural and anthropogenic sources.  Surface water may contain concentrations of bromide and 

iodide ranging from 0.05 to 0.3 mg/L and 0.0005 to 0.010 mg/L, respectively (Good and 

VanBriesen, 2016).  Coastal groundwater impacted by seawater intrusion may have naturally 

present bromide and iodide ion concentrations up to 2.3 mg/L and 0.050 mg/L, respectively  

(Bichsel and Von Gunten, 1999).  Direct exposure to bromide and iodide in drinking water is 

typically not a health concern, however the presence of these two ions leads to the formation of 

brominated and iodinated DBPs that are probable human carcinogens. The effect of bromide and 
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iodide on DBP formation has been studied extensively but remains an ongoing topic of research 

(Allard et al., 2015; Le Roux et al., 2012; Richardson et al., 2003).   

 If chlorine is used as a disinfectant it is typically added as chlorine gas (Cl2) or liquid 

sodium hypochlorite (NaOCl).  When water is chlorinated with chlorine gas, chlorine dissociates 

into hypochlorous acid (HOCl) and chloride ions (Cl-)as shown in the following reaction. 

𝐶𝐶𝐶𝐶2 + 𝐻𝐻2𝑂𝑂 → 𝐻𝐻𝑂𝑂𝐶𝐶𝐶𝐶 + 𝐻𝐻+ + 𝐶𝐶𝐶𝐶− 

If liquid NaOCl is used, HOCl is formed in the following reaction.  

𝑁𝑁𝑁𝑁𝑂𝑂𝐶𝐶𝐶𝐶 →  𝑁𝑁𝑁𝑁+ +  𝑂𝑂𝐶𝐶𝐶𝐶− 

𝑂𝑂𝐶𝐶𝐶𝐶− + 𝐻𝐻2𝑂𝑂 = 𝐻𝐻𝑂𝑂𝐶𝐶𝐶𝐶 + 𝑂𝑂𝐻𝐻− 

Hypochlorous acid can oxidize bromide in water to form hypobromous acid (HOBr) in the 

following reaction.  

                                             𝐻𝐻𝑂𝑂𝐶𝐶𝐶𝐶 +  𝐵𝐵𝐵𝐵− → 𝐻𝐻𝑂𝑂𝐵𝐵𝐵𝐵 + 𝐶𝐶𝐶𝐶−                                                      

HOBr is a slightly weaker oxidant than HOCl, however, under most pH conditions HOBr tends 

to dissociate less than HOCl and acts as a more protonated and stronger substituting agent. Thus, 

chlorination of bromide impacted water will form a mixture of brominated DBPs, chlorinated 

DBPs, and brominated/chlorinated DBPs (Singer and Reckhow, 2011).   

 If iodide is present in a water, HOCl will quickly oxidize iodide to hypoiodous acid 

(HOI) and iodate (IO3-) as described in the following reactions.   

𝐻𝐻𝑂𝑂𝐶𝐶𝐶𝐶 + 𝐼𝐼− → 𝐻𝐻𝑂𝑂𝐼𝐼 + 𝐶𝐶𝐶𝐶− 

2𝑂𝑂𝐶𝐶𝐶𝐶− + 𝐻𝐻𝑂𝑂𝐼𝐼 → 𝐼𝐼𝑂𝑂3− + 2𝐶𝐶𝐶𝐶− + 𝐻𝐻+ 
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Iodate is the preferred final product, as iodate has been recognized by the United States Food and 

Drug Administration to be safe, while HOI will react with OM to form iodinated DBPs (Allard et 

al., 2012).  Typically, chlorine disinfection in the presence of iodide will produce mostly iodate, 

however, recent studies have shown that iodo-THMs can form at sub-µg/L levels post-

chlorination (Richardson et al., 2007).  Chloramines, on the other hand, will rapidly convert 

iodide to HOI but the subsequent oxidation of HOI to iodate is very slow, allowing HOI to 

persist and react with OM to form iodinated DBPs (Bichsel and Von Gunten, 1999).   

 The formation of iodinated DBPs via chlorination or chloramination depends on the 

concentration of bromide.  When HOBr is formed during disinfection it subsequently oxidizes 

HOI to iodate at a higher rate than HOCl.  In general, the higher the ratio of bromide to iodide 

the lower the formation of iodinated DBPs upon disinfection.  However, increasing oxidation by 

HOBr in the presence of iodide also increases the concentration of brominated precursors which 

may react further to form mixed compounds, such as bromo/iodo-THMs (Allard et al., 2015).   

The formation of iodinated DBPs via chloramination has also been shown to be 

dependent on the timing of chemical additions during the disinfection process. It is common to 

produce chloramines within a treated water by simultaneously adding chlorine and ammonia or 

by adding chlorine and then adding ammonia downstream. Krasner et al. (2006) showed in a 

DBP occurrence survey that the highest iodo-THM concentration was observed when chlorine 

and ammonia were added simultaneously.  In a more recent survey it was observed that shorter 

contact times with free chlorine prior to ammonia addition led to increased iodo-THM formation 

(Richardson et al., 2008).  The hypothesis behind this occurrence is that when chlorine is added 

ahead of ammonia it allows a period of contact time with just free chlorine, where iodide is 

oxidized to iodate and reduces the concentration of iodide available to form HOI and iodinated 
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DBPs.  Therefore, if chloramines are used as a disinfectant it is recommended to increase free 

chlorine contact times before ammonia addition to reduce iodo-DBP formation.    

 Ozonation of bromide impacted water also has the potential to form HOBr in a similar 

manner to that of HOCl, as described in the following reaction.    

𝑂𝑂3 + 𝐵𝐵𝐵𝐵− + 𝐻𝐻+ → 𝐻𝐻𝑂𝑂𝐵𝐵𝐵𝐵 + 𝑂𝑂2 

Therefore, ozone disinfection also risks the formation of brominated and brominated/chlorinated 

DBPs.  Another unique concern associated with ozonation is the formation of bromate, a 

regulated DBP, via several possible pathways involving HOBr and/or hypobromite (OBr-) 

(Singer and Reckhow, 2011).     

 Chlorine dioxide reacts very slowly with bromide and therefore both organic and 

inorganic brominated DBPs are typically not a concern in chlorine dioxide disinfected water.  As 

such, chlorine dioxide is a common alternative disinfectant for utilities using source water with 

high bromide concentrations.  However, chlorine dioxide disinfection can lead to the formation 

of chlorite, a regulated DBP (Singer and Reckhow, 2011).  Chlorite alone exhibits several 

adverse health effects but can also react with free chlorine to form chlorine dioxide and chlorate 

in a distribution system (Singer and Reckhow, 2011; Richardson et al., 2007).   At high 

concentrations, chlorine dioxide is also a very unstable chemical and can explode upon exposure 

to heat, light, electrical sparks, or shocks (Reckhow, 2011).   

 The unintended health risks of using alternative disinfectants are exacerbated by the 

presence of bromide and iodide in many source waters.  While the use of all alternative 

disinfectants form brominated and iodinated DBPs, the use of combined chlorine appears to 

create the greatest risk as it has been shown to increase the formation of iodinated DBPs, many 
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of which are yet to be identified.  Thus, for utilities using source waters with high concentrations 

of bromide and iodide it is possible that the use of alternative disinfectants to meet current 

regulations may be increasing the inherent toxicity of the finished water.  

 

Disinfection By-Product Formation Control by Activated Carbon Adsorption  

 Granular activated carbon (GAC) adsorption is a well-established treatment strategy for 

the removal of taste and odor compounds and disinfection by-product precursors via adsorption 

processes.  Activated carbon is made from a wide variety of carbonaceous materials, including 

but not limited to, subbituminous coal, lignite, coconut shell, and wood (Summers, Knappe, and 

Snoeyink, 2011).  In the context of adsorption treatment, activated carbon is referred to as the 

adsorbent while all target compounds are adsorbates.  Activated carbons are highly porous 

materials with a large internal surface area that normally ranges from 800 to 1500 square meters 

per gram (Summers, Knappe, and Snoeyink, 2011).  A large range of pore sizes and large surface 

area provides an abundance of available adsorption sites for a variety of adsorbates, making 

activated carbon an effective adsorbent.  

 Pores are dimensionally classified as micropores, mesopores, or macropores.  Micropores 

are less than 20 Å (2 nm) in width, mesopores are between 20 Å (2 nm) and 500 Å (50 nm) in 

width, and macropores are greater than 500 Å (50 nm) in width (Knappe, 1996; Crittenden, et al., 

2005).  Activated carbon, in the form PAC and GAC, has a heterogeneous pore structure where 

all the aforementioned pore sizes are present.  Pore size distributions are determined using gas 

adsorption data for micro- and mesopores, while mercury porosimetry data must be used for 

macropores (Summers, Knappe, and Snoeyink, 2011).   
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 GAC adsorption occurs in the following series of steps: (1) bulk diffusion, (2) film mass 

transfer, (3) intraparticle diffusion, and (4) adsorption to an available adsorption site.  In bulk 

diffusion, adsorbates are transported from the bulk solution to the hydrodynamic boundary layer 

surrounding the GAC particle. The adsorbates then pass through the hydrodynamic boundary 

layer to the surface of the GAC particle during film mass transfer.  After reaching the GAC 

particle surface, adsorbates are transported by pore diffusion and/or surface diffusion to available 

adsorption sites.  During pore diffusion, adsorbates move through the solution in the pores of the 

GAC particle to adsorption sites.  During surface diffusion, adsorbates move along the surface of 

the GAC particle to adsorption sites. When an adsorbate reaches an available adsorption site an 

adsorption bond is rapidly formed between the GAC particle and the adsorbate.  Since the final 

adsorption to an available step is rapid, the rate of adsorbate removal is controlled by the 

preceding steps (Knappe, 1996; Summers, Knappe, and Snoeyink, 2011). 

 

Design of Granular Activated Carbon Bed Adsorbers 

 Several factors must be considered when designing GAC adsorbers.  GAC may be 

prepared from many different base materials (bituminous coal, wood, lignite, coconut shell, etc.).  

When selecting a GAC base material it is important to identify the contaminant(s) of concern 

because some base materials are more effective at removing certain target contaminants than 

others.  For example, bituminous coal based products are effective for removing natural organic 

matter (NOM), lignite has been shown to be effective for the control of taste and odor 

compounds, and coconut shell GAC can be effective for controlling volatile organic compounds 

(VOCs) (Fotta, 2012; Summers, Knappe, and Snoeyink, 2011).   
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 GAC particle size also plays an important role. The most common particle sizes used in 

full-scale GAC adsorbers are 12 x 40 or 8 x 30 U.S. Standard Mesh.  In general, the smaller the 

GAC particle the faster the adsorption rate kinetics are, which can lead to extended GAC life.  

However, utilization of smaller GAC particles leads to increased headloss in the adsorber, which 

may lead to more filter backwashing, increased energy costs, and a reduction in net water 

production.  GAC particle size in an adsorber is controlled by available head and water demand 

at a facility (Summers, Knappe, and Snoeyink, 2011).  The need for increased head requirements 

may increase the capital cost of GAC installations, as supplemental pumping stations may be 

needed to meet this demand.  

 Another important factor that affects GAC adsorber performance is contact time, or more 

specifically Empty Bed Contact Time (EBCT).  To prevent immediate breakthrough in an 

adsorber a minimum depth of GAC, or critical depth, and a minimum EBCT must be provided.  

Typical EBCTs for NOM adsorption range from 5 to 20 minutes.  In general, increasing the 

EBCT increases the time to breakthrough and the number of bed volumes that may be treated to 

a given effluent concentration.  However, the data show that this relationship is not linear.  In the 

context of NOM adsorption, Zachman and Summers (2010) found through analysis of 

Information Collection Rule data that increasing EBCT from 10 to 20 minutes increased the 

number of bed volumes treated to a specified effluent concentration by only 10%.  Increasing the 

EBCT is accomplished by increasing the GAC bed depth at a constant hydraulic loading rate.  

Increasing bed depth will increase the capital cost of a GAC installation, but will also decrease 

the operating cost by reducing the frequency of GAC replacement and/or reactivation.  

Therefore, the optimal GAC bed depth may be found at the intersection between the capital and 
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operation and maintenance cost curves for a particular design situation (Summers, Knappe, and 

Snoeyink, 2011).  

 Backwash frequency of GAC adsorbers should also be considered during design.  Similar 

to conventional filters, some GAC adsorbers must be backwashed on a daily to weekly basis to 

remove trapped particles and reduce headloss (Corwin and Summers, 2010).  In general, the goal 

is to minimize backwash frequency, as it has been shown to adversely affect treatment 

efficiency.  When a GAC adsorber is backwashed the bed is expanded and longitudinal mixing 

can occur.  Bed mixing can transfer adsorbate loaded particles at the top of a filter to the bottom 

of a filter where desorption can occur and potentially lead to early breakthrough. This 

phenomenon is not fully understood and has only been an issue for some target adsorbates.  

However, Corwin and Summers (2010) found through simulation of backwashing in bench scale 

experiments and the dispersed-flow pore surface diffusion model (DFPSDM) that significant 

desorption of micropollutants and other trace organic compounds does not occur.  Additionally, 

NOM is not easily desorbed from GAC and dissolved organic carbon (DOC) breakthrough has 

been shown to be only slightly impacted by backwashing in some treated waters (Summers et al., 

1995).   

The efficacy of GAC adsorbers for the removal and formation control of certain 

compounds is based on a number of factors, many of which are out of the control of a drinking 

water facility.  The type and concentration of NOM, micropollutants, and other DBP precursors 

in the plant influent water matrix are largely uncontrollable factors.  Facilities have control over 

the existing treatment processes, but changing these processes has varying levels of 

effectiveness.  To determine the effectiveness of GAC as a treatment option, drinking water 

facilities typically run careful cost-benefit studies before making decisions.  
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RAPID SMALL SCALE COLUMN TEST (RSSCT) 

RSSCT Design  

 The installation of GAC adsorbers is encumbered by high capital and operation and 

maintenance costs. As a result, many drinking water systems or contracted consultants conduct 

pilot studies to evaluate the effectiveness of GAC treatment for a particular water.  However, 

pilot studies can also be expensive and time consuming, with most studies requiring high 

consulting and lab analysis fees and run times of many months.  The need for a cost effective and 

efficient bench scale test to evaluate GAC performance led Frick and Crittenden et al. to develop 

the RSSCT in 1991.   

The dispersed-flow, pore surface diffusion model was used to derive scaling factors that 

produce similar breakthrough curves to those of full-scale and pilot adsorbers.  Crittenden et al. 

(1986) found that RSSCT GAC particle size relative to that of a full-scale adsorber determined 

the scaling relationships between hydraulic loading rates and EBCTs of RSSCTs and full-scale 

adsorbers.  RSSCT validity depends on perfect similarity between full-scale and small-scale 

columns, which can be achieved by keeping the dimensionless numbers shown in Table 2.2 

constant.   
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Table 2.2: Dimension Numbers for RSSCT Design 

Dimensionless Number Equation Matching of Equation 
Number 

Pore solute distribution 
parameter (Dg) 𝐷𝐷𝑔𝑔 =

𝜀𝜀𝑝𝑝(1 − 𝜀𝜀)
𝜀𝜀

 Local equilibrium (2.1) 

Pore Diffusion Modulus 
(Ed) 

𝐸𝐸𝐸𝐸 =  
4×𝐷𝐷𝑝𝑝×𝐷𝐷𝑔𝑔×𝑡𝑡

𝐸𝐸𝑝𝑝
2  Intraparticle mass 

transfer (2.2) 

Surface Diffusion 
Modulus (Eds) 

𝐸𝐸𝐸𝐸𝑠𝑠 =  
4×𝐷𝐷𝑠𝑠×𝐶𝐶𝐹𝐹×𝑡𝑡

𝐸𝐸𝑝𝑝
2  Intraparticle mass 

transfer (2.3) 

Peclet Number (Pe) 𝑃𝑃𝑃𝑃 =  
𝐿𝐿×𝑣𝑣
𝐷𝐷𝑥𝑥

 Axial dispersion (2.4) 

Stanton Number (St) 𝑆𝑆𝑡𝑡 =  
2×𝑘𝑘𝑓𝑓×(1 − 𝜀𝜀)×𝑡𝑡

𝐸𝐸𝑝𝑝×𝜀𝜀
 Film mass transfer (2.5) 

 

To calculate the dimensionless numbers from Table 2.2 the following parameters must be 

known: the intraparticle porosity (εp), bed porosity (ε), pore diffusion coefficient (Dp), fluid 

residence time in packed bed (t), particle diameter (dp), surface diffusivity (Ds), capacity factor 

(CF), bed length (L), fluid velocity (v), dispersion coefficient (Dx), and film mass transfer 

coefficient (kf). The capacity factor (CF) is defined by the following equation, where q0 is the 

solid phase concentration in equilibrium with the influent aqueous phase concentration C0 and pb 

is the apparent bed density: 

                                                 𝐶𝐶𝐹𝐹 =  𝑞𝑞0×𝜌𝜌𝑏𝑏
𝐶𝐶0×𝜀𝜀

                                                                    (2.6) 

Another important dimensionless number that is ideally kept constant is the Biot number 

(Bi).  The Biot number is used to determine which mass transfer method is controlling (film or 

intraparticle mass transfer).  The Biot number may be calculated with the following equation, 

where τ is the tortuosity and DL is the diffusivity of the target compound in water: 

                                                               𝐵𝐵𝐵𝐵 =  𝑘𝑘𝑓𝑓×𝑑𝑑𝑝𝑝×𝜏𝜏
2×𝐷𝐷𝐿𝐿×𝜀𝜀𝑝𝑝

                                                              (2.7) 
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How the Biot number may be interpreted is addressed in Table 2.3.   

Table 2.3: Biot Number Interpretations  

Biot Number Value Controlling Mass Transfer Mechanism 
Bi < 0.5 Film mass transfer controls 
Bi = 5.0 Film and Intraparticle mass transfer are both 

influential 
Bi > 5.0 Intraparticle mass transfer likely controls 
Bi > 100 Intraparticle mass transfer controls 

 

 Crittenden et al. (1987) showed that equating the dimensionless numbers for a large 

column (LC) and a corresponding small column (SC) allows for the use of key RSSCT design 

parameters and equations.  The key RSSCT design parameters are the EBCT and the hydraulic 

loading rate (HLR).  The key RSSCT design equations are summarized in Table 2.4.  

 

Table 2.4: Key RSSCT Design Equations  

Parameter Equation Equation 
Number 

Scaling Factor (SF) 𝑆𝑆𝑆𝑆 =  
𝐸𝐸𝑝𝑝,𝐿𝐿𝐶𝐶

𝐸𝐸𝑝𝑝,𝑆𝑆𝐶𝐶
 (2.8) 

Diffusion Coefficients 
(D) 𝐷𝐷𝑆𝑆𝐶𝐶 =  �𝑑𝑑𝑝𝑝,𝑆𝑆𝑆𝑆

𝑑𝑑𝑝𝑝,𝐿𝐿𝑆𝑆
�
𝑋𝑋

×𝐷𝐷𝐿𝐿𝐶𝐶 =  [𝑆𝑆𝑆𝑆]−𝑋𝑋 ×𝐷𝐷𝐿𝐿𝐶𝐶   (2.9) 

Empty Bed Contact 
Time (EBCT) 

𝐸𝐸𝐵𝐵𝐶𝐶𝐸𝐸𝑆𝑆𝐶𝐶
𝐸𝐸𝐵𝐵𝐶𝐶𝐸𝐸𝐿𝐿𝐶𝐶

=  �
𝐸𝐸𝑝𝑝,𝑆𝑆𝐶𝐶

𝐸𝐸𝑝𝑝,𝐿𝐿𝐶𝐶
�
2

× �
𝐷𝐷𝐿𝐿𝐶𝐶
𝐷𝐷𝑆𝑆𝐶𝐶

� (2.10) 

Design Factor (DF) 

𝐸𝐸𝐵𝐵𝐶𝐶𝐸𝐸𝑆𝑆𝐶𝐶
𝐸𝐸𝐵𝐵𝐶𝐶𝐸𝐸𝐿𝐿𝐶𝐶

= �
𝐸𝐸𝑝𝑝,𝑆𝑆𝐶𝐶

𝐸𝐸𝑝𝑝,𝐿𝐿𝐶𝐶
�
2−𝑋𝑋

=  �
𝑡𝑡𝑆𝑆𝐶𝐶
𝑡𝑡𝐿𝐿𝐶𝐶

� (2.11) 

=  [𝑆𝑆𝑆𝑆]𝑋𝑋−2 = 𝐷𝐷𝑆𝑆 (2.12) 

Ratio of Hydraulic 
Loading Rates (HLR) �

𝑣𝑣𝑆𝑆𝐶𝐶
𝑣𝑣𝐿𝐿𝐶𝐶

� =  �
𝑅𝑅𝑃𝑃𝐿𝐿𝐶𝐶
𝑅𝑅𝑃𝑃𝑆𝑆𝐶𝐶

� = 𝑆𝑆𝑆𝑆  (2.13) 
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To utilize the key RSSCT design equations from Table 2.4 the following parameters must be 

known: the GAC particle diameter for the large column (dp,LC) and the small column (dp,SC), 

intraparticle diffusivity (D), diffusivity factor (X), and EBCT.   

 Equation 2.8 defines the scaling factor (SF) which establishes the relationship between 

the large and small columns and the dependence of the rest of the equations on GAC particle 

diameters.  Equation 2.9 describes the dependence of intraparticle diffusivity (D) on GAC 

particle size (dp), which is represented in the diffusivity factor (X).  The required EBCT of the 

small column is calculated by equating the diffusion moduli for the small and large columns 

resulting in Equation 2.10.  To determine the operation time of the small column, Equation 2.11 

is derived by substituting Equation 2.9 into Equation 2.10, where t is operating time and DF is 

the design factor.  Equation 2.11 may also be expressed in terms of the SF as shown in Equation 

2.12.  Additionally, the HLR of the small column may be calculated using the ratio of the HLRs 

of the small and large columns as shown in Equation 2.13, where v is the HLR and Re is the 

Reynolds number (Crittenden et al., 1986; Crittenden et al., 1987). 

 There are two commonly used RSSCT design approaches, the constant diffusivity 

approach (CD) and the proportional diffusivity (PD) approach.  The difference between the two 

approaches is founded on the dependence of intraparticle diffusivity on GAC particle diameter 

and factored into the key RSSCT design equations with the diffusivity factor (X).  For CD-

RSSCT design, intraparticle diffusivity is independent of particle size and X = 0.  In the PD-

RSSCT design approach, intraparticle diffusivity is linearly dependent on GAC particle size and 

X =1 (Crittenden et al., 1986; Crittenden et al., 1987).  

 When using the PD-RSSCT design approach it is important to note that when using 

Equation 2.13 the resulting column lengths would be the same for the large and small columns.  
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This would lead to excessive head loss in the RSSCT column, higher water volumes for testing, 

and inconvenient testing set-up.  To resolve this issue, a minimum Reynolds number is used 

minimize the HLR while still allowing internal mass transfer to dominate (Crittenden, 1987).  

Crittenden et al. (1987) used the following equation to calculate the minimum Reynolds number 

for the PD-RSSCT approach:  

                                                             𝑅𝑅𝑃𝑃𝑆𝑆𝑆𝑆,𝑚𝑚𝑚𝑚𝑚𝑚 =  500
𝑆𝑆𝑆𝑆

                                                            (2.14)  

where Sc is the Schmidt number and is found using the following equation:  

                                                              𝑆𝑆𝐶𝐶 =  𝑣𝑣
𝐷𝐷𝑊𝑊

                                                                     (2.15)  

where the kinematic viscosity of water is represented by v and DW is the diffusivity in water, 

which is calculated using the following equation (Crittenden et al., 1989):  

                                                         𝐷𝐷𝑊𝑊 =  1.326×10−3

𝑢𝑢1.14×𝑉𝑉𝑏𝑏0.589                                                           (2.16) 

where u is the dynamic viscosity of water and Vb is the molal volume at the normal boiling 

point.  Finally, when using the PD-RSSCT approach and a minimum Reynolds number it is 

recommended to use the following equation to calculate the HLR for the small column:  

                                                 𝑆𝑆𝑆𝑆 =  �𝑣𝑣𝑆𝑆𝑆𝑆
𝑣𝑣𝐿𝐿𝑆𝑆
� = �𝑅𝑅𝑅𝑅𝐿𝐿𝑆𝑆

𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆
�× �𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆,𝑚𝑚𝑚𝑚𝑚𝑚

𝑅𝑅𝑅𝑅𝐿𝐿𝑆𝑆
�                                            (2.17) 

Perfect similitude is not possible if the Schmidt number is used, however this is not an issue if 

only one mass transfer mechanism is controlling, i.e., either film or intraparticle mass transfer 

controls.  The controlling mass transfer mechanism may be determined and checked by 

calculating the Biot number as described in the Equation 2.7.  
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 Determining which design approach may be used depends on many factors, most of 

which are determined by the characteristics of the water to be treated.  Again, it is important to 

know what the contaminant(s) of concern are and understand what is in the water matrix to be 

treated.  Crittenden et al. (1991) showed that if NOM is present the slope of the target compound 

breakthrough is better predicted using the PD-RSSCT design approach.  The PD-RSSCT 

approach has also been shown to work in predicting the removal of NOM itself in many different 

waters (Crittenden et al., 1991; Summers et al., 1989; Summers et al., 1995; Summers et al., 

1996).  If there are specific target compounds in the water that occur at high concentrations and 

there is little interference from background NOM then the CD-RSSCT may be appropriate for 

predicting target compound breakthrough (Crittenden et al., 1991; Summers et al., 1989).  

 Research has shown that the GAC effectiveness in the removal of specific target 

compounds and the scale up accuracy of the RSSCT approach is reduced by the presence of 

background NOM.  Competitive adsorption, as described by the ideal adsorbed solution theory 

(IAST), plays an important role in reducing the adsorption capacity of GAC for specific 

compounds because once available adsorption sites will be taken by other competing substances 

(Corwin and Summer, 2010; Summers, Knappe, and Snoeyink, 2011).  However, the IAST only 

considers direct site competition and typically under-predicts the removal of target trace level 

compounds if NOM is present at high levels (Knappe et al., 1998; Graham et al., 2000).  This 

contrasts with results that have shown when NOM is present the adsorption capacity of trace 

level target compounds, such as micropollutants, is over-predicted when using the PD-RSSCT 

approach.  Corwin and Summers (2010) hypothesized that GAC pore blockage plays a more 

important role in reducing RSSCT scale up accuracy.   
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Corwin and Summers (2010) postulated that as GAC particle size increases the more 

surface area and adsorption sites are behind pores blocked by adsorbed NOM, thereby reducing 

the number of available sites for the adsorption of other compounds.  This phenomenon is termed 

fouling and Corwin and Summers (2010) introduced a fouling index that is used to scale the bed 

volumes of the small column to better predict large column performance.  The fouling index may 

be calculated with the following equation:  

                                               𝑆𝑆𝐹𝐹𝐹𝐹𝐶𝐶𝐵𝐵𝐹𝐹𝐹𝐹 𝐼𝐼𝐹𝐹𝐸𝐸𝑃𝑃𝐼𝐼 = 𝑆𝑆𝑆𝑆𝑌𝑌 = �𝑑𝑑𝑝𝑝,𝐿𝐿𝑆𝑆

𝑑𝑑𝑝𝑝,𝑆𝑆𝑆𝑆
�
𝑌𝑌
                                            (2.18) 

The fouling index may also be used to determine the number of bed volumes (BVs) for a full-

scale adsorber with the following equation (Reinert, 2012): 

                          𝑁𝑁𝐹𝐹. 𝐹𝐹𝑜𝑜 𝐵𝐵𝐵𝐵𝐵𝐵𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑆𝑆𝑠𝑠𝑝𝑝𝑅𝑅 𝑝𝑝𝑝𝑝𝑅𝑅𝑑𝑑𝑚𝑚𝑆𝑆𝑝𝑝𝑅𝑅𝑑𝑑 = 𝑁𝑁𝑝𝑝.𝑝𝑝𝑓𝑓 𝐵𝐵𝑉𝑉𝑠𝑠𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅
𝐹𝐹𝑝𝑝𝑢𝑢𝑝𝑝𝑚𝑚𝑚𝑚𝑔𝑔 𝐼𝐼𝑚𝑚𝑑𝑑𝑅𝑅𝑥𝑥 

= 𝑁𝑁𝑝𝑝.𝑝𝑝𝑓𝑓 𝐵𝐵𝑉𝑉𝑠𝑠 𝑅𝑅𝑆𝑆𝑆𝑆𝐶𝐶𝑅𝑅
𝑆𝑆𝐹𝐹𝑌𝑌

               (2.19) 

where Y is the fouling factor.  Factors that may affect the magnitude of Y are not well 

understood.  However, Corwin and Summers (2010) proposed that the Y may be concentration 

dependent and that Y increases as the ratio of influent trace compounds to DOC concentration 

decreases.   
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CHAPTER 3: MATERIALS AND METHODS   

MATERIALS      

Water   

 Coagulated, settled water from the Mitchell Water Treatment Plant (MWTP) in 

Greensboro, North Carolina was used for this study.  The MWTP pumps water to the plant for 

treatment from Lake Brandt in north Greensboro.  Sample water was pumped from the top of the 

rapid media filters (prior to filtration) through 5-micron cartridge filters (Culligan P5A) into pre-

cleaned 5 and 6 gallon polypropylene carboys.  Sample water was then stored at 4 °C at the 

North Carolina State University Environmental Engineering Laboratory.  After sample 

collection, the average DOC concentration from separate sample containers was 1.72 mg/L and 

the range was 1.57 to 1.86 mg/L.  The average sample pH was 6.7 and the range was 6.68 to 

6.89.  Typical 2016 raw water characteristics for the MWTP are shown in Table 3.1.  

Table 3.1: Typical Raw Water Characteristics 
Raw Water Parameter Average  Range  

pH 6.97 6.5 – 7.7 
TOC (mg/L) 3.2 2.9 – 4.1 
UV254 (m-1) 11.2 7.5 – 24.1 
Turbidity (ntu) 14.6 2.5 – 33.7 
Alkalinity (mg/L as CaCO3) 33.6 16.3 – 43.0  
Hardness (mg/L) 32.5 17 - 54 
Bromide Concentration of sampled water 
(µg/L) 18 N/A 

Iodide Concentration of sample water (µg/L) < 5 N/A 
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Regulated and Unregulated Disinfection By-Products  

 In total, 76 DBPs, were tested for in the bench-scale work, of which 9 are regulated and 

66 are unregulated.  All of the analyte DBPs are organized by DBP class below with 

corresponding acronyms and Chemical Abstracts Service (CAS) registry numbers in Table 3.2.   

 

Table 3.2: DBP Analytes List 

DBP Class DBP Name  DBP 
Acronym 

Trihalomethanes 
(THM4) 

Chloroform  TCM 
Bromodichloromethane BDCM 
Dibromochloromethane  DBCM 
Bromoform  TBM 

 Haloacetic Acids 
(HAA9) 

Chloroacetic Acid  CAA 
Bromoacetic Acid  BAA 
Dichloroacetic Acid  DCAA 
Bromochloroacetic Acid BCAA 
Dibromoacetic Acid  DBAA 
Trichloroacetic Acid  TCAA 
Bromodichloroacetic Acid BDCAA 
Chlorodibromoacetic Acid  CDBAA 
Tribromoacetic Acid  TBAA 

Haloacetonitriles 
(HAN) 

Chloroacetonitrile  CAN 
Bromoacetonitrile  BAN 
Dichloroacetonitrile  DCAN 
Bromochloroacetonitrile  BCAN 
Dibromoacetonitrile  DBAN 
Trichloroacetonitrile  TCAN 
Tribromoacetonitrile TBAN 
Iodoacetonitrile IAN 

Haloketones (HK) 

Chloropropanone  CP 
1,1-Dichloropropanone  11DCP 
1,3-Dichloropropanone  13DCP 
1,1-Dibromopropanone 11DBP 
1,1,1-Trichloropropanone  111TCP 
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Table 3.2 Continued  

 

1,1,3-Trichloropropanone  113TCP 
1-Bromo-1,1-Dichloropropanone 1B11DCP 
1,1,3,3-Tetrachloropropanone 1133TeCP 
1,1,3,3-Tetrabromopropanone 1133TeBP 

Halonitromethanes 
(HNM) 

Dichloronitromethane DCNM 
Bromochloronitromethane BCNM 
Dibromonitromethane DBNM 
Trichloronitromethane 
(Chloropicrin) TCNM 

Bromodichloronitromethane BDCNM 
Dibromochloronitromethane DBCNM 
Tribromonitromethane TBNM 

Haloaldehydes 
(HAL) 

Chloroacetaldehyde CAL 
Bromoacetaldehyde BAL 
Iodoacetaldehyde IAL 
Dichloroacetaldehyde DCAL 
Bromochloroacetaldehyde BCAL 
Dibromoacetaldehyde DBAL 
Trichloroacetaldehyde TCAL 
Bromodichloroacetaldehyde BDCAL 
Dibromochloroacetaldehyde DBCAL 
Tribromoacetaldehyde TBAL 

Haloamides (HAM) 

Chloroacetamide CAM 
Bromoacetamide BAM 
Iodoacetamide IAM 
Dichloroacetamide DCAM 
Bromochloroacetamide BCAM 
Chloriodoacetamide CIAM 
Bromoiodoacetamide BIAM 
Diiodoacetamide DIAM 
Dibromoacetamide DBAM 
Trichloroacetamide TCAM 
Bromodichloroacetamide BDCAM 
Dibromochloroacetamide DBCAM 
Tribromoacetamide TBAM 

Iodo-
Trihalomethanes (I-
THM) 

Dichloroiodomethane DCIM 

Bromochloroiodomethane BCIM 
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Table 3.2 Continued  

 

Chlorodiiodomethane CDIM 
Dibromoiodomethane DBIM 
Bromodiiodomethane BDIM 
Triiodomethane (Iodoform) TIM 

Iodo-Haloacetic 
Acids (I-HAA) 

Iodoacetic acid IAA 
Chloroiodoacetic Acid CIAA 
Bromoiodoacetic acid BIAA 
Diiodoacetic acid DIAA 

 

DBP Analysis Equipment and Solutions     

THM4, chloropicrin, 1,1-dichloropropanone-2, and 1,1,1-trichloropropanone formation 

were analyzed following EPA Method 551.1, and HAA9 formation was analyzed following EPA 

Method 552.2.  Complete method procedures are available online at the USEPA’s website and a 

web address is provided within the references.  A Shimadzu GC-2014 capillary gas 

chromatograph (GC) with an electron capture detector (ECD) was used for method verification 

and all sample analyses. A 0.25-millimeter inner diameter by 30-meter length fused silica 

capillary with chemically bonded methylpolysiloxane column (DB-1) was used for EPA Method 

551.1 analysis.  A 0.25-millimeter inner diameter by 30-meter length fused silica capillary 

bonded (5% phenyl)-methylpolysiloxane column (DB-5.625) was used for EPA Method 552.2 

analysis. 

 A stock standard solution (SSS) was purchased to create calibration standards, quality 

control standards, surrogate standards, and internal standards.  The stock solution manufacturer, 

part number, compound list, and concentration of each compound are shown in Table 3.3.  
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Table 3.3: EPA Methods 551.1 and 552.2 Calibration and Quality Control Standards   
 

Stock Solution Manufacturer, 
Part No. Compounds Concentration 

(µg/mL) 

EPA Method 551.1 
(Primary) Stock 
Standard Solution (in 
Acetone) 

Absolute 
Standards, 94519 

Chloroform  1,000 
Bromodichloromethane 1,000 
Dibromochloromethane  1,000 
Bromoform  1,000 
Dichloroacetonitrile  1,000 
Bromochloroacetonitrile 1,000 
Dibromoacetonitrile  1,000 
Trichloroacetonitrile  1,000 
Chloropicrin 1,000 
1,1-Dichloropropanone-2 1,000 
1,1,1-Trichloropropanone 1,000 

EPA Method 551.1 
Quality Control 
(Secondary) Stock 
Standard Solution (in 
Acetone) 

Absolute Standards, 94519 (different Lot Number than that of 
Stock Standard Solution)  

EPA Method 551.1 
Surrogate Standard 
Solution (in Acetone) 

AccuStandard, 
M-551.1-SS 

Decafluorobiphenyl 1,000  

EPA Method 551.1 
Internal Standard 
Solution (in Acetone) 

Restek, 31854 Bromofluorobenzene 1,000 

EPA Method 552.2 
(Primary) Stock 
Standard Solution (in 
Methyl-tert butyl ether) 

Absolute 
Standards, 97134 

Chloroacetic Acid  200 
Bromoacetic Acid  100 
Dichloroacetic Acid  100 
Bromochloroacetic Acid 100 
Dibromoacetic Acid  100 
Trichloroacetic Acid  100 
Bromodichloroacetic Acid 100 
Chlorodibromoacetic Acid  100 
Tribromoacetic Acid  200 

EPA Method 552.2 
Quality Control 
(Secondary) Standard 
Solution (in Methyl-tert 
butyl ether) 

Ultra Scientific, 
phm-5523A-1 

Chloroacetic Acid  600 
Bromoacetic Acid  400 

Dichloroacetic Acid  600 
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Table 3.3 Continued  

  

Bromochloroacetic Acid 400 
Dibromoacetic Acid  200 
Trichloroacetic Acid  200 
Bromodichloroacetic Acid 400 
Chlorodibromoacetic Acid  1,000 
Tribromoacetic Acid  2,000 

EPA Method 552.2 
Surrogate Standard 
Solution (in Methyl-tert 
butyl ether) 

Crescent 
Chemical, 
3461MT 

2,3-Dibromopropionic acid 1,000 

EPA Method 552.2 
Internal Standard 
Solution (in Methyl-tert 
butyl ether) 

Ultra Scientific, 
PPS-251-1 1,2,3-Trichloropropane 1,000 
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Activated Carbons  

 In this study, Filtrasorb 400® (F400) granular activated carbon (GAC) was used for all 

Rapid Small Scale Column Tests (RSSCTs).  F400 is produced via the activation of pulverized 

bituminous coals and sold by the Calgon Carbon Corporation.  F400 characteristics provided by 

the manufacturer and research by (Summers, Knappe, and Snoeyink, 2011) are shown in Table 

3.4.   

Table 3.4: Typical GAC Characteristics  

GAC Parameter Value 
Iodine Number  1000 milligrams / gram (minimum) 
Moisture by Weight 2% (maximum) 
Effective Size  0.55 – 0.75 millimeters  
Uniformity Coefficient  1.9 (maximum) 
Abrasion Number  75 (minimum) 
Screen Size by Weight, US Standard Mesh  

Retained on #12 mesh 5% (maximum) 
Through #40 mesh 4% (maximum) 

Apparent Density (after tamping) 0.54 grams / cubic centimeter  
BET Surface Area 953 square meters / gram  
Micropore Volume1 3.45 x 10-1 cubic centimeters / gram  
DFT Mesopore Volume2 1.35 x 10-1 cubic centimeters / gram  

BJH Mesopore Volume3 1.62 x 10-1 cubic centimeters / gram  
1Micropore volume measured for pores with widths less than 20 Å  
2Mesopore volume measured for pores with widths from 20 to 360 Å  
3Mesopore volume measured for pores with widths from 20 to 500 Å  
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Rapid Small Scale Column Tests  

Four proportional diffusivity RSSCTs (PD-RSSCTs) were completed for this study and 

named RSSCT BI#1SA, BI#1SB, BI#2S, and BI#3S. All RSSCTs were constructed with PTFE 

tubing and stainless steel fittings and valves.  A schematic of the RSSCT setup for each 

experiment is shown in Figure 3.1 and the numbered components are as follows:  

1. 5 or 6 gallon clear polypropylene RSSCT influent container (ULINE, S-16915) 

2. Reciprocating piston pump (Shimadzu LC-20AT)  

3. Pressure Relief Valve (Swagelok, RL3 Series) 

4. Column (PD-RSSCT: 7.94 mm flexible PTFE tubing, Teflon® FEP Semi-Clear Tubing, 

5/16” ID, 7/16” OD, Part Number: 52355K14) 

5. Immediate Post-Column Sample Port and Container (40 mL amber glass vial, 

Environmental Sampling Supply, 0040-0400-PC) 

6. Effluent Sample Container (2.5 and 4.0 Liter Amber Type III soda-lime glass bottles 

with PTFE-lined white polypropylene caps, ThermoScientific, Part Number 1452360) 

7. Glass Wool pre- and post-filter (Sigma Aldrich, 18421)  

8. Activated Carbon Column (Calgon Carbon Filtrasorb 400®, 100 x 200 U.S. Standard 

Mesh )  

9. Stainless Steel Male Connector and Nuts Union (Swagelok 1/4” Stainless Steel Male 

Connectors, Nuts, and Ferrules, Part Numbers SS-400-1-4, SS-400-NFSET)  

10. Stainless Steel Ball Valve (Swagelok, Part Number SS-4P4T) 

11. Stainless Steel Tee (Swagelok, Part Number SS-400-3) 

12. Shimadzu LC-20AT standard pump outlet tubing 

13. PTFE Tubing (McMaster Carr Supply, 52355k33) 
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14.  Headspace Free, Collapsible Influent Container (5-gallon Clear Low Density 

Polyethylene Container with PTFE-lined white polypropylene caps, Cole Parmer, Part 

Number 0610040)  

15. Sealing Cap and Tubing Outlet Set-up (PTFE-lined white polypropylene cap with ¼” 

stainless steel Swagelok male connector, SS-400-1-4, and rubber grommets.   
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Figure 3.1: RSSCT BI#1S Schematic  
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Chemical Reagents  

 A list of chemical reagents used for this study with associated vendors, and part numbers 

is provided below in Table 3.5.  

Table 3.5: Chemical Reagent/Solution List 

Compound/Solution Vendor Part 
Number  Purity Concentration 

CAS 
Registry 
Number 

Acetone  Fisher 
Scientific  A-18 >99.5% N/A 67-64-1 

Ammonium 
Chloride, Anyhdrous 

Fisher 
Scientific  A-661 >99.5% N/A 12125-

02-9 
Ascorbic Acid, 
Anhydrous  

Fisher 
Scientific  A61 >99.3% N/A 50-81-7 

Boric Acid, 
Anyhdrous Sigma-Aldrich B0394 >99.5% N/A 10043-

35-3 
Bromide Primary 
Standard Solution 

Environmental 
Express IC-BR-M N/A 1000 µg/mL N/A 

Bromide Secondary 
Standard Solution 

Inorganic 
Ventures ICBR1 N/A 1000 µg/mL N/A 

Chloride Primary 
Standard Solution 

Inorganic 
Ventures ICCL1 N/A 1000 µg/mL N/A 

Chloride Secondary 
Standard Solution AccuStandard IC-CL-10x-1 >99.5% 1000 µg/mL N/A 

Copper II Sulfate 
Pentahydrate  

Fisher 
Scientific  C493 >98.0% N/A 7758-99-

8 
DPD Free Chlorine 
powder pillows  

Fisher 
Scientific  NC9237543 N/A N/A N/A 

DPD Total Chlorine 
powder pillows 

Fisher 
Scientific  NC9219256 N/A N/A N/A 

Hydrochloric Acid  Fisher 
Scientific  A144SI-212 >99.5% 12.1 M 7647-01-

0 
Inorganic Carbon 
Standard (Sodium 
Carbonate & Sodium 
Bicarbonate) 
Solution 

Aqua 
Solutions 4550 N/A 50 µg/mL 

497-19-
8, 144-
55-8 

Iodide Primary 
Standard Solution 

Environmental 
Express IC-II-M N/A 1000 µg/mL N/A 

Iodide Secondary 
Standard Solution AccuStandard IC-I-10x-1 N/A 1000 µg/mL N/A 
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Table 3.5 Continued 

Methanol Fisher 
Scientific  A452-1 >99.9% N/A 67-56-1 

Methyl-tert  butyl 
ether (MTBE) 

Fisher 
Scientific  MMX08266 >99.9% N/A 1634-04-

4 
Potassium Hydrogen 
Phthalate, 
Anhydrous 

Nacalai 
Tesque  44935-52 >99.9% N/A 877-24-7 

Potassium Iodate, 
Anyhdrous  

Fisher 
Scientific  P253 >99.9% N/A 5/6/7758 

Potassium Iodide, 
Anyhdrous  

Fisher 
Scientific  P-410 >99.0% N/A 7681-11-

0 
Potassium Nitrate, 
Anhydrous Sigma-Aldrich 221295 >99.0% N/A 7757-79-

1 
Sodium Bicarbonate, 
Anyhdrous  

Fisher 
Scientific  S233 >99.7% N/A 144-55-8 

Sodium Hydroxide, 
Anyhdrous  

Fisher 
Scientific  S318 >97.0% N/A 1310-73-

2 
Sodium 
Hypochlorite 
Solution 

Fisher 
Scientific  SS290 N/A 6 vol-% 7681-52-

9 

Sodium Phosphate 
Dibasic, Anyhdrous 

Fisher 
Scientific  S374 >99.0% N/A 7558-79-

4 
Sodium Phosphate 
Monobasic, 
Anyhdrous 

Fisher 
Scientific  S369 >98.0% N/A 10049-

21-5 

Sodium Sulfate, 
Anhydrous 

Fisher 
Scientific  MSX0760E1 >99.0% N/A 7757-82-

6 
Sodium Thiosulfate, 
Anyhdrous  

Fisher 
Scientific  S446 >98.0% N/A 7772-98-

7 

Sulfuric Acid  Fisher 
Scientific  A300 >99.0% N/A 7664-93-

9 
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METHODS  

GAC Preparation for RSSCTs 

For each RSSCT, GAC was crushed with a clean mortar and pestle and then wet sieved 

by hand with freshly generated ultrapure deionized water (DI water) to yield 100 x 200 (dp = 

0.11 mm) US Standard Mesh GAC particle sizes.  GAC was then dried for at least 24 hours at 

105 °C before storage in a desiccator.  Eight-inch diameter 100 and 200 mesh stainless steel 

sieves were used for particle separation (W.S. Tyler, Part Numbers 5209 and 5213).  The 

procedure summarized below was used for crushing and sieving carbon. 

1. Freshly generated DI water was collected in a high density polypropylene container.  

2. The pre-cleaned sieves were stacked in the following order from top to bottom: sieve 

cover, 100 US Standard Mesh, 200 US Standard Mesh, and the catch pan.   

3. A few grams of GAC were crushed using a pre-cleaned ceramic mortar and pestle.   

4. Crushed GAC was then periodically dumped into the top-most sieve until the surface of 

the sieve was covered.  DI water was then added until the full volume of GAC on the 

surface was fully wetted.   

5. The sieve cover was then placed on top and shaken vigorously by hand for 1 to 2 

minutes.  

6. After shaking, the catch pan was removed from the bottom and the volume was wasted 

according to laboratory protocol.  

7. Steps 5 and 6 were repeated until no GAC was visible in the bottom catch pan.  

8. GAC that did not pass through the top 100 US Standard Mesh sieve was removed, 

crushed again with the same mortar and pestle, and wet sieved again using the preceding 
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steps. GAC that was retained on the 200 US Standard Mesh sieve was collected and 

stored in pre-cleaned 40 mL amber glass vials. 

9. When enough wet sieved GAC was collected, aluminum foil was placed over the tops of 

each storage vial with 5 to 10 small holes poked in the top with a clean needle by hand. 

10. The storage vials were then placed in a dedicated carbon drying oven and dried at 105 °C 

for a minimum of 24 hours.   

11. The storage vials were then removed from the drying oven and stored in a desiccator. 

12. The night before each RSSCT was set-up and started, the pre-calculated amount of GAC 

necessary for the RSSCT was weighed out and placed in a separate pre-cleaned beaker.   

13. The weighed GAC was submerged under DI water and degassed under vacuum overnight 

(for at least 8 hours) to remove any air within the GAC.  Glass wool necessary for 

column preparation was also degassed under vacuum overnight in the same manner. 
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RSSCT Preparation  

 Each RSSCT column was made of PTFE tubing and cut to size to provide enough length 

for the GAC bed and the glass wool packing at both ends.  Each column was prepared with the 

following procedure.  

1. The day before each RSSCT column was prepared, HPLC grade methanol was pumped 

through the RSSCT setup for 15 minutes.  This was followed by pumping freshly 

generated DI water through the RSSCT setup overnight (for at least 8 hours).  

2. Teflon tubing pre-cut to length was fitted with stainless steel Swagelok nuts and ferrules. 

The bottom of the column was connected to the rest of the RSSCT set-up and the top was 

left open to the atmosphere. 

3. Freshly generated DI water was then pumped to the top of the column.   

4. Degassed and wetted glass wool was packed tightly into the bottom of the column.  Any 

remaining air bubbles were removed with a pre-cleaned needle and syringe.   

5. A clean disposable glass pipette was then used to load the previously degassed and 

wetted GAC into the column.  During the loading process, the GAC was continuously 

submerged by periodically pumping DI water to the top of the column and touching the 

glass pipette of GAC to the top of the meniscus.  The GAC then easily descended to the 

bottom of the column by gravity.   

6. When all of the GAC was loaded, the GAC bed was measured to ensure the length 

matched pre-calculated bed length.  If the length was too long the bed was compacted 

with a pre-cleaned glass stirring rod.  If the length was too short the bed was slowly 

expanded by pumping DI water through the column.   
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7. When the correct GAC bed length was attained, degassed and wetted glass wool was 

tightly packed into the top of the column. The GAC bed length was subsequently 

measured and confirmed again.   

8. The top of the column was then attached to the rest of the RSSCT setup.   

 

RSSCT Experimental Conditions and General Procedure  

A flow diagram that describes the experimental procedure for DBP analysis of each 

RSSCT is provided in Figure 3.2.   
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Figure 3.2: RSSCT DBP Analysis Experiment Flow Diagram 
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A brief summary of the general experimental procedure based on Figure 3.2 is provided 

in the following steps.  Details for each step are provided in the following sections.   

1. RSSCT BI#2S and 3S influent was prepared by spiking known concentrations of bromide 

and iodide and then pre-chlorinating the sampled MWTP water.  RSSCT BI#1SA and 

1SB water was not altered in any way.  

2. Each RSSCT was operated and influent and effluent samples were stored under proper 

conditions for testing.   

3. RSSCT effluent samples were blended to create common, homogenous samples for DBP 

analysis. 

4. RSSCT influent and effluent samples were disinfected with free chlorine or combined 

chlorine.  Before disinfection, RSSCT BI#1SA and 1SB influent and effluent samples 

were spiked with bromide and iodide to yield four different bromide and iodide 

concentrations for testing.   RSSCT BI#1SA influent and effluent samples were only 

chlorinated.  RSSCT BI#1SB influent and effluent samples were only chloraminated.  

RSSCT BI#2S and 3S influent and effluent samples were not altered in any way before 

disinfection and both sets of samples were chlorinated and chloraminated separately, i.e., 

no sample was disinfected twice.   

5. RSSCT influent and effluent samples were analyzed for regulated and emerging DBP 

formation and Total Organic Halogen (TOX) formation using gas chromatography.   
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RSSCT Conditions 

Each RSSCT evaluated one of three experimental conditions as summarized in Table 3.6.   

Table 3.6: RSSCT Experiment Conditions  

Water  RSSCT 
Bromide 

Concentration 
(µg/L) 

Iodide 
Concentration 

(µg/L) 

Pre-oxidation 
of influent with 

free chlorine 
(Yes or No) 

Coagulated, 
settled, and 
cartridge 
filtered 

water from 
Mitchel 
WTP in 

Greensboro, 
NC 

BI#1SA and 1SB 
(post-column 
spikes) 

  

No 

Post- column 
Condition 1 

0 0 

Post- column 
Condition 2 200 0 

Post- column 
Condition 3 200 20 

Post-column 
Condition 4 

1000 100 

BI#2S (pre-column 
spikes) 200 0 Yes 

BI#3S (pre-column 
spikes) 1000 100 Yes  

 

RSSCTs BI#1SA and 1SB were conducted at influent ambient bromide and iodide 

concentrations and without pre-oxidation of the influent water with chlorine.  The effects of 

bromide and iodide on DBP formation in the influent and effluent were assessed by spiking 

known concentrations of bromide and iodide into each influent and effluent sample before 

disinfection with free chlorine or combined chlorine as shown in Table 3.6.  RSSCT BI#2S was 

conducted with pre-chlorinated influent water that had previously been spiked with 200 µg/L 

bromide and no iodide.  RSSCT BI#3S was conducted with pre-chlorinated influent water that 

had previously been spiked with 1,000 µg/L bromide and 100 µg/L iodide.  Pre-chlorination 
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conditions were selected to lead to the formation of hypoiodous acid and preformed iodinated 

DBPs, such that they would be adsorbed by the GAC columns.  RSSCT column influent and 

effluent samples were analyzed for DBP formation after chlorination and chloramination.   

 

Preparation of RSSCT Influent Water   

 Coagulated, settled, and cartridge filtered water from the Michell Water Treatment Plant 

in Greensboro, NC was used as influent for RSSCTs BI#1SA, 1SB, 2S, and 3S.  RSSCT BI#1SA 

and 1SB influent water was allowed to warm up to room temperature (20 °C) overnight before 

use and was not altered in any way.  The influent water for RSSCT BI#2S and 3S was prepared 

with following procedure to ensure each influent container was headspace free and properly 

dosed with bromide and iodide.   

1. Coagulated, settled, and cartridge filtered water was taken out of storage at 4 °C and 

allowed to warm up to room temperature (20 °C).   

2. Five gallons of influent water was then slowly poured into pre-cleaned collapsible 

containers and the volume was verified by weight.  

3. Each collapsible container was then placed in a secondary container and on top of a large 

magnetic stir plate.  Large pre-cleaned magnetic stir bars were used to thoroughly mix the 

sample volume.  

4. Bromide and iodide were then dosed into each collapsible container using automatic 

pipettes and plastic tips (Eppendorf Research Plus, various volumes) from purchased 

sodium bromide and sodium iodide stock solutions.  The bromide and iodide dose for 

RSSCT BI#2S was 200 µg/L and 0 µg/L, respectively. The bromide and iodide dose for 
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RSSCT BI#3S was 1,000 µg/L and 100 µg/L.  Each container was thoroughly mixed for 

at least five minutes after bromide and iodide were dosed.  Bromide and iodide stock 

solution information is available in Table 3.5.   

5. The outside of each container was then worked by hand to push all the air out and ensure 

there was no headspace.   

6. Containers were then stored in a cold room at 4 °C until use as RSSCT influent.    
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RSSCT Column Operation 

 The operating conditions for each RSSCT are summarized in Table 3.7. 

Table 3.7: RSSCT Operating Conditions  

RSSCT 
Parameter 

RSSCT Experiment Name 
BI#1SA BI#1SB BI#2S  BI#3S 

Empty Bed 
Contact Time 
(minutes) 

10 10 10 10 

GAC Type F400 F400 F400 F400 
US Mesh Size 100 x 200 100 x 200 100 x 200 100 x 200 
Dry Bed 
Density (g/cm3) 

0.50 0.50 0.50 0.50 

Bed Depth (cm) 13.08 13.08 13.08 13.08 
Column 
Diameter (mm) 

6.35 7.94 6.35 6.35 

Pump Flowrate 
(mL/min) 

3.52 5.50 3.52 3.52 

Hydraulic 
Loading Rate 
(m/hr) 

6.67 6.67 6.67 6.67 

Bed Volume 
(mL) 

4.14 6.47 4.14 4.14 

Column Run 
Time (days) 

32 24 32 30 

Volume of 
Water Filtered 
(gal) 

32 31 43 39 

 

Each column was checked at least twice a day by doing the following:   

1. A Dissolved Organic Carbon (DOC) sample of the column effluent was filtered using a 

0.45 µm PVDF filter (Fisher Scientific, 09-719-003) and collected in a pre-cleaned amber 

glass vial.  All samples were collected with zero headspace and adjusted to pH 2.0 using 

6 molar hydrochloric acid for storage.  All DOC samples were analyzed within 2 weeks. 
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2. UV254 was immediately measured using a 5-cm path length quartz cuvette (Sigma 

Aldrich, Z600148-1EA) and Hach® DR 5000™ spectrophotometer.   

3. The column flow rate was manually checked three times using a 10-mL graduated 

cylinder and a stop watch, and then verified by weight.  If the flowrate was not correct, it 

was adjusted and re-measured until correct.  

4. Effluent sample bottles were swapped out with new, pre-cleaned samples bottles.  

Samples were collected with zero headspace.   

 

Sample Collection and Storage  

All DBP water samples were collected in glass vials and bottles with PTFE lined caps and 

stored at 4 °C.  All glass vials and bottles were cleaned, baked, and prepared in accordance with 

individual DBP analysis methods.  EPA Method 551.1 and 552.2 sample vials were cleaned with 

hot tap water, thoroughly rinsed with DI water, and then baked at 400 °C in a muffle furnace for 

at least four hours.  The proper amounts of preservative and buffer were then added to each vial 

or bottle before sampling per each individual method.  

RSSCT effluent water samples were collected in 2.5- and 4.0-liter amber glass bottles 

with polypropylene caps lined with PTFE at room temperature and then stored at 4 °C.  RSSCT 

effluent sample bottles were washed and baked in the same manner as all other sample 

containers.  After liquid-liquid extraction for EPA Methods 551.1 and 552.2, all samples were 

stored for up to two weeks at < -10 °C before gas chromatography (GC) analysis.   
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RSSCT Effluent Sample Blending 

 Relatively large volumes of RSSCT sample water in separate containers were required 

for DBP formation testing per the methods set by the laboratories completing emerging DBP 

analysis.  To ensure all separately tested effluent water had approximately the same background 

organic matter characteristics, RSSCT effluent sample water was blended together into separate 

bottles to yield similar DOC concentrations for each DBP sample. RSSCT effluent samples were 

selected for blending based on DOC concentration. Figure 3.3 provides an example breakthrough 

curve with selected sample bed volumes used for blending to create a common, homogenous 

sample to be disinfected and analyzed for DBP formation.  The DOC concentration of the 

blended samples was validated with TOC analysis before further testing.   

 



52 
 

 
Figure 3.3: RSSCT BI#2S – DOC Breakthrough curve with selected “effluent points” for 
blending 
 

Sample Disinfection Procedures  

 All RSSCT samples and full-scale utility SDS samples were disinfected using free 

chlorine or combined chlorine to quantify and compare DBP formation.  RSSCT samples were 

chlorinated using the Uniform Formation Conditions (UFC) procedure as described by Summers 

et al. (1996).  RSSCT samples were chloraminated using the N-Nitrosodimethlyamine-Formation 

Potential (NDMA-FP) test procedure as described and provided by the Southern Nevada Water 

Authority, as samples were also analyzed for NDMA FP as part of the larger WRF 4560 project.   
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Chlorination Procedure 

 Samples were chlorinated using the Uniform Formation Conditions (UFC) procedure as 

described by Summers et al. (1996), with the following clarifications.   

Preliminary Chlorine Dosing Study:  

1. For each sample water, a 24-hour chlorine demand study was completed using a series of 

at least four chlorine doses and the exact procedure described below.  Study results were 

used to determine the chlorine dose necessary to yield a 1.0 mg/L free chlorine residual 

after 24 hours for each individual water.   

Dosing Procedure:  

1. All sample bottles, caps, and glassware for UFC experiments were washed with hot tap 

water, rinsed thoroughly with DI water, and then submerged in a 15 + 2 mg/L chlorine 

solution for at least 24 hours (2 days before UFC experiments and preliminary studies).  

Chlorine solutions were made by diluting sodium hypochlorite stock solutions in DI 

water.  Bottles were then baked at 400 °C in a muffle furnace for at least 5 hours the night 

before each chlorination experiment.  Sample bottle caps and all other necessary 

glassware were submerged in a 15 + 2 mg/L chlorine solution overnight. 

2. pH 6.7 and pH 8.0 borate buffers were created the day before UFC experiments were 

conducted.  The pH of the buffers was verified with a Thermo Scientific™ Orion™ 2-

Star Benchtop pH Meter and adjusted with 1 M sulfuric acid or 1 M sodium hydroxide if 

necessary.  Buffers were stored wrapped in aluminum foil at room temperature.  

3. The day of experimentation, all caps were rinsed thoroughly with DI water, wrapped in 

aluminum foil, and dried at 50 °C before final use for sealing sample bottles.  The pH of 



54 
 

the buffer solutions was verified again using the benchtop pH meter.  The pH meter probe 

was thoroughly rinsed with DI water between measurements.   

4. Sample bottles were filled almost to the top (approximately 90% full) with sample water.  

Samples were then placed on a magnetic stir plate and mixed vigorously with pre-cleaned 

magnetic stir bars throughout the rest of the procedure.   

5. pH 8.0 borate buffer was added to each sample at a ratio of 2 mL buffer per L of sample 

water.  The pH of each sample was then measured with the benchtop pH meter and 

adjusted to pH 8.0 with 1 M sulfuric acid or 1 M sodium hydroxide if necessary.   

6. After all samples were buffered and pH’s were verified, a combined hypochlorite-buffer 

solution was prepared.   

a. Volumetric flasks submerged overnight in 15 + 2 mg/L chlorine solution were 

removed and rinsed thoroughly with freshly generated DI water.   These flasks 

were then blown dry with high purity helium gas.   

b. 5 mL of sodium hypochlorite was diluted to 100 mL of freshly generated DI water 

in a clean, dry volumetric flask.  This solution would typically have a pH 11.2.  

c. pH 6.7 borate buffer was then added to this diluted sodium hypochlorite solution 

at a 4:1 volume ratio of diluted sodium hypochlorite to pH 6.7 borate buffer in a 

clean, dry volumetric flask.   

d. To verify the strength of the combined hypochlorite-buffer solution, a clean, dry 

1.0 L volumetric flask was filled with buffered, pH 8.0 adjusted DI water and 

dosed with the combined hypochlorite-buffer solution to yield a 1.0 + 0.05 mg/L 

free chlorine residual.  This residual was then verified using a Hach® DR 5000™ 

spectrophotometer and the DPD (N,N-diethyl-p-phenylenediamine) colorimetric 
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method.  Total and free chlorine residuals were measured to ensure no combined 

chlorine was in the combined hypochlorite-buffer solution.  The measured free 

chlorine residual was used to calculate actual stock strength and adjust doses if 

necessary.  If the dosed 1 L solution was found to have combined chlorine or a 

free chlorine concentration outside of 1.0 + 0.05 mg/L as free chlorine, the 

combined hypochlorite-buffer solution was wasted and prepared again until all 

criteria were met.   

7. Clean, dry sample bottle caps were removed from the oven and allowed to cool open to 

the atmosphere. 

8. Samples were then dosed one at a time with the combined hypochlorite-buffer solution 

using automatic pipettes and plastic tips, holding the pipette tip just above the water 

surface.  After each dose, samples were capped and continued to mix for at least 10 

minutes.   

9. After sufficient mixing time, the magnetic stir bars were removed and samples were then 

completely filled with borate buffered, pH 8.0 adjusted sample water and re-capped.  

Sample bottles were inverted multiple times to ensure there was zero headspace within 

the sample.   

10. Samples were then stored at 20 °C in an incubator for 24 hours.   

11. After incubation, sample total and free chlorine residuals and pH were measured and 

recorded.  Samples were then quenched and processed for DBP analysis per the 

requirements of different DBP analysis procedures.  Sample preparation characteristics 

are summarized in Table 3.8.  
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Chloramination Procedure  

 Samples were chloraminated using the N-Nitrosodimethlyamine Formation Potential 

(NDMA FP) test procedure as described and provided by the Southern Nevada Water Authority 

(SNWA).  For direct comparison between NDMA FP samples and other DBP samples all sample 

waters were dosed at the same chloramine concentration.  Chloramination (CLM) experiments 

were completed as outlined below.    

1. All sample bottles, caps, and glassware for UFC experiments were washed with hot tap 

water, rinsed thoroughly with DI water, and then submerged in a 15 + 2 mg/L chlorine 

solution for at least 24 hours (2 days before UFC experiments and preliminary studies).  

Chlorine solutions were made by diluting sodium hypochlorite stock solutions (Fisher 

Catalog Number SS290-1) in DI water.  Bottles were then baked at 400 °C in a muffle 

furnace for at least 5 hours the night before each chlorination experiment.  Sample bottle 

caps and all other necessary glassware were submerged in a 15 + 2 mg/L chlorine 

solution overnight. 

2. A 1.0 M, pH 7.0 phosphate buffer was created the day before UFC experiments were 

conducted.  Buffers were made with equal parts of mono- and di-basic sodium phosphate.  

The pH of the buffer was verified with a Thermo Scientific™ Orion™ 2-Star Benchtop 

pH Meter and the pH of the buffer was adjusted with 1 M sulfuric acid or 1 M sodium 

hydroxide if necessary.  The buffer was stored wrapped in aluminum foil at room 

temperature.   

3. The day of experimentation, all caps were rinsed thoroughly with DI water, wrapped in 

aluminum foil, and dried at 50 °C before final use for sealing sample bottles.  The pH of 
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the buffer solution was verified again using the benchtop pH meter.  The pH meter probe 

was thoroughly rinsed with DI water between measurements.   

4. Sample bottles were filled almost to the top (approximately 90% full) with sample water.  

Samples were then placed on a magnetic stir plate and mixed vigorously with pre-cleaned 

magnetic stir bars throughout the rest of the procedure.   

5. pH 7.0 phosphate buffer was added to each sample at a ratio of 10 mL buffer per L of 

sample water.  The pH of each sample was then measured with the benchtop meter and 

adjusted to pH 7.0 with 1 M sulfuric acid or 1 M sodium hydroxide if necessary.   

6. After all samples were buffered and pH’s were verified, a monochloramine solution was 

prepared.   

a. Volumetric flasks submerged overnight in 15 + 2 mg/L chlorine solution were 

removed and rinsed thoroughly with freshly generated DI water.   These flasks 

were then blown dry with high purity helium gas.   

b. Ammonium chloride was dissolved in freshly generated DI water and adjusted to 

pH 8.5 with 1 M sodium hydroxide.   

c. The ammonium chloride solution was then added to a clean, dry volumetric flask, 

and placed in a secondary container full of ice on top a of a magnetic stir plate.  

The solutions were then vigorously mixed with pre-cleaned magnetic stir bars for 

the rest of the procedure.   

d. While mixing vigorously, sodium hypochlorite was slowly added dropwise using 

a pre-cleaned glass burette to obtain a 14 g/L as total chlorine monochloramine 

solution at a Cl:N molar ratio of 1:1.2.   
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e. The concentration of each monochloramine solution was verified using the 

iodometric titration method 4500-Cl as described in Standard Methods for the 

Examination of Water & Wastewater (2005).  If the monochloramine solution was 

found to be over 14 g/L or less than 13 g/L as total chlorine the solution was 

wasted and prepared again until this concentration range was met.   

f. To further verify the strength of the monochloramine solution, a clean, dry 1.0 L 

volumetric flask was filled with buffered, pH 7.0 adjusted DI water and dosed 

with monochloramine solution to yield a 1.0 + 0.05 mg/L total chlorine residual.  

This residual was then verified using a Hach® DR 5000™ spectrophotometer and 

the DPD (N,N-diethyl-p-phenylenediamine) colorimetric method.  Total and free 

chlorine residuals were measured to ensure the monochloramine solution yielded 

total chlorine residuals that were at least 95% combined chlorine.  If the free 

chlorine residuals was too high the solution was wasted a prepared again until all 

criteria were met.  Typically, multiple monochloramine solutions were prepared 

simultaneously and checked to prevent re-doing the entire process if a solution did 

not meet all criteria.  Only one monochloramine solution with the highest 

combined chlorine to free chlorine ratio was selected and used for dosing.   

7. Clean, dry sample bottle caps were removed from the oven and allowed to cool open to 

the atmosphere. 

8. Samples were then dosed one at a time with the monochloramine solution using 

automatic pipettes and plastic tips, holding the pipette tip just above the water surface to 

yield a monochloramine concentration of 140 mg/L as total chlorine.  After each dose, 

samples were capped and continued to mix for at least 10 minutes.     
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9. After sufficient mixing time, the magnetic stir bars were removed and samples were then 

completely filled with phosphate buffered, pH 7.0 adjusted sample water and re-capped.  

Sample bottles were inverted multiple times to ensure there was zero headspace within 

the sample.   

10. Samples were then stored at 20 °C in an incubator for 10 days. 

11. After incubation, sample total and free chlorine residuals and pH were measured and 

recorded.  Samples were then quenched and processed for DBP analysis per the 

requirements of different DBP analysis procedures.  Sample preparation characteristics 

are summarized in Table 3.8.   

 

Table 3.8: DBP Sample Preparation Characteristics  

DBP Analysis 
Quenching Reagent 
(Concentration in 
Sample) 

Preservative pH adjusted to  

EPA Method 
551.1 

Ammonium chloride 
(100 mg/L) in dry 
phosphate buffer mix 

None 4.5 - 5.5 

EPA Method 
552.2 

Ammonium chloride 
(100 mg/L) None Not adjusted 

Emerging 
DBPs Ammonium Chloride None 3.5 - 4.0 
 Ascorbic Acid  None 3.5 - 4.0 

NDMA FP Sodium Thiosulfate (50 
mg/L) 

Sodium Azide 
(only for native 

samples) 
Not adjusted 
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Disinfection By-Product Analysis 

 Different classes of DBPs and DBP compounds were measured at different laboratories.  

The University of South Carolina analyzed each sample for all emerging DBPs (includes all 

compounds listed in Table 3.3 with the exception of THM4 and HAA9). The North Carolina 

State University Environmental Engineering Laboratory analyzed all samples for THM4, HAA9, 

Chloropicrin, 1,1-Dichloropropanone-2, and 1,1,1-Trichloropropanone.   

 

Demonstration of Lab Capability for EPA Methods 551.1 and 552.2 

THM4, Chloropicrin, 1,1-Dichloropropanone-2, and 1,1,1-Trichloropropanone formation 

were analyzed following EPA Method 551.1, and HAA9 formation was analyzed following EPA 

Method 552.2.  Complete method procedures are available online at the USEPA’s website and a 

web address is provided within the references.  Briefly, both methods utilize liquid-liquid 

extraction, with methyl-tert butyl ether (MTBE) as the extraction solvent, and gas 

chromatography with electron capture detection.  All EPA Method 551.1 and 552.2 samples 

were analyzed at the North Carolina State University Environmental Engineering Laboratory.   

Before any sample analysis, GC performance for both methods was verified by analyzing 

neat compounds dissolved at different concentrations in acetone (EPA Method 551.1) and 

MTBE (EPA Method 552.2).  Sample extraction performance for both methods was validated by 

completing method detection limit (MDL) studies using samples of Raleigh, NC tap water with 

and without matrix spikes of all compounds from a primary and secondary source of purchased 

stock solutions (Table 3.3).   
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Calibration and QC Standards  

Primary dilution standards (PDS) were prepared separately for each method.  PDS 

solutions for calibration standards, quality control (QC) standards, internal standards, and 

surrogate standards were prepared and stored separately at < -10 ˚C.  Per method specifications, 

new EPA Method 551.1 PDS solutions were prepared and stored for use for up to six months. 

New EPA Method 552.2 PDS solutions were prepared and stored for use for up to one month.  

EPA Method 551.1 and 552.2 calibration standard, internal standard, and surrogate standard PDS 

solutions were prepared by diluting purchased primary SSS in acetone and methyl-tert butyl 

ether (MTBE), respectively.  EPA Method 551.1 and 552.2 quality control (QC) PDS solutions 

were prepared by diluting purchased secondary source standards in acetone and MTBE, 

respectively.  QC standards were prepared from QC PDS solutions at a concentration 

approximately in the middle of the calibration curve range for each method.  

Per the requirements of each method, calibration standards and QC standards were made 

by spiking PDS solutions into specially prepared reagent water and liquid-liquid extracted with 

the same procedure as all samples.  New calibration standards and QC standards were prepared 

for each sample set and extracted simultaneously with the samples.  Calibration curves were 

analyzed at the beginning of each sample set.   

Due to the arduous nature of the liquid-liquid extraction procedures and number of steps 

involved, surrogate compounds were used for both methods to validate the extraction of all 

samples.  Surrogate compounds were spiked from surrogate PDS solutions into each calibration 

standard, QC standard, and sample and quantified simultaneously.  Additionally, to validate GC 

performance for HAA9 analysis, internal standard compounds were spiked into sample solvent 

extractions before GC analysis.    
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EPA Methods 551.1 and 552.2 Calibration  

 For each sample set, a five-point calibration curve was built for each individual 

compound using PDS solutions for EPA Method 551.1 and EPA Method 552.2.  Eight 

calibration points were extracted and quantified for EPA Method 551.1, while seven were done 

for EPA Method 552.2.  Out of each set of calibration points for each compound a minimum of 

five were selected based on the peak areas found in each sample.  Calibration curves for EPA 

Method 551.1 covered a concentration range from 0.10 to 100 µg/L, while the range covered for 

EPA Method 552.2 was from 2.5 to 100 µg/L.  

An example calibration curve for bromoform is shown in Figure 3.4.  Validation data for 

this curve are summarized in Table 3.9.  In general, calibration curves were linear across the 

calibration ranges for all compounds in both methods.  However, a second order polynomial 

regression produced less error in the measurements for all compounds than that of a linear 

regression.  This was determined by comparing concentrations back-calculated through 

regression equations to the theoretical values of each calibration point.  As such, all sample 

quantification was completed using calibration curve equations found through second order 

polynomial regressions as formally allowed by both EPA methods.     
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Figure 3.4: Calibration Curve for Bromoform for 04/23/2016 Method 551.1 GC Analysis    
 

Table 3.9: Percent recovery and error for five selected Bromoform calibration curve points 
and surrogate standard recovery 

Spiked 
Conc. 

Calculated 
Conc. 

% 
Recovery 

%  
Error RF 

Spiked 
Surrogate 

Conc. 

Calculated 
Surrogate 

Conc. 

% 
Surrogate 
Recovery 

2.519 2.568 101.97% -1.97% 90467 10 10.237 102.37% 

5.037 5.237 103.96% -3.96% 77236 10 9.402 94.02% 

15.111 15.297 101.23% -1.23% 67707 10 9.554 95.54% 

50.370 50.221 99.70% 0.30% 59941 10 10.573 105.73% 

100.740 100.783 100.04% -0.04% 52316 10 9.848 98.48% 
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Method Precision and Accuracy Validation  

 To ensure both methods continuously produced precise and accurate results throughout a 

sample run, QC standards were analyzed after every 10 samples at a minimum. QC standards 

were prepared using specially prepared reagent water, per the formal EPA Methods, and fortified 

with varying compound concentrations approximately in the middle of the calibration range.  

Throughout all analyzed sample sets, average QC standard percent recoveries for each 

compound ranged from 94% to 105% for EPA Method 551.1 and from 94% to 109% for EPA 

Method 552.2.  Additionally, the relative standard deviation (RSD) of QC standard recoveries for 

each compound ranged from 10% to 13% for EPA Method 551.1 and from 12% to 24% for EPA 

Method 552.2 

 Per both formal methods, surrogate recoveries for all samples were to fall within 80-

120%.  Average surrogate recovery for EPA Method 551.1 and 552.2 was 100.09% and 

100.77%, respectively.  Per EPA Method 552.2, internal standard recoveries were required to fall 

within 70-130%.  Average internal standard recovery for EPA Method 552.2 was 106.25%.  An 

internal standard was not required for EPA Method 551.1 analysis.  If a sample did not meet one 

or more of these requirements the data was not used and another sample was run if required.   

 As required by both standard methods, duplicates of samples and matrix spikes were run 

for a minimum of 10% of the total number of field samples or at least one per sample set, 

whichever was greater.  Typically, 8 to 12 samples and at least two duplicates and two matrix 

spikes were run per sample set.   Throughout all analyzed sample sets, average matrix spike 

percent recoveries for each compound ranged from 94% to 103% for EPA Method 551.1 and 

from 94% to 109% for EPA Method 552.2.  The error bars shown in the THM4 and HAA9 

figures presented in Chapter 4 were plotted using the sample standard deviations for the samples 
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run in duplicate.  For all EPA Method 551.1 sample sets, the minimum standard deviation was 

for bromodichloromethane (0.01 µg/L) and the maximum standard deviations was for 

bromoform (2.93 µg/L).  For all EPA Method 552.2 sample sets, the minimum standard 

deviation was for trichloroacetic acid (0.01 µg/L) and the maximum standard deviations was for 

bromochloroacetic acid (1.22 µg/L).  

   

Other Analytical Methods  

 Other analytical methods used in this study include:  

1. Total Organic Carbon (TOC) Analysis:  Standard Method 5310B (high temperature 

combustion) was used to measure TOC as non-purgeable organic carbon (NPOC) with a 

Shimadzu VCH TOC Analyzer.  All TOC samples were acidified to a pH of less than 2 

immediately after sampling.   Per Standard Method 5310B all acidified samples must be 

analyzed within 28 days.  However, for this study all acidified samples were analyzed 

within 14 days.   

2. pH Analysis:  pH was measured using Method 4500-H+ as described in Standard 

Methods for the Examination of Water & Wastewater (2005).  pH was measured using a 

ThermoScientific™ Orion™ 2-Star Benchtop pH Meter.  

3. Bromide, Iodide, and Chloride Concentration Analysis: Anion concentrations were 

determined using ion chromatography as described by Method 4110 in Standard Methods 

for the Examination of Water & Wastewater (2005).   

4. Total and Free Chlorine Concentration Analysis:   
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a. Chlorine concentrations at or below 2.00 mg/L were measured using a Hach® DR 

5000™ spectrophotometer and the DPD (N,N-diethyl-p-phenylenediamine) 

colorimetric method.  Before each measurement, the glass vial used for all 

measurements was rinsed thoroughly with DI water three times and then rinsed at 

least once with sample water.  A 10-mL sample was then collected with a Hach® 

free or total chlorine reagent powder pillow added, vigorously shaken, and 

allowed to sit for 3 minutes before measurement.  

b. Chlorine concentrations above 2.00 mg/L were measured using the iodometric 

titration method 4500-Cl as described in Standard Methods for the Examination 

of Water & Wastewater (2005).   
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CHAPTER 4: RESULTS AND DISCUSSION         

INTRODUCTION 

Results from bench-scale RSSCTs are presented and discussed in this chapter.  Four 

RSSCTs were operated and analyzed in this study.  The goal of RSSCTs 1A and 1B was to 

evaluate the formation control of regulated and emerging DBPs with GAC treatment after 

chlorination and chloramination, respectively, at ambient and elevated bromide and iodide 

concentrations. The goal of RSSCTs 2 and 3 was to study the effects of pre-chlorinating GAC 

influent on the formation control of regulated and emerging DBPs after chlorination or 

chloramination at two bromide and iodide concentrations.     

Key data and associated figures are presented and discussed in this chapter.  Total 

organic halogen (TOX) results are presented as stacked column graphs to show how total organic 

chlorine, bromine, and iodine (TOCl, TOBr, and TOI) contribute to TOX.  DBP results are 

presented in the same manner to show the total DBP concentration in each sample and the 

contribution of each individual DBP class or compound.  In each TOX and DBP results figure, 

TOX and DBP concentrations are plotted on the y-axis, and sample identity (GAC influent, GAC 

effluent at indicated bed volumes) is plotted on the x-axis.  Additionally, to illustrate potential 

changes in toxicity resulting from a shift towards brominated DBP species, the bromine 

incorporation factor (BIF) was calculated for each DBP sample and plotted on a secondary y-axis 

in each DBP results figure.  The BIF, expresses the degree of bromine substitution for individual 

classes of DBPs (mol Br / mol DBP). BIF values correspond to the DBP class(es) shown in each 

figure and were calculated according to equation 4.1 (adapted from Chellam, 2000; Symons et 

al., 1993; Gould et al., 1983).   
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                                                   𝐵𝐵𝐵𝐵𝐵𝐵 =  ∑𝑏𝑏∗[𝑅𝑅𝐶𝐶𝐶𝐶𝑎𝑎𝐵𝐵𝐵𝐵𝑏𝑏𝐵𝐵𝑐𝑐]
∑[𝑅𝑅𝐶𝐶𝐶𝐶𝑎𝑎𝐵𝐵𝐵𝐵𝑏𝑏𝐵𝐵𝑐𝑐]                                             (4.1) 

where [RClaBrbIc] is the molar concentration of a DBP with a, b, and c are moles of chlorine, 

bromine, and iodine incorporated, respectively.  A BIF value of 0 indicates that no brominated 

species were formed within the water.  A BIF value of 1.0, 2.0, and 3.0 suggests that the 

“average” DBP species formed is mono-brominated, di-brominated, and tri-brominated, 

respectively (Krasner et al., 2008). In this study, no DBP species with b > 3 were found. 

 In the discussion of the results it is important to clarify the difference between the 

concentration of TOX and TOX as Cl.  TOX is the summation of TOCl as chlorine (TOCl as Cl), 

TOBr as bromine (TOBr as Br), and TOI as iodine (TOI as I) on a mass basis.  TOX as chlorine 

(TOX as Cl) is the summation of TOCl as Cl, TOBr as chlorine (TOBr as Cl), and TOI as 

chlorine (TOI as Cl).  The latter two quantities were calculated from equations 4.2 and 4.3.  

                          𝑇𝑇𝑇𝑇𝐵𝐵𝐵𝐵 𝑎𝑎𝑎𝑎 𝐶𝐶𝐶𝐶 =  𝑇𝑇𝑇𝑇𝐵𝐵𝐵𝐵 𝑎𝑎𝑎𝑎 𝐵𝐵𝐵𝐵 �µ𝑔𝑔
𝐿𝐿
� ∗ µ𝑚𝑚𝑚𝑚𝑚𝑚 𝐵𝐵𝐵𝐵

79.904 µ𝑔𝑔 𝐵𝐵𝐵𝐵
∗ 35.453 µ𝑔𝑔 𝐶𝐶𝑚𝑚

µ𝑚𝑚𝑚𝑚𝑚𝑚 𝐶𝐶𝑚𝑚
                           (4.2) 

                            𝑇𝑇𝑇𝑇𝐵𝐵 𝑎𝑎𝑎𝑎 𝐶𝐶𝐶𝐶 =  𝑇𝑇𝑇𝑇𝐵𝐵 𝑎𝑎𝑎𝑎 𝐵𝐵 �µ𝑔𝑔
𝐿𝐿
� ∗ µ𝑚𝑚𝑚𝑚𝑚𝑚 𝐼𝐼

126.904 µ𝑔𝑔 𝐼𝐼
∗ 35.453 µ𝑔𝑔 𝐶𝐶𝑚𝑚

µ𝑚𝑚𝑚𝑚𝑚𝑚 𝐶𝐶𝑚𝑚
                                  (4.3)  

TOX results are presented and discussed in terms of TOX and TOX as Cl, where the latter 

provides a normalization for the mass differences among the 3 halogens.    

In total, 71 halogenated DBPs were targeted for analysis in this study (Table 4.1).  

Results are shown in stacked column graphs showing (1) total DBP formation, (2) THM4 

formation, (3) HAA9 formation, and (4) emerging DBP formation.  Total identifiable DBP 

formation, total detectable DBP formation, and total DBP formation are synonymous and refer to 

the sum of all detected DBPs within a sample, including regulated DBPs and emerging DBPs.  

Total emerging DBP formation, detectable emerging DBP formation, and emerging DBP 
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formation are synonymous and refer to the sum of all detected emerging DBPs.  A summary of 

all DBPs targeted in this study is shown in Table 4.1 and grouped by DBP class.  Also, the 

corresponding acronyms that are used in the discussion for each DBP class and individual DBP 

is shown in Table 4.1. 

Table 4.1: List of DBP Classes, compounds, and respective acronyms 

 T
ot

al
 D

B
Ps

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 

DBP Class DBP Name  DBP 
Acronym 

Trihalomethanes (THM4) 
  

Chloroform  TCM 
Bromodichloromethane BDCM 
Dibromochloromethane  DBCM 
Bromoform  TBM 

Haloacetic Acids (HAA9) 

Chloroacetic Acid  CAA 
Bromoacetic Acid  BAA 
Dichloroacetic Acid  DCAA 
Bromochloroacetic Acid BCAA 
Dibromoacetic Acid  DBAA 
Trichloroacetic Acid  TCAA 
Bromodichloroacetic Acid BDCAA 
Chlorodibromoacetic Acid  CDBAA 
Tribromoacetic Acid  TBAA 

E
m

er
gi

ng
 D

B
Ps

 

Haloacetonitriles 
(HAN) 

Chloroacetonitrile  CAN 
Bromoacetonitrile  BAN 
Dichloroacetonitrile  DCAN 
Bromochloroacetonitrile  BCAN 
Dibromoacetonitrile  DBAN 
Trichloroacetonitrile  TCAN 
Tribromoacetonitrile TBAN 
Iodoacetonitrile IAN 

Haloketones (HK) 

Chloropropanone  CP 
1,1-Dichloropropanone  11DCP 
1,3-Dichloropropanone  13DCP 
1,1-Dibromopropanone 11DBP 
1,1,1-Trichloropropanone  111TCP 
1,1,3-Trichloropropanone  113TCP 
1-Bromo-1,1-Dichloropropanone 1B11DCP 
1,1,3,3-Tetrachloropropanone 1133TeCP 
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Table 4.1 Continued  

  

 1,1,3,3-Tetrabromopropanone 1133TeBP 

Halonitromethanes 
(HNM) 

Dichloronitromethane DCNM 
Bromochloronitromethane BCNM 
Dibromonitromethane DBNM 
Trichloronitromethane 
(Chloropicrin) 

TCNM 

Bromodichloronitromethane BDCNM 
Dibromochloronitromethane DBCNM 
Tribromonitromethane TBNM 

Haloaldehydes 
(HAL) 

Chloroacetaldehyde CAL 
Bromoacetaldehyde BAL 
Iodoacetaldehyde IAL 
Dichloroacetaldehyde DCAL 
Bromochloroacetaldehyde BCAL 
Dibromoacetaldehyde DBAL 
Trichloroacetaldehyde TCAL 
Bromodichloroacetaldehyde BDCAL 
Dibromochloroacetaldehyde DBCAL 
Tribromoacetaldehyde TBAL 

Haloamides 
(HAM) 

Chloroacetamide CAM 
Bromoacetamide BAM 
Iodoacetamide IAM 
Dichloroacetamide DCAM 
Bromochloroacetamide BCAM 
Chloriodoacetamide CIAM 
Bromoiodoacetamide BIAM 
Diiodoacetamide DIAM 
Dibromoacetamide DBAM 
Trichloroacetamide TCAM 
Bromodichloroacetamide BDCAM 
Dibromochloroacetamide DBCAM 
Tribromoacetamide TBAM 

Iodo-
Trihalomethanes 
(I-THM) 

Dichloroiodomethane DCIM 
Bromochloroiodomethane BCIM 
Chlorodiiodomethane CDIM 
Dibromoiodomethane DBIM 
Bromodiiodomethane BDIM 
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Table 4.1 Continued  

  

 Triiodomethane (Iodoform) TIM 

Iodo-Haloacetic 
Acids (I-HAA) 

Iodoacetic acid IAA 
Chloroiodoacetic Acid CIAA 
Bromoiodoacetic acid BIAA 
Diiodoacetic acid DIAA 

Nitrosamines  N-Nitrosodimethylamine NDMA 
 

EFFECTIVENESS OF GAC TREATMENT FOR DBP CONTROL: EFFECT OF 

BROMIDE AND IODIDE 

  RSSCTs 1A and 1B were conducted at ambient bromide and iodide concentrations and 

without pre-oxidation of the influent water.  The effects of bromide and iodide concentrations on 

DBP formation were assessed at ambient bromide and iodide levels and at targeted bromide and 

iodide levels that were spiked into RSSCT influent and effluent samples before adding free or 

combined chlorine (Table 4.2).  In this discussion, TOX and DBP formation was studied with 

free chlorine using uniform formation conditions (UFC, Summers et al., 1996) and with 

combined chlorine using NDMA formation potential conditions (NDMA FP, SNWA, 2016). The 

terms chlorination, UFC conditions, and UFC chlorination conditions are synonymous.  

Likewise, the terms chloramination, NDMA FP conditions, and NDMA FP chloramination 

conditions are synonymous in the discussion.   

Table 4.2: Experimental conditions for RSSCTs 1A and 1B 
DBP 

Formation 
Conditions 

Bromide Spike 
Concentration in 

Sample (µg/L) 

Iodide Spike 
Concentration in 

Sample (µg/L) 

Acronyms or terms used in 
discussion 

RSSCT 1A: 
Chlorination 

under Uniform 
Formation 

Conditions+ 

0* 0* ambient conditions, or 0-0-
UFC  

200 0 200-0-UFC  
200 20 200-20-UFC  
1000 100 1000-100-UFC  
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Table 4.2 Continued  

RSSCT 1B: 
Chloramination 
under NDMA 

FP Conditions+ 

0* 0* ambient conditions, or 0-0-
CLM  

200 0 200-0-CLM  
200 20 200-20-CLM  
1000 100 1000-100-CLM  

+See Chapter 3 for a more detailed discussion of disinfection and spiking procedures 
*Ambient bromide and iodide concentration were approximately 20 and < 5 µg/L, 
respectively. 

 

RSSCT 1A - TOX and DBP Formation under UFC chlorination conditions 

 

 
Figure 4.1: RSSCT 1A – Dissolved Organic Carbon Breakthrough Curve 
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Figure 4.2: RSSCT 1A – UV254 Breakthrough Curve 
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Table 4.3: RSSCT 1A – Background Water Matrix Conditions 
Spike 

Concentration 
Bed 

Volumes 
DOC 

(mg/L) 
UV 254 (5 cm 
pathlength) 

Bromide 
(µg/L) 

Iodide 
(µg/L) 

0 µg/L Br- &  
0 µg/L I- 

Influent 1.41 0.121 22.3 < 5 
9,550 0.50 0.023 23.7 < 5 
16,500 0.87 0.055 23.8 < 5 
31,500 1.19 0.075 23.8 < 5 

 

200 µg/L Br- 
& 0 µg/L I- 

Influent 1.41 0.121 214.9 < 5 
9,550 0.51 0.028 219.8 < 5 
16,500 0.88 0.056 219.6 < 5 
31,500 1.18 0.077 220.0 < 5 

 

200 µg/L Br- 
& 20 µg/L I- 

Influent 1.43 0.121 221.9 18.88 
9,550 0.50 0.023 214.3 20.71 
16,500 0.88 0.057 214.7 21.42 
31,500 1.19 0.076 214.6 19.83 

 

1,000 µg/L Br- 
& 100 µg/L I- 

Influent 1.41 0.121 1026.2 95.03 
9,550 0.52 0.03 1030.1 102.59 
16,500 0.87 0.55 1023.9 104.37 
31,500 1.16 0.075 1025.5 103.87 

 

 Figures 4.1 and 4.2 show the dissolved organic carbon (DOC) breakthrough and UV 254 

absorbance breakthrough over the studied life of RSSCT 1A.  Table 4.3 summarizes the 

background characteristics of the blended sample water used for DBP formation testing.  
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Figure 4.3: Effects of bromide and iodide on TOX formation after UFC chlorination.  
Results are shown for GAC influent and GAC effluent after treatment of indicated number 
of bed volumes.  
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Figure 4.4: Effects of bromide and iodide on normalized TOX formation after UFC 
chlorination.  Results are shown for GAC influent and GAC effluent after treatment of 
indicated number of bed volumes.  
 

Figures 4.3 and 4.4 show the effects of bromide, iodide, and GAC treatment on TOX 

formation under UFC chlorine conditions.  In the GAC influent, TOX formation on a mass basis 

increased from 98 to 143 to 152 to 210 µg/L for the 0-0-UFC, 200-0-UFC, 200-20-UFC, and 

1000-100-UFC samples, respectively. The increase in TOX was primarily attributable to 

increased formation in TOBr as Br, as higher bromine incorporation was observed at elevated 

bromide levels.  When TOX was normalized to chlorine (Figure 4.4), TOX levels in the GAC 

influent were more similar (82 to 100 µg/L as Cl), suggesting that the incorporation of halogens 

on a molar basis increased only slightly as bromide levels increased.   
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Table 4.4: RSSCT 1A - %Halogen Incorporation in TOX under UFC conditions 

Spike 
Concentration 

Bed 
Volumes 

Mass Basis Molar Basis 
%TOCl 

as Cl 
%TOBr 

as Br 
%TOI 

as I 
%TOCl 

as Cl 
%TOBr 

as Cl 
%TOI 
as Cl 

Ambient (0-0-
UFC) 

Influent 74.7% 19.1% 6.3% 88.0% 10.0% 2.1% 
9,550 61.9% 34.4% 3.6% 79.2% 19.5% 1.3% 
16,550 68.9% 29.2% 1.9% 83.6% 15.7% 0.6% 
31,500 73.2% 25.0% 1.8% 86.3% 13.1% 0.6% 

 

200 µg/L Br- 
& 0 µg/L I- 

(200-0-UFC) 

Influent 24.1% 72.1% 3.8% 42.2% 55.9% 1.8% 
9,550 27.4% 69.0% 3.6% 46.4% 51.9% 1.7% 
16,550 28.1% 70.4% 1.5% 47.1% 52.2% 0.7% 
31,500 28.2% 70.8% 1.0% 47.1% 52.4% 0.5% 

 

200 µg/L Br- 
& 20 µg/L I- 

(200-20-UFC) 

Influent 25.4% 69.6% 4.9% 44.1% 53.5% 2.4% 
9,550 29.2% 66.3% 4.6% 48.7% 49.1% 2.1% 
16,550 26.3% 72.0% 1.7% 44.8% 54.4% 0.8% 
31,500 25.9% 72.9% 1.2% 44.2% 55.2% 0.6% 

 

1,000 µg/L Br- 
& 100 µg/L I- 

(1000-100-
UFC) 

Influent 5.8% 88.4% 5.8% 12.4% 84.1% 3.5% 
9,550 47.1% 49.4% 3.5% 67.3% 31.3% 1.4% 
16,550 11.7% 85.8% 2.5% 23.1% 75.5% 1.4% 
31,500 9.2% 88.4% 2.3% 18.8% 79.9% 1.3% 

 

 The percent chlorine, bromine, and iodine incorporated into TOX, on both a mass and 

molar basis is summarized in Table 4.4.  Bromine incorporation increased with increasing 

bromide spike concentrations on both a mass and molar basis.  In the GAC influent percent 

TOCl on a mass basis decreased from 75% at ambient bromide levels (22 µg/L) to about 25% at 

a spiked bromide concentration of 200 µg/L and to about 6% at a spiked bromide concentration 

of 1000 µg/L. Percent TOBr as Br increased from 19% to about 70% and to 88% with increasing 

bromide concentrations. On a molar basis, a similar pattern was observed but percent TOBr as Cl 

values were lower than percent TOBr as Br values (Table 4.4). 

On both a mass and molar basis, iodine incorporation was relatively low.  For GAC 

influent samples, percent TOI increased on a molar basis from about 2% at ambient conditions to 
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2.4% and 3.5% for iodide spikes of 20 and 100 µg/L, respectively.  In the GAC influent, bromine 

incorporation was substantially higher than iodine incorporation under all spike conditions. 

However, bromine incorporation was affected by increasing iodide concentrations.  On a molar 

basis, percent TOBr decreased from about 56% to 53.5% with the addition of 20 µg/L iodide.  It 

is possible that some of the hypobromous acid (HOBr) formed from the reaction of bromide and 

hypochlorous acid oxidized iodide and/or hypoiodous acid (HOI) to iodate and reduced the 

amount of HOBr available to react with organic matter to form brominated organic compounds.  

As can be seen in Figures 4.3 and 4.4, on both a mass and molar basis breakthrough of 

TOX precursors increased over the studied GAC life under all halogen spike conditions.  

Considering all spike conditions, percent breakthrough of TOX precursors ranged from 27% to 

44%, 46% to 54%, and 58% to 68% at 9,550, 16,550, and 31,500 bed volumes, respectively. On 

a molar basis, percent TOX breakthrough ranged from 28% to 67%, 47% to 54%, and 60% to 

68% at 9,550, 16,550, and 31,500 bed volumes, respectively, when TOX was expressed in µg/L.  

With the exception of one outlier (9,550 bed volumes for 1000-100-UFC), TOX precursor 

breakthrough results were similar when TOX was expressed at µg/L as Cl.  

As was the case for the GAC influent samples, on a mass basis, TOX formation in the 

GAC effluent samples increased with increasing bromide and iodide concentrations.  Again, this 

increase in TOX formation was primarily driven by an increase in TOBr formation as bromine 

incorporation increased with increasing bromide concentrations. For example, at 16,550 bed 

volumes TOX formation increased on a mass basis (Figure 4.3) from 53.1 to 74.3 to 103 µg/L as 

the bromide concentrations increased from 0-0-UFC to 200-0-UFC to 1000-100-UFC, 

respectively.  However, on a µg/L as Cl (or molar basis) TOX formation in the GAC effluent 

increased only slightly as bromide levels increased. For example, at 16,550 bed volumes TOX 
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formation (Figure 4.4) increased from 43.8 to 44.4 to 51.9 µg/L as Cl at 0-0-UFC, 200-0-UFC, 

and 1000-100-UFC, respectively.  

Excluding the 1000-100-UFC condition, Table 4.4 shows that on a mass and molar basis, 

the distribution of TOCl, TOBr, and TOI percentages remained relatively constant in the GAC 

effluent over the studied GAC life under UFC chlorination conditions.  For example, as shown in 

Table 4.4, for the 200-0-UFC samples percent TOCl, on a mass basis, increased slightly from 

27.4% to 28.2% and TOBr from 69% to 70.8% as bed volumes increased from 9,550 to 31,500.  

For 200-0-UFC, the molar percentage of TOCl increased slightly from 46.4% to 47.1% and of 

TOBr from 51.9% to 52.4% as bed volumes increased from 9,550 to 31,500, respectively.   

Iodine incorporation was relatively low in the chlorinated GAC effluent under all halogen 

spike conditions (0.6 – 2.1% on a molar basis).  On both a mass and molar basis iodine 

incorporation decreased over the studied GAC life.  For example, on a molar basis under 200-20-

UFC conditions percent TOI decreased from 2.1% to 0.6% as bed volumes increased from 9,550 

to 31,500.   
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Figure 4.5: Effects of bromide and iodide on total DBP formation after UFC chlorination 
plotted with associated bromine incorporation factors (BIF).  Results are shown for GAC 
influent and GAC effluent after treatment of indicated number of bed volumes.  
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Figure 4.6: Effects of bromide and iodide on THM4 formation after UFC chlorination 
plotted with associated bromine incorporation factors (BIF).  Results are shown for GAC 
influent and GAC effluent after treatment of indicated number of bed volumes.  
 
 



82 
 

 
Figure 4.7: Effects of bromide and iodide on HAA9 formation after UFC chlorination 
plotted with associated bromine incorporation factors (BIF).  Results are shown for GAC 
influent and GAC effluent after treatment of indicated number of bed volumes.  
 

 

The effects of bromide and iodide on the formation of all identifiable DBPs, grouped by 

DBP class, are shown in Figure 4.5 for the GAC influent and for the GAC effluent samples at 

different bed volumes.  In the GAC influent, total DBP formation increased from 45 to 70 to 77 

to 110 µg/L as bromide and iodide concentrations increased from 0-0-UFC to 200-0-UFC to 

200-20-UFC to 1000-100-UFC, respectively.  The increase in total DBP formation in the GAC 

influent was primarily driven by an increase THM4 and HAA9, as the two classes made up 

approximately 72%, 76%, 78%, and 90% of the total identifiable DBPs under 0-0-UFC, 200-0-

UFC, 200-20-UFC, and 1000-100-UFC conditions, respectively.   As shown in Figure 4.5, the 

BIF values for all identified DBPs in the GAC influent increased from 0.3 to 1.6 to 1.62 to 2.4 as 

bromide and iodide concentrations increased from 0-0-UFC to 200-0-UFC to 200-20-UFC to 
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1000-100-UFC. The data suggest that elevated bromide and iodide concentrations led to 

increased formation of more toxic brominated THM4 and HAA9 compounds.   

As shown in Figure 4.5, under all spike conditions in the GAC effluent the overall 

formation of DBPs increased over the studied life of the GAC.  The percent reduction in DBP 

formation by the GAC was similar under all spike conditions at each studied bed volume.  For 

example, at 31,500 bed volumes the percent reduction overall DBP formation was only 33%, 

25%, 36%, and 31% at 0-0-UFC, 200-0-UFC, 200-20-UFC, and 1000-100-UFC conditions, 

respectively. The GAC effluent BIF values for all DBPs increased with increasing bromide and 

iodide concentrations, and displayed a similar pattern under all spike conditions, except the 

1000-100-UFC condition. Under 0-0-UFC, 200-0-UFC, and 200-20-UFC conditions total DBP 

BIF values in the effluent increased significantly from the influent value at 9,550 bed volumes 

and then gradually decreased over the studied life of the GAC.  Under the 1000-100-UFC 

condition at 9,550 bed volumes total DBP BIF values dropped below that of the GAC influent 

(2.41) to 2.06 before increasing at 16,550 and 31,500 bed volumes to 2.37 and 2.42, respectively.  

The pattern under the 1000-100-UFC condition may be related to patterns observed in the HAA 

BIF values, described later in this section. 

Under all spike conditions THM4 was the dominant DBP class.  In the GAC influent, 

THM4 formation (Figure 4.6) increased from 24 to 40 to 44 to 66 µg/L as bromide and iodide 

concentrations increased from 0-0-UFC to 200-0-UFC to 200-20-UFC to 1000-100-UFC, 

respectively.  HAA9 was the second most dominant DBP class, and HAA9 formation (Figure 

4.7) increased from 8 to 13 to 16 to 33 µg/L as bromide and iodide concentrations increased 

from 0-0-UFC to 200-0-UFC to 200-20-UFC to 1000-100-UFC, respectively All THM4 

compounds are regulated by the EPA, however of the nine HAAs four (BCAA, DCBAA, 
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CDBAA, and TBAA) are not regulated.  Within the GAC influent, the percentage of unregulated 

HAAs out of all HAAs increased from 0% to 8% to 10% to 21% as bromide and iodide 

concentrations increased from 0-0-UFC to 200-0-UFC to 200-20-UFC to 1000-100-UFC, 

respectively.   

 Within the GAC influent, the BIF values for THM4 (Figure 4.4) increased from 0.37 to 

1.65 to 1.69 to 2.69 as bromide and iodide concentrations increased from 0-0-UFC to 200-0-UFC 

to 200-20-UFC to 1000-100-UFC.  The BIF values for HAA9 (Figure 4.7) increased from 0 to 

1.62 then decreased to 1.53 and then increased to 2.06 as halogen spike concentrations increased 

from 0-0-UFC to 200-0-UFC to 200-20-UFC to 1000-100-UFC.      This suggests that as 

bromide and iodide concentrations increased bromine incorporation for both THM4, HAA9, and 

the sum of all identifiable DBPs increased and that the overall DBP speciation shifted to more 

toxic brominated compounds.  

Under all spike conditions, the increase in overall DBP formation in the RSSCT 1A 

effluent was primarily attributable to increased THM4 and HAA9 formation over the studied 

GAC life.  For example, at 31,500 bed volumes THM4 formation increased from 18 to 33 then 

decreased to 32 and then increased to 52 µg/L as bromide and iodide concentrations increased 

from 0-0-UFC to 200-0-UFC to 200-20-UFC to 1000-100-UFC.  At 16,550 bed volumes, HAA9 

formation increased from 2.8 to 6.8 to 8.4 to 18.1 µg/L as spike conditions changed from 0-0-

UFC to 200-0-UFC to 200-20-UFC to 1000-100-UFC.    

The GAC effluent THM4 BIF values increased with increasing bromide and iodide 

concentrations, and displayed a similar pattern under all spike conditions.  THM4 BIF values in 

the GAC effluent increased significantly from the influent value at 9,550 bed volumes and then 

gradually decreased with increasing treated bed volumes.  Even with a gradual decrease in the 
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BIF at 31,500 bed volumes THM4 bromine incorporation was higher than in the influent at under 

all spike conditions.  For example, under the 200-0 condition the THM4 BIF value increased 

from the influent value (1.66) to 2.21 and then decreased to 2.13 and 1.90 as bed volumes 

increased from 9,550 to 16,550 to 31,500, respectively.   

 
Table 4.5: RSSCT 1A - Bromide to DOC Ratios  

Spike 
Conditions Bed Volumes Bromide to Dissolved Organic Carbon 

Ratio (µmol bromide /µmol DOC) 

0 µg/L Br- &  
0 µg/L I- 

(0-0-UFC) 

Influent 2.07E-03 
9,550 6.65E-03 
16,550 4.00E-03 
31,500 3.03E-03 

   

200 µg/L Br- &  
0 µg/L I- 

(200-0-UFC) 

Influent 2.00E-02 
9,550 6.65E-02 
16,550 3.62E-02 
31,500 2.77E-02 

   

200 µg/L Br- & 
20 µg/L I- 

(200-20-UFC) 

Influent 2.06E-02 
9,550 6.07E-02 
16,550 3.44E-02 
31,500 2.89E-02 

   

1,000 µg/L Br- & 
100 µg/L I- 

(1000-100-UFC) 

Influent 9.54E-02 
9,550 2.93E-01 
16,550 1.68E-01 
31,500 1.39E-01 

 

The pattern in the BIF for all DBPs (Figure 4.5) and THM4 (Figure 4.6) can be explained 

by similar patterns in the bromide to DOC ratio at different bed volumes.  Table 4.5 above shows 

that in the GAC influent the bromide to DOC ratio increased with increasing bromide 

concentrations, and that the ratio increased above the GAC influent at the first studied bed 

volume and then decreased over the life of the GAC.  Virgin GAC effectively adsorbs DOC, but 
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DOC removal will gradually decrease over the service life of the GAC.  Bromide (and iodide), 

however, is not effectively adsorbed by GAC and breaks through into the effluent almost 

immediately.   

For RSSCT 1A and 1B, bromide and iodide were spiked into the GAC influent and 

effluent to model breakthrough of bromide and iodide at elevated levels.  Under all spike 

conditions the bromide to DOC ratio was always higher in the effluent samples than in the 

influent samples, and the ratio decreased as DOC concentrations increased over the service life 

of the GAC.  Therefore, at higher bromide to DOC ratios after chlorination the formed 

hypobromous acid was able to halogenate more organic precursor material than hypochlorous 

acid or hypoiodous acid. 

 The GAC effluent BIF for HAA9 does not display a pattern like that of THM4 and is not 

so easily explained by bromide to DOC ratios.  Under ambient and 200-0 conditions the BIF for 

HAA9 increased sharply out of the GAC and then decreased over the studied GAC life but not as 

gradually as THM4 BIF values.  Under 200-20-UFC and 1000-100-UFC conditions at 9,550 bed 

volumes HAA9 BIF values dropped below that of the GAC influent before increasing at 16,550 

and 31,500 bed volumes.  Under the 1000-100-UFC spike condition the HAA9 BIF values 

decreased from the influent value (2) to 1.3 then increased to 1.8 and 1.9 at 9,550, 16,500, and 

31,500 bed volumes, respectively.  Since HAA9 was such a dominant species in the other 

effluent samples, it’s absence at 9,550 bed volumes under 1000-100-UFC conditions likely drove 

the BIF value for total DBPs down as well. The results for the HAA9 BIF values did not match 

what was expected based on bromide to DOC ratios.  The unexpected BIF results may be due to 

a change in the concentration and/or characteristics of the HAA9 precursor material, or effects 

from the elevated bromide and iodide concentrations.   
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Figure 4.8: Effects of bromide and iodide on emerging DBP formation after UFC 
chlorination plotted with associated bromine incorporation factors (BIF).  Results are 
shown for GAC influent and GAC effluent after treatment of indicated number of bed 
volumes. 
  

Figure 4.8 shows the formation of all emerging DBPs grouped by DBP class at different 

bed volumes and different bromide and iodide concentrations under UFC chlorination 

conditions.  Unlike THM4 and HAA9, increasing bromide and iodide concentrations did not 

always coincide with an increase in emerging DBP formation in the GAC influent.  Emerging 

DBP formation increased from 12.7 to 16.5 to 17.2 then decreased to 11 µg/L as bromide and 

iodide concentrations increased from 0-0-UFC to 200-0-UFC to 200-20-UFC to 1000-100-UFC, 

respectively.  The change in overall emerging DBP formation in the GAC influent was primarily 
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dependent on the formation of HNMs, HANs, HAMs, and HALs, while the formation of I-

HAAs, I-THMs, and HKs was relatively low compared to other emerging DBP classes.  

Under UFC conditions, the emerging DBP BIF values in the GAC influent increased 

from 0.38 to 1.5 then decreased to 1.4 and then increased to 1.8 as bromide and iodide 

concentrations increased from 0-0-UFC to 200-0-UFC to 200-20-UFC to 1000-100-UFC, 

respectively.  Although the emerging DBP BIF increased with increasing bromide and iodide 

concentrations it did not always coincide with an increased overall formation of emerging DBPs.  

Relative to ambient conditions, emerging DBP formation increased with the addition of 200 

µg/L bromide and 20 µg/L iodide, but actually decreased slightly with the addition of 1,000 µg/L 

bromide and 100 µg/L iodide.  The data suggest that while under chlorination conditions 

emerging DBP formation and bromine incorporation increases with increasing bromide and 

iodide concentrations, but that at very high bromide and iodide concentrations elevated THM4 

and HAA9 formation may suppress the overall formation of emerging DBPs. 

As shown in Figure 4.8, total emerging DBP formation in the effluent decreased only 

slightly with increasing bromide and iodide concentrations and displayed similar patterns in 

formation at different bed volumes.  For example, under 0-0-UFC conditions overall emerging 

DBP formation increased from 5.3 to 7.3 then decreased to 6.8 µg/L as bed volumes increased 

from 9,550 to 16,550 to 31,500 bed volumes, respectively.  HANs, HAMs, and HALs were the 

dominant emerging DBP classes in the GAC effluent.  I-THM formation was relatively low in 

the effluent, but was always present and increased with increasing bromide and iodide 

concentrations at all studied bed volumes.   

Percent reduction in emerging DBP formation varied across treated bed volumes and 

halogen spike conditions.  At 9,550, 16,500, and 31,500 bed volumes the maximum percent 
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reduction was 74% under 200-0-UFC conditions, 63% under 200-20-UFC conditions, and 67% 

at 200-20-UFC conditions, respectively.  At 9,550, 16,500, and 31,500 bed volumes the 

minimum percent reduction was 58% under 0-0-UFC conditions, 43% under 0-0-UFC 

conditions, and 55% under 1000-100-UFC conditions, respectively. 

In the GAC effluent, the emerging DBPs BIF increased with increasing bromide and 

iodide concentrations, and displayed a similar pattern under all spike conditions, excluding the 

ambient condition.  Under all experimental conditions, except the 0-0-UFC condition, the 

emerging DBP BIF increased significantly from the influent value at 9,550 bed volumes and then 

dropped sharply to just at or below the influent value at 16,500 bed volumes before decreasing 

slightly at 31,500.   Under ambient conditions, the emerging DBPs BIF increased from the 

influent value of 0.4 to 1 before decreasing gradually to 0.8 and 0.6 at 9,550, 16,550, and 31,500 

bed volumes, respectively.  The results for the emerging DBP BIF may also be explained by 

similar patterns in bromide to DOC ratios as shown in Table 4.5.   

 Under UFC chlorination conditions TOX, total DBP, and emerging DBP formation 

decreased with GAC treatment, but formation increased over the service life of the GAC under 

all bromide and iodide spike conditions.  As bromide and iodide spike concentrations increased, 

TOX, total DBP, and emerging DBP formation increased in the GAC influent and effluent.   

Breakthrough percentages for TOX and total DBPs, but not emerging DBPs, also increased as 

bromide and iodide concentrations increased.   

The TOBr and BIF data show that, in general, under UFC chlorination conditions 

bromine incorporation increased with increasing bromide and iodide concentrations.  The BIF 

data also show that GAC treatment increased bromine incorporation relative to the influent in the 

immediate GAC effluent. Additionally, while the total DBP BIF values decreased over the 
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studied life of the GAC the bromine incorporation of TOX (TOBr) did not decrease under any of 

the spike conditions.  As such, under UFC chlorination conditions GAC treatment appears to 

have reduced overall TOX formation, but not reduced bromine incorporation and its inherent 

toxicity.   
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RSSCT 1B - TOX and DBP Formation under NDMA FP chloramination conditions 

 

 
Figure 4.9: RSSCT 1B – Dissolved Organic Carbon Breakthrough Curve 
 



92 
 

 
Figure 4.10: RSSCT 1B – UV254 Breakthrough Curve 
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Table 4.6: RSSCT 1B – Background Water Matrix Conditions 
Spike 

Concentration 
Bed 

Volumes 
DOC 

(mg/L) 
UV 254 (5 cm 
pathlength) 

Bromide 
(µg/L) 

Iodide 
(µg/L) 

0 µg/L Br- &  
0 µg/L I- 

Influent 1.62 0.138 17.9 < 5 
15,950 0.54 0.015 18.3 < 5 
22,550 0.909 0.033 17.9 < 5 
27,250 1.18 0.081 18.1 < 5  

200 µg/L Br- 
& 0 µg/L I- 

Influent 1.62 0.138 210.3 < 5 
15,950 0.49 0.014 215.5 < 5 
22,550 0.91 0.035 215.8 < 5 
27,250 1.13 0.083 216.1 < 5  

200 µg/L Br- 
& 20 µg/L I- 

Influent 1.62 0.138 222.4 19.5 
15,950 0.53 0.014 215.7 20.5 
22,550 0.91 0.033 215.9 21.9 
27,250 1.13 0.085 215.8 21.3  

1,000 µg/L Br- 
& 100 µg/L I- 

Influent 1.615 0.138 1020.9 93.8 
15,950 0.53 0.022 1024.2 101.8 
22,550 0.91 0.034 1019.7 99.7 
27,250 1.15 0.085 1020.5 99.7 

 

Figures 4.9 and 4.10 show the DOC breakthrough and UV 254 absorbance breakthrough 

over the studied life of RSSCT 1A.  Table 4.6 summarizes the background characteristics of the 

blended sample water used for DBP formation testing. 
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Figure 4.11: Effects of bromide and iodide on TOX formation after NDMA FP 
chloramination.  Results are shown for GAC influent and GAC effluent after treatment of 
indicated number of bed volumes. 



95 
 

 
Figure 4.12: Effects of bromide and iodide on normalized TOX formation after NDMA FP 
chloramination.  Results are shown for GAC influent and GAC effluent after treatment of 
indicated number of bed volumes. 
 
  

Figures 4.11 and 4.12 show the TOX formation in the GAC influent and effluent at 

different bed volumes and different bromide and iodide concentrations under NDMA FP 

disinfection conditions on a mass and molar basis, respectively.  In the GAC influent, TOX 

formation on a mass basis increased from 179 to 195 to 205 to 362 µg/L as the bromide and 

iodide concentrations increased from 0-0-CLM to 200-0-CLM to 200-20-CLM to 1000-100-

CLM.  On a molar basis, TOX formation decreased from 151 to 143 then increased to 156 and to 

249 µg/L as the bromide and iodide concentrations increased from 0-0-CLM to 200-0-CLM to 

200-20-CLM to 1000-100-CLM.  Similar to UFC chlorination, the increase in TOX was 
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primarily attributable to increased formation in TOBr, however, the increase in TOX formation 

was only significant under the 1000-100-CLM condition relative to the other spike conditions.  

When normalized to chlorine (Figure 4.12), TOX formation in the GAC influent was similar 

under all spike conditions, except the 1000-100-CLM condition.  Normalized TOX decreased 

from 151 to 143 µg/L then increased to 156 and 249 µg/L as spike conditions increased from 0-

0-CLM to 200-0-CLM to 200-20-CLM to 1000-100-CLM conditions, respectively.  The data 

show that under NDMA FP chloramination conditions the TOX formation was relatively 

unaffected by elevated bromide and iodide levels except at the highest spike condition. 

 

Table 4.7: RSSCT 1B - % Halogen Incorporation under NDMA FP conditions 
Halogen Incorporation in TOX 

Spike 
Concentration 

Bed 
Volumes 

On Mass Basis On Molar Basis 
%TOCl 

as Cl 
%TOBr 

as Br 
%TOI 

as I 
%TOCl 

as Cl 
%TOBr 

as Cl 
%TOI 
as Cl 

0 µg/L Br- &  
0 µg/L I- 

Influent 76.2% 10.8% 13.0% 90.0% 5.7% 4.3% 
15,950 77.7% 20.2% 2.2% 89.0% 10.3% 0.7% 
22,550 84.1% 10.6% 5.3% 93.1% 5.2% 1.6% 
27,250 90.8% 7.3% 1.9% 96.0% 3.4% 0.6% 

 

200 µg/L Br- 
& 0 µg/L I- 

Influent 54.9% 35.1% 9.9% 75.0% 21.3% 3.8% 
15,950 67.7% 28.9% 3.4% 83.1% 15.8% 1.2% 
22,550 54.8% 38.9% 6.3% 74.2% 23.4% 2.4% 
27,250 57.9% 38.2% 3.9% 76.3% 22.3% 1.4% 

 

200 µg/L Br- 
& 20 µg/L I- 

Influent 58.2% 38.6% 3.2% 76.4% 22.5% 1.2% 
15,950 74.5% 22.6% 2.9% 87.3% 11.8% 0.9% 
22,550 63.5% 31.5% 5.0% 80.5% 17.7% 1.8% 
27,250 58.5% 37.8% 3.7% 76.7% 22.0% 1.4% 

 

1,000 µg/L Br- 
& 100 µg/L I- 

Influent 45.6% 48.4% 6.0% 66.3% 31.3% 2.4% 
15,950 88.2% 9.4% 2.5% 94.8% 4.5% 0.7% 
22,550 34.7% 56.1% 9.2% 55.8% 40.0% 4.2% 
27,250 52.3% 44.4% 3.3% 71.7% 27.0% 1.3% 
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 Table 4.7 displays the percent chlorine, bromine, and iodine incorporated in the TOX, on 

both a mass and molar basis, and how the bromine and iodine incorporation changed with 

increasing bromide and iodide spike concentrations.  In the GAC influent, percent TOCl on a 

mass basis decreased from 76% to 55% then increased to 58% before dropping to 46%, while 

percent TOBr increased from 11% to 35% to 39% to 48% as spike conditions changed from 0-0-

CLM to 200-0-CLM to 200-20-CLM 20 to 1000-100-CLM, respectively.  On a molar basis, 

percent TOCl in the GAC influent decreased from 90% to 75% then increased slightly to 76% 

before dropping to 66%, while percent TOBr increased from 6% to 21% to 22% to 31% as 

bromide and iodide spike conditions changed from 0-0-CLM to 200-0-CLM to 200-20-CLM 20 

to 1000-100-CLM, respectively.   

 Iodine incorporation in the GAC influent was relatively low on both a mass and molar 

basis under NDMA FP chloramination conditions.  On a mass basis, percent TOI decreased from 

13% to 10% to 3% before increasing slightly to 6% as bromide and iodide concentrations 

increased under the 0-0-CLM, 200-0-CLM, 200-20-CLM, and 1000-100-CLM conditions, 

respectively.  Percent normalized TOI decreased from 4.3% to 3.8% to 1.2% before increasing to 

2.4% as spike concentrations increased under the 0-0-CLM, 200-0-CLM, 200-20-CLM, and 

1000-100-CLM conditions, respectively.  

As illustrated in Figures 4.11 and 4.12, on both a mass and molar basis TOX 

breakthrough in the GAC effluent varied with similar patterns under all spike conditions, except 

for the 1000-100-CLM condition.  Under all spike conditions, TOX breakthrough decreased as 

bed volumes increased from 15,950 to 22,550 and increased as bed volumes increased from 

22,250 to 27,250.  On a mass basis, percent TOX breakthrough ranged from 52% to 89%, 23% to 

32%, and 40% to 70% at 15,950, 22,550, and 27,250 bed volumes, respectively.  Percent 
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normalized TOX breakthrough ranged from 53% to 121%, 20% to 33%, and 43% to 66% at 

15,950, 22,550, and 27,250 bed volumes, respectively.  Under all spike conditions at 15,950, 

22,550, and 27,250 bed volumes maximum TOX formation reduction on a mass basis was only 

48%, 77%, and 60%, respectively.  Normalized TOX formation reduction at 15,950, 22,550, and 

27,250 bed volumes, respectively, was only 47%, 71%, and 57%.    

 On both a mass and molar basis, elevated bromide and iodide concentrations did not 

significantly increase the total formation of TOX in the GAC effluent over the studied life of the 

GAC, with the exception of the sample under 1000-100-CLM conditions at 15,950 bed volumes.  

As shown in Table 4.7, percent TOBr did increase with increasing bromide concentrations at all 

the studied bed volumes on a mass and molar basis, however, percent TOBr only increased with 

treated bed volumes under 200-20-UFC conditions.  Under all other spike conditions, percent 

TOBr increased from 15,950 to 22,550 bed volumes and then decreased from 22,550 to 27,250 

bed volumes.   

 TOI formation was also relatively low in the GAC effluent under NDMA FP 

chloramination conditions.  On both a mass and molar basis, TOI formation in the effluent did 

increase with increased bromide and iodide concentrations.  However, TOI formation did not 

necessarily increase with increasing iodide concentrations.  For example, on a mass basis at 

27,250 bed volumes TOI formation increased from 1.8 to 4.9 then decreased to 4.5 then 

increased to 4.8 as spike conditions changed from 0-0-CLM to 200-0-CLM to 200-20-CLM to 

1000-100-CLM.   

It is interesting to note that TOI formation decreased at all studied bed volumes when the 

bromide and iodide concentration changed from 200-0-CLM to 200-20-CLM.  From the data 

presented in Figures 4.11 and 4.12 and Table 4.7, it appears that before and after GAC treatment 
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the observed TOI formation did not increase with decreasing bromide to iodide ratios as the 

spike conditions changed from 200-0-CLM to 200-20-CLM.  However, TOI formation did 

follow this expected trend when elevating bromide and iodide levels to the 1000-100-CLM 

condition.  
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Figure 4.13: Effects of bromide and iodide on total DBP formation after NDMA FP 
chloramination plotted with associated bromine incorporation factors (BIF).  Results are 
shown for GAC influent and GAC effluent after treatment of indicated number of bed 
volumes. 
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Figure 4.14: Effects of bromide and iodide on THM4 formation after NDMA FP 
chloramination plotted with associated bromine incorporation factors (BIF).  Results are 
shown for GAC influent and GAC effluent after treatment of indicated number of bed 
volumes. 
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Figure 4.15: Effects of bromide and iodide on HAA9 formation after NDMA FP 
chloramination plotted with associated bromine incorporation factors (BIF).  Results are 
shown for GAC influent and GAC effluent after treatment of indicated number of bed 
volumes. 
  

Figure 4.13 presents the observed formation of all identifiable DBPs grouped by DBP 

class at different bed volumes and different bromide and iodide concentrations under NDMA FP 

chloramination conditions.  In the GAC influent, total identifiable DBP formation increased from 

64 to 129 then decreased to 115 and then increased to 126 µg/L as spike conditions changed 

from 0-0-CLM to 200-0-CLM to 200-20-CLM to 1000-100-CLM, respectively.  The increase in 

total DBP formation in the GAC influent was primarily attributable to an increase in the 

formation of THM4, HAA9, and HAL.  THM4 constituted for approximately 12%, 23%, 17%, 

and 27% of the total identifiable DBPs under 0-0-CLM, 200-0-CLM, 200-20-CLM, and 1000-

100-CLM conditions, respectively. HAA9 made up approximately 28%, 19%, 18%, and 16% of 
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the total identifiable DBPs under 0-0-CLM, 200-0-CLM, 200-20-CLM, and 1000-100-CLM 

conditions, respectively.  

The BIF data show that, under NDMA FP chloramination conditions, as bromide and 

iodide concentrations increased bromine incorporation increased for THM4, HAA9, and the sum 

of all identifiable DBPs.  In the GAC influent, the BIF for total DBPs (Figure 4.13) increased 

from 0.34 to 1.22 to 1.24 to 1.79 as bromide and iodide concentrations increased from 0-0-CLM 

to 200-0-CLM to 200-20-CLM to 1000-100-CLM conditions, respectively.   

 As shown in Figure 4.13, in the GAC effluent under all spike conditions the overall 

formation of DBPs increased over the studied life of the GAC.  In general, total DBP formation 

and percent DBP breakthrough increased as bromide and iodide concentrations increased, 

however this was not true at every studied bed volume. For example, at 22,550 bed volumes total 

DBP formation decreased from 60 to 48 µg/L as bromide and iodide spike conditions increased 

from 200-20-CLM to 1000-100-CLM.  Additionally, total DBP formation did always increase 

over the service life of the GAC. Under 0-0-CLM conditions, total DBP formation increased 

from 25 to 51 and then decreased to 48 as bed volumes increased from 15,950 to 22,550 to 

27,250.   

 The increase in total DBP formation in the GAC effluent was primarily due to increased 

formation in HALs, of which DBAL was the largest contributor.  HAL formation in the GAC 

effluent increased with increasing bromide and iodide concentrations, but this was not true for 

every studied bed volume.  For example, at 22,250 bed volumes HAL formation increased from 

5 to 7.7 to 7.8 and then decreased to 1 µg/L as bromide and iodide concentrations increased from 

0-0-CLM to 200-0-CLM to 200-20-CLM to 1000-100-CLM.  HAL formation also increased 
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over the studied life of the GAC under every spike condition, but always decreased in 

concentration at 22,550 bed volumes before significantly increasing at 27,250 bed volumes.   

The GAC effluent BIF for total DBPs increased with increasing bromide and iodide 

concentrations.  At 27,250 bed volumes, for example, the BIF for all identifiable DBPs (Figure 

4.13) increased from 0.28 to 1.36 to 1.58 to 1.70 as spike conditions changed from 0-0-CLM to 

200-0-CLM to 200-20-CLM to 1000-100-CLM.  Under all spike conditions and at all studied 

bed volumes the total DBPs BIF was less than 2.  This suggests that while DBP speciation 

shifted slightly towards more brominated compounds with increasing bromide concentrations 

under NDMA FP chloramination conditions, the average species formed was not even di-

brominated.   

However, unlike under UFC chlorination conditions, there were no clear trends in the 

BIF for all identifiable DBPs across the studied life of the GAC.  Generally, the BIF values in the 

GAC effluent samples were lower or similar to those in the GAC influent.  In the samples with 

no iodide spike (0-0-CLM and 200-0-CLM) the BIF values at 15,950 bed volumes exceeded 

those of the corresponding influent values.  However, in the samples spiked with iodide (200-20-

CLM and 1000-100 CLM) the BIF values at 15,950 bed volumes were lower than those of the 

corresponding influent values.  This observation may be due to the increase in iodide and 

subsequent HOI levels, which increases the oxidation of HOI to iodate by HOBr and reduces the 

amount of HOBr available to react and form detectable brominated compounds.   

 Unlike under UFC chlorination conditions, THM4 and HAA9 formation did not always 

increase with increasing bromide and iodide concentrations under NDMA FP chloramination 

conditions.  In the GAC influent, THM4 formation (Figure 4.14) increased from 7 to 30 then 

decreased to 20 and then increased to 35 µg/L as bromide and iodide concentrations increased 
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from 0-0-CLM to 200-0-CLM to 200-20-CLM to 1000-100-CLM.  HAA9 formation (Figure 

4.15) increased from 18 to 25 then decreased to 21and 20 as bromide and iodide concentrations 

increased from 0-0-CLM to 200-0-CLM to 200-20-CLM to 1000-100-CLM.  Furthermore, under 

all spike conditions the combined formation of THM4 and HAA9 was less than the combined 

formation of all identified emerging DBPs.  The THM4 BIF values (Figure 4.14) in the GAC 

influent increased from 0.25 to 1.37 to 1.52 to 2.52 as bromide and iodide concentrations 

increased from 0-0-CLM to 200-0-CLM to 200-20-CLM to 1000-100-CLM conditions, 

respectively.  HAA9 BIF values (4.15) increased from 0.15 to 0.74 to 0.81 to 1.27 as spike 

conditions increased from 0-0-CLM to 200-0-CLM to 200-20-CLM to 1000-100-CLM 

conditions, respectively. 

Of the HAA9 formed in the GAC influent the percentage of unregulated DBPs (only 

BCAA) increased from 19% to 37% then decreased to 36% and 28% as bromide and iodide 

concentrations increased from 0-0-CLM to 200-0-CLM to 200-20-CLM to 1000-100-CLM.    

Similar to UFC chlorination condition results, the data suggest that under NDMA FP 

chloramination conditions at elevated bromide and iodide concentrations there was increased 

formation of THM4 and HAA9 and unregulated HAA9 compounds.  

 THM4 and HAA9 formation also contributed significantly to total DBP formation in the 

GAC effluent, but not on the same scale as HAL or as consistently.  Under all spike conditions, 

except 1000-100-CLM, THM4 formation (Figure 4.14) decreased from 15,590 bed volumes to 

22,250 bed volumes before increasing at 27,250 bed volumes.  Under the 1000-100-CLM 

condition THM formation increased steadily from 10 to 25 to 31 µg/L as bed volumes increased 

from 15,950 to 22,550 to 27,250.  THM4 breakthrough was also high under all spike conditions, 

with percent breakthrough levels at 22,250 bed volumes reaching 284% under ambient 



106 
 

conditions and 113% under 2000-20-CLM conditions. There were no distinct patterns of HAA9 

formation or breakthrough in the GAC effluent.  Figure 4.15 shows that HAA9 was not detected 

at many of the studied bed volumes under all spike conditions, including the later bed volumes, 

making it difficult to identify an accurate pattern in HAA9 formation. 

 Similar to the BIF values for all identifiable DBPs, there were no clear trends in the GAC 

effluent BIF values for THM4 or HAA9.  In general, the GAC effluent BIF values for THM4 

increased with increasing bromide and iodide concentrations, but there were no consistent trends 

in the BIF values over the studied life of the GAC at the different concentrations of bromide and 

iodide.  Due to the lack of formation of HAA9 in many of the GAC effluent samples it was not 

clear if there was a pattern in the HAA9 BIF when comparing GAC treated bed volumes or 

bromide and iodide spike concentrations.    
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Figure 4.16: Effects of bromide and iodide on emerging DBP formation after NDMA FP 
chloramination plotted with associated bromine incorporation factors (BIF).  Results are 
shown for GAC influent and GAC effluent after treatment of indicated number of bed 
volumes. 
 
  

Figure 4.16 shows the formation of all emerging DBPs grouped by DBP class at different 

bed volumes and different bromide and iodide concentrations under NDMA FP chloramination 

conditions.  The data show that elevated bromide and iodide levels only increased emerging DBP 

formation to a certain level.  In the GAC influent, there was greater formation of emerging DBPs 

at bromide concentrations of 200 µg/L when compared to ambient conditions.  However, total 

emerging DBP formation at bromide concentrations of 200 µg/L and 1000 µg/L was similar.  

Emerging DBPs formation increased from 37 to 74 to 74 and then decreased slightly to 72 µg/L 
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as spike conditions increased from 0-0-CLM to 200-0-CLM to 200-20-CLM to 1000-100-CLM, 

respectively. 

Under all spike conditions, HAL formation was the largest contributor to emerging DBP 

formation in the GAC influent, making up approximately 26%, 39%, 44%, and 33% of the total 

formation under 0-0-CLM, 200-0-CLM, 200-20-CLM, and 1000-100-CLM conditions, 

respectively. In the GAC influent, HAL formation increased from 16.4 to 50.0 to 50.3 and then 

decreased to 41.7 µg/L as spike conditions changed from 0-0-CLM to 200-0-CLM to 200-20-

CLM to 1000-100-CLM, respectively.  HAM formation was also relatively high in the GAC 

influent at all bromide and iodide concentrations.  HK formation was significant in the GAC 

influent under ambient conditions, but decreased with increasing bromide and iodide 

concentrations.  I-THMs were also present in the GAC influent under all conditions increased 

from 0.2 to 3 then decreased to 2.8 and then increased to 4.4 as spike conditions changed from 0-

0-CLM to 200-0-CLM to 200-20-CLM to 1000-100-CLM, respectively.   

The emerging DBP BIF values in the GAC influent increased from 0.45 to 1.34 then 

decreased to 1.30 and then increased to 1.63 as bromide and iodide concentrations increased 

from 0-0-CLM to 200-0- CLM to 200-20- CLM to 1000-100-CLM.  Although the BIF values in 

the GAC influent did increase as bromide concentrations increased they never rose above 1.63.  

This suggests that elevated bromide levels did lead to a shift towards brominated emerging DBP 

species, but the “average” emerging DBP species in the GAC influent was only mono-

brominated.  

As shown in Figure 4.16, under NDMA FP conditions total emerging DBP formation in 

the effluent increased with increasing bromide and iodide concentrations at all bed volumes, 

except for 22,250 bed volumes where the lowest formation was under 1000-100-CLM 
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conditions.  For example, at 27,250 bed volumes total emerging DBP formation increased from 

36 to 70 then decreased to 46 and then increased to 75 µg/L as bromide and iodide 

concentrations increased from 0-0-CLM to 200-0-CLM to 200-20-CLM to 1000-100-CLM.  As 

in the GAC influent, HAL was the dominant DBP species for both emerging DBPs and all 

identifiable DBPs and attributed to the high breakthrough of emerging DBPs in the GAC 

effluent.  HAM formation was also relatively high in the GAC effluent, while the formation of 

the remaining emerging DBP classes was relatively low.  

Breakthrough tended to increase with increasing bed volumes and increasing bromide 

and iodide concentrations, however, this was not true under every spike conditions and bed 

volume.  For example, at 22,250 bed volumes emerging DBP formation under NDMA FP 

conditions increased from 17 to 21 and then decreased to 20 and 13 µg/L as spike concentrations 

increased from 0-0-CLM to 200-0-CLM to 200-20-CLM to 1000-100-CLM, respectively.  

Additionally, under 1000-100-CLM conditions as bed volumes increased from 15,950 to 22,550 

to 27,250 emerging DBP formation decreased from 32 to 13 and then increased to 75 µg/L, 

respectively.  At 15,950, 22,550, and 27,250 bed volumes the maximum percent breakthrough 

was 48% under ambient conditions, 44% under ambient conditions, and 105% under 1000-100-

CLM conditions, respectively.  At 15,950, 22,550, and 27,250 bed volumes the minimum percent 

breakthrough was 37% under 200-0-CLM conditions, 27% under 200-20 conditions, and 62% 

under 1000-100-CLM conditions, respectively.    

In general, under NDMA FP chloramination conditions the emerging DBP BIF in the 

GAC effluent increased with increasing bromide and iodide concentrations, however, there were 

no consistent trends in the BIF values across the studied life of the GAC at the different spike 

conditions.  Under ambient and the 200-0-CLM conditions the BIF value at 15,950 bed volumes 
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was higher than the GAC influent value, but lower or similar to that of the GAC influent at 27, 

250 bed volumes.  Under 200-20-CLM and 1000-100-CLM conditions the BIF values at 15,950 

bed volumes were lower than the corresponding GAC influent values, but were higher than that 

of the GAC influent at 27, 250 bed volumes.  At all bed volumes under all spike conditions the 

BIF values for emerging DBPs were less than 1.75.  The data suggest that under 200-20-CLM 

and 1000-100-CLM conditions GAC treatment did increase bromine incorporation, but did not 

significantly shift DBP speciation to more toxic di- and tri-brominated compounds under NDMA 

FP chloramination conditions.  

Under NDMA FP chloramination conditions TOX, total DBP, and emerging DBP 

formation decreased with GAC treatment, but formation increased over the service life of the 

GAC under all bromide and iodide spike conditions.  As bromide and iodide spike 

concentrations increased total DBP and emerging DBP formation increased in the GAC influent 

and effluent.  However, TOX formation in the GAC influent and effluent only increased 

significantly under 1000-100-CLM conditions relative to all other spike conditions. Additionally, 

TOBr formation did not significantly increase as bromide and iodide concentrations increased in 

the GAC effluent at any of the studied bed volumes.   

The BIF data show that, in general, under NDMA FP conditions bromine incorporation 

increased with increasing bromide and iodide concentrations.  The BIF data also show that GAC 

treatment increased bromine incorporation in the immediate GAC effluent under 0-0-CLM and 

200-0-CLM conditions but also decreased bromine incorporation in the immediate GAC effluent 

under 200-20-CM and 1000-100-CLM conditions.  This observation may be related to increasing 

oxidation of HOI to iodate by HOBr as iodide concentrations increased.  However, under all 

spike conditions, except the 0-0-CLM condition, the final studied bed volume had a BIF value 
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higher than that of the corresponding influent value.   As such, under UFC chlorination 

conditions GAC treatment appears to have reduced overall TOX formation, and only increased 

bromine incorporation to a small degree.   
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EFFECT OF PRE-CHLORINATION OF GAC INLFUENT ON TOX AND DBP 

FORMATION CONTROL AND SPECIATION  

 RSSCT 1A, 1B, 2, and 3 data was also compared to determine if GAC treatment with 

pre-chlorination is a viable option for not only reducing TOX and DBP formation in waters 

heavily impacted by bromide and iodide but also for reducing bromine incorporation in the 

organic halogens, as they are suspected to be more toxic than chlorinated species.  Comparisons 

of the RSSCT effluent were not made at the same number of bed volumes, as they were 

separately run RSSCTs.  However, comparisons of the two are viable because all samples were 

chlorinated at similar DOC concentrations and percent DOC breakthrough levels. The 

comparisons are presented and discussed below.   
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Effects of pre-chlorination in 200 µg/L bromide water with chlorination and 

chloramination 

 

 
Figure 4.17: RSSCT 2 – Dissolved Organic Carbon Breakthrough Curve 
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Figure 4.18: RSSCT 2 – UV254 Breakthrough Curve 
 
 
 
Table 4.8: RSSCT 2– Background Water Matrix Conditions 

Bed Volumes DOC 
(mg/L) 

UV 254  
(5 cm pathlength) 

Bromide 
(µg/L) 

Iodide 
(µg/L) 

Influent 1.61 0.124 218.2 < 5 
95.1*  < 5* 

20,500 0.6 0.017 94.9 < 5 
26,550 0.86 0.029 94.9 < 5 
38,000 1.01 0.042 90 < 5 

*Bromide and iodide concentrations after pre-chlorination 
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Figure 4.19: RSSCT 2 – DOC Breakthrough and Bromide Breakthrough Curve 
 

 Figures 4.17 and 4.18 show the DOC breakthrough curve and UV 254 breakthrough 

curve for RSSCT 2 respectively.  Table 4.8 summarizes the background characteristics of the 

blended sample water from RSSCT 2 used for DBP formation testing.  The maximum DOC 

breakthrough measured during RSSCT 2 operation was approximately 63% at 38,000 bed 

volumes.  A bromide breakthrough curve for RSSCT 2 is shown with the DOC breakthrough 

curve in Figure 4.19.  The maximum bromide concentration measured in the effluent was 94.9 

µg/L. An iodide breakthrough curve is not shown because iodide concentrations were always 

below the detection limit (5 µg/L) in the RSSCT 2 effluent 
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Figure 4.20: TOX formation (mass basis) after UFC chlorination in (a) RSSCT 1A water 
and (b) RSSCT 2 water with percent TOX breakthrough 
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Figure 4.21: TOX formation (molar basis) after UFC chlorination in (a) RSSCT 1A water 
and (b) RSSCT 2 water with percent TOX breakthrough 
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Figure 4.22: TOX formation (mass basis) after NDMA FP chloramination in (a) RSSCT 1B 
water and (b) RSSCT 2 water with percent TOX breakthrough 
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Figure 4.23: TOX formation (molar basis) after NDMA FP chloramination in (a) RSSCT 
1B water and (b) RSSCT 2 water with percent TOX breakthrough 
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 Figures 4.20 and 4.21 compare TOX formation under UFC chlorination conditions 

between RSSCT 1A and 2 on a mass and molar basis, respectively. Figures 4.22 and 4.23 

compare TOX formation under NDMA FP chloramination conditions between 1B and 2 on a 

mass and molar basis, respectively.    

As can be seen in Figure 4.21, normalized TOX formation after chlorination was higher 

in the RSSCT 2 influent (99 µg/L) than in the 1A influent (82 µg/L).  This was expected, as the 

RSSCT 2 influent was pre-chlorinated and then chlorinated again under UFC conditions, 

whereas 1A influent was only chlorinated once under UFC conditions.  Normalized TOX 

formation in the RSSCT 2 effluent decreased from 51.4 to 32.1 and then increased to 56.2 µg/L 

as bed volumes increased from 20,500 to 26,550 to 38,000, respectively. TOX formation in the 

RSSCT 2 effluent was slightly higher or similar to the formation in the 1A effluent at all tested 

bed volumes, except the second effluent sample.  Normalized TOX formation was higher in the 

second 1A effluent sample (44 µg/L) than the second 2 effluent sample (32 µg/L).   In general, 

TOBr, TOI, and TOCl formation on a molar basis was similar at all bed volumes except the first 

effluent sample where TOCl formation was higher in the pre-chlorinated effluent.  The data 

suggest that TOX formation control was not improved with pre-chlorination of the GAC influent 

with post-chlorination under UFC conditions.  

 As shown in Figures 4.22 and 4.23, TOX formation after chloramination of the influent 

was higher in the 1B influent (143 µg/L) than in the RSSCT 2 influent (117 µg/L).  This was not 

expected as the RSSCT 2 influent was pre-chlorinated and then chloraminated, whereas 1B 

influent was only chloraminated.  Under NDMA FP conditions normalized TOX formation in the 

RSSCT 2 effluent decreased from 53.3 to 67.4 and then decreased to 65.7 µg/L as bed volumes 

increased from 20,500 to 26,550 to 38,000, respectively.  TOX formation was lower in the in the 
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RSSCT 2 effluent than in the 1B effluent after chloramination at all tested bed volumes except 

the second effluent sample.  Normalized TOX formation was lower in the second 1B effluent 

sample (42 µg/L) than the second RSSCT 2 effluent sample (67 µg/L).  TOBr and TOI formation 

was similar in both RSSCT effluents, but TOCl formation was much greater in the 1B effluent.  

The data show that TOX formation control was only slightly improved with pre-chlorination of 

the GAC influent with post-chloramination under NDMA FP conditions.   
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Figure 4.24: Total DBP formation after UFC chlorination in (a) RSSCT 1A water and (b) 
RSSCT 2 water with corresponding BIF values 
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Figure 4.25: Total DBP formation after NDMA FP chloramination in (a) RSSCT 1B water 
and (b) RSSCT 2 water with corresponding BIF values 
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Figures 4.24 and 4.25 compare the total DBP formation and BIF values in RSSCT 

1(A&B) and 2 under UFC and NDMA FP conditions, respectively.  As shown in Figure 4.24, 

under UFC conditions total DBP formation was lower in the 1A influent (70 µg/L) than the 

RSSCT 2 influent (85 µg/L).  In the GAC effluent under UFC conditions total DBP formation 

was slightly lower in the RSSCT 2 effluent at all tested bed volumes.  THM4 was the dominant 

species in the influent and effluent of both RSSCTs.  However, HAA9 formation was lower and 

emerging DBP formation was higher in the RSSCT 2 effluent.   

As shown in Figure 4.25, under UFC conditions the total DBP BIF value was slightly 

lower in the RSSCT 2 influent (1.5) than in the 1A influent (1.6).  Total DBP BIF values were 

also lower in the effluent under UFC conditions at all bed volumes and never rose above 1.63 in 

the effluent.  The total DBP BIF values in the RSSCT 2 effluent were also lower than the 

corresponding influent value (1.5) at the final tested bed volume (1.35).  The effluent total DBP 

BIF values in the RSSCT 1A effluent never fell below the corresponding influent value (1.6) 

over the studied life of the GAC and the last sample had a value of 1.72.  The BIF data for total 

DBPs show that bromine incorporation was slightly reduced in the GAC effluent under UFC 

conditions with pre-chlorination of the GAC influent.   

Under NDMA FP conditions (Figure 4.25) total DBP formation was slightly higher in the 

RSSCT 1B influent (129 µg/L) than in the 2 influent (119 µg/L).  In the chloraminated GAC 

effluent, total DBP formation was significantly lower in the RSSCT 2 effluent.  THM4 and 

HAA9 formation were similar in both RSSCT effluents, however, there was notably higher 

emerging DBP formation, especially HALs, in the RSSCT 1B effluent.  As such, the data 

suggest that pre-chlorination of the GAC influent significantly reduced total identifiable DBP 

formation in the GAC effluent.   
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The total DBP BIF value was lower in the RSSCT 2 influent (0.87) than the 1B influent 

(1.22) under NDMA FP conditions.  BIF values for total DBPs were also lower in the RSSCT 2 

effluent at all studied bed volumes than in the 1B effluent.  The total DBP BIF values in the 

RSSCT 2 effluent were also lower than the corresponding influent value (0.87) at all studied bed 

volumes. The effluent total DBP BIF values in the RSSCT 1B effluent fell below the 

corresponding influent value (1.21) only once at the second effluent sample.  The BIF data for 

total DBPs show that in addition to significantly reduced total DBP formation, bromine 

incorporation was also reduced in the GAC effluent under NDMA FP chloramination conditions 

with pre-chlorination of the GAC influent.   

 

 

 

 

 

 

 

 

 

 

 



126 
 

 

 
Figure 4.26: Emerging DBP formation after UFC chlorination in (a) RSSCT 1A water and 
(b) RSSCT 2 water with corresponding BIF values 
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Figure 4.27: Emerging DBP formation after NDMA chloramination in (a) RSSCT 1B water 
and (b) RSSCT 2 water with corresponding BIF values 
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 Figures 4.26 and 4.27 compare the emerging DBP formation and corresponding BIF 

values in RSSCT 1(A&B) and 2 under UFC and NDMA FP conditions, respectively.  As shown 

in Figure 4.26, under UFC conditions total emerging DBP formation was lower in the RSSCT 

1A influent (17 µg/L) than in the 2 influent (35 µg/L).  In the chlorinated GAC effluent, 

emerging DBP formation was slightly lower in the RSSCT 1A effluent at all tested bed volumes. 

HAMs, HANs, and HNMs were the dominant species in the influent of both RSSCTs.  HAMS, 

HANs, and HNMS were the dominant species in the RSSCT 2 effluent, while HAMs, HANs, 

and HALs were dominant in the 1A effluent.   

 As shown in Figure 4.26, the emerging DBP BIF values were similar in the influent for 

both RSSCTs under UFC conditions at approximately 1.4.  Emerging DBP BIF values were also 

similar in both effluents at all studied bed volumes under UFC conditions.  The emerging DBP 

BIF values were lower at the final studied effluent sample for both RSSCTs, and the BIF values 

were always between 1 and 2 in the effluent of both RSSCTs.  The BIF data for total DBPs show 

that bromine incorporation was not effected in the GAC effluent under UFC conditions with pre-

chlorination of the GAC influent.   

 Under NDMA FP conditions (Figure 4.27) emerging DBP formation was significantly 

higher in the RSSCT 1B influent (74 µg/L) than in the 2 influent (35 µg/L).  Emerging DBP 

formation was also much in the RSSCT 1B effluent than in the RSSCT 2 effluent at all studied 

bed volumes.  HALs were the dominant DBP class in the influent and effluent of RSSCT 1B, 

followed by relatively high formation of HAMs.  HNMs were the dominant species in the 

RSSCT 2 influent, while HAMs were the dominant species in the RSSCT 2 effluent.  The data 

show that emerging DBP formation was significantly reduced in the effluent over the studied life 
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of the GAC with pre-chlorination of the GAC influent, while at the final studied effluent RSSCT 

1B sample there was nearly 100% emerging DBP breakthrough.   

 The emerging DBP BIF values were lower in both the RSSCT 2 influent (0.83) than in 

the 1B influent (1.34) under NDMA FP conditions.  The BIF values for emerging DBPs were 

also lower in the RSSCT 2 effluent than in the 1B effluent at all studied bed volumes.  The 

emerging DBP BIF values in the pre-chlorinated effluent were also lower than the corresponding 

influent value (0.83) at all studied bed volumes.  The effluent emerging DBP BIF values in the 

RSSCT 1B effluent fell below the corresponding influent value (1.3) only once at the second 

effluent sample.  The emerging DBP BIF data show that in addition to significantly reduced 

emerging DBP formation, bromine incorporation was also reduced in the GAC effluent under 

NDMA FP chloramination conditions with pre-chlorination.   
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Effects of pre-chlorination in 1,000 µg/L bromide and 100 µg/L iodide water with 

chlorination and chloramination 

 

 
Figure 4.28: RSSCT 3 – Dissolved Organic Carbon Breakthrough Curve 
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Figure 4.29: RSSCT 3– UV254 Breakthrough Curve 
 
 
 
Table 4.9: RSSCT 3– Background Water Matrix Conditions 

Bed 
Volumes 

DOC 
(mg/L) 

UV 254 (5 cm 
pathlength) 

Bromide 
(µg/L) 

Iodide 
(µg/L) 

Influent 1.6 0.124 1038.9 98.135 
729*  < 5* 

16,250 0.55 0.013 762.8 < 5 
22,300 0.84 0.029 782.4 < 5 
34,400 1.12 0.054 786.01 < 5 

*Bromide and iodide concentrations after pre-chlorination 
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Figure 4.30:  RSSCT 3 - DOC Breakthrough and Bromide Breakthrough Curve 
 

Figures 4.28 and 4.29 show the DOC breakthrough curve and UV 254 breakthrough 

curve for RSSCT 3, respectively.  Table 4.9 summarizes the background characteristics of the 

blended sample water from RSSCT 3 used for DBP formation testing.  The maximum DOC 

breakthrough measured during RSSCT 3 operation was approximately 70% at 34,400 bed 

volumes.  A bromide breakthrough curve for RSSCT 3 is shown with the DOC breakthrough 

curve in Figure 4.30.  The maximum bromide concentration measured in the effluent was 786.01 

µg/L.  An iodide breakthrough curve is not shown because iodide concentrations were always 

below the detection limit (5 µg/L) in the RSSCT 3 effluent.  
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Figure 4.31: TOX formation (mass basis) after UFC chlorination in (a) RSSCT 1A water 
and (b) RSSCT 3 water with percent TOX breakthrough 
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Figure 4.32: TOX formation (molar basis) after UFC chlorination in (a) RSSCT 1A water 
and (b) RSSCT 3 water with percent TOX breakthrough 
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Figure 4.33: TOX formation (mass basis) after NDMA FP chloramination in (a) RSSCT 1B 
water and (b) RSSCT 3 water with percent TOX breakthrough 
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Figure 4.34: TOX formation (molar basis) after NDMA FP chloramination in (a) RSSCT 
1B water and (b) RSSCT 3 water with percent TOX breakthrough 
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 Figures 4.31 and 4.32 compare TOX formation under UFC chlorination conditions of 

RSSCTs 1A at 1000-100- UFC and 3 on a mass and molar basis, respectively.  Figures 4.33 and 

4.34 compare TOX formation under NDMA FP chloramination conditions of RSSCTs 1B at 

1000-100-CLM and 3 on mass and molar basis, respectively.   

 As shown in Figure 4.32, normalized TOX formation after chlorination was higher in the 

RSSCT 3 influent (197.7 µg/L) than in the 1A influent (98.1 µg/L).  Normalized TOX formation 

in the RSSCT 3 effluent under UFC conditions increased slightly from 54.4 to 57.3 to 62.6 µg/L 

as bed volumes increased from 16,250 to 22,300 to 34,400, respectively.  Normalized TOX 

formation in the effluent was similar for both RSSCTs, ranging from 54 to 65 µg/L over the 

studied life of the GAC.  Normalized TOBr formation in the effluent was also similar for both 

RSSCTs, increasing from approximately 20 to 30 to 50 µg/L as bed volumes increased from the 

first sample to the second sample to the third sample, respectively.  TOI formation was relatively 

low in the influent and effluent of both RSSCTs.  However, relative to RSSCT 1A there was 

significantly higher TOI formation in the RSSCT 3 influent and effluent.  Under UFC conditions 

normalized TOI formation in the RSSCT 3 effluent decreased from the influent value (8.8 µg/L) 

to 5.2 to 2.2 and then increased to 4.1 µg/L as bed volumes increased from the first to the second 

to the third effluent sample, respectively.  In the RSSCT 1A effluent, normalized TOI formation 

decreased from the influent value (3.44 µg/L) to 0.92 to 0.73 and then increased to 0.78 µg/L as 

bed volumes increased from the first to the second to the third effluent sample, respectively. 

 Normalized TOX formation after chloramination of the GAC influents was significantly 

higher in the RSSCT 1B influent (249 µg/L) than in the 3 influent (106 µg/L), as shown in 

Figure 4.34.  TOBr and TOI formation in the influents of the two RSSCTs were similar, while 

TOCl was much higher in the RSSCT 1B influent (165 µg/L) than in the 3 influent (10.2 µg/L).  
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Under NDMA FP conditions normalized TOX formation in the RSSCT 3 effluent increased from 

36 to 86.7 and then decreased to 77.4 µg/L as bed volumes increased from 16,250 to 22,300 to 

34,400, respectively.  There was a large range of error in TOX measurements in the effluents of 

both RSSCTs.  As such, it is difficult to understand and confirm the differences in TOX 

formation for the two RSSCTs.  TOX formation was higher in the RSSCT 1B effluent at all bed 

volumes except the second tested effluent sample.  Normalized TOBr formation was slightly 

higher in the RSSCT 3 effluent at all studied bed volumes, while TOI formation was higher in 

the RSSCT 1B effluent at all studied bed volumes.  TOCl formation was significantly higher in 

the RSSCT 1B effluent than in the 3 effluent at all studied bed volumes.   

 The TOX data for UFC chlorination conditions suggest that TOX formation control was 

not improved with pre-chlorination and that the pre-chlorinated effluent may be more toxic as 

there was higher formation of TOI than in the non-prechlorinated effluent.  Under NDMA FP 

conditions the TOX data suggest that TOX formation control was slightly improved with pre-

chlorination, however there was a large range of error in the effluent samples for both RSSCTs, 

making it difficult to assess the true reduction in TOX formation.  
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Figure 4.35: Total DBP formation after UFC chlorination in (a) RSSCT 1A water and (b) 
RSSCT 3 water with corresponding BIF values 
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Figure 4.36: Total DBP formation after NDMA FP chloramination in (a) RSSCT 1B water 
and (b) RSSCT 3 water with corresponding BIF values 
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 Figures 4.35 and 4.36 compare the total DBP formation and BIF values in RSSCT 

1(A&B) and 3 under UFC and NDMA FP conditions, respectively.  As shown in Figure 4.35, 

under UFC conditions total DBP formation was slightly higher in the RSSCT 3 influent (128 

µg/L) than in the 1A effluent (110 µg/L).  Total DBP formation was lower in the RSSCT 3 

effluent than the 1A effluent at all of the studied bed volumes.  Under UFC conditions, THM4 

was the dominant DBP class in the influent and effluent of both RSSCTs.  HAA9 formation was 

also significant in the influent of both RSSCTs, however HAA9 formation was lower in the 

RSSCT 3 effluent at all studied bed volumes.   

 As shown in Figure 4.35, the total DBP BIF values were similar in the influent of both 

RSSCTs at approximately 2.4.  Total DBP BIF values decreased below the influent value and 

then increased to just above the influent value (2.4) to 2.42 over the life of the GAC in the 

RSSCT 1A effluent under UFC conditions.  In the RSSCT 3 effluent, the total DBP BIF values 

decreased below the influent value (2.4) and continued to decreased over the life of the GAC 

under UFC conditions.  While the BIF values were lower in the RSSCT 3 effluent, the BIF 

values in the effluent of both RSSCTs were relatively high (above 2), where the average formed 

species was at least di-brominated.  

 Under NDMA FP conditions (Figure 4.36) total DBP formation was higher in the RSSCT 

3 influent (176 µg/L) than in the 1B influent (126 µg/L).  Total DBP formation was significantly 

lower in the RSSCT 3 effluent at all studied bed volumes except for the second effluent point.  

THM4 and HAA9 were the dominant species in the RSSCT 3 (pre-chlorinated) influent and 

effluent at all studied bed volumes, except at 16,250 bed volumes were there was no HAA9 

formation.  The dominant DBP class in the RSSCT 1B influent and effluent at all studied bed 

volumes was HALs, except at 22,300 bed volumes where there was very low HAL formation. 
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 The total DBPs BIF value under NDMA FP conditions (Figure 4.36) was slightly lower 

in the RSSCT 1B influent (1.79) than in the RSSCT 3 effluent (2.02).  In the RSSCT effluents, 

the total DBP BIF values were lower in the RSSCT 3 effluents at all of the studied bed volumes, 

except at the second effluent sample, where the RSSCT 1B value was slightly lower than the 

RSSCT 3 value.  Total DBP BIF values in the RSSCT 1B effluent decreased below the influent 

value until the final studied bed volume where the BIF value (1.85) was slightly higher than the 

influent value.  In the pre-chlorinated effluent, total DBP BIF values decreased below the 

influent value and continued to decrease over the studied life of the GAC, with a final measured 

value of (1.34).  The BIF data for total DBPs show that in addition to significantly reduced total 

DBP formation, bromine incorporation was also reduced in the GAC effluent under NDMA FP 

chloramination conditions with pre-chlorination.    
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Figure 4.37: Emerging DBP formation after UFC chlorination in (a) RSSCT 1A water and 
(b) RSSCT 3 water with corresponding BIF values 
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 Figure 4.38: Emerging DBP formation after UFC chlorination in (a) RSSCT 1B water and 
(b) RSSCT 3 water with corresponding BIF values 
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Figures 4.37 and 4.38 compare the emerging DBP formation and corresponding BIF 

values in RSSCT 1(A&B) and 3 under UFC and NDMA FP conditions, respectively.  As shown 

in Figure 4.37, under UFC conditions emerging DBP formation was lower in the RSSCT 1A 

influent (11 µg/L) than in the RSSCT influent 3 (23 µg/L).  Emerging DBP formation under 

UFC conditions was also lower in the RSSCT 1A effluent at all studied bed volumes.  HANs and 

HAMS were the dominant DBP classes in the influent and effluent of both RSSCTs.  I-THMs 

were formed in the influent and effluent of both RSSCTs at similar concentrations.  I-THMs did 

not breakthrough until the second tested bed volume of the RSSCT 3 effluent, while I-THMs 

were present in the 1A effluent at all bed volumes.   

As shown in Figure 4.37, under UFC conditions the emerging DBP BIF values were 

similar in the influent for both RSSCTs at approximately 1.81.  Emerging DBP BIF values were 

also similar in the effluent of both RSSCTs.  In general, for both RSSCTs the emerging DBP BIF 

values in the effluent increased above the influent value (1.81) to just over 2 and then gradually 

decreased to approximately (1.71) at the final tested bed volume.  This suggests that under UFC 

conditions at 1,000 µg/L bromide and 100 µg/L iodide, pre-chlorination of the GAC influent 

slightly increased emerging DBP formation in the influent and effluent but did not have a great 

effect on the emerging DBP bromine incorporation.   

Under NDMA FP conditions (Figure 4.38) emerging DBP formation was significantly 

higher in the RSSCT 1B influent (72 µg/L) than in the RSSCT 3 influent (39 µg/L).  Emerging 

DBP formation was also significantly higher in the RSSCT 1B effluent than in the RSSCT 3 

effluent.  HALs were the dominant species in the RSSCT 1B influent and effluent and were the 

primary contributor to the high formation of emerging DBPs under NDMA FP conditions.  
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HNMs were the dominant DBP classes in the RSSCT 3 influent, while HAMs and HALs were 

the dominant DBP classes in the RSSCT 3 effluent.   

The emerging DBP BIF values under NDMA FP conditions were lower in the RSSCT 3 

influent (1.41) than in the 1B influent (1.64). Emerging DBP BIF values were also lower in the 

RSSCT 3 effluent at all of the studied bed volumes, except at the second effluent sample, where 

the RSSCT 1B value (0.78) was lower than the RSSCT 3 value (1.09).  The emerging DBP BIF 

values in the RSSCT 1B effluent decreased from the influent value (1.63) to 1.52 to 0.78 and 

then increased to 1.69 as bed volumes increased from 15,950 to 22,550 to 27,250 bed volumes, 

respectively.  In the pre-chlorinated effluent under NDMA FP conditions the emerging DBP BIF 

values decreased below the influent value (1.41) and remained relatively constant at 1 over the 

studied life of the GAC.  The BIF data for emerging DBPs show that in addition to significantly 

reduced total DBP formation, bromine incorporation was also reduced in the GAC effluent under 

NDMA FP chloramination conditions with pre-chlorination in the GAC influent.  Additionally, 

the data show that under UFC conditions there was no significant reduction in emerging DBP 

formation or emerging DBP bromine incorporation with pre-chlorination of the GAC influent.    
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SUMMARY OF STUDY RESULTS  

 The objectives of this study were to (1) analyze the effect of GAC treatment and varying 

concentrations of bromide and iodide on the formation and speciation of DBPs and (2) to analyze 

the effect of GAC influent pre-chlorination on the formation and speciation of DBPs two 

elevated bromide and iodide concentrations.  The following tasks were completed to fulfill the 

study objectives:  

1. Designed and built four proportional diffusivity RSSCTs  

a. RSSCT 1A – Ran with ambient concentrations of bromide and iodide and 

disinfected with free chlorine only.  

b. RSSCT 1B - Ran with ambient concentrations of bromide and iodide and 

disinfected with combined chlorine only. 

c. RSSCT 2 – Run with 200 µg/L bromide and pre-chlorinated. 

d. RSSCT 3 – Run with 1,000 µg/L bromide and 100 µg/L iodide and pre-

chlorinated.  

2. RSSCT influent and effluent samples were chlorinated under UFC conditions and 

chloraminated under NDMA FP conditions and analyzed for TOX, emerging, 

unregulated DBPs, and regulated DBPs.  

3. Bromine incorporation factor (BIF) values for each sample were calculated to quantify 

and analyze bromine incorporation in the detected DBPs.   
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RSSCTs 1A and 1B and the Effects of Bromide and Iodide Concentrations 

The RSSCT 1(A&B) study shows that under UFC and NDMA FP conditions total 

identifiable DBP, emerging DBP, and TOX formation increased with increasing bromide and 

iodide concentrations. GAC treatment reduced formation of TOX and DBPs, however, with both 

disinfectants formation increased over the studied life of the GAC at all bromide and iodide 

spike concentrations.  Compound breakthrough trends were distinct in the chlorinated effluent, 

and TOX and total DBP formation increased with increasing bed volumes and bromide and 

iodide concentrations.  Notably, however, emerging DBP formation decreased in the chlorinated 

effluent with increasing bromide and iodide concentrations.  Breakthrough in the chloraminated 

effluent did not follow typical breakthrough trends, with TOX and DBP formation varying with 

increasing bed volumes.  Total DBP and emerging DBP formation, however, also did tend to 

increase in the chloraminated effluent with increasing bromide and iodide concentrations.  

The TOBr and BIF data show that, in general, under UFC and NDMA FP conditions 

bromine incorporation increased in the influent and effluent as bromide and iodide 

concentrations increased.  GAC treatment had different effects on the bromine incorporation 

under the two disinfection conditions.  Under UFC conditions, the BIF values in the effluent 

tended to rise above the influent value and then gradually decrease over the studied life of the 

GAC, but still remain above the influent value.  The BIF values in the chloraminated effluent had 

two distinct patterns, depending on the iodide concentration. At all elevated bromide 

concentrations, however, the BIF value in the final chloraminated effluent sample was higher 

than that of the influent.  As such, the data suggest that GAC treatment increased bromine 

incorporation in the effluent under both disinfection conditions.  
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Chloramines are already being used at many water treatment plants as an alternative 

disinfectant to reduce regulated DBP formation and meet the current regulations.  However, the 

data show that while GAC treatment with post-chloramination reduced regulated DBP formation 

(THM4 and HAA5) it led to increased emerging DBP formation, which consists of compounds 

that are suspected to be more toxic than currently regulated compounds.  Furthermore, GAC 

treatment with post-chloramination can increase the formation of toxic brominated and iodinated 

compounds, both regulated and unregulated, especially in source waters with elevated bromide 

and iodide concentrations.  

GAC treatment with post-chlorination, however, may not necessarily be better than with 

post-chloramination.  There was higher formation of THM4 and HAA9 in the chlorinated 

effluent compared to the chloraminated effluent, which would not help a treatment system meet 

existing regulations.  Additionally, the TOX and BIF data showed that while TOX and total DBP 

breakthrough were lower under UFC conditions, there was a greater level of bromine 

incorporation in the GAC effluent after chlorination.  Brominated DBPs are suspected to be both 

more genotoxic and carcinogenic than chlorinated DBPs, making it possible for a water with low 

DBP yields but high bromine incorporation to still be relatively toxic.  Therefore, it is difficult to 

hypothesize which disinfection method in combination with GAC treatment is better in reducing 

the overall toxicity of the tested water without an associated toxicity study.   
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RSSCT 2 and 3 and the Effects of Pre-Chlorination 

The data from the RSSCT 2 and 3 studies show that with pre-chlorination of the GAC 

influent, TOX and DBP formation in the influent and effluent under both disinfection conditions 

increased as influent bromide and iodide concentrations increased from 200 and 0 µg/L to 1,000 

to 100 µg/L, respectively.  In the GAC effluent there was similar formation of TOX and DBPs 

under both disinfection conditions.  However, while normalized TOX, total DBP, and emerging 

DBP formation was similar in the GAC effluent at all bed volumes, under both disinfection 

conditions with pre-chlorination bromine incorporation was higher under UFC chlorination 

conditions.  This was true for both RSSCTs and was promulgated by the higher BIF values for 

total and emerging DBPs after chlorination.  Additionally, the similar levels of formation in the 

RSSCT 2 and 3 effluent under both disinfection conditions suggest that GAC treatment with pre-

chlorination did remove a significant amount of the reactive organic precursor material and 

significantly reduced DBP formation potential in the effluent.  

RSSCT 2 and 3 results were compared with 1A and 1B results under the 200-0 and 1000-

100 spike conditions, respectively, to understand the effects of pre-chlorination on DBP 

formation and speciation.  In general, RSSCT 2 and 3 data showed that pre-chlorination of the 

GAC influent followed by chlorination did not reduce formation and at some of the studied bed 

volumes actually increased bromine incorporation and potentially the water’s inherent toxicity.  

Pre-chlorination of the GAC influent followed with chloramination, however, did show some 

promising effects.   

In both the RSSCT 2 and 3 effluent, under NDMA FP chloramination conditions total 

DBP and emerging DBP formation and bromine incorporation were lower compared to the 

RSSCT 1B samples.  TOX formation was also lower in the RSSCT 2 and 3 effluent, but to a 
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lesser degree. Pre-chlorination of the GAC influent followed by chloramination under NDMA 

FP conditions reduced the formation of detectable DBPs, however, it is important to note that the 

experimental conditions utilized extremely high mono-chloramine sample concentrations (140 

mg/L) and a relatively long contact time (10 days).  These experimental conditions do not 

represent the typical concentrations and conditions found in a utility’s distribution system, but 

more of a worst-case scenario of formation conditions.  

 

Unidentified TOX  

Another important conclusion from the RSSCT studies is that there are still many 

knowledge gaps concerning DBPs and how GAC treatment may affect their formation. 

Specifically, while the research team was able to identify and quantify 70 individual DBPs (9 

regulated, 81 unregulated) the majority of the measured TOX (TOCl, TOBr, and TOI) under all 

experimental conditions was not identified.   
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Figure 4.39: RSSCT 1A - Percent Unidentified TOX under UFC conditions 
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Figure 4.40: RSSCT 1B - Percent Unidentified TOX under NDMA FP conditions 
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Figure 4.41: RSSCT 2 - Percent Unidentified TOX under UFC conditions 
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Figure 4.42: RSSCT 2 - Percent Unidentified TOX under NDMA FP conditions 
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Figure 4.43: RSSCT 3 - Percent Unidentified TOX under UFC conditions 
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Figure 4.44: RSSCT 3 - Percent Unidentified TOX under NDMA FP conditions 

 
 

Figures 4.39 through 4.44 illustrate the percentage of unidentified TOX on a mass basis 

in the chlorinated and chloraminated influent and effluent for each RSSCT.  On a molar basis, 

the unidentified TOX results are very similar in value and are not presented for conciseness.  For 

each sample the chlorine, bromine, and iodine mass concentration from each detected compound 

was calculated, summed, and divided by the sum of the quantified TOBr, TOCl, and TOI to 

determine the percentage of unidentified TOX.   

In the RSSCT 1A and 1B influent and effluent (Figures 4.39 and 4.40) the range of 

percent unidentified TOX under UFC and NDMA FP conditions was approximately 44% to 

71%% and 26% to 89%, respectively.  Under UFC conditions, percent unidentified TOX 
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decreased with increasing bromide and iodide concentrations.  This was likely due to 

concurrently increasing THM4 and HAA9 formation.  Percent unidentified TOX under NDMA 

FP conditions, however, varied with bromide and iodine concentrations and increasing bed 

volumes.  At many of the studied bed volumes the unidentified TOX was higher in the 

chloraminated samples than in the chlorinated samples.  Figures 4.41 and 4.42 show that in the 

RSSCT 2 influent and effluent the range of percent unidentified TOX under UFC and NDMA FP 

conditions was approximately 52% to 75% and 64% to 77%, respectively. In the RSSCT 3 

influent and effluent (Figures 4.43 and 4.44) the average percent unidentified TOX under UFC 

and NDMA FP conditions was approximately 64% to 75% and 37% to 75%, respectively.   
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Figure 4.45: RSSCT 1A 1000-100-UFC conditions – Measured TOX and identified TOX on 
a mass basis plotted with percent identified TOX 
 

Under all spike conditions in each RSSCT the highest percentage of unidentified TOX 

was in the GAC effluent, typically with the highest unidentified portion at the first studied bed 

volume.  Figure 4.45 above illustrates the low portions of identified TOX in the 1A influent and 

effluent under 1000-100-UFC conditions as an example.  At 9,550 bed volumes in the 1A 

effluent the total detectable TOX on a mass basis was 27.3 µg/L while the total measured TOX 

was 93.5 µg/L.  In this particular sample, there was significantly lower detectable DBP formation 

compared to the influent under 1000-100-UFC conditions, suggesting there was effective 

formation control.  However, the TOX data (Figure 4.45) show that the GAC was already at 50% 
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TOX breakthrough at 9,550 bed volumes and that only 29% of the TOX was detected and 

quantified.   
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CONCLUSIONS AND FUTURE RESEARCH  

One cannot simply conclude that GAC treatment will always help reduce the toxicity of a 

water before it is disinfected and distributed to the public.  GAC treatment can reduce the 

formation of regulated DBPs, as shown in this study and in numerous previous studies.  

However, GAC treatment has varying levels of effectiveness in reducing the formation of 

emerging, unregulated DBPs, and can increase the formation of brominated compounds, 

especially in waters with elevated bromide and iodide concentrations.  The risks associated with 

consuming these brominated compounds is not fully understood, but the literature shows that 

brominated compounds are more toxic than chlorinated compounds.   

 For the source water in this study, pre-chlorination of the GAC influent was shown to 

have no benefits if chlorine was used as the post-GAC disinfectant, while with chloramine there 

was reduced regulated and unregulated DBP formation in the GAC treated water.  However, the 

TOX data for pre-GAC chlorination and post-GAC chloramination show that looming behind the 

reduced DBP formation is a mass of unidentified compounds, of which the inherent toxicological 

risks are not known.   

 To better understand the risks associated with utilizing GAC treatment as an option for 

controlling DBP formation in distribution systems toxicology studies are needed to quantify and 

analyze the effects of GAC treatment on genotoxicity under various source water and 

disinfectant conditions.  Furthermore, it may be impetuous to make recommendations to utilities 

on how to best control DBP formation without a full understanding of the toxicological risks 

associated with GAC treatment and typical disinfection practices.   
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