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ABSTRACT

Disinfection byproducts (DBP) are formed during the reaction of chemical 

disinfectants with natural organic material (NOM). DBPs are potential carcinogens and 

are regulated by the US Environmental Protection Agency (USEPA) under the 

Disinfectant/DBP (D/DBP) rule. High concentrations of NOM in drinking water sources 

used by Alaska’s communities often result in the formation of DBPs during treatment. 

Since surface water sources in the Arctic are frozen for 6-9 months of the year, 

communities are often forced to store raw water for treatment during the winter or treat 

and store enough drinking water during the summer to last through the winter. The 

effects of long-term water storage practice and treatment technology on DBP formation 

was examined in the drinking water systems of 5 rural Alaskan communities. Results 

from this research suggest NOM escaping treatment is likely to react in the storage tank 

producing DBP concentrations well above the estimated DBP formation potential.
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CHAPTER ONE -

Introduction

Justification

This thesis describes the effects of long-term storage on the formation of 

disinfection byproducts in drinking water. Sometimes referred to as chlorinated or 

halogenated byproducts, disinfection byproducts (DBPs) are a general term for a variety 

of compounds formed during the reaction of chemical disinfectants with natural organic 

material (NOM). The regulation of these compounds in drinking water treatment systems 

was instigated by research that found these compounds to pose potentially carcinogenic, 

teratogenic, and mutagenic health risks to both animal and humans. The abundance of 

DBPs in many Alaskan drinking water supplies has anecdotally been attributed to 

prevalent use of surface waters that contain high concentrations of NOM and to increased 

reaction time from long-term storage of disinfected water.

The employment of disinfection chemicals in water treatment was designated a 

federal requirement for surface waters in 1989 under the Surface Water Treatment Rule. 

Disinfectants effectively reduce the risk of waterborne disease from exposure to



microbial contaminants commonly found in surface water sources. In an effort to achieve 

a human health risk balance against the exposure of waterborne pathogens with the 

chemically formed byproducts, the US Environmental Protection Agency (USEPA) 

developed the Stage 1 Disinfectant/DBP (D/DBP) rule, which set concentration limits of 

the four major contributing trihalomethanes or total trihalomethanes (TTHM) and the 

combined five primary haloacetic acids (HAA5) to 80 pg/L and 40 pg/L, respectively.

All small systems in the US serving a population of 10,000 or less will be expected to 

comply with Stage 1 of the D/DBP rule by January 2004 (USEPA, 1998). Still in the 

determination process, Stage 2 of the D/DBP rule will enforce more stringent standards 

that currently propose to reduce TTHM limits to 40 pg/L and HAA5 limits to 30 pg/L.

Although a preliminary survey on disinfection practices has suggested that the 

majority of small systems around the US are not expected to have problems meeting 

Stage 1 D/DBP requirements (Connell, 2000), many Alaskan small water systems are 

expected to struggle with compliance of the new regulation for a variety of reasons. The 

majority of Alaskan water utilities rely on free chlorine derived from calcium or sodium 

hypochlorite as their primary disinfectant, which is most widely implicated in DBP 

formation. Water source selection is often limited to surface water resources due to the 

presence of permafrost in various arctic regions of Alaska. These permafrost ecosystems 

often underlie tundra, which contains soluble NOM that has been shown to react with 

free chlorine (White et al., 2002b). The same communities that utilize permafrost-limited 

surface waters often are forced to store treated water upwards of 6 - 9 months when the 

source waters freeze and become inaccessible. Incorporation of a filtration system is

2



another integral water treatment practice typically used in rural water treatment facilities. 

If not adequately removed during the filtration step of water treatment, the retained 

dissolved organics may continue reacting with the disinfectant while in winter storage. 

Understanding the impacts of long-term storage practices on DBP formation is essential 

for compliance of the D/DBP rule.

Outline o f  Study 

Overall Objective

The objective of this study was to determine the effects of long-term water 

storage, storage practice and treatment technology on DBP formation in the drinking 

water systems of 5 rural Alaskan communities. In an effort to reduce the cost of 

assessing a source waters DBP-formation potential (DBPFP), another objective is to 

determine whether surrogate parameters could effectively predict DBP formation or 

formation potential in water stored over long periods.

Hypotheses

The primary hypotheses of this investigation were as follows.

1. Long-term storage practice will greatly influence DBP formation in water

disinfected with free chlorine. Specifically, TTHM and HAA5 will consistently 

increase over the storage duration, plateauing earliest in waters experiencing 

smaller NOM concentrations in the filtered water.

. 3



2. Initial DBP concentrations measured after short-term storage will indicate which 

utilities are expected to violate Stage 1 D/DBP Rule requirements over long-term 

storage period.

3. Surrogate parameters can be applied to effectively predict DBPFP in raw and 

filtered waters samples subject to long-term storage.

4. Treatment techniques will play a major role in the occurrence of DBPs in stored 

treated water. Some filtration techniques will be more effective in removing 

precursors than other treatment methods typically used in small, rural systems.

Hypotheses Testing

The first task involved sampling from each site’s water storage tank and testing 

DBP formation over a distinct storage period. Significant variations in system 

characteristics, such as water temperature, tank size, chlorine residual, water chemistry, 

consumption rate, and storage duration were expected to make comparison of the field 

study results challenging. Therefore, a second task was completed that involved storing 

and testing treated water DBP formation and untreated water DBPFP over an 8-month 

period. The laboratory investigation provided a means of modeling storage impacts on 

DBP formation under controlled conditions.

Monitoring of various water quality parameters was completed to note any 

internal changes in samples throughout the study and to determine the effectiveness of 

various parameters as surrogate predictors of DBP formation in chlorinated water. 

Detailed descriptions of methods used to test hypotheses are included in the subsequent 

chapters. .
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Thesis Structure

Chapter 2 introduces the pertinent background information necessary for 

understanding the subject material. This chapter discusses the attributes and detrimental 

effects of chlorine as a disinfectant for water treatment practices. The role of natural 

organic matter in the formation of disinfection byproducts is presented. Finally, the 

different treatment technologies employed in Alaskan water treatment systems and 

methods of measuring, predicting, and reducing disinfection byproduct formation are 

introduced.

Chapter 3 discusses the impacts of long-term storage directly on the formation of 

disinfection byproducts in drinking water treated with chlorine. Disinfection byproducts 

under consideration in this study included a group of 5 haloacetic acids and the classic 

trihalomethanes. The results presented in this chapter were from both a laboratory and 

field study completed over an 8-month period. Field samples were collected and tested 

for DBP formation alongside laboratory samples acquired from the same sites at the onset 

of long-term water storage. The results were initially compared with various water 

quality parameters to determine if byproduct formation can be predicted by alternative 

methods of measurement. The results were then evaluated for increasing, decreasing, or 

stable trends in the two groups of byproducts.

Chapter 4 presents the results of an 8-month monitoring program of water quality 

characteristic parameters. The objective of this chapter was to determine which of these 

characteristic parameters could effectively predict the DBP formation in treated waters



and DBPFP in raw and filtered waters. Raw, filtered, and treated waters parameters 

monitored in this study included color, ultraviolet absorbance at 254 nanometers (UV254), 

dissolved component of organic carbon (DOC), chlorine demand, and pH. Reductions in 

measured values of these parameters were observed from raw to filtered, and from 

filtered to treated waters samples. Both raw and filtered water characteristic parameters 

were statistically compared with formation potential results determined on a monthly 

basis over the study course. Parameter effectiveness for predicting formation potentials 

was observed from monthly sampling results and over the 8-month duration.

Chapter 5 utilizes surrogate parameters, treated water DBP formation results, and 

formation potential results to demonstrate the effectiveness of each treatment technology 

evaluated in this study at the removal of precursors. The results presented in this chapter 

were strictly observations for a single sampling event and not intended to represent 

treatment technology efficiency for all systems. Treated water DBP formation 

concentrations throughout the study were compared with UV254 concentrations and 

formation potential of raw and filtered to establish percent removal of NOM for each 

phase of the treatment process.

Chapter 6 provides a summary of the conclusions from the previous chapters.

This chapter also provides suggestions for future investigations, which were founded on 

the results of this research.

6
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CHAPTER TWO - 

Background

Disinfection in Water Treatment

Near the turn of the 19th century, the benefits of disinfection on water quality were 

realized through widespread control of communicable diseases. Disinfection is a process 

that uses chemicals such as free chlorine, chlorine dioxide, ozone, or chloramines to 

render pathogenic organisms harmless through inactivation (USEPA, 2001). A variety of 

water-borne diseases such as typhoid, cholera, and dysentery that plagued the United 

States (Rostad et al., 2000) were no longer a serious threat to public health through the 

application of disinfection to water systems. Despite the direct benefits, research has 

showed that disinfection use was not without risk. The mid-1970 were milestone years 

that included research identifying trihalomethanes (THMs) in finished water as the first 

class of DBP and USEPA first linked chloroform in finished drinking water to 

chlorination processes (Singer 1994). The first regulation of THMs occurred in 1976 

when the National Cancer Institute identified chloroform as a carcinogen. Since then, a 

wide array of DBP compounds have been implicated for their carcinogenic, mutagenic, 

and teratogenic affects on laboratory animals. Epidemiological studies suggest a weak



association between urinary and digestive tract cancer or reproductive and developmental 

effects in people who drink chlorinated water (USEPA, 1998; Singer 1994).

Disinfection Byproducts Precursors

These discoveries and recent regulation have prompted the water industry to 

conducting further investigation into possible sources of and factors influencing 

disinfection byproduct formation. Significant effort has gone into understanding DBP 

formation that have focused on characterization of the compounds, or precursor material, 

that react with the chemical disinfectants in the treated water. A composition of many 

compounds, NOM is a complex mixture of organic material generated by biological 

processes in lakes and reservoirs (autochthonous material) or produced by soils and 

plants in the surrounding watershed (allochthonous NOM) (Nguyen et al., 2002; Croue et 

al„ 2000).

NOM influences drinking water treatment in many ways that include exerting 

demand on coagulants and disinfectants, potentially transporting metals and hydrophobic 

organic chemicals, contributing to biofilm growth and corrosion in distribution systems, 

affecting taste and odor, interfering with removal of other contaminants, and playing a 

significant role in the formation of disinfection byproducts (Jacangelo 1995). These 

factors either combined or alone provide the incentive for understanding the dynamics of 

NOM in drinking water.
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NOM reactivity to form  DBPs

Water supplies contain NOM in many forms that vary in their degree of reactivity 

to form disinfection byproducts. Although the quantity and speciation of DBPs in 

finished drinking water vary with water quality conditions, such as temperature, seasonal 

variability, pH, reaction time and chlorine dosage, the distribution and properties of the 

organic molecules have been found to significantly influence DBPFP. Investigations by 

Nguyen et al (2002), Edzwald (1984), Singer (1994), and Owen et al. (1995) all observed 

seasonal fluctuations in NOM concentration and evaluated properties to gain insight on 

the NOM components contributing to DBP production. These NOM components exist 

in either dissolved, colloidal, or particulate forms and the sum of these parameters are 

commonly measured as total organic carbon (TOC). TOC can be further divided into a 

dissolved component of organic carbon, DOC, that is typically defined as the organic 

carbon content of water passing through a 0.45 pm filter and the colloidal and particulate 

component of organic carbon, which is retained by the filter (McGee, 2002). Because the 

dissolved carbon component is most likely to escape treatment, studies have 

demonstrated that DOC is a significant contributor to the formation of disinfection 

byproducts (Nguyen et al., 2002; Rostad, 2000; Singer, 1995).

Characterization of the dissolved component of NOM material has been 

demonstrated to be important for estimating NOM reactivity to form DBPs in specific 

water treatment processes (Croue, 2000, Harrington et al., 1996). The results of many 

studies demonstrated that the humic component constituted a major fraction of the 

organic matter responsible for production of byproducts in the reaction with free chlorine
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(USEPA, 1984). Humic acids are typically characterized as hydrophobic, colored, 

biologically refractive compounds that contain a high mass fraction of aromatic 

compounds (White et al., 2002a). The most reactive of the highly aromatic humic 

materials are thought to consist of primarily ketonic, phenolic, and methoxyl structural 

groups, and some carboxylic acids, alcohol OH groups, and tannins (Gallard and von 

Gunten, 2002; Rostad, 2000; Reckhow, 1990).

Other findings have demonstrated that non-humic components of organic material 

can be significant in contributing to the production of chlorinated byproducts. The non- 

humic fraction is comprised of primarily hydrophilic acids, proteins, amino acids and 

carbohydrates. A study by Owen et al. (1995) found evidence that the non-humic 

fraction of organics was also a contributor to DBP formation in the distribution system. 

The study findings suggested that the non-humic fraction contributed to a biodegradable 

organic carbon, which is responsible for biological regrowth in distribution systems. 

Hence, the Owen’s study suggested that consideration of the non-humic fraction was 

important when identifying treatment techniques for precursor removal.

Treatment Technology fo r  Removal o f  Precursors

The identification of NOM as a major contributor to byproduct formation has 

research efforts towards developing and evaluating effective methods for its removal 

from finished waters. Possible strategies for controlling DBP formation include source 

control, precursor removal, and use of alternative oxidants and disinfectants (Singer, 

1994). Many Alaskan communities are limited in both available surface water sources 

and employment of disinfection regimes. Disinfection practices are typically limited in
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these remote areas by cost, safe transportation and storage, power, and inability to 

effectively maintain a chlorine residual using alternative disinfectants. Instead most 

utilities will focus on controlling byproduct formation through reduction of precursor 

material in the filtration step. Treatment technologies that have been singled out for 

potential effectiveness at removing precursors include enhanced coagulation, granular 

activated carbon (GAC) adsorption, and membrane filtration.

Coagulation of contaminants has been an important component of high-rate 

filtration in the U.S. since the 1880’s. When properly operated with appropriately 

selected coagulants, filtration enhanced by coagulation can remove a significant portion 

of the NOM fraction contributing to DBP formation (Owen et al., 1995). The 

coagulation process, broadly defined to include chemical addition, rapid mixing, and 

flocculation, is an integral part of larger filtration systems (Jacangelo, 1995). 

Conventional filtration refers to a full-scale treatment process that uses sedimentation, 

coagulation, and filtration to remove particulate and dissolved impurities. Direct 

filtration describes a simplified system that applies coagulation and filtration for particle 

removal, often excluding the flocculation process (Warren, 2000).

Many studies have shown that the lower molecular weight (MW) compounds 

responsible for DBP formation are difficult to remove by either inorganic or organic 

coagulation processes (Randke, 1995, Jacangelo, et al., 1995, Owen et al., 1995,

Edzwald, 1984, Singer et al., 1981). Inorganic coagulants decrease overall NOM 

concentrations by using a variety of mechanisms that result in sorption of the NOM 

molecules to the coagulant floe. Coagulant type (e.g., alum, polyaluminum chloride,

11



ferric sulfate, etc.) or water chemistry (pH, alkalinity, hardness, temperature, etc.) as well 

as NOM character influences the efficacy or an inorganic coagulant (Crozes et al., 1995). 

For instance, a study by Crozes et al. (1995) showed iron coagulants to be more effective 

at removing NOM than aluminum coagulants at lower pH levels.

Provided the correct membranes are selected, membrane filtration is another 

technology found to be increasingly effective at removing NOM (Owen et al, 1995; Jones 

& Woolard, 2000; Naar et al., 2001). Microfiltration (MF) technology removes colloidal 

particles larger than 0 .1 -  0.4 microns. Ultrafiltration technology removes compounds 

with a size of 1,000 to 100,000 atomic molecular units (AMU) making them more 

effective at removing the higher MW fraction of the NOM. Nanofiltration (NF) 

membranes remove lower molecular weight compounds between the size of 100 and 

1,000 AMU. Finally, reverse osmosis membranes only reject any constituents greater 

than 100 AMU in size. All these membrane technologies reject viruses and bacterium

sized particles and cysts such as Giardia and Cryptosperdium (Jones & Woolard, 2000). 

Dual membrane treatment is a term that describes an integrated MF and NF membrane 

system.

GAC adsorption is also widely used to remove natural organic compounds from 

drinking water. Many utilities currently use this technology primarily to control taste and 

odor, but also to reduce synthetic organic compounds and NOM in their water supply 

(Snoeyink & Summers, 1999). Costs associated with a GAC treatment system is often 

greater than other technologies and vary dependent upon its service life for removing 

organics and the need to replace or regenerate it once it has lost its adsorptive capacity

12



(Nowack, 1999). Many investigations have demonstrated GACs various levels of 

effectiveness at removing DBP precursors (Xie et al., 2002; Nowack et al., 1999; 

Snoeyink & Summers, 1999; Owen et al., 1995; Jacangelo, 1995), with treatment 

conditions being a factor in overall NOM removal. In a study using biologically 

activated carbon, Xie et al. (2002) determined biodegradation was the primary 

mechanism for HAA removal over carbon adsorption. Studies have shown changes in 

pH to significantly impact NOM adsorption when using coagulation (Nowack et al., 

1999). Also, coagulation before GAC contact can improve the selectivity of GAC for 

low MW compounds (Jacangelo et al., 1995).

DBP formation and DBPFP analyses

Performed on the bench scale, DBPFP tests are common analytical methods used 

to determine the potential yield of disinfection byproducts for that specific water. 

Although DBPFP does not necessarily represent the amount of DBPs in the treated water, 

it does provide an indirect measure of DBP precursor concentration. The DBPFP tests 

are typically conducted for incubation periods of up to 7-days where a positive chlorine 

residual must be maintained throughout the procedure (Krasner, 1999). The resulting 

disinfection byproduct formation potential yield is dependent on many factors such as the 

character, source and concentration of the DOC and disinfection reaction time, 

temperature, pH, and chlorine residual (Gallard and von Gunten, 2002; Rostad et al.

2000, Amy et al., 1987).

Many studies focused exclusively on understanding DBP formation reaction rates 

through application of DBPFP tests. In a study conducted by Rostad et al. (2000), the

13



performance of both 24-hr and 7-day tests demonstrated that the reaction time 

significantly influenced the overall yield of DBPs by production of higher concentrations 

in the 7-day yields for all water samples. A study managed by Gallard and von Gunten 

(2002) investigated the kinetics of THM formation for periods up to 21 hours to 

determine specific reaction rates for various organic fractions. Varying in degrees for the 

different organic fractions, the study overall found long-term chlorine demand and 

formation of THM were best described by second order kinetics. This supported Rostad 

et al. findings, which concluded that initial THM formation occurs rapidly followed by a 

slower production over extended period of exposure. The mixtures observed for the 

second-order rate constants were attributed to the different natures of NOM. As DBPFP 

test water became precursor limited, a maximum plateau of formation was reached if 

conducted for an adequate duration (Chellam and Krasner, 2001).

Surrogate Parameters fo r  Formation Potential

Although DBPFP tests provide fairly concise measures of precursor 

concentrations, they are often time-consuming and costly to perform. Researchers have 

made collective efforts to substantiate legitimate replacement of the analysis with 

relatively simple, easily measurable, nonspecific indicators (Nguyen et al, 2002, White et 

al., 2002b; Chellam and Krasner, 2001; Rostad et al., 2000; Owen et al., 1995; Singer, 

1995; Amy et al., 1987; Batchelor, 1987; USEPA, 1985, Edzwald et al., 1985; Singer et 

al., 1981). In earlier investigative work, Singer et al. (1981) speculated that these 

surrogate parameters would probably not meet specific monitoring requirements due to 

their unspecific nature and variations in water quality; however, the nonspecific

14



parameters could be useful in everyday water quality evaluation and process control. In 

addition to DBPFP tests, DOC concentrations, ultraviolet absorbance at 254 run (UV254), 

color, and chlorine consumption comprise the primary surrogate parameters currently 

being investigated for effectiveness in precursor quantification.

DOC and UV754

Each technique experienced varying degrees of effectiveness in relation with DBP 

formation and formation potential. Although many studies utilized the collective TOC 

parameter to estimate precursor concentrations in source waters (Chapra et al., 1997; 

Singer et al., 1995 & 1981) this practice is more commonly being replaced in favor of 

examination of DOC constituents. Typically the reactive NOM component retained in 

permeate after water treatment, DOC was determined to have good correlation with 

DBPFP and this dissolved component of organic material was found to contribute the 

most significant portion to DBP formation (White, 2002b, Chellam & Krasner, 2001, 

Owen et al., 1995). Knowledge that dissolved NOM, particularly the humic substances, 

was responsible for DBP formation upon chlorination has led to the subsequent use of 

DOC as a primary surrogate measure over TOC analysis in many studies.

As an independent variable, UV254 exhibited some of the strongest correlation 

characteristics with formation potential in the production of many regulated disinfection 

byproducts (Nguyen et al., 2002; White et al., 2002b; Gallard and von Gunten, 2002; 

Chellam and Krasner, 2001; Rostad et al., 2000; USEPA, 1984, Singer et al., 1981). 

Because UV light at 254 nm is absorbed by aromatic compounds and humic and fulvic
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acids are highly aromatic in structure, this parameter has been shown to effectively 

quantify DBP precursors.

All pure compounds dissolved in water have UV absorbance bands with well- 

defined maximum values at wavelengths that relate to the energy needed to elevate 

electrons in a molecule to a higher orbital. Aromatic compounds have been shown to 

contain three such bands that overlap and merge around the single collective 254 nm 

wavelength (Korshin et al., 1996). Studies by Korshin et al. (1996) and Li et al. (1998) 

suggest this parameter is only a semi-quantitative indicator of NOM concentrations and 

went so far as to measure the differential UV absorbance changes in natural waters 

resulting from chlorination. This extra step provided the specific UV absorbance of the 

NOM due to chlorine uptake by eliminating potential interference of other inorganic ions 

such as nitrate, nitrite, bromate and chlorite. Since most inorganic ions do not 

significantly absorb light at wavelengths greater than 230 nm, this study examined 

exclusively UV absorbance of natural waters at the single 254 nm wavelength.

Color

Statistical analyses performed by Oliver and Thurman (Reckhow, 1990) and 

Singer et al. (1981) illustrated that color could be useful in predicting DBP formation or 

estimating UV absorbance. Both tannins and their humic substance degradation 

products, known DBP precursor material, are highly colored because of multiple 

aromatic ring systems that are in conjugation (Rostad et al, 2000).
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Chlorine Demand

DBP concentrations, rates of formation, and distribution are all affected by 

chlorine contact time and dosage (Croue, 1999). For example, Sung et al. (2001) found 

that the rate of DBP formation depended heavily on dose and the relationship could be 

modeled as either a first or second order equation depending on the end use. This study 

also suggested saturated kinetics was a promising approach for describing the whole 

curve, but not useful for calculating contact time. In a study by Harrington et al. (1996) 

to characterize the NOM responsible for chlorine consumption, pH was shown to 

influence the electron distribution within NOM structures and aqueous chlorine affecting 

their interaction and reaction rates. Since DBP production is attributed to reactive NOM 

compounds, chlorine consumption, defined as the difference between the applied dose 

and measured residual, was evaluated for possible relationships with DBP formation with 

positive results (Chellam and Krasner 2001; Sung et al., 2001; Gallard and von Gunten 

2000; Harrington et al., 1996; Reckhow et al., 1995, Singer et al., 1995).

In the absence of inorganic chlorine demand-causing substances, Chellam and 

Krasner (2001) found chlorine consumed by nanofiltered feedwaters to be a good 

predictor of DBP formation. Initial results demonstrated that chlorine consumption did 

not correlate well with DBP formation in waters rich with inorganic chlorine demand and 

lower precursor concentrations. In another trial within the study, chlorine demand was 

found to have good correlation with water containing no measurable inorganic 

compounds such as ammonium or bromine.
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CHAPTER THREE* - 

Influence of Long Term Storage on DBP Formation

Abstract

Disinfection byproducts are formed in drinking water by the reaction of natural 

organic matter with disinfectant. Five rural communities were evaluated for DBP 

formation in treated drinking water stored for periods of 8 months. Five haloacetic acid 

species (HAA5) and total trihalomethane (TTHM) concentrations were determined for 

both laboratory and field stored treated waters. UV absorbance at 254 nm and chlorine 

demand of laboratory treated waters appeared to predict DBP formation trends in treated 

waters. Increasing chlorine demand and decreasing UV254 suggested DBP formation 

would increase with long-term storage. TTHM concentrations did not increase 

significantly over the 8-month study period. Results suggested rate of formation of 

TTHM species did not exceed loss rates, particularly in waters with lower organic 

content. Final concentrations of HAA5 species measured after long-term storage 

exceeded initial concentrations by as much as 80%.

*To be submitted for publication in Journal o f Cold Regions Engineering as “Impacts of Long-Term 
Storage on Disinbyproduct Formation in Treated Drinking Water,” by Greta'M. McGee, Daniel M White, 
and D. Sarah Garland.



Introduction

The reaction of chemical disinfectants with natural organic matter in water 

sources produces a number of disinfection byproducts (DBPs), including trihalomethanes 

and haloacetic acids. Discovery of the potentially carcinogenic health risks posed by 

these byproducts has prompted their regulation in drinking water treatment systems.

Stage 1 and 2 of the Disinfectant/disinfection Byproducts (D/DBP) rule will regulate total 

trihalomethanes (TTHM) concentrations and 5 of the 9 haloacetic acids (HAA5) that 

form as a result of the disinfection practices. The TTHMs being tested as part of this 

study include chloroform, dichlorobromoform, dibromochloroform, and bromoform. 

Because stable analytical standards and methods for several of the nine HAA byproducts 

have only recently been developed, only five HAA are regulated under the D/DBP rule. 

The HAA5 being examined in this study include monochloro-, dichloro, trichloro-, 

monobromo-, and dibromoacetic acid (MCAA, DCAA, TCAA, MBAA, and DBAA 

respectively).

Many Alaskan community drinking water supplies currently exceed allowable 

DBP concentrations stipulated by the future regulation. The abundance of these 

byproducts has anecdotally been attributed to prevalent use of surface waters that contain 

high concentrations of NOM and to increased reaction time from long-term storage of 

disinfected water.

This long-term storage evaluation had two goals: The first goal involved using 

results from a monitoring program to determine whether a relationship between DBP 

formation and treated water quality characteristics could be established. The water
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quality parameters suggested to predict DBP formation trends include UV254 absorbance 

and chlorine demand.

The second goal involved determining impacts of storage duration on the 

formation of DBPs in laboratory and field treated water samples. The effects of storage 

duration on the rate of DBP formation were analyzed by two separate approaches. The 

first approach involved tracking formation changes of the two byproduct groups in 

laboratory treated samples. The samples were collected directly from the studied water 

treatment plants at the beginning of winter storage and sampled periodically over the 8- 

month study period. Similar disinfection techniques as practiced by utilities were applied 

in the laboratory treated water study. The second approach involved monitoring changes 

in DBP formation of the study-site storage conditions. Utility operators collected 

samples monthly directly from the study site’s storage tank over the study course.

Materials and Methods

Water Types

Five rural community water systems participated in the study, each with unique 

treatment technologies representative of typical small system applications in Alaska.

These communities were selected in part based on historical occurrence of DBP 

formation in their drinking water system (Menough, 2001) or past cooperation in DBP 

studies conducted by the University of Alaska, Fairbanks (White et al., 2002a). Four 

water systems practiced long-term storage of treated water and one system conducted
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year-round water treatment. Table 3-1 summarizes the storage and treatment 

characteristics of these utilities.

Three water types were collected from each community and stored at 4°C for a 

period of 8-months to simulate long-term storage. A total of 5-gallons were collected 

from the raw water supply, 5-gallons from the filtered water (after filtration and prior to 

disinfection) and 5-gallons of treated water from the storage tank. Samples were 

collected after completion of plant water treatment and at onset of winter storage.

Filtration and Laboratory Preparation

Samples were filtered through a 0.45 pm glass-fiber filter prior to analysis for 

DOC, UV254, color, pH, and DBPFP. Aliquots of treated water were unfiltered for 

chlorine residual experiments and DBP formation analysis.

Amber-glass vials and bottles for all laboratory procedures were cleaned, washed 

and ashed at 550°C prior to sample analyses or incubations.

Blanks for experiments used and aqueous reagents were prepared in organic-free 

water using Bamstead purification system according to Standard Method 571 OB.3 

(Clesceri et al. 1998), except where noted otherwise. A solution of sodium hypochlorite 

(NaOCl, 4-6% active chlorine) was used to prepare stock solutions and dose chlorine 

treated water samples. A phosphate buffer with target pH 8.0+/-0.05 was prepared with 

anhydrous boric acid (H3BO3), potassium dihydrogen phosphate (KH2PO4), and sodium 

hydroxide (NaOH) for DBPFP analyses. DOC standard solutions and quality control 

standards were prepared using potassium hydrogen phthalate.
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Table 3-1: Water System Characteristics

System Characteristics Utility 1 Utility 2 Utility 3 Utility 4 Utility 5

Water Source SW - Lake
SW/GW - Infiltration 

Gallery SW - Lake SW - Lake SW - Lake

Treatment Technique
Micro/Nanofiltration 
(Dual Membrane) Bag Filtration

Sand/Cartridge
Filtration

Direct Filtration w/ 
coagulant

Conventional
Filtration

Date of Last Treatment Early September End of September Early September Middle of October continuous

Storage Tank Size (gal) 2 M 400,000 2.2 M 420,000 2 M

Target Residual (mg/L) 0.2 -0.5 0.8-0.9 0 .2-0 .5 0 .2 -0 .5 0 .3 -0 .7

Avg. Residual 
Maintained (mg/L) 0.3 0.25 ADEC 0.15 0.5

Avg. Temperature 45-50 °F 38-42 °F 38-42 °F -5 0  °F 8-10 °C

Water Added? no no no no

Date Last Cleaned? Summer 2000 Summer 2001 Early 1990's
at least 2 years ago 

(new operator) Fall 1999

Effluent pH 78-8.2 yes - ADEC -7 .8

Alkalinity

Hardness

Turbidity _ _ _ 0.05
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Laboratory Analyses

DOC, UV absorbance at 254 nm values, Color, and pH. DOC samples were 

collected bi-monthly, preserved through freezing and analyzed using a Shimadzu TOC- 

5000A analyzer according to combustion-infrared method as described in Standard 

Method 351 OB. DOC concentrations for triplicate filtered samples were acidified to pH 

< 2 with 1 M hydrochloric acid and purged to remove carbon dioxide.

UV254, pH, and true color measurements were performed weekly. UV254 was 

measured using a high-precision Beckman model DU520 UV/visible spectrophotometer 

with a cell path length of 1 cm. Color measurements were determined using an Orbeco- 

Hellige 975MP Water Analysis System according to Standard Method 2120B.3 (Clesceri 

et al. 1998). pH was measured using a VWR Scientific model 8010 pH meter.

DBP Formation and Formation Potential Sample Preparation. DBP 

formation measurements and DBPFP experiments were performed one time each month 

and analyzed for TTHM and HAA5. The initial tests were performed approximately two 

months after samples were collected and placed into storage. Samples for THMFP and 

HAAFP were chlorinated with sodium hypochlorite at variable Cl2 dosages to fulfill 

uniform formation conditions (UFC) specified in the Information Collection Rule 

(USEPA 1996). UFC require that samples be buffered at pH 8.0 +/-0.2, incubated at a 

temperature of 20 +/- 1°C for a duration of 24+/-1 hr and achieve a final chlorine residual 

of 1 .0+/-0.4 mg Cl2/L.

All samples were prepared with a phosphate buffer while select samples were 

supplemented with 0.1 M of phosphoric acid to achieve target pH requirements.



Incubations were conducted in 250-mL amber glass bottles with TFE-lined screw caps. 

All chlorine residuals were tested on an Orbeco-Hellige 975MP Water Analysis System 

(Orbeco, undated) using a DPD colorimetric method for free chlorine. The sample with a 

chlorine residual within the target range and closest to 1 mg/L were placed in 40 mL 

amber vials for THM and HAA5 analyses.

DBP Formation Analyses. Samples for the TTHM analysis were quenched 

using ascorbic acid and acidified with 1 :1 hydrochloric acid as a preservative. Sample 

analysis was conducted by the Applied Science and Engineering Technology (ASET) 

laboratory at the University of Alaska, Anchorage according to EPA Method 524 using 

gas chromatography/mass spectrometry.

Samples for the HAA5 analysis were preserved using 5 g ammonium chloride 

(NH4Cl)/mL. Sample analysis was conducted by the ASET Lab at the University of 

Alaska and by a certified commercial laboratory using EPA Method 552.2 with 

liquid/liquid extraction and gas chromatography/mass spectrometry.

Treated Water Chlorine Residual and Dosing. Treated water chlorine 

residuals were monitored weekly at a minimum using the same method described in the 

previous section - DBP Formation and formation potential. Chlorine residuals were 

monitored weekly and samples were dosed to 1 mg/L with NaOCl when chlorine 

residuals dropped below 0.2 mg/L to simulate typical chlorine dosing practices to storage 

tanks in the field. A cumulative record of chlorine dosage was kept for each treated 

water sample.
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Field Sampling

Field sampling involved the monthly collection of treated water samples by 

system operators from facilities with long-term storage practices. Six samples were 

collected from each site over the period of December 2001 through May 2002. Each 

operator was responsible for collecting three samples into clean amber bottles (i.e. 250 

mL or 1 L). The water samples were collected from a consistent point nearby the storage 

tank, packaged in chilled coolers, and sent by next-day air service to Fairbanks. The 

unpreserved samples were processed within 48 hours for DBP formation testing using the 

techniques described in Laboratory Analyses -  DBP Formation section of this paper.

Results and Discussion

Influence and Indications of Water Quality Characteristics

Previous studies have emphasized the importance of water quality parameters on 

the formation of TTHMs, such as dose of chlorine, concentration of bromide and 

ammonia, pH, temperature, content and type of NOM. For example, in a study by 

Chellam & Krasner (2001), more emphasis was placed on specific qualities, such as the 

chlorination conditions, bromide and DOC concentrations, influencing THM speciation 

to a greater extent than the nature of precursor materials. Individual water quality 

parameters were monitored during this study to determine whether specific conditions 

were ideal for DBP formation and whether any parameters might suggest DBP formation 

trends or relationships. Treated water parameters described in literature to relate with
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DBP formation and considered during this study included DBPFP, DOC, chlorine 

demand, and UV254. Although pH has been shown in many studies to affect byproduct 

formation and speciation in treated water, pH alteration of treated water were not 

practiced in this study. Monitoring pH values over the study period verified that treated 

waters were within a consistent control group; sustaining a close range of pH values 

between 7 and 8 . Water quality parameters shown to demonstrate a relationship with 

DBP formation in this study and discussed in this section include chlorine demand and

u v 254.

Chlorine Demand. A diagram of cumulative chlorine consumed with time in the 

laboratory treated water samples is shown in Figure 3-1. The relationship between DBP
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Figure 3-1: Total Chlorine Consumed by Laboratory Treated Water Samples



27

formation and chlorine consumption was explored by plotting total chlorine consumption 

with final DBP formation results measured at the end of storage. Figure 3-2 and 3-3 

show final TTHM and HAA5 concentrations to be strongly correlated with total chlorine 

consumed the date of final DBP analysis (TTHM r2 = 0.95 and HAA5 r2 = 0.87). These

Figure 3-3: Total chlorine consumed versus final HAA5 concentration at end of storage
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results imply chlorine is continuously reacting with NOM in the treated waters and 

converting into DBPs. Utilities 2 and 4 exerted the greatest chlorine demand of 

approximately 12 and 17 mg/L over the 8-months, respectively. Similarly, these same 

utilities consistently experienced the highest overall concentrations of TTHM and HAA5. 

Utilities 1 and 5, which both consumed the least amount of chlorine from a single dose, 

sustained the least TTHM and HAA levels at or below regulatory limits. No additional 

chlorine consumption after the first chlorine dosage suggests that no reactive NOM 

remained after the first month of treatment.

UV254. As shown in Figure 3-4, UV254 in all treated waters produced 

values ranging from 0 to approximately 0.2 absorbance per cm. Comparing differential
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Figure 3-4: UV254 for Laboratory Treated Water Samples Over Study Period

UV254 with corresponding DBP formation concentrations tested the adequacy of treated 

water UV254 as a predictor of DBP formation. Differential UV254 is the change in UV254
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Figure 3-6: Differential UV25 4 versus final HAA5 concentration at end of storage



at any given instance in storage from the initial UV254 value measured at the beginning o f 

storage. Figures 3-5 and 3-6 show the difference in the final sample UV254 from initial 

UV254 versus the corresponding final sample DBP concentrations. TTHM and H A A 5 

were strongly correlated with differential UV254 having r2 values equal to 0.93 and 0.98 

respectively. The absorbance o f U V  light at 254 nm identifies aromatic compounds and 

humic and fulvic acids with highly aromatic structure, which have been identified as DBP 

precursor material in various studies (Croue, 2000, Harrington et al., 1996). The 

consistent reduction in measured UV254 and its strong correlation with DBP formation 

suggests aromatic organic material is being converted into DBPs over the storage period. 

Consistent with chlorine demand characteristics, the treated waters experienced 

detectable UV254 in magnitudes proportional to TTHM  and H A A 5 formation. In all 

cases, UV254 decreased over the study period, maintaining the same order o f UV254 

throughout. UV254 levels were highest in Utilities 2 and 4 treated water, while lowest 

UV254 was found in Utilities 1 and 5 treated waters. These results suggest that 

differential UV254 values are a useful indicator o f  DBP formation in treated waters.

Laboratory TTHM Formation Observations

The majority of final TTHM concentrations in treated water samples were 

roughly equal to initial measured concentrations (Figure 3-7). The trend lines shown are 

best-fit linear functions. Chloroform was the principal THM species measured in all 

cases; likely due to limited bromide concentrations in the lake and river originated supply 

waters. Sources of bromide include saltwater intrusion, geologically trapped seawater,
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oil-field brines, and industrial and agricultural chemicals (Krasner, 1999). Initial TTHM 

concentrations for laboratory treated water samples ranged from 12 to 435 pg/L, with 

only Utilities 1 and 5 experiencing concentrations below the Stage 1 D/DBP regulatory 

limit of 80 pg/L. The distributions measured in this study are generally higher than in 

other Alaskan surface waters (White et al., 2002a) with two samples experiencing TTHM 

concentrations in excess of 350 pg/L. Sampled and measured 8 months subsequent to the 

initial evaluations, final TTHM concentrations ranged from 8 to 525 pg/L.
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TTHM concentrations of 4 samples tended to decrease or remain constant in the 

first 3 months, whereas one sample consistently increased over this interval, over this 

initial period. Volatilization was considered the likeliest mechanism for TTHM removal



with the rate of TTHM loss exceeding the rate of formation in the treated waters with 

lowest TTHM concentrations. Chloroform has a relatively high Henry’s law constant 

ranging from 160 — 295 atm and that has been shown to evaporate during water treatment 

in less than 2 hours (Rostad, 2000). Since the water storage containers were opened 

regularly to dose with hypochlorite, it was believed that chloroform was periodically 

allowed to purge from the system. These findings do not support hypothesis 1 from 

Chapter 1- Introduction, which stated TTHM would consistently increase with storage 

duration. The aerobic and dynamic conditions of this study are suspected of producing 

results counter to other studies (e.g., Gallard & von Gunten, 2002), which exhibited 

continual increases in DBP concentrations when stored in undisturbed, headspace free 

sample containers. Since the amount of TTHMs lost to volatilization could not be 

measured, it could be shown that hypothesis 1 would not be supported in a open system.

Other mechanisms known to contribute to TTHM reduction include 

biodegradation, photolytic degradation, and abiotic hydrolysis. Maintenance of chlorine 

residuals and cool temperatures suggest that biodegradation was not a likely cause for 

TTHM removal in this study. Likewise, abiotic hydrolysis and photolytic degradation 

were considered less probable sources Rostad et al., 2000).

At various intervals within the of decay due to slow removal rates and controlled 

light conditions, respectively (study, the rate of TTHM formation or accumulation 

appears to exceed the rate of loss; however, overall increases were not significant 

compared with the TTHM concentrations detected at the study outset. TTHM 

concentrations remained mostly constant around 6-7 pg/L and 37-45 pg/L for Utilities 1
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and 5 respectively, demonstrating little fluctuation in overall TTHM concentration. Both 

final and initial TTHM concentrations for these samples fell within the regulatory limits 

stipulated by the Stage 1 D/DBP rule over the entire study. Utilities 2, 3 4 all 

experienced initial and final TTHM concentrations exceeding Stage 1 D/DBP regulatory 

limits. Only utility 4 experienced any significant accumulation of TTHMs, roughly a 

32% net increase, in final treated water TTHM concentrations over the initial TTHM 

concentrations. These results suggest that the rate of TTHM formation exceeded any 

mechanisms for loss in this specific water with high concentrations of NOM precursors. 

Demonstration of NOM precursor concentrations is discussed below in the evaluation of 

characteristic parameters.

A different mechanism that may have produced artificially low TTHM reporting 

levels include analytical problems associated with missed holding times. At several 

points during the study, both TTHM and HAA5 samples were not analyzed within the 

maximum holding times stipulated by the Standard Methods used. Standard methods 

used for this study indicate that TTHM and HAA5 analyses be completed within 2 weeks 

and 1-month, respectively, of sample collection. In some cases, HAA5 samples were 

stored up to 4 months and TTHM samples stored up to 1- month past the maximum 

holding times before analyzed.

A quality control (QC) study was performed to determine whether degradation of 

TTHM or HAA5 species in DBPFP samples stored in excess of maximum holding times 

significantly influenced results. A summary of this study is included in Appendix A - 

Quality Control Analysis. A single DBPFP test was performed on the raw and filtered
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waters. One sample was immediately analyzed for TTHM and HAA5 concentrations and 

multiple samples were stored for periodic analysis. TTHM and HAA formation were 

measured at three stages after sampling to assess changes in concentrations of time. 

Results of the QC study are included in Appendix A. Results from the QC study showed 

that TTHM species with higher concentrations did degrade with time; however, the 

reduction was not significant enough to necessitate alteration of results. HAA5 

concentrations fluctuated both above and below the initial HAA5 sample measured in the 

QC study, although results were within precision limits of the test method. The results of 

the QC study eliminate any variability in analytical procedure as a contributor to scatter 

in study results.

Field TTHM Formation Observations

TTHM formation was determined monthly for 3 of the 5 water systems, Utilities 

1, 2, and 4, using long-term storage. These were acquired for the purpose of comparing 

laboratory results with actual DBP formation experienced in the field. Two utilities 

participating in the laboratory study were excluded from the field study based on changes 

in field storage configurations and limited storage time durations. Figure 3-8 

demonstrates the variation in TTHM concentrations, which are affected by water system 

storage conditions.

These results show that the loss of TTHM in the storage tanks of the sampled sites 

exceeded accumulation by either decreasing or maintaining TTHM concentrations over 

the study period. Consistent with laboratory results, utility 1 experienced concentrations 

well below regulatory limits. TTHM concentrations decreased for utilities 2 and 4 by
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22% and 38% respectively over the study period. Lower TTHM concentrations in field 

samples were attributed to typically lower chlorine residuals in storage tank than 

maintained in laboratory samples. Although chlorine residuals are monitored daily by 

water treatment plant operators, laboratory monitoring of chlorine residuals were limited 

to weekly testing. As a result, overall higher chlorine concentrations were maintained in 

laboratory samples to prevent residuals from dropping below 0.2 mg/L in waters with 

high chlorine consumption.
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Figure 3-8: Field Treated Water TTHM Concentrations

Distribution of Individual TTHM Species

The distributions of individual THM species are shown in Figures 3-9 through 3- 

12 for the laboratory treated samples. As mentioned previously, TTHM concentrations 

were comprised almost entirely of chloroform. The dichlorobromoform species 

contributed generally between 0 and 5% to the TTHM concentration, with higher TTHM
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Figure 3-12: Utility 4 Laboratory Treated Water TTHM Distributions



concentrated waters containing as much as 9% of the species. Trace quantities of the 

dibromochloroform species were measured during the investigation, while concentrations 

of bromoform never exceeded detectable limits at any given point. Field sample 

distributions were comparable to laboratory samples. As expected, these results bromine 

concentrations were almost negligible in study source waters and chlorine-based 

disinfectants were responsible for nearly 95-100% of the byproducts produced.

Laboratory HAA5 Formation Observations

All final laboratory treated water HAA5 concentrations were greater than initial 

HAA5 concentrations, as shown in Figure 3-13. Trend lines on the figure are best-fit
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Figure 3-13: Laboratory Treated Water HAA5 Concentrations



hand drawn lines that consider the fluctuating concentrations. Initial HAA5 

concentrations for laboratory treated water samples ranged from 9 to 57 pg/L, with only 

Utility 5 experiencing concentrations below the Stage 1 D/DBP regulatory limit of 40 

pg/L. This narrow distribution was consistent with HAA5 concentrations for Alaskan 

surface waters (White et al., 2002a). Sampled and measured 8 months subsequent to the 

initial evaluations, final TTHM concentrations for all laboratory treated water samples 

ranged from 25 to 580 pg/L.

Consistent with TTHM formation results, Utilities 1 and 5 experienced HAA5 

concentrations below or near regulatory limits with no net increase over the study period. 

The HAA5 results for the remaining 3 utilities fluctuated significantly, with a major 

deviation between the first and second sampling set. Similar to TTHM results, these 

utilities experienced the highest overall concentrations of HAA5 compounds that 

exceeded regulatory limits of the Stage 1 D/DBP regulation at all stages of the study 

period. Net increases in HAA5 formation for utilities 3, 2, 4 were 68%, 80%, and 87% 

respectively over the storage duration.

In these same three utilities, the majority if not all of this increase in HAA5 

formation occurred between the first and second month of sampling. This spike in HAA5 

formation was followed by a gradual decrease for two months that progressed into a 

gradual accumulation of HAA5 species for the duration of the study. Of the utilities 

experiencing greater concentrations of HAA5s, only one appeared to reach an 

equilibrium state while the other two continued to accumulate HAA5 species. These 

results suggest that treated waters more susceptible to DBP formation are likely to
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experience an abrupt increase in HAA5 after a short storage duration. The rate of HAA5 

formation with continued storage seems to either maintain equilibrium or increase 

slightly with time.

Figure 3-14 depicts an alternative trend or possible outcome in HAA formation 

for the five laboratory HAA5 samples based on the exclusion of the first sample point. 

The lines depicted in the figure are linear functions that best fit the HAA5 concentrations,
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Figure 3-14: Alternative Laboratory Treated Water HAAS Concentrations Excluding First Sample Event

with the exception of Utility 4, which has been connected point to point. This alternative 

projection is based on the possibility that analytical procedures for the first sampling 

event were erroneous. Although overall trends are similar towards the end of storage, 

this variation suggests that most HAA5 formed during the storage process occur during



the early stage of storage and only minor concentrations of HAA5 species accumulate 

over the last few months of storage. Utility 4 indicates that at some time during the 

storage process, HAA5 species are lost and gradually begin to accumulate with extended 

storage. In this instance, overall concentrations never exceed HAA5 formation 

experienced during early stage of storage.

In both instances, overall HAA concentrations increased during the study period 

in all samples except utility 4. The trend of consistently increasing HAA5 formation did 

not occur as stated in hypothesis 1. Less is known about the fate of the haloacetic acid 

species in water than the more abundantly studied trihalomethane species. It is known 

that water-soluble HAA5 species are less likely to be removed by adsorption to sediments 

than TTHMs and are not as likely to volatize based on their relatively low vapor 

pressures and Henry’s law constant (Rostad et al., 2000). Microbial degradation is 

possible mechanism for removal of HAA5 species from the aqueous phase. Studies have 

demonstrated that MCAA, DCAA, and TCAA are most rapidly dechlorinated to non- 

persistent products primarily through microbially mediated hydrolysis (Ellis et al., 2000, 

Hashimoto et al., 1998). The most rapid of these, chloroacetic acid has been found to 

degrade with a half-life of 3.4 h (Rostad et al. 2000). Dehalogenation of the chlorinated 

acetic acid species is accomplished by dehalogenases, inducible enzymes with broad 

substrate specificity found in many microbes (Ellis et al., 2000).

Other mechanisms for reduction of HAAS species must be considered in treated 

drinking water. The purpose of disinfection is the inactivation of microbial bacteria and 

other protozoa. Maintaining higher chlorine residuals and using clean containers for
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sample storage should retard microbial degradation in laboratory samples. These results 

suggest that other mechanisms may be responsible for the reduction or lack of 

accumulation of HAA5 species, including variability in analytical procedures. In this 

study, the first two samples were analyzed by a different laboratory and according to a 

different EPA method than the subsequent 6 samples. A commercial lab using Standard 

EPA Method 552.1 analyzed the first two samples, while all successive samples were 

analyzed according to Standard Method 552.2 by University of Alaska, Anchorage ASET 

laboratory. Although one method was not believed to be superior to the other, the 

difference in methods may attribute variation in reported HAA5 concentrations.

Field HAA5 Formation Observations

Treated water sampled from the storage tanks yielded very different results 

compared with the laboratory analyses as shown in Figure 3-15. HAA5 field results are 

connected with a line to accentuate the abrupt variability between monthly sampling 

events. Utilities 1, 3, and 5 HAA5 formation results were well below regulatory 

standards, with values at or near zero. Utilities 2 and 4 field treated waters showed an 

initial increase in HAAS formation to levels around 200 and 375 pg/L, respectively, at 

the study outset. While utility 2 maintained a consistent level around 200 pg/L over the 

study duration, the last measurement abruptly decreased to a zero value. Following a 

similar trend, Utility 4 ’s second sample measured a HAA5 concentration of 371 pg/L, 

which was immediately followed by a finite dissipation to zero.
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Microbial degradation is a possible source of HAA5 reduction in the field 

storage tanks. A study by Zhang et al. (2002) implicated microbial degradation as the 

source of decreasing HAA species from reservoir waters. Lower chlorination levels in 

field storage tanks were likely responsible for an overall lower concentration of reported 

HAA5. Although chlorine residuals are monitored daily by water treatment plant 

operators, laboratory monitoring of chlorine residuals were limited to weekly testing. As 

a result, overall higher chlorine concentrations were maintained in laboratory samples to 

prevent residuals from dropping below 0.2 mg/L in waters with high chlorine 

consumption.
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Distribution of Individual HAA Species

Distribution diagrams for the individual HAA5 species of laboratory treated 

waters are shown in Figures 3-16 through 3-19. The HAA5 species were comprised 

mostly of TCAA and DCAA. Brominated acetic acid species contributed minimally to 

the total HAA5 concentration. Detected levels of TCAA were fairly consistent over the 

study duration, while DCAA was responsible for significant variation between monthly 

samples. These results were consistent with studies that have shown TCAA to have 

greater persistence in reservoir waters than both the DCAA and MCAA species (Ellis et 

al., 2000).

The distribution of individual HAA species in field samples was shown in Figures 

3-20 through 3-23. Samples taken from storage tanks with overall lower concentrations 

of HAA were comprised of mostly TCAA species. The two utilities with greater overall 

HAA5 concentrations consisted mostly of the DCAA species. The prevalence of the 

TCAA species in laboratory samples was likely a result of exposure to higher chlorine 

concentrations. An analysis of many studies performed by Singer (1994) found that 

higher doses and residuals favor the formation of the trihalogenated HAA over the di- 

and monohalogenated HAA5.

Comparison of TTHM and HAA5 Results

Results suggest that overall, HAA5 concentrations increased significantly in some 

cases and TTHM concentrations remained fairly constant over the 8-month study period.
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Figure 3-16: Utility 1 Laboratory Treated Water HAA5 Distribution
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Figure 3-18: Utility 3 Laboratory Treated Water HAA5 Distribution

Figure 3-17: Utility 2 Laboratory Treated Water HAA5 Distribution

Figure 3-19: Utility 4 Laboratory Treated Water HAAS Distribution
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D)3

o
& &

Date

■ DBAA
□ TCAA
□ DCAA
□ MBAA
□ MCAA

Figure 3-22: Utility 3 Field Water HAA5 Distribution

Date

■ DBAA
□ TCAA
□ DCAA
□ MBAA
□ MCAA

Figure 3-21: Utility 2 Field Water HAA5 Distribution

3
in
1
X

400 7 
350 
300 
250 
200 
150 
100 
50 
0

^  C?'

■ DBAA
□ TCAA
□  DCAA
□ MBAA
□ MCAA

Date

Figure 3-23: Utility 4 Field Water HAA5 Distribution



Despite the significant fluctuation experienced between monthly samples, a few of the 

individual month HAA5 and TTHM results were strongly correlated and the others are 

poorly correlated, as shown in Figure 3-24. This figure demonstrates that changes in 

TTHM and HAA5 concentrations throughout the study did not follow a similar or 

comparable relationship. Because of fluctuating values and variability between 

concentrations over the sampling study, specific HAA5 versus TTHM production rates 

cannot be ascertained for any given point in the study. However, these results suggest 

that treated waters experiencing high TTHM concentrations, such as Utilities 2, 3, and 4, 

were likely to have comparably high HAA5 formation rates with long-term storage.
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Different rates of TTHM and HAA5 production may be credited to variability of 

NOM. Although the rate constants were not easily determined, a study by Gallard and



von Gunten (2002) suggested differences in the rate constants were attributed primarily to 

variation in the NOM  composition. For instance, the study found the kinetic o f TTHM 

formation from phenols were more consistent with the kinetic o f slow TTHM precursors 

contained in natural waters.

Conclusions

Differential changes in UV254 absorbance (i.e. initial UV254 -  final UV254) and 

total chlorine consumed at a given instance in storage were strongly correlated to with 

DBP formation at that same instant in storage for the laboratory samples. The 

continuously decreasing UV254 absorbance and increasing chlorine consumption over the 

study period suggested that aromatic NOM was being converted to form DBPs during the 

long-term storage duration. These observations provided the basis for assuming the 

accumulation o f DBPs in long-term stored treated water.

UV254 and chlorination conditions o f the treated waters measured for each sample 

period corresponded well with TTHM and H A A  formation. Having lower TTHM and 

H AA concentrations, utilities 1 and 5 were found to consume the least amount o f chlorine 

and have lower UV254. Having the highest UV254 and exerting chlorine demand 

continuously through the study period, utilities 2 and 4 produced the most abundant 

TTHM and H A A 5 concentrations in the laboratory study. Also, these utilities were the 

only ones to accumulate H A A 5s in the field samples during the storage period. Further 

investigation into the use o f  these water quality parameters as substitute measures o f DBP 

formation, or surrogate parameters, is investigated in Chapter 4 .
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Initial TTHM and HAA concentrations measured after short-term storage were 

useful for indicating which waters were likely to violate the Stage 1 D/DBP regulation 

limits. In one case, one laboratory treated water, Utility 5 with initial HAA5 

concentrations measuring below the regulatory limit, increased DBP concentrations after 

months of storage in excess of the regulatory limit set for that group of DBPs. In general, 

results suggested that utilities expected to violate D/DBP regulations were identifiable 

after a short storage period.

Although TTHMs and HAAs were abundant throughout the storage duration, the 

losses experienced throughout the study balanced any accumulation of either byproduct 

in lower UV254, DOC, and chlorine demanding waters. TTHM concentrations increased 

only slightly with long-term storage in laboratory treated waters and decreased overall in 

field treated waters. Higher UV254 waters accumulated HAA5 species over the study 

period, with concentrations increasing up to 80% over initial values if using all analytical 

results.

Chlorine contact time and residual concentrations played an important role in 

DBP formations. Overall, laboratory treated waters experienced overall higher 

concentrations through all periods of storage than field treated waters. This discrepancy 

in part was attributed to water operators maintaining consistently lower chlorine residuals 

in field storage tanks. In addition to chlorine strength, water chemistry, temperature, 

volatilization, and other variables were expected to attribute to the observed differences 

in DBP concentrations measured between the field and laboratory study.
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CHAPTER FOUR - 

Effectiveness of Surrogate Parameters for Estimating DBP 
Formation

Introduction

The primary standard method for estimating what quantities of total 

trihalomethane (TTHM) and the five primary haloacetic acid (HAA5) concentrations in 

natural waters containing organic substances is performance of DBPFP tests. Many 

studies have demonstrated that variations in temperature, pH, precursor source and 

concentration, chlorine dosage, bromide levels, and reaction time all directly influence 

formation potentials (Chellam, 2001, Gallard and von Gunten, 2000, Crozes et al., 1995, 

Owen et al., 1995, Reckhow et al., 1990). In one of many studies, Amy et al. (1987) 

attempted to develop linear and nonlinear multiple regression models for predicting the 

THM formation potential (THMFP) and kinetics using a variety of water quality 

characteristics for natural waters. The statistical and kinetic models provided insight into 

the nonlinear relationship of the water quality parameters with DBPFP; however, the 

substantial cost and effort required to analyze these DBPs made this alternative to 

predicting formation potential impractical. New techniques using surrogate parameters 

have since been developed that more easily, rapidly, and inexpensively predict DBPFP.



Although sometimes limited by their nonspecific nature, these substitute measurements 

can be helpful to utilities monitoring operation and performance.

This chapter describes the trends of raw, filtered, and treated water characteristic 

parameters and their relationship to DBPFP. Characteristic parameters are qualitative 

measurements unique to a specific water sample. A surrogate parameter is distinguished 

from a characteristic parameter when it is shown to effectively act as a substitute measure 

of a quantity of interest. The purpose of this section is to identify surrogate parameters 

effective at predicting DBPFP at a specific instance in time or throughout storage 

duration. Parameters considered as part of this study included DOC, UV254, color, and 

chlorine demand. Although treated waters exhibit chlorine demand, only chlorine 

consumption in raw and filtered formation potential tests were considered in this analysis. 

Raw, filtered and treated waters were monitored over the 8-month period for any changes 

in characteristic parameters.

The study reported in this section of thesis had three goals: The first goal was to 

observe and report trends in characteristic parameters over storage duration. This 

exercise was to eliminate poorly developed data and identify variations in standard water 

quality characteristics between phases of water treatment. Secondly, correlations 

between characteristic parameters and TTHM and HAA5 monthly concentrations from 

DBPFP tests were generated. Linear correlations were performed on monthly data and 

trends for individual sample sets, as well as for long-term trends, were either identified or 

dismissed. The final goal was to determine a method of predicting DBPFP using 

surrogate parameters for raw and filtered waters subject to long-term storage.
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Materials and Methods

Sample preparation and laboratory analyses followed the methods described in 

Chapter Three. The surrogate parameter data described in Chapter 3 is a subset of the 

complete data set presented in this chapter. Results and discussion of characteristic 

parameter monitoring and relevance with DBPFP is covered in greater detail in this 

chapter.

Results and Discussion

Trends of Characteristic Parameters Over Time

Many studies have indicated that color, DOC, UV254 and chlorine demand have to 

some degree effectively been used to identify NOM concentration and DBPFP in a 

variety of waters. A program was established to monitor these parameters over an 8- 

month period in raw, filtered and treated water samples. Overall, most characteristic 

parameters exhibited a propensity to decrease over the study period. Specific trends are 

discussed in greater detail below.

Color. Raw, filtered, and treated water color results are shown in Figures 4-1 

through 4-3. As with all subsequent figures, U1 -  U5 shown in the legend represent 

Utilities 1 - 5  described previously in Chapter 4. Highly colored raw waters with initial 

values over 50 color units (cu) decreased by 15-25% over the study period. Neither 

significant increases nor decreases in color were detected in the low colored raw waters 

with values less than 20 cu. As shown in the figures, significant fluctuation was
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experienced between weekly samples for raw water color. In an attempt to illicit clearer 

trends, monthly averages of color were plotted over time with no significant 

improvement in data clarity. Specific color characteristics were difficult to ascertain by 

either method. Fluctuations in data are likely attributed to the Orbeco device used to 

measure color that appears to have an accuracy range of +/- 10  cu or possibly an effect of 

minimal disturbance in the water containers prior to sampling. Scatter is also apparent 

but minimized in the filtered water color measurements, which were significantly reduced 

to values less than 25 cu. The treated water color measurements decreased further, with 

the majority of values maintaining less than 5 cu.

These results suggest that color is significantly removed during the filtration and 

disinfection processes and that further reduction occurs with storage. However, the lack 

of consistent measurement from week to week suggests that these specific data should be 

applied as surrogate measures of DBP precursors with some hesitation. Average monthly 

values will still be compared with DBPFP to determine if any general correlations can be 

observed for benefit of future investigations.

DOC. DOC findings for all water types were similar in nature and therefore only 

represented here by the filtered water shown in Figure 4-4. In this case, a wide range of 

variation with mixed tendencies was exhibited in filtered waters with DOC over 5 mg/L 

in the first three months of testing. Improvements to the testing procedure appeared to 

have promoted data stabilization and clarity in the final months of storage.
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Improvements in test procedure included introduction of quality control measures and 

redundant sampling. Although the initial DOC results were not useful for comparing 

DBPFP or indicating long-term trends of water storage, final DOC values will be 

evaluated later in this chapter for potential use as a surrogate measure for DBPFP.

UV254. Raw, filtered, and treated water UV254 is plotted respectively in Figures 4- 

5 through 4-7. Raw and filtered water UV254 absorbance remained relatively stable over 

the 8 month period with no net change from the initial observations. UV254 absorbance 

decreased appreciably in treated waters with higher initial UV254 absorbance. This 

decreasing phenomenon was a result of destruction and/or alteration of UV absorbance 

during the reaction of aromatic units with chlorine (Korshin et al., 1996). Utilities 4, 2, 

and 3, with initial treated water UV254 of 0.151, 0.098, and 0.083 /cm, eliminated 

approximately 40, 43, and 28%, respectively, of their UV254 absorbance over the 8-month
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period. Utilities 1 and 5 treated waters with lower initial UV254, less than 0.05 /cm, did 

not experience a net change over the study period. Although a loose relationship, UV254 

trends appeared to follow those of decreasing color with storage.

Chlorine Demand. Based on disinfection practices, chlorine demand 

characteristics of the raw and filtered waters must be represented differently from the 

chlorine demand exerted by the treated water. Figure 4-8 shows chlorine demand for the 

raw and filtered waters from individual 24-hr DBPFP tests performed over the study 

duration. ‘R’ and ‘F’ labels adjacent utility markers in legend represent raw and filtered 

water samples, respectively. Similar to other characteristic parameters results, overall 

trends indicated a decrease in demand by all waters with the high demand waters 

experiencing the greatest reduction in consumed chlorine. At the end of the study period, 

all waters appeared to have attained maximum chlorine consumption (i.e. no further 

decrease in chlorine demand) with the exception of Utility 4, which appeared to continue 

declining. Fluctuation in individual test results were defensible based on the acceptable 

ranges allowed for DBPFP test performance according to Standard Methods (Clesceri et 

al, 1998). Slight variations in application of concentrated dosing solution and bottle sizes 

was the likeliest source for these irregularities.

The total free chlorine consumed by the laboratory treated waters over the study 

period was previously shown as Figure 3-1 of Chapter 3. In summary, Utility 2 and 4 

exerted the greatest chlorine demand of approximately 12 and 17 mg/L, respectively, 

over approximately an 8-month period. It is important to note that these same two 

systems had the highest filtered water UV254 of all the systems evaluated. Both utilities 1
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and 5 exerted the least demand of approximately 1 mg/L. Similarly, these utilities 

demand values correspond to the lowest UV254 for filtered waters. After the first month, 

no additional chlorine demand was exerted in the treated waters from these systems. This 

result suggests that no reactive NOM remained after the first month.

DBPFP Results

DBPFP tests today are the most widely used and generally accepted as the most 

effective method for identifying precursor concentrations in unchlorinated waters.

Results from these tests were essential to compare the useful application of surrogate 

parameters. In the case of this study, all source waters originated from remote sites free 

of anthropogenic ally deposited chlorine. Interference of chlorine from outside sources 

was not expected to impact DBPFP results. Existing DBP concentrations in source 

waters that interfere with DBPFP results are a realistic consideration in populated regions 

where water usage is high (Rostad et al., 2000).

Results of TTHMFP and HAA5 formation potential (HAAFP) tests on raw and 

filtered waters are presented in Figure 4-9 and 4-10. Although the results show both 

TTHMFP and HAAFP experiencing slight variation from month to month, trends were 

clearly discemable in most cases. Initially, TTHMFP was shown to decrease rapidly 

followed by a gradual reduction that plateaued out at final values less than 200 pg/L for 

all samples except one. Utility 4 raw water produced the highest initial TTHMFP 

concentrations of approximately 1600 pg/L, which decreased with sampling and 

stabilized to 1000 pg/L. This result was uniquely different from all the other samples
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that had initial maximum concentrations below 500 pg/L. Consistent with characteristic 

parameter trends, highest color and UV254 waters exhibited the greatest initial and final 

formation potential values. Results indicate that reactive organic matter that contributes 

to TTHMFP was relatively unaltered during the storage process and likely settled out into 

less reactive particulates. This trend suggested that storage of raw or filtered water will 

not contribute to elevated TTHM concentrations at the time of disinfection beyond 

concentrations expected at the beginning of storage.

HAAFP results over the study period experienced greater variation between 

samples, with trends showing an abrupt increase in formation potential followed by a 

steady decrease and stabilization for higher formation potential waters. Lower formation 

potential waters experienced a slight increased followed by stabilization. The initial 

increase appears to suggest that HAA precursor material is being generated. Microbial 

organisms are capable of reducing large organic molecules to smaller soluble organic 

molecules, such as acetic acid, in anaerobic environments (Grady et al., 1999). Overall, 

raw waters with the highest color and UV254 experienced the greatest increase in 

formation potential between the first and second sample, with overall concentrations 

throughout storage generally remaining below 400 pg/L. In general, these same utilities 

had the greatest HAAFP concentrations over the study period, which corresponded 

consistently with elevated chlorine demand, color and UV254 parameters. Utility 4 

filtered water was the only exception, with higher UV254 but lower color measurements. 

The same utility’s raw water again experienced formation potential above all others that 

fluctuated between 800 and 1000 pg/L. Storage appeared to have an inconsistent affect
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on the samples, causing formation potential results to fluctuate significantly on a monthly 

basis.

Figure 4-11 shows an alternative projection of HAAFP concentrations following a 

similar trend as TTHMFP over extended storage. This projection is based on the 

assumption that inconsistencies between the first point and all others cannot be explained. 

The low initial HAAFP concentration appears inconsistent when compared to similarly 

low HAA5 concentration recoveries shown in Figure 3-13 of Chapter 3. The solid lines 

represent actual HAAFP based on all data and the dashed line represents projected 

HAAFP based on exclusion of the first sample. The projected results of Figure 4-11 

demonstrate that HAAFP consistently decreased with storage duration and that microbial 

action did not generate the formation of HAA precursors in the raw and filtered waters.
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Opposing trends in formation potential of TTHM and HAA5 species were 

observed over the study period. Overall, initial TTHMFP tended to decrease while 

HAAFP gradually increased over the initial few months of storage. Total TTHM and 

HAA5 species tended towards equilibrium values that were comparable in value to each 

other after 8-months of storage. For instance, Utility 4 experienced raw and filtered 

water final values for both TTHMFP and HAAFP around 800 pg/L and 200 pg/L, 

respectively. The other utilities experienced final TTHM and HAAFP values within 15 

pg/L of each other, with the exception of Utility 5, which formation potential values 

varied by 100 pg/L. These results indicate that organic material present in the waters was 

inclined to initially contribute more to TTHM formation and less to HAA5 formation 

when left untreated. Also, organic matter initially contributing to TTHM formation 

potential was converted during the storage period to organic matter susceptible to form 

HAA5 compounds. Additional investigation would be necessary to validate this 

conjecture, as significant deviation between results from monthly formation potential 

tests made it difficult to formulate a definitive report.

Characteristic Parameter Correlations with DBPFP

One straightforward approach for testing a characteristic parameters’ usefulness 

as a predictor of formation potential is by utilizing statistical analyses. The primary 

purpose of this exercise was to eliminate weak relationships in multiple sample sets and



identify stronger correlations. Performing linear regressions on data to establish 

correlations with DBPFP was an easily applied analysis that best suited this purpose.

Correlations were formulated on an individual monthly basis or collectively using 

all the available data over the 8 month study period. Trends of characteristic parameters 

with DBPFP were similar in distribution; therefore, only one relationship is 

demonstrated. Figure 4-12 exemplifies a well-established correlation of UV254 with 

TTHMFP for samples from the first monthly set. Points distributed on the graph 

represent all filtered and raw waters from the five utilities used in the study. The
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TTHMFP is the result from samples collected for the month of December while the 

UV254 value represents the corresponding characteristic parameter measured nearest the 

DBPFP test date. As was the case with all the plots, data tended to bunch around lower 

formation potential values as shown and Utility 4 raw water formation potential was



consistently positioned outside the bulk data set. This single outlier point influences the 

degree of correlation by overestimating the correlation strength. The degree to which the 

paired values co-vary in a linear fashion is represented by a correlation coefficient.

Based on statistical standards, strong and good correlation is generally represented when 

the square of the correlation coefficient (r2) exceeds 0.9 and 0.7, respectively. Any 

values less than 0.7 are regarded as weakly correlated.

Removing the outlier from the data set and comparing modified r2 values can test the 

influence of the outlier on r2 value of the full data set. Table 4-1 illustrates r2 values for 

monthly data sets that both include and exclude the single outlier from Utility 4. It is 

important to note that the abridged version of correlation data should not be construed to 

better represent the data set because it does not take into account a wide range of waters. 

Information provided from both correlation tables can be used to indicate or eliminate 

obvious trends. Bold text indicates characteristic parameters that exhibit good correlation 

(r2 > 0.70) with TTHM and HAA5 formation potential by month.

UV254 and DOC data were clearly determined to be strongly and poorly, 

respectively correlated with DBPFP. UV254 and DBPFP were strongly correlated in the 

full data with all r2 < 0.93 with only one exception. Both TTHMFP and HAAFP 

correlation with UV254 was marginally reduced but still statistically for several sample 

months in the abridged set with r2 values ranging from 0.62 -  0.92 and 0 .59  -  0 .9 7 , 

respectively. DOC data scatter over the study period caused over half the monthly DOC 

samples to have either no or a weak relationship with DBPFP. Strong correlations
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identified for a few DOC sample months were eliminated as potentially statistically 

significant in the abridged set, which had maximum r2 values of 0.37.

Table 4-1: Correlation Coefficients for DBPFP Results Compared With Average Monthly Characteristic 
Parameters

Sample
TTHMFP HAA5FP

U V254 DOC Cl2 demand Color uv254 DOC Cl2 demand Color
December 0.96 0.47 0.98 0.94 0.93 0.41 0.95 0.93
January 0.98 0.01 0.99 0.94 0.60 -0.01 0.59 0.58
February 0.99 0.96 0.998 0.98 0.97 0.84 0.96 0.94
March 0.97 - 0.99 0.94 0.97 - 0.97 0.95
April 0.98 0.86 0.98 0.95 0.94 0.68 0.91 0.95
May 0.98 0.87 0.98 0.96 0.97 0.81 0.97 0.98
July 0.98 0.11 0.97 0.96 0.96 0.08 0.95 0.96

TTHMFP HAAFP
Sample uv254 DOC Cl2 demand Color uv254 DOC Cl2 demand Color
December 0.62 0.04 0.84 0.42 0.66 0.02 0.80 0.60
January 0.81 0.00 0.99 0.94 0.59 -0.02 0.58 0.57
February 0.92 0.33 0.998 0.99 0.97 0.19 0.96 0.94
March 0.73 - 0.99 0.94 0.97 - 0.97 0.95
April 0.70 0.31 0.77 0.42 0.62 0.00 0.37 0.79
May 0.83 0.37 0.98 0.63 0.63 0.09 0.60 0.69
July 0.64 0.00 0.67 0.37 0.62 0.02 0.55 0.62

‘ Monthly values of surrogate parameters based on median values for corresponding month
"B o ld  indicates good correlation (r2 > 0.70)

Both chlorine consumed and color data were strongly correlated with DBPFP; 

however, the application of these data as surrogate measures was suspect. Values for 

chlorine consumed during DBPFP tests were consistently and strongly correlated with 

TTHMFP and HAAFP with r2 values exceeding 0.97 and 0.91, respectively. Although 

this information was compelling, its general usefulness was limited since the quantities 

were only attainable by execution of DBPFP tests or some consistent for of 24 or 7-day 

test. When scattered color data was compiled into average monthly values, consistently



strong and mostly strong correlations with formation potential were demonstrated for the 

full set (r2 < 0.93) and abridged set (r2 range: 0.37 - 0.99), respectively.

Changes in Characteristic Parameters During Storage

Storage impacts on DBPFP were initially evaluated by plotting all surrogate 

parameters against corresponding monthly yields. All plots of TTHMFP and HAAFP 

versus characteristic parameters showed identical trends when all monthly results over 

the entire study period were compiled onto one graph. A typical example of this data 

compilation is shown in Figure 4-13 using chlorine consumed as an example for its 

strongly correlated data. This graph includes all TTHMFP values for every month of the 

study plotted against the chlorine consumed by that sample for the corresponding month 

DBPFP test. A larger data set collected from a study by White et al. (2002b) is included 

in addition to the data from this study series. Gathered from similar rural Alaskan water 

treatment systems and following identical sample procedures, these results are both 

appropriate and useful for comparison with this study. The inclusion of these results 

provide missing data points for mid-range DBPFP concentrations not represented in any 

waters of this study. Raw water samples in the White et al. study (2001) were collected 

by utility managers immediately after pumped extraction from the surface water supply 

and sampled shortly thereafter. Therefore they represent of short-term water storage or 

initial DBPFP results for a long-term study.

Instead of matching for each sample set, the slopes were uniquely distributed for 

both TTHM and HAA5 FP analyses. This dissimilarity was an effect of differences in 

overall yields detected for each month. For example, if Utility 4 raw water maintains a
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TTHM of 1600 pg/L one month and 1100 pg/L another, the slope of the best fit line will 

vary according to this discrepancy in monthly net values. This occurrence suggests that a 

universal relationship of DBPFP and a characteristic parameter, in this case UV254, 

cannot be established by this method. The independent nature of results from White et al. 

(2002) to the long-term stored water results further support the observation that a single 

measurement of formation potential compared with a characteristic parameter cannot 

adequately predict the nature of the water at any given instance during storage.

Some studies have focused on evaluating characteristic parameter correlation with 

formation potential when measured shortly after removal from a surface water reservoir 

(Nguyen et al., 2002, Sung et al., 2001, Rostad et al., 2000). Studies by Korshin et al.



(1996) and Li et al. (1998) took the approach of correlating parameters a step further by 

measuring differential LTV spectroscopy in chlorine treated waters stored over extended 

periods. These studies found the magnitude of decrease in change in UV absorbance was 

an excellent indicator of DBP formation.

This approach to monitoring DBP formation was applied to this study by 

comparing the decrease in UV absorbance in laboratory treated waters with DBP 

formation results from Chapter 3. Although methodology applied in this study varied 

from Korshin (1996) and Li (1998) studies, such as form of sample storage, other 

similarities make these studies comparable, such as maintenance of chlorine residual and 

controlled conditions. To avoid problems from weekly UV data scatter, differential UV 

absorbance (i.e. initial UV254 -  final UV254) measurements were obtained by performing a 

linear regression on weekly UV monitoring data for treated waters. The initial and final 

UV absorbance values were calculated from the best-fit line at time of initial chlorine 

treatment and final DBP formation analyses. As shown in Figure 4-14, both TTFIM and 

HAA5 formation were strongly correlated (TTHM: r2 = 0.93; HAA5: r2 = 0.98) with 

change in UV absorbance over storage period. These results support Korshin and Li 

findings that differential UV absorbance is an excellent indicator of DBP formation in 

stored treated water, regardless of manner of sample storage.
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Figure 4-14: Change in UV25 4 over study period versus DBP formation of treated waters 

Conclusions

The average monthly values for a variety of characteristic water parameters were 

strongly correlated with DBPFP in this study. Although results from this study suggested 

UV254 was the only water quality characteristic in this study that fit the accuracy 

necessary of a surrogate parameter, analytical testing procedures and equipment may 

have limited the accuracy of other characteristic parameters.

UV254 absorbance was the parameter most consistently and highly correlated with 

TTHMFP and, to a lesser degree, HAA5FP for raw and filtered drinking waters for 

individual sampling events. Initial chlorine consumed during DBPFP tests and average 

monthly true color of raw and filtered waters were also strongly correlated with



formation potential results. True color was less useful as surrogate measure due to 

variability of weekly monitoring data.

Chlorine consumed from DBPFP tests had limited usefulness as a surrogate 

measure for a variety of reasons. First, chlorine consumption is not strictly limited to 

organic matter, but can be consumed by any inorganic constituents such as iron, 

manganese, and sulfides present in the water samples. Therefore, the measured chlorine 

demand is not necessarily indicative of only DBP precursor concentrations. Second, 

DBPFP results are acquired through the same test procedure that yields chlorine demand 

making its applications as surrogate measure unnecessary.

Compilation of strongly correlated or surrogate parameters with DBPFP over the 

study period yielded no obvious indicators or useful techniques for monitoring DBPFP 

trends with long term storage. Variability in monthly DBPFP results and consistently 

decreasing characteristic parameters with time made it impossible to establish surrogate 

measures that effectively predict DBPFP at any given time in storage using this method.

Measuring differential changes in U V  absorbance (i.e. initial UV254 -  final UV254) 

in raw and filtered over the study duration proved the most effective method for 

describing long-term storage characteristics of untreated waters. Magnitude of decrease 

in UV measured over storage duration was found to be a good indicator of TTHM and 

HAA formation in treated waters.
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CHAPTER FIVE - 

Role of Treatment Technologies in DBP Formation

Introduction

Promulgation of Stage 1 and 2 D/DBP rules prompted water utilities to define 

strategic methods for controlling the formation of specific halogenated disinfection 

byproducts. The byproducts subject to maximum detectable limit (MDL) standards under 

the new regulation include the four classic trihalomethanes and 5 of the 9 haloacetic 

acids. Strategies available that can help utilities achieve compliance with the new 

regulation include source control, use of alternative oxidants and disinfection, and air 

stripping, precursor removal (Singer, 1994).

Raw water source can present considerable variability in potential byproduct 

formation. The water quality characteristics of the source waters, such as alkalinity, pH, 

presence of minerals, and NOM concentrations, in turn influence the assortment of 

system treatment conditions. Evidence has shown that chlorine conditions, pH, 

temperature and seasons, nature and concentration of NOM, bromide concentrations, and 

algal growth play major roles in the byproduct creation (Chellam and Krasner, 2001; 

Harrington et al., 1996; Crozes et al., 1995; Reckhow et al., 1990). Understanding or



control of these conditions is extremely difficult when multiple water quality parameters 

must be managed simultaneously and are subject to change.

The application of alternative oxidants and disinfectants in Alaskan systems is 

less feasible for a variety of reasons. Disinfection practices are typically limited in these 

remote areas by cost, safe transportation and storage, power, and inability to effectively 

maintain a chlorine residual using alternative disinfectants. Although airstripping is a 

useful method for eliminating volatile organic compounds from water after they have 

already formed, this technique does not adequately reduce all regulated halogenated 

compounds stipulated under the D/DBP rule.

Other strategies, however, can be used effectively in conjunction with source 

water management to curb DBP formation. In particular, control of precursor 

concentrations is a very practical consideration for restricting DBP levels in Alaskan 

water systems. Complete replacement and integration of modifications to filtrations 

systems is a practical and feasible option for many of these rural systems.

The objective of this paper is to evaluate the effectiveness of various treatment 

technologies in the removal of DBP precursor material from source waters. Five utilities, 

each with unique treatment technologies participated in this study. The technologies 

considered were GAC adsorption with sand filtration, bag filtration, direct filtration, 

conventional filtration, and dual membrane filtration. These technologies are typical for 

small systems being applied in small water utilities in Alaska.
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Description o f  Treatment Technologies

Raw and treated water was pumped to and from the water plants through 

aboveground, insulated transmission mains. All systems operated a “fill and draw” 

system and stored treated water in steel storage tanks during periods when water sources 

were inaccessible due to freezing conditions. A hypochlorite solution was used by all 

systems for disinfection. The conventional fdtration system was the only exception to 

these methods of operation. Instead, this system consisted of below-ground pumped 

transmission, used chlorine-gas for disinfection, and performed continuous treatment and 

short-term storage of treated water throughout the year. A description of each system’s 

practices and characteristics is summarized in Table 3-1 of Chapter 3. Specific details of 

each system’s treatment technology are described below.

Mixed-media and Microfiltration System. Nuiqsut used a combined treatment 

system consisting of both a direct sand filtration system followed by micro filtration for 

removal of dissolved and particulate matter. The combined treatment process involved 

flow through a pressurized tank with mixed media followed by treatment through 

multiple 1-micron membrane cartridge filters. Normal operating flow conditions ranged 

from 75-80 gallons per minute. Disinfection was accomplished using a hypochlorite 

mixture.

Bag Filtration System. Deering’s bag filtration system filtered water through 

double stage Rosedale® bag filters. The first stage provided removal of particulates up to 

5-microns followed by a second stage providing removal up to 3-microns. Bags were
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periodically removed and replaced as routine maintenance or when a differential pressure 

of 5-psi was exceeded (Menough, 2001).

Direct Filtration System. Newtok employed a direct filtration system consisting 

of a basic treatment process using coagulant dosage, filtration and disinfection. 

Coagulation was enhanced using an inorganic polymer of Nalcolyte® 8105 prior to 

filtration through a single 9-foot high by 4-foot diameter pressurized tank. Sand was 

single medium used for filtration. Chlorine was periodically injected into the system line 

during treatment and injected into the tank during storage.

Conventional Filtration System. The conventional filtration system used by 

Petersburg was a full-scale treatment process that uses flocculation, sedimentation, 

coagulation, and filtration to remove particulate material and dissolved constituents. The 

process begins with an injection of polyaluminum chloride into four paddled tanks 

followed by sedimentation through an inclined plate system. Filtration consists of flow 

through six dual-media filters, with 24” anthracite and 12” sand mediums. Chemicals in 

addition to chlorine disinfection include fluoride and soda ash injection for pH 

adjustment.

Dual Membrane Filtration System. Wainwright’s dual membrane filtration 

system used a combination of MF and NF for removal of dissolved and particulate 

material. Single stage bag filters initiate the treatment process for the purpose of 

removing of large organic material. Subsequent treatment consists of flow through 

parallel MF membranes, followed by split treatment through parallel NF and RO
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membrane filters. Split treatment through a few RO membranes is applied for reduction 

of inorganic impurities to a level within acceptable USEPA limits.

Method o f  Assessment

A change in concentration of precursor material from the raw water to the filtered 

water was used to assess treatment technology efficiency. UV254 absorbance was shown 

to be a useful predictor of DBPFP in the correlation test of surrogate parameters. 

Therefore, measured UV254 absorbance and DBPFP, DBP results were used to evaluate 

site-specific technologies participating in this study. It is important to note that these 

results reflect treatment efficiency for a single sample event and do not demonstrate 

removal properties for a continuous stream of treatment.

Results and Discussion

Normalized UV254 for each utility is plotted in Figures 5-1 through 5-5. Each 

normalized data point was calculated by dividing the UV254 value for the water sample by 

the UV254 reading for the raw water. The actual raw water UV254 is shown in parentheses 

in the figure title.

Figure 5-1 shows the raw, filtered and treated water UV254 absorbance for the 

system using the combination of sand filtration and microfiltration. During the 8-month 

period shown, the raw water UV254 ranged between 0.08 and 0.145 cm-1. The raw water 

TTHMFP measured from December through May ranged between 100 and 110 pg/L, 

which was within an acceptable range for using UV254 as a surrogate measure of raw 

water THMFP on a per month basis. The filtered water retained 100% of the UV254
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present in the raw water and only slightly decreased near the final months. The 

difference between the filtered and treated waters indicated that roughly 40% of the 

UV254 was eliminated by chlorination. UV254 of treated water steadily decreased over the 

study period A similar decreasing trend in DBP formation potentials were experienced 

as indicated in Figures 4-9 and 4-10 -  Chapter 4. Treated water TTHM concentration 

were greater than formation potential of raw waters for this system, ranging from 154 to 

190 pg/L. HAA5 concentrations for this system ranged from 54 to 290 pg/L, which also 

exceeded HAAFP values of 16 -  97 pg/L over the study period. In both instances, 

treated water DBP concentrations were consistently higher than measured raw water 

formation potentials. This implies that this treatment system passed precursor material, 

which reacted with chlorine to form DBPs.
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Figure 5-2 shows the raw, filtered and treated water UV254 absorbance for the 

system using bag filtration. During the 8-month period shown, the raw water UV254 

ranged between .12 and 0.16 cm-1. The raw water TTHMFP measured from December 

through May did not maintain as narrow an interval, which ranged between 97 and 188 

pg/L. This relationship is still within an acceptable range for using UV254 as a surrogate 

measure of raw water THMFP on a per month basis. Similar to the previous system, the 

filtered water retained almost 100% of the UV254 present in the raw water with minor 

reduction in the final months. The difference between the filtered and treated waters

indicates that UV254 eliminated by chlorination increased over the study. Reduction in 

UV254 between filtered and treated waters ranged from 30% in December to 60%



reduction by July. Measured UV254 of field samples was roughly 15% greater than 

laboratory treated waters. A similar trend in DBP formation potentials were experienced 

as indicated in Figures 4-9 and 4-10 -  Chapter 4. The treated water TTHM 

concentrations were greater than raw water formation potentials ranging from 330 to 485 

pg/L. Steadily increasing HAA5 formation potentials of 25 to 106 pg/L were 

substantially less than the increasing treated water HAA formation values of 70 -  580 

pg/L. In both instances, treated water DBP concentrations were consistently higher than 

measured raw water formation potentials. These results again suggest that DBP 

precursor material escaped the filtration process and the reaction with chlorine continued 

over the study duration. Overall, this bag filtration system had lower DBPFP 

concentrations and higher DBP formation concentrations than the sand/membrane 

system, which implies that this treatment technology was less effective at removal of 

precursors.

Figure 5-3 shows the raw, filtered and treated water UV254 absorbance for the 

system using direct filtration. During the 8-month period shown, the raw water UV254 

ranged between 1.0 and 0.97 cm-1. Figure 4-9 -  Chapter 4 shows that the raw water 

TTHMFP for over the study period fluctuated significantly with values measured 

between 1600 and 775 pg/L, which was within an acceptable range for using UV254 as a 

surrogate measure of raw water THMFP on a per month basis. The filtered water only 

retained 20% of the UV254 in the raw water. It can also be seen from the difference 

between filtered and treated water that chlorination likely eliminated an additional 30- 

50% of the UV254 in the filtered water. It is likely that chlorination created DBPs from
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this reaction. Although this system removed significant precursor concentration during 

the filtration process, NOM escaping treatment formed byproducts in excess of the 

regulatory standard.
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Figure 5-3: Normalized UV2 5 4  for Direct Filtration System

Figure 5-4 shows the raw, filtered and treated water UV254 absorbance for the 

system using conventional filtration. Because the system practices continuous water 

treatment, no water was collected from the field storage tank on a monthly basis. During 

the 8-month period shown, the raw water UV254 ranged between 0.22 and 0.29 per cm. 

HAA5FP raw water data in Figure 4-10 -  Chapter 4 was used to formulate any 

conclusions based on a lack of clear trends in raw water HAA5FP and correlation with 

UV254 data. However, TTHMFP values were within reasonable agreement of monthly- 

predicted values (Figure 4-9 -  Chapter 4), which ranged from 441 pg/L at the study onset



to a minimum of 200 pg/L for a final measurement. TTHM for the treated water for this 

system ranged from 37 and 58 pg/L. Both surrogate parameter and formation 

measurements indicate that this treatment system effectively removed precursor 

concentrations from the raw water in this instance.

Conventional filtration (raw water UV254 range 0.228 - 0.294 1/cm)
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Figure 5-4: Normalized U V 2 5 4  for Conventional Filtration System

Figure 5-5 shows the raw and treated water UV254 absorbance for the system 

using dual membrane filtration. For this system no water could be collected from this 

system following filtration but prior to chlorination. This system exhibited similar raw 

and treated water characteristics as that of the conventional filtration system. During the 

8-month period shown, the raw water UV254 ranged between 0.22 and 0.26 pg/L. The 

initial raw water TTHMFP measured 326 pg/L and steadily decreased to values greater 

than 100 pg/L for the final measurement. These values were in reasonable agreement for



predicted values for the corresponding months (Figure 4-9 -  Chapter 4). Treated water 

retained virtually no measurable UV254 from the raw water. Variability of UV254 data 

near 0.0 is due to values approaching the detection limit of the instrument. A similar 

trend in DBP formation potentials were experienced as indicated in Figures 4-9 and 4-10 

-  Chapter 4. The TTFIM for the treated water from this system ranged from 6.4 to 11.6 

pg/L. Similarly low concentrations of treated water HAA5 concentrations were 

measured, ranging from 0.9 pg/L to a maximum value of 22.6 pg/L. These results 

confirm that if no UV254 remains in the water that little TTHM and HAA5 are formed. In 

both cases, these values are well below limits, which confirm that this treatment system 

effectively reduced precursor concentrations from the raw water.
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Conclusions

Results from this research suggest that NOM escaping treatment is likely to react 

in the storage tank to form DBPs. Comparison of filtered water UV254 with treated water 

UV254 and DBP formation with DBP formation potential results demonstrated that the 

presence of precursors in filtered waters is likely to stimulate DBP formation when 

disinfectant is added. UV254 values proved an effective tool for predicting DBP 

formation patterns for all five waters studied.

Results from this research suggest that some treatment processes are more 

effective than others are removing precursor concentrations from raw water. Initial raw 

water UV254 absorbance or formation potential did not appear to be attributable to the 

systems ability to reduce the DBP concentrations in the treated water. Dual membrane 

and conventional filtration systems with significant raw water formation potentials were 

both able to maintain DBP formation values below regulatory limits. Although the direct 

filtration system was able to reduce raw water formation potential by 80% in the filtered 

water, remaining NOM material in the treated water still reacted to form DBP 

concentrations exceeding regulatory limits. Results from this study indicate that bag 

filtration technology and the combined GAC absorption and sand filtration system did not 

adequately reduced precursor concentrations in the filtered water. Regardless of initial 

raw water formation potential measurements, the NOM material escaping treatment 

resulted in the formation of both TTHM and HAA5 concentrations exceeding regulatory 

standards.
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CHAPTER SIX - 

Conclusions

Influence o f  Long-Term Storage on DBP Formation

Five rural communities were evaluated for DBP formation in treated drinking 

water stored for an 8-month study period. The initial investigation was conducted using 

water quality parameters to determine whether specific conditions were ideal for DBP 

formation and whether any parameters might indicate DBP formation trends. Differential 

changes in UV254 absorbance (i.e. initial UV254 -  final UV254) and total chlorine 

consumed at a given instance in storage were strongly correlated to with DBP formation 

at that same instant in storage for the laboratory samples. The continuously decreasing 

UV254 absorbance and increasing chlorine consumption over the study period suggested 

that aromatic NOM was being converted to form DBPs during the long-term storage 

duration. These observations provided the basis for assuming the accumulation of DBPs 

in long-term stored treated water.

UV254 and chlorination conditions of the treated waters measured for each sample 

period corresponded well with TTHM and HAA formation. Having lower TTHM and 

HAA concentrations, utilities 1 and 5 were found to consume the least amount of chlorine 

and have lower UV254. Having the highest UV254 and exerting chlorine demand



continuously through the study period, utilities 2 and 4 produced the most abundant 

TTHM and HAA5 concentrations in the laboratory study. Also, these utilities were the 

only ones to accumulate HAA5s in the field samples during the storage period. Further 

investigation into the use of these water quality parameters as substitute measures of DBP 

formation, or surrogate parameters, is investigated in Chapter 4.

Initial TTHM and HAA concentrations measured after short-term storage were 

useful for indicating which waters were likely to violate the Stage 1 D/DBP regulation 

limits. In one case, one laboratory treated water, Utility 5 with initial HAA5 

concentrations measuring below the regulatory limit, increased DBP concentrations after 

months of storage in excess of the regulatory limit set for that group of DBPs. In general, 

results suggested that utilities expected to violate D/DBP regulations were identifiable 

after a short storage period.

Although TTHMs and HAAs were abundant throughout the storage duration, the 

losses experienced throughout the study balanced any accumulation of either byproduct 

in lower UV254, DOC, and chlorine demanding waters. TTHM concentrations increased 

only slightly with long-term storage in laboratory treated waters and decreased overall in 

field treated waters. Higher UV254 waters accumulated HAA5 species over the study 

period, with concentrations increasing up to 80% over initial values if using all analytical 

results.

Chlorine contact time and residual concentrations played an important role in 

DBP formations. Overall, laboratory treated waters experienced overall higher 

concentrations through all periods of storage than field treated waters. This discrepancy
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in part was attributed to water operators maintaining consistently lower chlorine residuals 

in field storage tanks. In addition to chlorine strength, water chemistry, temperature, 

volatilization, and other variables were expected to attribute to the observed differences 

in DBP concentrations measured between the field and laboratory study.

Effectiveness o f  Surrogate Parameters fo r  Estimating DBP Formation

An 8-month monitoring program was conducted to determine which water quality 

parameters effectively predicted DBP formation in treated waters and DBPFP in raw and 

filtered waters. The average monthly values for a variety of characteristic water 

parameters were strongly correlated with DBPFP in this study. Although results from 

this study suggested UV254 was the only water quality characteristic in this study that fit 

the accuracy necessary of a surrogate parameter, analytical testing procedures and 

equipment may have limited the accuracy of other characteristic parameters.

UV254 absorbance was the parameter most consistently and highly correlated with 

TTHMFP and, to a lesser degree, HAA5FP for raw and filtered drinking waters for 

individual sampling events. Initial chlorine consumed during DBPFP tests and average 

monthly true color of raw and filtered waters were also strongly correlated with 

formation potential results. True color was less useful as surrogate measure due to 

variability of weekly monitoring data.

Chlorine consumed from DBPFP tests had limited usefulness as a surrogate 

measure for a variety of reasons. First, chlorine consumption is not strictly limited to 

organic matter, but can be consumed by any inorganic constituents such as iron,
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manganese, and sulfides present in the water samples. Therefore, the measured chlorine 

demand is not necessarily indicative of only DBP precursor concentrations. Second, 

DBPFP results are acquired through the same test procedure that yields chlorine demand 

making its applications as surrogate measure unnecessary.

Compilation of strongly correlated or surrogate parameters with DBPFP over the 

study period yielded no obvious indicators or useful techniques for monitoring DBPFP 

trends with long term storage. Variability in monthly DBPFP results and consistently 

decreasing characteristic parameters with time made it impossible to establish surrogate 

measures that effectively predict DBPFP at any given time in storage using this method.

Measuring differential changes in U V absorbance (i.e. initial UV254 -  final UV254) 

in raw and filtered over the study duration proved the most effective method for 

describing long-term storage characteristics of untreated waters. Magnitude of decrease 

in UV measured over storage duration was found to be a good indicator of TTHM and 

HAA formation in treated waters.

Role o f  Treatment Technology in DBP Formation

Surrogate parameters, treated water DBP formation results, and formation 

potential results were used to demonstrate the effectiveness of each treatment technology 

evaluated in this study at the removal of precursors. Results from this research suggest 

that NOM escaping treatment is likely to react in the storage tank to form DBPs. 

Comparison of filtered water UV254 with treated water UV254 and DBP formation with 

DBP formation potential results demonstrated that the presence of precursors in filtered
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waters is likely to stimulate DBP formation when disinfectant is added. UV254 values 

proved an effective tool for predicting DBP formation patterns for all five waters studied.

Results from this research suggest that some treatment processes are more 

effective than others are removing precursor concentrations from raw water. Initial raw 

water UV254 absorbance or formation potential did not appear to be attributable to the 

systems ability to reduce the DBP concentrations in the treated water. Dual membrane 

and conventional filtration systems with significant raw water formation potentials were 

both able to maintain DBP formation values below regulatory limits. Although the direct 

filtration system was able to reduce raw water formation potential by 80% in the filtered 

water, remaining NOM material in the treated water still reacted to form DBP 

concentrations exceeding regulatory limits. Results from this study indicate that bag 

filtration technology and the combined GAC absorption and sand filtration system did not 

adequately reduced precursor concentrations in the filtered water. Regardless of initial 

raw water formation potential measurements, the NOM material escaping treatment 

resulted in the formation of both TTHM and HAA5 concentrations exceeding regulatory 

standards.

Future Investigations

Accurate assessment of DBP formation in long-term storage of treated drinking 

water is needed to comply with future regulatory standards required by USEPA. 

Additional research efforts should focus on bridging the understanding between TTHM 

and HAA5 production in field and laboratory long-term storage. Results from this study
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demonstrated significant difference between the two independent studies. The extent that 

water chemistry (pH of source water, temperature), volatilization of DBP compounds, 

presence of inorganic compounds consuming chlorine, and chlorine concentration or 

ionic strength variability between these two conditions should be explored in future 

investigations. Laboratory results are necessary for comparing DBP formation across an 

array of waters; however, knowledge of field conditions needs to be expanded to 

establish ways of predicting DBP formation for specific rural water storage conditions. 

These investigations would be useful in providing insight into the extent each of these 

other factors play in DBP formation. Finally, special consideration to the volatilization 

potential of DBP compounds should be given to determine whether DBP production is 

outweighed by losses during the storage process. The validity of this method should be 

tested to determine if final DBP concentrations could be reduced to acceptable limits 

stipulated by future D/DBP regulations.

A wider range of treatment technology should be tested to ascertain efficiency 

levels for NOM precursor reduction in Alaskan waters. The importance of treatment 

technology design and selection is crucial for universal compliance to Stage 1 and 2 

D/DBP regulations. A suggested structure for future treatment technology assessment 

might include testing a matrix of technologies with a matrix of source waters to 

determine ranges of effectiveness for each technology when subjected to waters with a 

variety of NOM concentrations. For instance, five source waters might individually be 

tested on one treatment technology followed by individual treatment of each source water 

through the array of technologies selected for the study. The results of this study would
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provide useful insight towards the varying degrees of treatment technology effectiveness 

at precursor removal in a wide range of NOM concentrations.
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APPENDIX A -  

Quality Control Analysis

Figure Al and A2 shows the TTHM and HAA5 formation, respectively, 

measured at for multiple samples all collected from an individual DBPFP test. The initial 

TTFIM and HAA5 samples were tested within 1 week of DBP sample preparation. 

Subsequent samples were tested at time intervals indicated in the figures. Results show 

that TTHM concentrations consistently decreased with time, most significantly in 

samples with greater concentrations of TTFIM.

Figure A l: TTHM Formation for DBPFP Quality Control Analysis



HAA5 concentrations fluctuated both above and below the initial HAA5 sample 

measured in the QC study, although results were within precision limits of the test 

method. The results of the QC study eliminate any variability in analytical procedure as a 

contributor to scatter in study results.
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Figure A2: HAA5 Formation for DBPFP Quality Control Analysis


