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(ABSTRACT) 

Most taste-and-odor problems in the United States are 

caused by algal blooms in rivers and reservoirs. In the 

past, most of the attention has been focused on the 

formation of geosmin and MIB by blue-green algae 

(cyanobacteria), which cause earthy and musty odors, 

respectively. Little work has been performed, however, on 

equally obnoxious odors caused by other golden-brown and 

yellow-brown algae which are responsible for fishy, grassy, 

floral, and melon odors. Additionally, the production of 

odorous compounds can occur upon oxidation of a nonodorous 

parent compound. 

The objective of this research was to determine the 

effect of three oxidants - chlorine, potassium permanganate, 

and chlorine dioxide - on solutions of pure odorous as well 

aS nonodorous compounds and algal extracts containing a 

mixture of odor-related compounds. Oxidant dosages used 

were in the ranges expected during water treatment. 

Rashash (1994) identified several odor-causing 

compounds in pure cultures of golden-brown, yellow-brown, 

green, and blue-green algae. The compounds selected for 

oxidation during this study were isolated by Rashash (1994) 

and are as follows: isovaleric acid (rancid, dirty socks), 

B-cyclocitral (tobacco, grape), phenethyl alcohol (roses), 

myristic acid (odorless), palmitic acid (odorless), linoleic 

acid (odorless), and linolenic acid (watermelon). All seven 

compounds were oxidized and evaluated by a trained flavor



panel for sensory analysis. 

Because the three oxidants used in this study produced 

substantial changes in the odors of linoleic acid and 

linolenic acid, test solutions buffered to a pH of 7 of 

linoleic acid and linolenic acid were further evaluated by 

Flavor Profile Analysis (FPA) for sensory determination and 

gas chromatography/mass spectroscopy (GC/MS) for 

quantitative measurement of odorous compounds. Volatile 

compounds produced by Synura petersenii (fishy/cucumber) 

were also analyzed and evaluated. 

When linoleic acid (odorless) was treated with 

potassium permanganate (0.25 mg/L, 1.0 mg/L, and 1.5 mg/L) 

and chlorine dioxide (1.0 mg/L and 2.0 mg/L), a grassy odor 

was produced at an FPA intensity of 2-4 (weak). The 

compound causing this odor was confidently identified from 

GC/MS analysis as n-hexanal. The compound 2,4-decadienal, 

which exhibits a frying odor, was also identified in 

oxidized samples and could contribute to off-odors. 

Chlorine dioxide and potassium permanganate at the same 

doses were also effective in eliminating watermelon odors in 

linolenic samples. Flavor Profile Analysis of samples 

treated with chlorine was inconclusive since chlorine and 

acetone, which was used an organic solvent, produce an 

alcohol odor at an FPA intensity of approximately 2 (weak) 

which masked other odors present. 

Flavor Profile Analysis of oxidized Synura extracts 

indicated that the fishy odor was destroyed and cucumber or 

grassy odors were unmasked. Potassium permanganate at a 

concentration of 0.25 mg/L was effective in eliminating all 

odors in Synura culture samples. Chlorine and chlorine 

dioxide at concentrations of 2.0 mg/L and 3.0 mg/L, 

respectively, eliminated the fishy odor in Synura samples. 

In both cases, however, vegetation or grassy odors were 

detected at an FPA intensity of less than 2 (very weak).
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CHAPTER 1. INTRODUCTION 

Despite heightened interest in the aesthetic aspects of 

water quality, objectionable tastes and odors in drinking 

water are still the main cause of customer complaints today. 

Not only are tastes and odors nuisance problems, but, since 

the general perception remains that a water which has a 

disagreeable taste or odor is also unsafe, unpleasant tastes 

or odors can constitute a health menace . When poor water 

quality persists, customers may turn to a more palatable, 

less safe source (Sigworth, 1957). For these reasons, 

research into the cause and abatement of tastes and odors in 

municipal water supplies is essential. 

The majority of source-related taste-and-odor problems 

reported in the United States are caused by algae blooms in 

reservoirs. Geosmin (earthy) and MIB (musty) produced by 

the blue-green variety (cyanobacteria) are the main cause of 

complaints in some water supplies, while fishy, cucumber, 

melon, and floral odors produced by other algae predominate 

in other water supplies, particularly in the eastern United 

States. While the literature is replete with research 

concerning the treatment of earthy or musty odors, few 

studies have focused on the removal of equally obnoxious 

odors that are quite common. It is these odors and their 

suspected precursors that were the focus of this research. 

Rashash (1994) identified several odor causing 

compounds in pure cultures of golden-brown algae 

(Chrysophytes) such as Synura, yellow-brown algae (diatoms) 

such as Asterionella, and blue-green algae, namely 

Mycrocistis. The selection of pure compounds that 

exhibited an odor as well as some odorless algal products 

was based on Rashash's study. 

A study conducted by Buffin (1992) indicated that 
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potassium permanganate and free chlorine were successful in 

removing cucumber and grassy odors caused by 2t,6c- 

nonadienal and 3c-hexenol, respectively, while chlorine 

dioxide was not. Buffin also demonstrated that fishy odors 

in Synura cultures could be eliminated by treatment with 

chlorine and potassium permanganate, but in the process, 

grassy and melon odors were unmasked. Additional research 

was required, however, to determine the relative 

effectiveness of chlorine, potassium permanganate, and 

chlorine dioxide on other compounds produced by algae that 

may contribute to the overall organoleptic properties of 

drinking water. 

The objective of this study was to evaluate the 

effectiveness of various oxidants on pure solutions of algal 

products and on a fishy smelling Synura petersenii culture. 

The oxidants used were free chlorine, potassium 

permanganate, and chlorine dioxide at levels typically 

applied at water treatment plants. The compounds chosen for 

evaluation included several odorous algal products 

(isovaleric acid, B-cyclocitral, phenethyl alcohol, and 

linolenic acid) and several that were odorless (myristic 

acid, palmitic acid, and linolenic acid). The latter group 

of compounds was treated to determine if odors developed as 

a result of oxidation. 

The effects of the oxidants on each pure compound were 

assessed by flavor profile analysis (FPA). Select samples 

were also analyzed following oxidation by gas 

chromatography/mass spectroscopy (GC/MS). Specific 

analytical procedures are detailed later in this thesis. The 

Synura petersenii culture was evaluated by FPA as well as 

GC/MS both before and after oxidation. Of particular 

interest was the unmasking of melon or cucumber odors in 

oxidized Synura samples.



CHAPTER 2. LITERATURE REVIEW 

INTRODUCTION 

Taste and Odor Problems 

Although water utilities are encouraged to provide 

palatable water, the federal government has developed only 

secondary, unenforceable drinking water standards regarding 

tastes and odors. Objectionable tastes and odors, however, 

are the number one cause of customer complaints today 

(Manwaring et al., 1986). Mannion (1986) claimed that 15.4 

percent of the population in the United States pay 800 to 

1000 times as much for bottled water as they would pay for 

drinking water from a utility. A study conducted in the 

Netherlands (Zoetman, 1980) indicated that adverse tastes 

and odors in drinking water resulted in a lower amount of 

water consumed per household. In another survey on water 

quality, health officials evinced concern that an 

unpalatable water supply could constitute a health menace if 

customers used water from a seemingly cleaner but less safe 

source (Sigworth, 1957). For these reasons, research into 

the causes and control of tastes and odors in drinking water 

is essential. 

Algae as Causes of Tastes and Odors 

Results from several studies showed that algae are the 

main cause of taste and odor problems in reservoirs (Ficek, 

1984; Sigworth, 1957). Unicellular and filamentous 

varieties of diatoms, green algae, and blue-green algae are 

the most abundant forms found in source waters (Mallevaille 

and Suffet, 1987). The most common algal species that cause 

taste-and-odor problems are listed, in descending order, as 
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follows: Anabaena, Asterionella, Synedra, Synura, 

Aphanizomenon, Anacystis, Dinobryon, and Tabellaria (Ficek, 

1984). 

Taste- and odor-causing organic compounds that have 

been identified during algal blooms include aldehydes, 

alkanes alkenes, saturated and unsaturated aliphatic 

alcohols, esters, and thioesters (Juttner, 1983; Mallevaille 

and Suffet, 1987; Rashash, 1994). Slater and Block (1983) 

found that a number of species of blue-green algae produce 

Significant quantities (up to 26%) of di- and tri- 

unsaturated C,, acids. Due to difficulties in isolating 

trace organics and determining the origin of excreted 

compounds in the laboratory (Juttner, 1983), a comprehensive 

list of the volatile compounds excreted by the different 

algal species is unavailable. 

Palmer (1962), cited by Mallevaille and Suffet (1987), 

grouped odors produced by certain algae into four main 

categories (Table 1). A more complete listing of individual 

species of algae that produce odors can be found in the 

literature (Mallevaille and Suffet, 1987). 

The densities of algal cells in raw water that will 

cause taste-and-odor problems vary with species (Mallevaille 

and Suffet, 1987; Rashash, 1994). A concentration of 30 

Dinobryon cells per milliliter (mL) produces a slight fishy 

taste and odor; during a bloom, Dinobryon concentrations 

can exceed 1,200 cells per mL (Vaughn, 1972). Rashash 

(1994) calculated the "critical population density" (CPD) 

for several odorous compounds. The CPD is defined as the 

population density of algal cells, in cells/mL, which 

produces a barely perceptible odor. Phenethyl alcohol and 

B-cyclocitral have fairly high CPD's (300,000 cells/mL to 

1,000,000 cells/mL) while isovaleric acid and linolenic acid



Table 1. 
Odors Produced by Algae 

  

  

Odor Algae 

aromatic pigmented flagellates and 
diatoms 

fishy pigmented flagellates and 
diatoms at high 
concentrations 

grassy green algae, blue-green 
algae, 
diatoms, and pigmented 
flagellates 

musty-earthy blue-green algae 
  

Palmer (1962) from Mallevaille and Suffet (1987)



required moderate population densities (5,000 cells/mL to 

45,000 cells/mL) before odors were perceived. 

ORGANIC COMPOUNDS AND ALGAE OF INTEREST 

Table 2 lists the organic compounds investigated in 

this study as well as their odor and associated algae. Also 

included is an approximate maximum amount, in nanograms 

(ng), that is produced per million algae cells (Rashash, 

1994). During an algal bloom, cell concentrations range 

from 1 million to 5 million cells per liter (L) (Viessman 

and Hammer, 1985) 

The next several sections provide a brief overview of 

the general properties of algal byproducts and past research 

that has been conducted on these organics compounds as well 

as the general properties and compounds produced by Synura 

petersenii. 

Lipids 

Lipids, which are constituents of plants and animals, 

are distinguished from carbohydrates and proteins by their 

ability to readily dissolve in organic solvents (Hart, 

1991). The concentration and lipid type in different algae 

species varies widely (Cranwell et al., 1988; Erwin, 1973; 

Holton and Blecker 1968; Holton and Blecker, 1970). Holton 

and Blecker (1968) suggested that the percentage of 

polyunsaturated fatty acids in blue-green algae increases in 

accordance with the degree of physiological and 

morphological complexity. Other researchers indicate that 

the total percentage of fatty acids depends on growth phase. 

Holton and Blecker (1970) found that the fatty acid content 

of blue-green algae was highest during the initial growth 
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Table 2. 
List of Compounds Investigated in This Study 

  

  

Compound Odor Algae Maximum 
Production 

(ng/10° cells) 

isovaleric rancid, dirty Microcystis 450 
acid socks (blue-green 

algae) 

B-cyclocitral tobacco, Microcystis 15 

grape, 
chocolate 

phenethyl Chlamydomonas 30 
alcohol roses (flagellated 

green algae), 

Microcystis 

myristic acid undef ined Synura (golden 900 
brown algae) 

palmitic acid odorless Synura 300 

linolenic acid watermelon Microcystis 400 

linoleic acid odorless Microcystis 250 

 



phase. Another study (Orcutt and Patterson, 1974) 

demonstrated that light intensity had an effect on the 

total lipid fraction. When diatoms were grown at high light 

intensity conditions, the lipid fraction was almost double 

that at low intensity conditions. 

Linoleic acid (9,12-octadecadienoic acid, MW = 280.44), 

which is odorless, is a di-unsaturated fatty acid once 

called "vitamin F" (Small, 1986). It is a major substituent 

of corn oil, peanut oil, and lard (Hart 1991). Linolenic 

acid (9,12,15-octadecatrienoic acid, MW = 278.42), a tri- 

unsaturated acid that is similar to linoleic acid in 

structure, has a watermelon odor at low concentrations 

(Rashash, 1994). 

There has been substantial research in the food and 

fragrance industry concerning autoxidation, fB-oxidation, and 

hydroperoxidation of linoleic and linolenic acid (Chan, 

1987; Grosch, 1987; Schreier, 1984). These two C,, acids 

are naturally occurring plant volatiles. Although naturally 

occurring organic compounds are not the major components in 

perfumes today, they "continue to play an important role as 

natural odiferous compounds and to serve as models for 

chemical synthesis of 'natural-identical' substances with 

pronounced odor characteristics in both the perfumery and 

the flavor industries" (Shreier, 1984). 

Normal hexanal, which has a grassy or green odor 

(Aldrich, 1992-1993), appears to be the major aldehyde 

formed when linoleic acid is autoxidized (Grosch, 1987). 

When autoxidation of linolenic acid occurs, 2-4-heptadienal, 

cis-3-hexenal, and 2,4,7-decatrienal, which has a fishy odor 

(Rashash, 1994), are produced (Grosh, 1987). Shreier (1984) 

concluded that B-oxidation of linoleic acid produces 

unsaturated esters. From other studies, n-hexanal, Z-3- and 

E-2-hexenal and 2Z-3-hexen-1-o0l are formed from the 
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hydroperoxidation and subsequent breakdown of linoleic and 

linolenic acid that contribute to off-flavors in disrupted 

tea leaves (Schreier, 1984). 

Myristic acid (tetradecanoic acid, MW = 228.36, 

undefined odor) and Palmitic acid (hexadecanoic acid, MW = 

256.42, odorless) are common saturated fatty acids found in 

butter, palm oil, and corn oil (Hart, 1991). The literature 

is lacking in oxidation studies of these two acids. 

Some Other Important Volatiles 

Isovaleric acid (3-methylbutanoic acid, MW = 102.13, 

rancid odor) is a short-chained aliphatic acid that has been 

identified in the tobacco leaf, cocoa, apples, and 

raspberries. It is the major constituent in valerian oil 

(Forss, 1973). 

Beta-cyclocitral (2,6,6-trimethy1l-1-cyclohexene-1- 

carboxaldehyde, MW = 152, sweet pipe tobacco odor) is an 

oxidative cleavage product of carotene. Slater and Block 

(1983), citing Juttner (1976), noted that B-cyclocitral was 

isolated from cultures of Microcystis wesenbergii and M. 

aeruginosa. 

Phenethyl alcohol (benzene ethanol, MW = 122.16, rose 

odor) can be found in a variety of essential oils such as 

rose, geranium, and carnation. Almost all rose odors 

include this compound. 

Normal hexanal (MW = 100.16) is an aldehyde having a 

"fatty, green, grassy, powerful, penetrating" odor (Aldrich 

1994). This compound occurs in apples, strawberries, and 

oranges and is often used in fruit flavors and, in high 

dilution, in perfumes (Bauer and Garb, 1985)



Synura petersenii 

Synura petersenii, a member of the Crysophta family, 

has a cell membrane covered with silicious scales, two 

flagella at its anterior end, and forms free-swimming 

globose colonies. Collins and Kalmins (1967) found that 

carbonyl substances were "produced by [this] algae and then 

liberated into the surrounding media." Normal heptanal, 

which has an oily or fatty odor (Aldrich, 1994), is a major 

constituent of the carbonyl fraction. The fatty acids 

produced by Synura petersenii include n-tetradecanoic acid, 

n-hexadecanoic acid, hexadecanoic acid, n-octadecenoic acid, 

octadecadienoic acid (linoleic acid), and octadecatrienoic 

acid (linolenic acid) (Collins and Kalmins, 1967). Other 

compounds isolated by steam distillation are as follows: 

acetone, acetaldehyde, pentanal, ethanol, propan-2-ol, and 

fufuraldehyde (Juttner, 1983). 

Synura petersenii produces large amounts of 2t,4t,7c- 

decatrienal and 2t,6c-nonadienal, which have fishy and 

cucumber odors, respectively (Rashash, 1994). Since 

substantially more 2t,4t,7c-decatrienal is produced by the 

algae, the cucumber odor caused by 2t,4c-nonadienal is 

apparently masked by the fishy odor in cultures after a 3- 

day incubation period (Rashash, 1994). These results are 

substantiated by Collins and Kalmins (1965), who found that 

while younger cultures exhibited a cucumber or melon odor, 

older cultures were characterized as fishy. 

Buffin (1992) investigated the effectiveness of 

chlorine, potassium permanganate, and chlorine dioxide in 

reducing the odors associated with Synura petersenii. 

Results indicated that chlorine and potassium permanganate, 

both at 10 mg/L doses, were effective in reducing the fishy 

odor but either developed or unmasked fruity, cucumber, 
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melon, or gassy odors. Verification of these conclusions 

was one goal of the research reported in this thesis. 

OXIDATION 

Oxidation: an overview 

A variety of treatment techniques have been used to 

control tastes and odors in drinking water. Adsorption by 

activated carbon in powdered (PAC) or granular (GAC) form 

has been used liberally in the past. From laboratory 

experiments, PAC removed over 50 percent of methylisoborneal 

(MIB) and 75 percent of geosmin in raw water (Baker, et al., 

1986). Powdered activated carbon needs to be introduced 

only when taste~-and-odor problems arise, but often large 

quantities are required to lower tastes and odors to 

acceptable levels (Montiel, 1983). Granular activated 

carbon, usually in the form of filter beds, is more fully 

utilized than the powdered form since "... powdered carbon, 

given time, reaches equilibrium with the concentration of 

organics left in the water after adsorption has taken place, 

[whereas] granular carbon (taken from the inlet of a column) 

reaches equilibrium with the concentration of organics 

present in the water before adsorption has taken place" 

(Gauntlett and Packham, 1973). The advantages of GAC 

columns are offset by high construction costs and the high 

quality of influent water required prior to GAC treatment 

(McCreary and Snoeyink, 1977). Both PAC and GAC treatment 

work well on raw water with low levels of organics. Because 

taste-and-odor compounds make up only a small fraction of 

the total organics in water, however, Gauntlett and Packham 

(1973) stated that "... carbon treatment must remain a 

relatively unrefined treatment method in this respect." 

11



Ozone is used widely in Europe for disinfection and 

taste-and-odor control. The ozone molecule reacts with an 

organic molecule at a carbon-carbon double bond, causing it 

to rupture. Carbonyl compounds and other reaction products, 

including acids and aldehydes, are produced (Gomella, 1972; 

Gauntlett and Packham, 1973). In the city of Nice, France, 

ozone is successfully used to remove slight grassy and 

earthy tastes (Gomella, 1972). Ozone alone was not 

successful in rendering drinking water odor free, however, 

as cited by Zoetman (1980) from a study conducted on seven 

ozone installation in the Netherlands (Meyers, 1977) and at 

a water treatment plant in Dordrecht (Zoetman and Piet, 

1974). A pilot plant study at the Morsang-sur-Seine 

treatment plant outside Paris, France indicated that while 

ozone effectively removed grassy and earthy odors, sweet and 

fruity tastes were produced (Baker et al.,1986). Ozonation, 

coupled with GAC treatment, has been found to remove most 

organics (McCreary and Snoeyink, 1977; Ando et al.,1992). 

Ozone breaks down nondegradable organics into degradable 

substances that can be biologically removed in the filter . 

There have been problems with bacterial growth in the 

distribution system, but treatment of the effluent water 

with chlorine has usually eliminated them (McCreary and 

Snoeyink, 1977). 

Chlorine (Cl,,.,)) 

Chlorine, the most common disinfectant used in the 

water industry today, readily oxidizes many organic 

compounds in water (Snoeyink and Jenkins, 1980). Chlorine 

may be substituted for a hydrogen atom, as in reactions with 

phenols or organic nitrogen compounds, or it can be 

incorporated into a molecule by an addition reaction. 

Chlorine also has the ability to oxidize an organic compound 
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without chlorinating it. 

The results of chlorine treatment for taste-and-odor 

control has been mixed. In York, Pennsylvania, cucumber 

odors were successfully reduced by high-level 

prechlorination (Barnhart,1980). Chlorine has also been 

cited as successfully removing fishy and cod-liver oil odors 

in many localities (Krasner et al., 1989; Baker et al., 

1986; Vaughn, 1972; Harlock and Dawlen, 1958). Earthy/musty 

and grassy odor have been unmasked, however, in several 

instances (Krasner et al., 1985; Krasner et al., 1989). 

A study conducted by Ando et al. (1992), indicated that 

taste-and-odor removal by chlorine often depends on the 

point of application within the plant. Many algae in their 

log growth phase contain the majority of their odorous 

metabolites within their cells. Prechlorination in this 

case can actually increase the concentration of odor-causing 

compounds, such as geosmin and MIB, in water. Another study 

by Rashash (1994) concluded that the location of odiferous 

algal metabolites (intra or extracellular) varies. For 

example, the concentrations of fatty acids, alkanes, and 

2t,4t,7c-decatrienal were consistently greater within the 

cells of Microcystis aeruginosa and Dinobryon cylindricun, 

while isovaleric acid was detected in the surrounding media 

only in Chlamydomonas peterfii cultures. 

Chlorine, applied at levels below breakpoint dosages, 

was found to be effective for controlling tastes and odors 

when introduced at an intermediate stage of treatment at a 

point following coagulation and sedimentation (Ando et al., 

1992). Similar results were observed at the treatment plant 

in Tyler, Texas, (Lloyd,1939) where pre-chlorination doses 

less than 3 parts per million (ppm) increased fishy and 

musty odors in raw water. 

Although chlorine will oxidize some odor-causing 
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compounds, it seems to be fairly ineffective against the 

earthy/musty variety (Dougherty and Morris, 1976; Romano and 

Safferman, 1963). Romano and Safferman (1963) studied the 

effectiveness of chlorine against odors caused by 

actinomycetes and found that even at 50 ppm, chlorine did 

not eliminate earthy/musty odors. Another disadvantage to 

using chlorine for taste and odor control is that chlorine 

will react with low concentrations of phenols in raw water, 

causing an antiseptic taste (Gauntlett and Packham, 1973; 

Zoetman, 1980). Because chlorophenols are very difficult to 

remove (Silvey et al., 1972), Zoetman (1980) recommends 

against the use of chlorine to combat taste-and-odor 

problems. 

Potassium Permanganate (KMnO,) 

Potassium permanganate is a powerful oxidant used at 

over 1000 treatment plants in the U.S. today (Ficek, 1984). 

Aside from taste-and-odor control, potassium permanganate 

  

has been used for disinfection, trihalomethane precursor 

control, iron and manganese removal, and control of algae in 

reservoirs (Pontius, 1990). In general, potassium 

permanganate reacts with organic compounds to form various 

oxidation byproducts, depending on reaction conditions and 

the properties of the original organic compound, and 

manganese dioxide. In some instances, organic substances 

may be broken down completely into carbon dioxide and water 

(Pontius, 1990). 

The literature is replete with cases of successful 

taste~and-odor removal by potassium permanganate. [In York, 

Pennsylvania, for examples, potassium permanganate was added 

on-line at an average dose of 5 mg/L to remove cucumber 

odors from raw water (Barnhart, 1980). Experiences from 

several treatment plants in Ohio indicated the effectiveness 
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of potassium permanganate in reducing fishy and cod-liver 

oil odors as well (no author, 1972). Barnhart (1980) stated 

that "...the use of potassium permanganate was indicated to 

be effective in reducing fishy odors from blooms of 

Asterionella, Tabellaria, Uroglenopsis, Volvox and 

Pandorina... and cucumber and muskmelon odors for which 

Synura and Dinobryon were responsible." 

In several instances, 2 ppm of potassium permanganate, 

along with PAC treatment in extreme cases, successfully 

reduced obnoxious odors to acceptable levels (Cherry, 1962; 

Shull, 1962). A dose of 0.75 ppm, coupled with PAC, was 

sufficient to remove woody and earthy odors at a water 

utility in Waxahatchie, Texas (Smith, 1961). 

The effectiveness of adsorption onto potassium 

permanganate oxidation by-products, namely manganese 

dioxide, has also been investigated. Morgan and Stumm 

(1964) found that several manganese oxides were colloidal in 

nature and remained stable for long periods of time. In 

hard water, researchers found that humics were readily 

adsorbed by manganese oxides. Lalezary (1984), as cited by 

Ficek (no year given), stated that "(Manganese dioxide) 

demonstrated substantial removal efficiencies for 2- 

isopropyl1-3-methoxy pyrazine (IPMP), 2-isobutyl-3-methoxy 

pyrazine (IBMP) and 2,3,6-trichloronanisole (TCA)." More 

research in this area, as it applies to taste-and-odor 

control, is needed. 

Chlorine Dioxide (C10,) 

Chlorine dioxide, first used in the United States in 

1944 (Sigworth, 1957), is a strong oxidizing agent that must 

be generated on site. When oxidizing organic compounds, 

chlorine dioxide acts primarily as a one-electron acceptor 

(Mallevaille and Suffet, 1987). During alkaline conditions, 
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however, chlorine dioxide can disproportionate to form 

chlorite (C10,_) and chlorate (C10,;), two by-products that 

have possible adverse health effects (Pontius, 1990). 

Somsen (1960) found that chlorine dioxide can cause 

cleavage of the carbon-carbon bond in many organic 

compounds. The same study indicated that acetic acid and 

carbon dioxide are the final reaction products from the 

oxidation of diacetyl and 2,3-butanediol. Unlike chlorine, 

chlorine dioxide does not facilitate the substitution of a 

chlorine atom for a hydrogen atom, producing unwanted 

halogenated disinfection byproducts. 

In the late 1950's, a questionnaire was distributed 

among 100 water treatment plants that were currently using 

chlorine dioxide. Utilities reported success in controlling 

most taste and odor problems. (Granstrom and Lee, 1958). 

The Edmonton Department of Water and Sanitation also 

concluded that high chlorine dioxide doses would eliminate 

naturally occurring organic matter responsible for 

unpleasant odors in raw water (Walker et al., 1986). The 

literature is replete, however, with cases of taste-and-odor 

reduction by chlorine dioxide treatment but not removal 

(Besozzi and Vaughn, 1949; Gauntlett and Packham, 1973; 

Spicher and Skrinde, 1963). The Metropolitan Water District 

of Southern California reported a 30 percent reduction in 

musty and earthy odors for a wide range of chlorine dioxide 

doses and contact times (Lalezary et al., 1986). 

Chlorine dioxide, though expensive, has several 

advantages over prechlorination. In addition to producing 

no bitter tasting chlorophenols, chlorine dioxide proved 

superior to free chlorine at removing tastes and odors 

caused by Anabaena, a blue-green algae (Harlock, 1953). At 

the water treatment plant in Valparaiso, Indiana, high 

chlorine dioxide doses eliminated musty tastes and odors 
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where breakpoint chlorination had proven unsuccessful 

(Coote, 1950). 

Although chlorine dioxide can remove tastes and odors 

in drinking water, it can also cause new odors. The most 

notable are cat-urine-like and kerosine-like odors caused by 

gas phase reactions between chlorine dioxide and airborne 

volatile organic compounds in customer's homes (Hoehn et 

al., 1990; Dietrich et al., 1992). 

SENSORY ANALYSIS 

"On comparing sensory methods with the newest analytical 

techniques, there is no method or instrumental apparatus 

today that gives equally rapid and sensitive results. For 

these reasons, the choice of water treatment processes 

depends upon the sensory evaluation of water" (Montiel, 

1983). 

Odor Characteristics 

The olfactory center in humans in located behind the 

eyes at the ceiling of the inner nose. There, millions of 

cilia extend from primary neurons into a mucous lining 

(AWWA, 1993; Wright, 1982). In order for a compound to be 

considered an odorant, it must first be volatile enough to 

be inhaled and second, lipid-soluble enough to be absorbed 

into the mucous lining (AWWA, 1993). Molecular masses of 

odorants of approximately 200 are common (Bauer and Garb, 

1985). Although researchers have attempted to correlate 

chemical structure with odor, compounds with the same basic 

structure can smell completely different, while compounds 

that are vastly different in structure may smell identical 

(Engen, 1982; Harper et al., 1968; Zoetman, 1980). 
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Numerous attempts have been made by researchers in the 

food, botanical, and perfume industries to classify odors. 

Harper et al. (1968) reviewed several classification 

schemes. In the eighteenth century, Linnaeus grouped odors 

into the following seven categories: aromatic, fragrant, 

musk-like, garlic-like, goat-like, foul, and nauseating. 

Several other researchers made attempts to modify and build 

on this primary odor classification system. Henning's Odor 

Prism (Henning, 1915), found in Figure 1, shows the 

Similarities between certain odors. Even though odors are 

restricted to the surface of the prism, Henning's subjects 

described over 400 different aromas within this 

classification system. Other researchers have validated 

Henning's work, but only in its the broadest sense. Engen 

(1982), citing Hamauzu (1968), summarized his review by 

stating that "no agreement has been reached on the question 

of what odors are similar and how many classes there might 

be among the estimated 40,000 odorous substances". 

In many cases, odor quality changes with concentration. 

For example, pure MIB smells like camphor at high 

concentrations but has a musty odor below 10 ng/L (Persson, 

1980). Mixing different odorants could have a compounding 

or masking effect. "It is a well established experimental 

finding that the perceived strength of a mixture of odors is 

generally less than that predicted from the sum of 

individual intensities of the components" (Engen, 1982). 

Sensitivity to odors varies with individuals. In 

extreme cases, a person may experience a dysfunction of 

smell such as anosmia (inablitiy to detect any odor), 

hyposmia (decreased sensitivity to certain odors), or 

hyperosmia (increased sensitivity to odors) (Smith and 

Duncan, 1992). Although perception of odor intensity may 
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Figure 1. Henning's Odor Prism (Engen, 1992 citing Henning, 
1924) 
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vary, odor perception will generally follow the Weber- 

Fechner law: 

S = alogc + b 

where S is the estimated intensity of the odor sensation, C 

is the concentration of the odorant, and a and b are 

constants that vary with different odiferous compounds 

(Wright, 1982). 

TON Method 

The threshold odor number (TON) method provides the 

dilution ratio of a sample at which a taste or an odor is 

barely perceptible (Standard Methods, 1992). Water 

utilities have reported many problems with this method. 

Krasner et al., (1985) stated that "Managers charged with 

controlling water quality in the distribution system have 

often found the results to be confusing, contradictory, and 

difficult to use." In one case, massive customer complaints 

were received, but the TON test was unable to qualify or 

quantify the compound responsible for the odor (McGuire et 

al., 1981). Krasner et al. (1985), citing Popalisky et al. 

(1975), noted that "a group of utilities along the Missouri 

Rover found that different panelists assigned [TON] values 

from 8 to 128 to the same sample." 

Managers at the Metropolitan Water District of Southern 

California listed several problems with TON use: (1) results 

vary widely between individuals, (2) different values cannot 

be assigned to each odor in a sample, and (3) samples are 

tested at such high temperatures (60°C) that odors may be 

created that were not present at room temperature or 

volatiles may evaporate too quickly so that only the first 

few analysis detect the odor (Krasner et al., 1985). 
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Because of these drawbacks, researchers have turned to new 

methods for the sensory evaluation of water. 

Flavor Profile Analysis 

Flavor profile analysis (FPA), developed for the food 

industry in the late 1940's (Cairncross, 1950), was adapted 

first by the Philadelphia Water Department and then by the 

Metropolitan Water District of Southern California in 1985 

(Krasner et al., 1985). This method is now incorporated in 

Standard Methods for the Analysis of Water and Wastewater 

(1992). Flavor profile analysis uses from four to six 

trained panelists to evaluate sensory characteristics of 

water. Training includes introducing panelists to various 

odors that are common in the water treatment field and 

calibrating the sense of smell to a rating scale which is 

used to measure the intensity of a taste or an odor. (AWWA, 

1993). Several attempts have been made to develop a 

standard classification scheme for tastes and odors (Krasner 

et al., 1985; Bartels et al., 1986). Suffet et al. (1988) 

recommends the use of a "flavor wheel" (Figure 2) 

(Mallevialle and Suffet, 1987). 

Suffet et al. (1988) stated that "Interpretation (of 

FPA data) is based on experience and training." Some 

sources of variation listed were order of samples, panelist 

interaction, motivation, experience and first exposure 

reaction (Suffet et al., 1988). Fatigue, which can occur 

when a panelist's sensitivity diminishes with prolonged 

exposure to one or more odorants, is also a major cause of 

data variation. Factors that can cause fatigue include high 

intensity samples, rest intervals of too short a time 

period, and a large number of samples per session. Odorless 

blanks between samples has alleviated much of this problem 

(Suffet et al., 1988). 
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Figure 2. Proposed Flavor Wheel (Mallevaille and Suffet, 1987) 
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From a study conducted by Meng and Suffet (1992), large 

statistical variations were observed in both qualitative and 

quantitative analysis. Suffet et al., (1988) also noted 

that variations in FPA data are often greater than those 

obtained by instrumental analysis. Accuracy within a data 

set can be determined by comparing flavor panel results to 

those obtained by a number of different panels at identical 

operating conditions (Suffet, et al., 1988). 

CHEMICAL ANALYSIS 

Isolation of Organic Compounds 

Several extraction and adsorption techniques were 

reviewed; advantages and disadvantages to each are presented 

herein. 

Carbon and Other Adsorption Techniques. Activated 

carbon has been used for isolating trace organics. There 

were several drawbacks to this method, including high 

impurity levels, inconsistent quality, and alteration of 

sample components (Blok et al., 1983; Criswell, 1977). 

Researchers have more recently studied the ability of a 

variety of resins; including Amberlite XAD-2, Ambersorb 

XE340 and Tenax-G; to isolate organic compounds. Durell et 

al. (1987) noted that providing clean resins is time 

consuming and almost impossible. Blok et al., (1983) 

concluded that several of the adsorbents produce high levels 

of contaminants, rendering them unsuitable for the analysis 

of taste-and-odor-causing compounds. 

Closed Loop Stripping (CLSA). This method utilizes an 

activated carbon filter to initially extract organic 

compounds from water. Filters are then stripped using 10 
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microliters (UL) of carbon disulfide (Buffin, 1992). It is 

capable of extracting a broad range of compounds including 

low to medium molecular weight organic compounds up to 

approximately C,, in the n-alkane series (Durell et al., 

1987; Grob and Zurcher, 1976). This method takes less than 

two hours and, in general, exhibits high reproducability and 

low detection limits for many taste-and- odor organics 

(Krasner et al., 1981). Buffin (1992) found, however, that 

the low volume of solvent produced by the CLSA method was 

adifficult to store, and samples were often lost 

Simultaneous Distillation and Extraction (SDE). In 

this process, as organic compounds are distilled from a 

water sample, a solvent with a very low boiling point is 

distilled. The vapors condense simultaneously, facilitating 

the extraction of organic compounds by the solvent (Jandu 

and Krijt, 1984). This procedure is continuous and can 

produce results in less than 1.5 hours (Jandu and Krijt, 

1984). 

High recoveries are possible for most fatty acids from 

C, to C,, with the exceptions of acetic and propionic acid 

(polar, low molecular weight fatty acids) (Jandu et al., 

1984). Advantages to this method include (1) extraction 

and concentration of organics in a single operation, (2) 

high recoveries of most volatile organics, and (3) a time 

requirement of only one to two hours (Parliment, 1986). On 

the other hand, SDE requires a large amount of hood space. 

Continuous Liquid-Liquid Extraction (CLLE). As shown 

in Figure 3, the organic solvent chosen for this method is 

heated, evaporated, and recondensed above the sample. The 

solvent then passes through the sample and recirculates into 

the 500 mL flask. Once the CLLE apparatus has been 

assembled, extraction can proceed for extended periods of 
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Figure 3. Continuous Liquid-Liquid Extraction apparatus 
(Durell, et al., 1987) 
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time unattended (eg. 4 - 24 hours is typical). 

A broad range of insoluble and slightly soluble 

compounds in parts per billion concentrations can be 

recovered by CLLE (Yohe et al., 1979). It is especially 

effective for high molecular weight compounds but is 

applicable to compounds with as few as five carbons (Blok et 

al., 1983; Rashash, 1994). Blok et al. (1983) compared CLLE 

to solvent extraction methods and discovered that the 

highest overall recoveries of trace organic compounds known 

to cause tastes and odors were obtained by CLLE. Although 

this method does require a large amount of solvent and 

extremely volatile compounds may be lost due to evaporation, 

it was chosen for all experiments during this study. 

A wide variety of extraction solvents can be used with 

the CLLE method. Methylene chloride is the most common for 

all extractions because it "...is more stable, easier to 

keep pure, and in general, less dangerous and easier to 

handle than the other commonly used solvent, diethylether" 

(Durell et al., 1987). 

Identification of Organic Compounds 

Gas chromatography/ mass spectroscopy (GC/MS) analysis 

is widely used in the water treatment industry. 

Quantification of GC/MS data can be accomplished though the 

use of internal standards. Internal standards are used to 

calculate a "response factor," which relates the area of a 

sample peak on the GC/MS to its corresponding concentration. 

Select members of the chloroalkane series were chosen as 

internal standards during this study because chloroalkanes 

do not often occur in the natural environment but are 

representative of a wide variety of organic compounds in 

their extraction properties (Grob and Zurcher, 1976). Grob 

and Zurcher (1976) noted that chloroalkanes are 
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",...commercially available as a homologous series and can be 

evenly distributed over a chromatogram so as to be 

representative of compounds with various volatilities." 
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CHAPTER 3: MATERIALS AND METHODS 

In this section, specific compounds and experimental 

procedures that were followed throughout this study are 

presented. The preparation of odorous compounds and 

oxidants are included, along with a detailed outline of the 

analysis of test solutions by a trained flavor panel and gas 

chromatography/mass spectroscopy. 

REAGENTS 

The following reagents were used during this study: 

acetone (CAS# 67-64-1, Fisher Scientific, Fairlawn, NJ), pH 

7 buffer solution (CAS# 7778-77-0, CAS# 1310-73-2, CAS# 

7732-18-5; Fisher Scientific), chlorodecane, 98% (CAS# 1002- 

69-3, Chem Services, West Chester, PA), chlorododecane, 98% 

(CAS# 112-52-7, Pfaltz & Bauer Inc., Waterbury, CT), 

chlorohexadecane, 95% (CAS# 4860-03-1, Pfaltz & Bauer, 

Inc.), chlorooctadecane, 98% (CAS# 3386-33-2, Chem 

Services), chlorooctane, 99% (cas# 111-85-3, Chem Services), 

Chromic acid, 10% w/v (CAS# 1333-82-00, Fisher Scientific), 

B-cyclocitral, 70% (CAS# 432-25-7, Sigma Chemical Co., St. 

Louis, MO), hexanal (CAS# 66-25-1, Aldrich), isovaleric 

acid, 99% (CAS# 503-74-2, Aldrich Chemical Co., Inc., 

Milwaukee, WI), linoleic acid, _% (CAS# 60-33-3, Aldrich), 

linolenic acid, 99% (CAS# 463-40-1, Aldrich), methylene 

chloride (CAS# 75-09-2, Fisher Scientific), Milli-Q reagent 

water (Millipore corporation, Norwalk, CT), myristic acid, 

99.5+% (CAS# 544-63-8, Aldrich), nitrogen gas (CAS# 7727-37- 

9, AIRCO, Murray Hill, NJ), 2t,6c~ nonadienal (CAS# 557-48- 

2, Aldrich), palmitic acid, 99% (CAS# 57-10-3, Aldrich), 

phenethyl alcohol, 99% (CAS# 60-12-8, Aldrich), phenyl 
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arsine oxide solution, 0.00564N (CAS# 637-03-6, CAS# 1310- 

73-2, CAS# 7732-18-5; Fisher Scientific), potassium 

permanganate (CAS# 7722-64-7, Carus Chemical Co., Ottawa, 

Inc.), potassium persulfate (CAS# 7727-21-1, Fisher 

Scientific), sodium chlorite flakes (CAS# 7758-19-2, Eastman 

Kodak company, Rochester, NY), sodium hypochlorite solution, 

4-6% NaOCl (CAS# 7681-52-9, CAS # 7732-18-5; Fisher 

Scientific), anhydrous sodium sulfite (cas# 7757-83-7, 

Fisher Scientific), sulfuric acid, 95-98% (CAS# 7664-93-9, 

CAS# 7732-18-5; Fisher Scientific). 

PREPARATION 

Glassware and Teflon-coated material 

Before initial use, all glassware was washed with 

standard dishwashing liquid, rinsed several times with tap 

water, and soaked in chromic acid. It was then rinsed 

several times with Milli-Q water, rinsed with acetone, and 

allowed to dry at 110 °C in laboratory oven overnight. 

All Teflon-coated apparatus was washed with standard 

dishwashing liquid, rinsed with tap water, Milli-Q water, 

and acetone, in that order, and placed in the laboratory 

oven until dry. 

Oxidant Stock Solutions 

Chlorine (Cl,...)- Chlorine stock solutions were 

prepared approximately every two weeks by diluting 10 to 12 

milliliters (mL) of four to six percent standard household 

sodium hypochlorite with 800 mL of Milli-Q reagent water. 

The solution was placed in an amber glass bottle (cleaned as 

previously stated) and stored in the dark at room 

temperature. 
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Before each experiment, 2 mL of the stock solution was 

diluted with 200 mL Milli-Q reagent water and titrated 

according to Section 4500E of Standard Methods for the 

Examination of Water and Wastewater, 18th ed. (1992). A 

Fisher-Porter model 17T1010 Amperometric Titrator 

(Warminister, PA) and a 0.00564N phenyl arsine oxide (PAO) 

solution were used for all titrations. All transfers were 

made using a bulb pipette with the tip well submerged below 

solution. 

Potassium Permanganate (KMnO,). The KMnO, stock 

solution was prepared by dissolving 1 g of technical Grade 

Cairox® potassium permanganate crystals into 1000 mL of 

Milli-Q reagent water. The solution was stored in a dark 

brown glass bottle at 4 °C. Solution strength was measured 

periodically according to Section 3500E of Standard Methods 

for the Examination of Water and Wastewater, 17th ed. 

(1989). All transfers were made with a bulb pipette in the 

manner previously described. 

Chlorine Dioxide (C1l0,). Chlorine dioxide was prepared 

according to a method developed by the Novatek Corporation 

(A Division of EEB., Oxford, OH). This method produced a 

high concentration solution with little or no chlorine, 

chlorite, or chlorate. As shown in Figure 4, a 4 percent 

potassium persulfate solution (2 grams (g) per 50 mL) was 

mixed with a 16 percent sodium chlorite solution (4 g per 25 

mL) in a gas purging vessel. The vessel was purged slowly 

with nitrogen gas and chlorine dioxide was collected in cold 

Milli-Q water. The entire process took approximately 1 hour 

and 15 minutes. The stock solution, which had an initial 

strength of approximately 375 milligrams per liter (mg/L), 

was transferred to an amber glass bottle and stored at 4 °C. 

The titer was measured before each experiment according 

to Section 4500E of Standard Methods for the Examination of 
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Water and Wastewater, 18th ed. (1992). The titrator and 

titrant used were identical as those used for chlorine 

experiments. Each titration was performed in duplicate. 

The stock solution was drawn slowly into the pipette so that 

subsequent air pressure did not strip ClO, from solution and 

the tip of the pipette was placed below the surface of the 

solution for all transfers. 

Organic Compound Stock Solutions 

Organic compound stock solutions were prepared by 

diluting original, pure compounds with acetone. Stock 

solution concentrations of each organic compound 

investigated in this study were as follows: isovaleric 

acid, 1.84 ug/uL; phenethyl alcohol, 5.11 ug/uL; B- 

cyclocitral, 5 ug/uL; myristic acid, 10.3 ug/wL; palmitic 

acid, 10.6 ug/uL; linoleic acid, 17.9 wg/uL; and linolenic 

acid, 18.1 ug/uL. All solutions were stored at 4 °C in 

Teflon-capped bottled wrapped with Teflon tape to prevent 

evaporation. 

Synura petersenii Culture 

Isolation of Odorous compounds. Approximately 800 mL 

of a 2-month-old Synura petersenii culture was obtained from 

the Biology Department at Virginia Tech. Buffin's work 

(1992) indicated that treating the entire culture (cells 

plus media) resulted in high oxidant demands as well as 

vitamin odors due to oxidation of compounds in the growth 

media. In order to correct these problems, the following 

steps were taken to isolate odor causing compounds, mainly 

2t,6c-nonadienal and 2t,4t,7c-decatrienal: 
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@ The Synura culture was centrifuged for 2 hours to 

isolate the cells. 

@ The centrate was discarded. The cells were 

resuspended in tap water and the samples were 

centrifuged again to remove additional media. 

@ The concentrated cells were diluted with Milli-o 

water back to the original volume (800 mL). 

@ The samples were then placed in a 45 °C water bath 

in order to "heat shock" to cells, facilitating the 

release of volatile odorous compounds. 

@ Each flask was centrifuged again to separate dead 

cells. 

@ The Milli-Q water containing 2t,6c-nonadienal and 

2t,4t,7c-decatrienal was recovered and stored at 4 °C. 

Preliminary Odor Analysis. Samples containing various 

levels of the Synura extract were warmed to 45 °C and 

analyzed to determine the volume required to produce a 

moderate-to-strong odor (FPA intensity 6-8). A volume of 10 

mL of extract per 200 mL of Milli-Q reagent water was used 

in all FPA experiments because this level produced a strong 

odor that did not fatigue panelists. 

Preliminary work also showed that oxidizing the Synura 

extract with 0.25 mg/L of KMnO, eliminated all odors. 

Subsequent FPA samples were dosed with potassium 

permanganate at concentrations below 0.25 mg/L to determine 

if a "melon" or "cucumber" odor was unmasked. 
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Oxidant Residual Studies 

It was essential in this study that samples be dosed 

with sufficient oxidant to persist throughout the experiment 

so that contact time did not become a variable. Since it 

was infeasible to titrate the samples at intervals during 

the experiments, preliminary studies were required. 

Pure Algae-Produced Compounds. The dosages of 

potassium permanganate, free chlorine and chlorine dioxide 

that were used to oxidize the individual solutions of the 

seven algal by-products represented levels typically applied 

at water treatment plants. Table 3 provides the 

concentrations that were used in each experiment. 

Oxidant residual studies were conducted with a 

predetermined amount of each of the seven compounds, diluted 

with 200 mL Milli-Q reagent water. This was done to 

determine the oxidant dosages sufficient to provide a 

residual after one hour. For potassium permanganate 

experiments, color changes were noted every 10 minutes for 

one hour (ie. pink, faint pink, etc.). Residual chlorine 

and chlorine dioxide were titrated to endpoint using the 

Fisher-Porter amperometric titrator and 0.00564N PAO. 

Results of these studies can be found in Tables Al though A4 

in the Appendix. 

Synura Culture. Predetermined doses of all three 

oxidants, as shown in Table 3, provided a residual after one 

hour. Results are listed in Appendix A. Permanganate 

concentrations below 0.25 mg/L produced such a faint pink 

color that it was impossible to determine if there was in 

fact residual oxidant after one hour. 
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Oxidant 

Table 3 

Dosages Added to Test Solutions 

  

  

Oxidant Low (mg/L) High (mg/L) 

KMnO, 0.25 1.0 

Clo tag) 1.0 2.0 

clo, 1.0 3.0 
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GC/MS and Compound Detection Limits 

Check Standards. Check standards were prepared from 

fairly high (up to 200 ng/uL) concentrations of each pure 

compound selected for analysis. The chloroalkane series was 

also included for the purpose of calculating a "response 

factor." Response factors, which relate the area of a peak 

to its corresponding concentration, were used to calculate 

the concentration of each compound after oxidation. Table 

B1l in the Appendix B provides concentrations of the seven 

pure compounds and five chloroalkanes in each check 

standard. A working solution containing internal standards 

was also prepared so as to compare the extraction of each 

compound to the chloroalkane series. This solution 

contained approximately 5 ng/uL of each chloroalkane. 

Initially, 30 uL of the working solution was added to 

samples prior to continuous liquid-liquid extraction. The 

GC/MS were poor at this level, so the amount was increased 

to 100 UL. 

Detection Limits. Detection limits associated with 

each pure compound were first calculated from data provided 

by Rashash (1994). Her extraction procedure was developed 

with test volumes of 15 mL, however, and her detection 

limits proved to be much lower in some instances than could 

be obtained in the present study. A separate study was 

required to determine the detection limits associated with 

the analysis of larger extraction volumes. 

Varying concentrations (50 ug/L, 40 ug/L, 25 ug/L, 15 

ug/L, 10 pg/L and 5ug/L) of each compound were diluted with 

1 L Milli-Q water and extracted, concentrated, and analyzed 

by GC/MS. Detection limits for each compound are listed in 

Table 4. These results provided guidelines for selecting 

initial concentration of pure algae produced compound for 
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Table 4 
Compound Detection Limits 

  

  

Compound Det. Limit (ug/L) 

isovaleric acid > 300 

phenethyl alcohol 10 

B-cyclocitral 15 

myristic acid 15 

palmitic acid 10 

linoleic acid 25 

linolenic acid 40 
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oxidation studies. 

Samples containing 10 mL, 25 mL and 50 mL of the Synura 

Petersenii solution were extracted and analyzed by GC/MS. 

2t,4t,7c-Decatrienal and a small amount of 2t,6c-nonadienal 

were identified only in the 50 mL sample. The volume of the 

Synura medium was limited, and because the detection limit 

of 2t,6c-nonadienal was high (meaning larger volumes needed 

to be extracted), not all samples were analyzed by GC/MS. 

Flavor Profile Analysis (FPA) 

Screening and Training. Procedures outlined in the 

  

AWWA handbook entitled FPA Screening and Training of 

Panelists (1992) were followed throughout this research. In 

early June, 1993, a letter was sent inviting all interested 

students to an FPA-orientation meeting. This meeting 

provided an overview of the proposed research as well as the 

responsibilities of the panelists. Also during the 

orientation meeting, each interested party was given several] 

screening tests including intensity ranking exercises, 

triangle tests and odor recognition exercises. All students 

who passed the screening tests were invited to serve on the 

panel. 

Several months of weekly, one-hour meetings are 

required to train a reliable flavor panel (Bartels et al, 

1986). Throughout June and July, 1993, panelists were given 

samples of odorous compounds that would be oxidized as well 

as standard samples in order to improve recognition skills. 

Also, their senses were calibrated to the standard FPA 

intensity scale (2-4, weak; 6-8, moderate; and 10-12, 

strong) by evalutations of taste- as well as odor-samples. 

Baseline Data Collection. The first FPA sessions 

following the training period were used to gather baseline 

data for four of the odorous compounds that are the major 
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focus of this study. The data collected during these 

preliminary evaluations are shown in the Appendix C as 

graphs that relate compound concentration and FPA intensity. 

Compounds include isovaleric acid, phenethyl alcohol, 6- 

cyclocitral, and linolenic acid. 

Initial Control Studies. The next several FPA meetings 

were used to evaluate the following controls: (1) Milli-Q 

reagent water dosed with the maximum concentration of the 

three oxidants, (2) Milli-Q water dosed with the three 

oxidants and then dosed with different compounds to quench 

oxidant residuals, and (3) various concentration of non- 

odorous algal products before and after treatment with 

oxidants. The objective of the latter study was to 

determine whether odorous products might result for the 

oxidation of the non-odorous precursors. 

Final concentrations of pure compounds selected for 

analysis are listed in Table 5. These values were based on 

detection limits, FPA intensity versus concentration data, 

and initial control studies. Because the concentration of 

isovaleric acid required to produce an FPA intensity of 6-8 

(120 tg/L) fell well below GC/MS detection limits (>300 

ug/L), isovaleric acid was not selected for GC/MS analysis. 
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Table 5 

Final concentrations for Evaluation 

  

  

Compound Concentration (tlg/L) 

isovaleric acid 120 

phenethyl alcohol 225 

B-cyclocitral 120 

myristic acid 200 

palmitic acid 200 

linoleic acid 100 

linolenic acid 100 
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OXIDATION EXPERIMENTS FOR FLAVOR PROFILE ANALYSIS 

Oxidation 

Initially, all seven pure algae-produced compounds were 

oxidized and presented to the flavor panel for analysis. 

Preliminary results from these experiments, discussed in the 

results section of this report, showed that linoleic acid 

and linolenic acid were most susceptible to oxidation by 

potassium permanganate, chlorine and chlorine dioxide. 

These two compounds were oxidized again at 100 ug/L 

concentrations to confirm results, the only difference being 

that the Milli-Q water was buffered to a pH of 7. 

As time permitted, oxidation experiments involving the 

remaining five algae-produced compounds (isovaleric acid, B- 

cyclocitral, phenethyl alcohol, myristic acid, and palmitic 

acid) were repeated at pH 7 to confirm results. The FPA 

panel evaluated 120 ug/L of B-cyclocitral oxidized with 0.25 

mg/L and 1.0 mg/L of KMnO,, 200 ug/L of myristic acid 

oxidized with 1.0 mg/L and 3.0 mg/L of C10,, and 200 ug/L of 

palmitic acid oxidized with 0.25 and 1.0 mg/L of KMnoO,. 

A phosphate buffer solution was prepared according to 

section 4500-C1-D of Standard Methods, 18th ed. (1992) by 

dissolving 25.4 g of monobasic potassium phosphate (KH,PO,) 

and 34.1 g of dibasic sodium phosphate (Na,HPO,) in 1L of 

Milli-Q reagent water. Approximately 3 mL of the phosphate 

buffer solution in 200 mL Milli-Q water was sufficient to 

maintain pH 7. 

Chlorine. A predetermined amount of each compound in 

200 mL of Milli-Q water was oxidized with 1.0 mg/L and 2.0 

mg/L of chlorine, sealed in a flask with a ground-glass 

stopper, and allowed to react in the dark for one hour. All 

experiments were conducted in 500-mL foil-covered Erlenmeyer 
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flasks. Because odor-causing compounds are volatile, the 

samples were not stirred throughout the experiment but, 

instead, were gently swirled periodically. At the end of 

the contact period, the residual oxidant was quenched with 

PAO. The amount of PAO was determined by titrating the 

sample to endpoint using an amperometric titrator. Often, 

however, a larger dose was required to remove chlorine 

odors. 

Potassium Permanganate. A predetermined amount of each 

pure compound was oxidized with 0.25 mg/L and 1.0 mg/L of 

potassium permanganate. The experimental procedure was the 

same as that used during the chlorine experiments except 

that residual potassium permanganate was quenched with 

sodium sulfite. Quenching was essential because preliminary 

studies showed that residual potassium permanganate imparted 

a sweet odor that interfered with the FPA analysis. 

Chlorine Dioxide. A predetermined amount of each 

compound was oxidized with 1.0 mg/L and 3.0 mg/L of chlorine 

dioxide. The experimental procedure was the same as that 

used during the potassium permanganate and chlorine 

experiments. The reducing agent (PAO), which was used to 

titrate the chlorine dioxide stock solution, did not 

eliminate the chlorine odor from some samples, so sodium 

sulfite in powdered form was used. This reducing agent can 

cause a putrid or stale smell in excess, so it was added in 

small, incremental amounts until all residual chlorinous 

odor had disappeared. 

Synura Culture Experiments. Ten mL alliquots of the 

Synura extract were diluted with 200 mL of Milli-Q water and 

oxidized with 0.25 mg/L, 0.175 mg/L, and 0.075 mg/L of 

potassium permanganate, 1.0 mg/L and 2.0 mg/L of chlorine, 

and 1.0 and 3.0 mg/L of chlorine dioxide. The experimental 

42



procedure was identical to that used during the pure- 

compound oxidation studies. All samples were buffered to a 

pH of approximately 7. 

FPA: General Procedure 

The originally planned approach for evaluating the 

effect of the oxidants on the test compounds was to treat 

each at the same time with the various oxidants, then 

present them, along with appropriate controls, to the FPA 

panel. Panel members had difficulty determining the 

intensity of odors in numerous samples when the odors were 

similar; therefore, a change was made in the procedure, and 

several compounds were oxidized and presented to the FPA 

panel during each session. 

Flavor profile analyses of all samples in this study 

were performed according to proposed method 2170 in Standard 

Methods for the Examination of Water and Wastewater, 18th 

ed. (1992). All panel meetings were held ina quiet, 

odorless room and panelists were instructed not to wear 

perfumes or lotions and to wash their hands before each 

meeting. Sour taste standards at intensities of 4 (weak-to- 

moderate) and 8 (moderate-to-strong) were available at each 

session so that panelists could re-calibrate their senses. 

The minimum number of panelists at any session was 5. 

Samples were heated to 45 °C, and odorless water was 

obtained by heating Milli-Q water to the aforementioned 

temperature for one hour. An odorless sample was made 

available to all panelists, and no more than eight samples 

were analyzed per session. Also, an extensive list of odor 

descriptors, found in the Appendix D, was posted to aid 

panelists in naming unknown odors. No experimental samples 

were tasted. 

43



Quality Assurance/ Quality Control (QA/QC). As 

recommended by proposed method 2170 (Standard Methods, 

1992), an odorless sample was randomly introduced among 

experimental samples during each FPA session. Also, an 

unoxidized sample of each compound that had been treated was 

presented for comparison. Blanks containing an amount of 

acetone proportional to the odorous stock solution aliquot 

was oxidized and quenched in the same manner as the pure 

odorous algae~produced compounds. These samples were 

presented to the flavor panel for control. 

Data Analysis. FPA data were analyzed according to 

proposed method 2170 (Standard Methods, 1992), except for 

slight modifications. Average intensity was calculated if 

at least 50 percent of the panel agreed on a descriptor. 

Method 2170 states that an intensity level of 0 (odorless) 

should be assigned to data that do not agree with the 

majority. It was concluded for this study, however, that 

this quantification technique significantly lowered average 

intensities of difficult-to-describe odors; therefore, if a 

descriptor did not agree with the majority, its intensity 

value was eliminated from calculations. If less than 50 

percent of the panel agreed on a descriptor, results were 

listed as "other notes" and not included in group results. 

The intensity was calculated by averaging all values, and 

the descriptor was noted as "no consensus." 
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OXIDATION EXPERIMENT FOR CONTINUOUS LIQUID-LIQUID EXTRACTION 

(CLLE) AND GAS CHROMATOGRAPH/MASS SPECTROMETRY (GC/MS) 

ANALYSIS 

Oxidation 

Pure Compounds. A predetermined amount of each pure 

compound in one liter of Milli-Q water containing 10 mL of 

PH 7 phosphate buffer was oxidized with 0.25 mg/L and 1.0 

mg/L of potassium permanganate, 1.0 mg/L and 2.0 mg/L of 

chlorine, and 1.0 mg/L and 3.0 mg/L of chlorine dioxide. 

All experiments were carried out in foil-covered 1-L Pyrex 

flasks. Samples were sealed with aluminum foil and allowed 

to react in the dark for one hour. Since odor causing 

compound are volatile, solutions were not stirred throughout 

the experiment, but, instead, were gently swirled 

periodically. At the end of the contact period, all oxidant 

residuals were quenched in the same manner as those used for 

the flavor profile analysis samples. 

Synura Extract. One hundred mL of the Synura 

petersenii extract was diluted with Milli-Q water to a total 

volume of one liter for analysis. Samples were oxidized 

with 0.10 mg/L of potassium permanganate, 1.0 mg/L and 2.0 

mg/L of free chlorine, and 1.0 mg/L of chlorine dioxide. 

These values were chosen according to the results of FPA 

analysis of oxidized samples. Residual oxidants were 

quenched in the manner previously described and the pH of 

each experimental solution was approximately 7. 

Continuous Liquid-Liquid Extraction (CLLE) 

Because the four odor-causing compounds studied in this 

research project can be detected by the human olfactory 

system at extremely low concentrations, a large initial 

volume of sample was required so that each extracted sample 
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would produce a peak when injected into the GC/MS. The 

continuous liquid-liquid extraction method 3520 (Standard 

methods, 1989) describes a procedure for isolating organic 

compounds from a one-liter aqueous sample. This method was 

modified slightly to accommodate equipment available at 

Virginia Tech in the Environmental Engineering Laboratories. 

An outline of the general procedure is as follows: 

@ A1UL sample of Milli-Q water was treated 

appropriately and transferred to the continuous 

extractor. 

@ 100 microliters (lL) of the internal standard 

working solution, containing approximately 5 ng/uL of 

each of the five chloroalkanes, was added to each 

extractor volume. 

@® Approximately 400 milliliters (mL) methylene 

chloride was added to the distilling flask, and the 

flask was attached to the extractor. 

@ Milli-Q water was added to the extractor to ensure 

continuous operation (an additional 0.8 L was 

required), and samples were extracted for 20 hours. 

@ After 20 hours, the contents of the flask (methylene 

chloride and aqueous sample) were transferred to a 2-L 

separatory funnel. Methylene chloride was drained from 

the funnel and transferred to a Kuderna-Danish (K-D) 

concentrator. 
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@ Two, clean, boiling chips were added to the 

concentrator flask, and a three-ball Snyder column was 

attached. The K-D apparatus was placed in a hot water 

bath (80-90 °C), and the methylene chloride volume was 

reduced to approximately 1.5 mL, thus concentrating the 

organic compounds. 

@ The concentrated volume was stored at 4 °C and 

further concentrated in a stream of nitrogen gas to 

approximately 100 HL immediately prior to GC/MS 

injection. 

This procedure was repeated for all oxidized samples of 

linoleic acid, linolenic acid, myristic acid and 100 mL of 

Synura extract. Preliminary FPA work showed that potassium 

permanganate, chlorine and chlorine dioxide were not 

effective for the oxidation of isovaleric acid, phenethyl 

alcohol, B-cyclocitral, and palmitic acid. 

Gas Chromatograph/Mass Spectrometry (GC/MS) 

After all samples were concentrated to approximately 

100 uL, 1 UL of acetone and 3 uL of sample were injected 

into a Hewlett Packard 5890 Series II Gas Chromatograph 

equipped with a 5970 Series Mass Selective Detector for 

identification. Operation conditions during GC/MS analysis 

for each sample were as follows: 
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Carrier gas: 

Linear velocity: 

Injector temp: 

Detector temp: 

Source pressure: 

Solvent delay: 

Mass range: 

Scan time: 

Column length: 

Column Diameter: 

Flow: 

Linear velocity 

Compound Identification. 

Helium 

32.6 cm/sec 

220°C 

280°C 

less than 4x10°° torr 

5 minutes 

40 to 550 atomic mass 

units (amu) 

1.05 scans/s 

30 m 

0.32 mm 

Split 

32.6 cm/sec 

Compounds were identified by 

comparing the sample mass spectra and relative retention 

time to known compounds. A compound was confirmed if both 

the retention time and the mass spectra matched those of a 

known compound analyzed under the same conditions. Mass 

spectral data were obtained from the NBS/Wiley Mass Spectral 

Library (1989) or literature sources. 

Qa/ Qc. Samples containing 25 uwL of acetone were 

oxidized, extracted, and analyzed by GC/MS to identify any 

contaminants from the experiment. Also, blanks containing 

equal amounts of linoleic acid, linolenic acid, myristic 

acid, Synura extract were analyzed and served as controls. 
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CHAPTER 4. RESULTS 

In Chapter 4, results will be presented in four main 

sections: (1) FPA of odorous compounds (2) FPA results 

obtained from the oxidation of the initial seven algae- 

produced compounds, (3) FPA and GC/MS results from the 

oxidation of linoleic acid and linolenic acid, and (4) FPA 

and GC/MS results from the oxidation of the Synura 

petersenii culture. 

PRELIMINARY ODOR ANALYSIS 

Concentration versus intensity data were collected for 

each odorous compound before any oxidation experiments were 

performed. Graphs showing log concentration verses FPA 

intensity for isovaleric acid, phenethyl alcohol, 6- 

cyclocitral, and linolenic acid can be found in Appendix Cc 

of this report (Figures Cl through C4). The Weber-Fechner 

(W-F) Law states the following: 

S = aLogc + b 

where S is the estimated intensity of the odor sensation, C 

is the concentration of the odorant, and a and b are 

constants that vary with different odiferous compounds 

(Wright, 1982). According to the Weber-Fechner Law, each 

graph should be linear (Wright, 1982). 

Data collected for isovaleric acid, phenethyl alcohol, 

and B-cyclocitral appear to fit predicted W-F plots well, as 

evidenced by R-squared values ranging from 0.71 to 0.91. 

The relationship between olfactory responses and different 

concentrations of linolenic acid, however, appeared erratic 
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(Figure C4). This discrepancy can be attributed to two 

experimental factors. First, GC/MS analysis revealed that 

substantial autoxidation had occurred in the linolenic acid 

stock solution, causing the absolute concentration to become 

an experimental unknown. Second, the descriptors given to 

linolenic acid appeared to vary with concentration. At low 

concentrations, panelists observed a distinct watermelon 

odor. As the amount of linolenic acid in solution 

increased, the odor became less distinct, and vegetation or 

grassy descriptors dominated. Panelists tended to assign 

lower intensities to these more difficult-to-describe odors. 

Results from Rashash (1994) showed a linear W-F plot for the 

FPA of linolenic acid; however, the slope was near zero, and 

the intensity of the odor was never greater than 4 (weak-to- 

moderate). The W-F plots for linoleic acid, myristic acid, 

and palmitic acid were not constructed because they were 

odorless at experimental concentrations. 

The x-axis intercepts on the W-F plots in Figures Cl 

through C4 for isovaleric acid, B-cyclocitral, and phenethyl 

alcohol yielded odor threshold concentrations (OTC's) of 29 

tg/L, 1.5 ug/L, and 120 ug/L, respectively. The OTC for 

each compound is the approximate amount required in solution 

to evoke an FPA response of 2 (weak) at 45 °C. Because 

linolenic responses were non-linear, the OTC of this 

compound was not determined. Rashash (1994) reported the 

linolenic acid OTC to be 5 ug/L. 

Estimated threshold odor concentrations of isovaleric 

acid and B-cyclocitral corresponded fairly well to data 

collected by Rashash (1994). The OTC for phenethyl alcohol 

determined in this study (120 ug/L), however, was well above 

Rashash's value of 45 ug/L. Several panelists were anosmic 

to the rose odor of phenethyl alcohol, which could explain 
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the higher concentration required to evoke an average 

response of 2 (weak) by the panel. 

OXIDATION OF INITIAL SEVEN COMPOUNDS 

Tables 6, 7, and 8 present FPA results for each 

compound treated with chlorine, potassium permanganate, and 

chlorine dioxide in unbuffered solutions. The average 

intensity of each pure compound is also presented in all 

three tables for comparison. These were used to select 

compounds for further study and confirmation. 

Note from Table 6 that the FPA intensities of most 

samples containing odorous compounds treated with 2.0 mg/L 

Cl,(.q.) were higher than the intensity of the initial samples 

with no oxidant added. Also note that panelists could not 

agree on an odor descriptor for oxidized samples of palmitic 

acid, linoleic acid, and linolenic acid. Panelists were 

able, however, to detect a sweet/melon odor at weak 

intensities in myristic acid samples oxidized with 1.0 mg/L 

and 2.0 mg/L of chlorine. 

Linolenic acid, which smells like watermelon, was 

odorless when treated with 0.25 mg/L of potassium 

permanganate. Linoleic acid, which was odorless in control 

samples, had a weak grassy odor when oxidized with 0.25 mg/L 

and 1.0 mg/L potassium permanganate. Panelists detected 

either a grassy or floral odor at weak intensities when 

initially odorless myristic acid and palmitic acid samples 

were oxidized with potassium permanganate. 

Table 8, which presents panel evaluations of samples 

oxidized with 1.0 mg/L and 3.0 mg/L of C10,, shows the 

presence of a grassy, musty odor at weak-to-moderate 

intensities in oxidized myristic acid samples. Note the 
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FPA Results from Cl,, 
Table 6. 

aq) Treatment of Unbuffered Samples. The 

Numerical Values are the Average Responses of FPA Panelists. 

  

  

  

responses are in parentheses. 

and 25 uL of acetone 
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Sample 0.0 mg/L 1.0 mg/L 2.0 mg/L 

Clo (ag) Cl» (ag) C13 (ay) 

isovaleric dirty socks, dirty socks dirty socks 
acid 140 pg/L 4.2 4.3 5.7 

phenethyl floral, roses floral, roses floral, roses 
alcohol 3.3 2.3 3.6 
225 ug/L 

B-cyclocitral sweet pipe sweet pipe sweet pipe 
120 ug/L tobacco, tobacco, tobacco, 

grape grape grape 
4.5 5.1 2.9 

myristic acid no consensus’ sweet, melon sweet,melon 
200 jtg/L threshold 2.5 3.0 

palmitic acid odorless no consensus no consensus 

200 ug/L (sweet, (sweet, 
melon, stale) melon, roses) 

1.5 2.4 

linoleic acid odorless no consensus no consensus 
100 ug/L (musty, (lemon, 

sweet, spicy, 
vanilla) fruity) 

2.7 2.9 

linolenic watermelon no consensus floral, stale 
acid 3.5 (musty, 3.6 

100 ug/L sweet, 
vanilla) 

2.5 

control” odorless stale, stale, 
alcohol alcohol 

2.6 2.0 

3 Panelists could not agree on a descriptor. Individual 

The control contained 200 mL of Milli-q reagent water



FPA Results from KMnO, Treatment of Unbuffered Samples. 
Table 7. 

The 

Numerical Values are the Average Responses of FPA panelists. 

  

  

  

  

Sample 0.0 mg/L 0.25 mg/L 1.0 mg/L 
KMnO, KMnO, KMnO, 

isovaleric dirty socks, dirty socks dirty socks 
acid rancid 3.6 2.6 

140 ug/L 4.2 

phenethyl floral, roses no consensus* floral, roses 
alcohol 3.3 (floral, 2.0 
225 ug/L waxy, rancid) 

2.3 

B-cyclocitral sweet pipe sweet pipe sweet pipe 
120 Ug/L tobacco, tobacco, tobacco, 

grape grape grape 
4.5 4.5 2.2 

myristic acid no consensus grassy, grassy, 
200 ug/L threshold floral, stale floral, stale 

2.4 1.7 

palmitic acid odorless grassy, gassy, floral 
200 ug/L floral 2.2 

2.4 

linoleic acid odorless grassy, musty grassy, melon 
100 ug/L 1.6 1.4 

linolenic watermelon odor~-free rose, sweet 
acid 3.5 1.8 

100 ug/L 

control” odorless odorless odorless 

° Panelists could not agree on a descriptor. Individual 
responses are in parentheses. 

” The control contained 200 mL of Milli-q reagent water 
and 25 uL of acetone 
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FPA Results from ClO, Treatment of Unbuffered Samples. 
Table 8. 

The 

Numerical Values are the Average Responses of FPA Panelists. 

  

  

  

Sample 0.0 mg/L 1.0 mg/L 3.0 mg/L 
clo, clo, clo, 

isovaleric dirty socks, dirty socks rotten fruit 
acid rancid 3.6 5.0 

140 wUg/L 4.2 

phenethyl floral, roses floral, roses floral, roses 
alcohol 3.3 2.8 2.3 

225 g/L 

B-cyclocitral sweet pipe sweet pipe sweet 
120 ug/L tobacco, tobacco, 3.8 

grape grape 
4.5 5.0 

myristic acid no consensus’ grassy, musty floral, 
200 ug/L threshold 3.6 musty 

1.8 

palmitic acid odorless no consensus* sweet, floral 
200 Ug/L (sweet, 1.8 

melon, waxy) 
2.8 

linoleic acid odorless grassy, musty musty, sweet 
100 g/L 3.3 2.3 

linolenic watermelon melon watermelon 
acid 3.5 1.8 4.5 

100 ug/L 

control” odorless odorless odorless 

° Panelists could not agree on a descriptor. Individual 
responses are in parentheses. 

The control contained 200 mL of Milli-q reagent water 
and 25 uL of acetone 
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detection of a weak grassy, musty odor in linoleic acid 

samples treated with both doses of ClO,. The intensity of 

the watermelon odor caused by linolenic acid decreased when 

treated with 1.0 mg/L Cl0O.,, but the intensity increased when 

samples were oxidized with 3.0 mg/L C10O,. Oxidized samples 

also had a watermelon odor. 

In summary, the odor intensity and descriptor of B- 

cyclocitral, phenethyl alcohol, and isovaleric acid did not 

appear to be largely affected by any of the oxidants. 

Although oxidized samples of myristic acid and palmitic acid 

often exhibited odors of weak intensity, FPA panelists could 

not agree on a descriptor in many instances. Conversely, a 

grassy odor was consistently detected when linoleic acid was 

oxidized with potassium permanganate and chlorine dioxide. 

The odor of linolenic acid changed from a weak-to-moderate 

watermelon odor to odorless when dosed with 0.25 mg/L 

potassium permanganate. Because the oxidants produced 

substantial changes in the odors of 100 ug/L of linoleic 

acid and 100 ug/L of linolenic acid samples, these compounds 

were selected for further research. When time permitted, 

flavor profile analysis of the other five organic compounds 

was repeated at a pH of 7 for verification. 

FPA AND GC/MS ANALYSIS OF PURE COMPOUNDS IN BUFFERED 

SOLUTIONS 

GC/MS analysis of the stock solution used for all FPA 

experiments showed that linolenic acid had degraded into 

substantial volumes of octanoic acid (MW = 144), 2,3- 

dimethyl-2-hexene (MW = 112), and several unidentifiable 

compounds. The time at which this occurred is unknown, but 

55



may have affected FPA evaluation. Although 3-hexenal and 

2,4,7-decatrienal are expected products of linolenic acid 

autoxidation, they were not identified in the degraded stock 

solution. A new, pure stock solution was prepared for all 

CLLE and GC/MS experiments. Flavor profile analysis with 

the pure stock solution, however, was not repeated and thus, 

the initial concentration of linolenic acid in FPA samples 

was unknown. 

Characteristic mass spectra of linoleic acid and 

linolenic acid are shown in Figures 5 and 6, respectively. 

These were obtained from GC/MS analysis of extracted samples 

containing 100 ug/L of each compound in a pH 7 solution. 

QOA/OC 

Analysis of oxidized samples containing a proportional 

amount of acetone was essential for quality assurance/ 

quality control (QA/QC). The panel was able to detect 

background odors caused by the oxidation of acetone, and 

GC/MS of oxidized acetone identified artifacts inherent to 

the oxidation-extraction-concentration process. 

Table 9 lists FPA of control samples containing 5 uL 

acetone in 200 mL, pH 7 buffered solutions that were 

oxidized with chlorine, potassium permanganate, and chlorine 

Gioxide. This amount of acetone was similar to that present 

in oxidized samples of algae-related compounds. Note that 

the blank as well as all samples treated with KMnO, and Clo, 

samples were odorless. Both solutions treated with Cl,,,,), 

however, exhibited a weak stale/alcohol odor. 

Results from GC/MS analyses of oxidized samples 

containing 25 uL of acetone and 100 UL of internal standard 

Giluted in 1 L of Milli-Q water were used either to identify 

contaminants inherent in the CLLE process or to elucidate 
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Table 9 
FPA Results from the Oxidation of Samples Containing 5 uL 

Acetone in 200 mL Milli-Q reagent water at pH 7 

  

  

Oxidant Oxidant Dose FPA Descriptor and 
(mg/L) Average Intensity 

none ---- odorless 

C13 tag) 1.0 Stale, alcohol 
2.6 

C1) tag) 2.0 Stale, alcohol 
2.0 

KMnO, 0.25 odorless 

KMnoO, 1.0 odorless 

c1o, 1.0 odorless 

clo, 3.0 odorless 
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reaction products formed from the oxidation of Milli-Q 

water, acetone, or methylene chloride. A large 

concentration of dibutyl phthalate (MW = 278) was detected 

in each sample, indicating contamination from plastics 

(Slater and Blok, 1983). Both 4-Methy1l-~-3-penten-2-one (MW = 

98) and 4-hydroxy-4~-methyl-2-pentanone (MW = 116) were 

confidently identified in each sample; these compound are 

Aldol condensation products of acetone. Other contaminants 

noted in all oxidized samples include 3~-methy1-2-cylcohexen- 

l-one (MW = 110), 2-methyl,3-hydroxy-2,4-propanoic acid 

(MW=216), l1-methylethyl hexanedioc acid (MW = 230), 

substantial concentrations of isopropyl myristate (MW = 

270), and isopropyl palmitate (MW = 278). 

The following artifacts detected by GC/MS analysis were 

specific to samples treated with chlorine: 2,4-diphenyl-4- 

methyl-2-pentene (MW = 236), chlorodiphenyl arsine (MW = 

306), and triphenyl arsine (MW = 306). Figure 7 contains 

the mass spectrum of a compound which may have been 

responsible for off-odors, tentatively identified as either 

diphenyl (MW = 154), which has a "pleasant, peculiar odor" 

(Windholz, 1983), or 2-ethenyl-naphthalene (MW = 154), which 

has a mothball like odor. This compound may be a 

contaminant in the chlorine stock solution. Note that 

1,1,1-trichloro-2-propanone, an organic compound suspected 

of causing off-odors (Buffin, 1992), was not detected in any 

samples. 

Samples treated with chlorine dioxide also contained 

unique artifacts, including 3-methyl-2-butenal (MW = 84), 

2,3-dichloro-2-methylbutane (MW = 140), and 1,1,2,2- 

tetrachloroethane (MW = 166). Tetrachloroethane is known to 

have a sweetish, suffocating, chloroform-like odor 

(Windholz, 1983), yet no odors were detected by the flavor 

panel. Note that the molecular weight of compounds formed 
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aS a result of ClO, treatment were lower than those formed 

as a result of Cl,, treatment. aq) 

Confident identifications of compounds in control 

samples were based only on data from the NBS/Wiley Mass 

Spectral Library (1989). Purchased, pure compounds were not 

analyzed for comparison. 

Linoleic acid 

The odors produced by oxidation of linoleic acid (100 

g/L, pH 7) with Cl,,,,), KMn0,, and ClO, are summarized in 

Table 10. Figure 8 provides FPA responses to linoleic acid 

samples treated with Cl,,,,,.. A weak stale or alcohol odor 

was detected in chlorinated samples of linoleic acid. 

Control samples also had a stale, alcohol fragrance when 

treated with chlorine (Table 9). Figures 9 and 10 show the 

development of either a grassy or musty odor at weak-to- 

moderate intensities when linoleic acid was oxidized with 

KMnO, and Cl1O,, respectively. To confirm results, the FPA 

panel evaluated a sample containing 500 lig/L linoleic acid 

oxidized with 1.5 mg/L KMnO,. All panelists detected either 

a grassy or musty odor; the average intensity was 3.6 (weak- 

to-moderate). 

The GC/MS analyses showed the destruction of 100 ug/L 

of linoleic acid by 1.0 mg/L of Cl,(.,,, 0-25 mg/L of KMnO,, 

and 1.0 mg/L of C10, to levels below detection limits (25 

ug/L). Figure 11 shows the mass spectrum of an oxidation 

product detected in samples treated with potassium 

permanganate, confidently identified as 5-tetradecene 

(odorless) (Windholz, 1983). No reaction products were 

detected in samples oxidized with Cl,,,,, or C10,. 
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Table 10. 
Results from Cl,,,,), KMnO, and ClO, Treatment of 100 ug/L of 

Linoleic Acid at pH 7. 

  

  

Oxidant Detected Oxidant Oxidant FPA FPA 
by GC/MS Dose Residual Initial Final? 

(mg/L) (mg/L) * Response Response 

C13 aq) BD* 1.0 1.0 odorless stale 
2.4 

C1 (ag) BD 2.0 2.0 odorless stale 
2.8 

KMno, BD 0.25 pink® odorless grassy 
3.4 

KMnoO, BD 1.0 pink odorless grassy 
1.6 

KMnoO, BD 1.5 pink odorless grassy 
3.6 

clo, BD 1.0 0.9 odorless grassy 
2.2 

Clo, BD 3.0 2.8 grassy 
odorless 2.4 

  

Oxidant residual studies at i hour contact times were 
completed prior to oxidation experiments. Results are 
also listed in the appendix. 

FPA descriptors and average intensities were calculated 
according to proposed method 2170 (Standard Methods, 
1992) with slight modifications discussed in Chapter 3. 

Below method detection limits 

All potassium permanganate solutions remained pink 
after one hour. No residual measurements were made. 
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Because the previously described GC/MS analysis failed 

to identify the compound responsible for grassy odors 

identified by FPA, 500 ug/L and 1500 pg/L solutions of 

linoleic acid were oxidized with 1.5 mg/L KMnoO,, extracted, 

and analyzed by GC/MS in attempt to produce enough of the 

grassy compound so that it could be identified. Figure 12 

displays the mass spectrum of an oxidation product that 

appeared at 5.88 minutes in the chromatogram of both 

samples; this compound was not present in unoxidized samples 

of linoleic acid. The compound was confirmed as n-hexanal 

(MW = 100) by comparing its mass spectrum to that in the 

NBS/Wiley Mass Spectral library (1989) (Figure 12) as well as 

the mass spectrum of pure n-hexanal (Figure 13). Note that 

m/Z2 100 is absent from the samples mass spectrum (Figure 

12a). According to Aldrich (1994), n-hexanal has a fatty, 

green, grassy, powerful, penetrating odor. As further 

confirmation of the presence of this compound in oxidized 

linoleic acid samples, a solution of 75 ug/L of n-hexanal in 

200 mL of Milli-Q water was presented to the FPA panel. All 

panelists detected a grassy odor, and the average intensity 

was 4.2 (weak-to-moderate). 

Figures 14 and 15 show the mass spectra of two other 

compounds detected when 1500 ug/L of linoleic acid was 

oxidized with 1.5 KMnO,. These two compounds were 

confidently identified as octanoic acid (MW = 144) and 2,4- 

decadienal (MW = 152), respectively. Neither of these 

compounds was present in unoxidized samples. 
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Linolenic acid 

Table 11 summarizes results from FPA and GC/MS analysis 

of oxidized linolenic acid. Figures 16, 17, and 18 provide 

FPA results following oxidation of linolenic acid by Cl,,,,,, 

KMnO,, and C10,, respectively. Note from Figures 17 and 18 

that both potassium permanganate and chlorine dioxide appear 

to have been effective in eliminating weak-to-moderate 

intensity watermelon odors. Note from Figure 16, however, 

that samples treated with chlorine exhibited the same stale 

or alcohol odors observed in control studies. 

The GC/MS analyses of all oxidized linolenic acid 

solutions showed that 100 ug/L of linolenic acid was 

degraded to concentrations below detection limits (40 ug/L) 

by 1.0 mg/L of Cl,..,,, 0.25 mg/L of KMnO,, and 1.0 mg/L of 

C1o,. The mass spectra of compound formed as a result of 

chlorine dioxide treatment, confidently identified as 4- 

decen-6-yne, can be found in Figure 19. Although expected 

autoxidation products such as 3-hexenal, 2,4-heptadienal, 

and 2,4,7-decatrienal (Grosch, 1987) were specifically 

expected, no reaction products were detected in samples 

oxidized with chlorine or potassium permanganate. 

Table 12 summarizes the oxidation products of linoleic 

acid and linolenic acid that were detected by GC/MS. 

73



Table 11. 

Results from Cl,,,,,, KMnO, and ClO, Treatment of Linolenic 
Acid* at pH 7. 

  

  

Oxidant Detected Oxidant Oxidant FPA FPA 
by GC/MS Dose Residual Initial Final‘ 

(mg/L) (mg/L) Response Response 

Cli (ay) BD® 1.0 1.0 melon stale 
3.5 3.5 

Clo tag) BD 2.0 1.7 melon stale 
3.5 3.3 

KMno, BD 0.25 pink* melon odorless 
3.5 

KMno, BD 1.0 pink melon odorless 
3.5 

c1o, BD 1.0 0.8 melon odorless 
3.5 

clo, BD 3.0 2.7 melon sweet 
3.5 1.0 

  

The concentration of linolenic acid was unknown for FPA 
samples 

Oxidant residual studies at 1 hour contact times were 
completed prior to oxidation experiments. 
also listed in the appendix. 

Results are 

FPA descriptors and average intensities were calculated 
according to proposed method 2170 (Standard Methods, 
1992) with the modifications discussed in Chapter 3. 

Below method detection limits 

All potassium permanganate solutions remained pink 
No residual measurements were made. after one hour. 
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100 ug/L solutions of linolenic acid at pH 7. The odor descriptors 

used by FPA panelists appear above the bars. 
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Table 12. 
Reaction Products Identified by GC/MS Following the 
Oxidation of Linoleic Acid and Linolenic Acid by 

KMnO,, Cl,(,,,, and ClO, 

  

  

Oxidant Linoleic acid Linolenic acid 
oxidation oxidation 
products products 

Clo tag) none none 

KMnoO, 5-tetradecene none 
(odorless) 

n-hexanal 

(grassy) 

octanoic acid 
(odorless) 

2,4-decadienal 

(frying) 

C10, none 4-decen-6-yne 

79 

(odorless)



Other Compounds 

The preliminary studies involving FPA evaluations of 

the oxidized samples of B-cyclocitral, myristic acid, and 

palmitic acid were repeated. The results were as follows: 

p-cyclocitral. 120 ug/L of BP-cyclocitral was oxidized 

with 0.25 mg/L and 1.0 mg/L of potassium permanganate and 

presented to the flavor panel. Results are shown in Figure 

20. Note that the difference in the odor intensities of the 

control samples and samples treated with KMnoO, was marginal. 

Myristic acid. Figure 21 contains results of FPA of 

samples containing 200 ug/L of myristic acid oxidized with 

C10,. Note that odors at barely perceivable levels were 

observed in both the control and oxidized samples. 

Palmitic acid. 200 ug/L of palmitic acid was oxidized 

with 0.25 mg/L and 1.0 mg/L for FPA evaluation. Both the 

control and oxidized samples were odorless. 
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Figure 20. Effects of potassium permanganate on the FPA intensity and 

characteristic odor of 120 ug/L solutions of b-cylcocitral at pH 7. 

The odor descriptors used by FPA panelists appear above the bars. 
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Figure 21. Effects of chlorine dioxide on the FPA intensity and characteristic 

odor of 200 ug/L solutions of myristic acid at pH 7. The odor 

descriptors used by FPA panelists appear above the bars. 
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FPA AND GC/MS ANALYSIS OF SYNURA CULTURE IN BUFFERED 

SOLUTIONS 

Flavor Profile Analysis 

FPA results of the oxidation of 10 mL Synura petersenii 

extract dissolved in 200 mL of Milli-Q water are summarized 

in Table 13. The odor intensities and descriptors of 

solutions oxidized with Cl,,.,,, KMnO,, and ClO, are depicted 

in Figures 22, 23, and 24, respectively. Note that 10 mL of 

the extract produced predominantly fishy odors with slight 

cucumber undertones. Note from Figure 22 that when samples 

were oxidized with Cl,, the FPA panel described a aq)? 

predominant grassy or vegetation odor. Most also detected a 

slight fishy odor in samples oxidized with both 1.0 mg/L and 

2.0 mg/L of chlorine. A 2.0 mg/L dose was sufficient to 

reduce the intensity of the odor to approximately 2 (weak). 

From Figure 23, a dose of 0.25 mg/L KMnO, was 

sufficient to eliminate all odors from FPA samples. Odors 

in samples treated with lower dosages could not be 

identified by panelists since the intensity was near 

threshold levels. The descriptors given included grassy, 

musty, and melon. 

A chlorine dioxide dose of 3.0 mg/L successfully 

reduced the odor caused by the Synura extract to an 

intensity of less than 2 (Figure 24). When 1.0 mg/L of 

chlorine dioxide was added, either a grassy or melon odor 

was detected by the panelists. 
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Table 13. 
FPA Results from the Cl,,,,,, KMnO,, and ClO, Treatment of 10 

mL Synura petersenii extract in 200 mL Milli-Q water 
at a pH of 7 

  

  

Oxidant Oxidant Oxidant FPA FPA 
Dose Residual Response Response 
(mg/L) (mg/L)? (Initial) (Final)? 

C1) (ag) 1.0 1.0 fishy vegetation 
6 4.2 

C1 tag) 2.0 1.5 fishy vegetation 
6 2.2 

KMnO, 0.075 ND‘ fishy No Cc 
6 1.0 

KMnoO, 0.175 ND fishy No C 
6 1/0 

KMnO, 0.25 pink* fishy odorless 
6 

Clo, 1.0 0.9 fishy grassy 
6 1.0 

clo, 3.0 2.4 fishy grassy 
6 1.0 

  

Oxidant residual at 1-h contact times. 

FPA descriptors and average intensities were calculated 
according to proposed method 2170 (Standard Methods, 
1992) with slight modifications discussed in Chapter 3. 

Low KMnO, doses produced such a faint color that it was 
impossible to determine if a residual was present after 
1 hour. 

No consensus. Descriptors included grassy, sweet, 
melon, and musty. 

The solution remained pink after 1 hour. 

84



  8.0 

fishy, slight cucumber 

6.0 

L 7.0 

  

5.04 vegetative, slight fishy 

  

4.07 

vegetative, slight fishy 

2.2 
  

2.07 

Av
er

ag
e 

FP
A 

Od
or
 

In
te
ns
it
y 

1.07             
      0.0 \

\
\
E
 

\
 

Chlorine dose, mg/L 

Figure 22. Effects of chlorine on the FPA intensity and characteristic odor 

of 1:20 dilutions of Synura exract at pH 7. The odor 

descriptors used by FPA panelists appear above the bars. 
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Figure 24. Effects of chlorine dioxide on the FPA intensity and characteristic 

odor of 1:20 dilutions of Synura extract at pH 7. The odor 
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GC/MS Result 

Figures 25 and 26 display the mass spectra of two 

odorous compounds confirmed in 100 mL Synura petersenii 

extract, namely 2t,6c-nonadienal and an isomer of 

decatrienal. By comparison to published mass spectra 

(Seifert and Buttery, 1980), the isomer was identified as 

2t,4t,7c-decatrienal. Other compounds detected include 

myristic acid, palmitic acid, and stearic acid (octadecanoic 

acid, MW = 284). 

Because the supply of Synura extract was limited, 

dilutions of 100 mL extract to a total of 1 L were made 

prior to oxidation with 1.0 mg/L and 2.0 mg/L Cl,,,,,, 0.1 

mg/L of KMno,, and 1.0 mg/L of Cl10O,. 

The mass spectra of two oxidation products appearing in 

Synura extract samples that were oxidized with 0.1 mg/L of 

KMnO, are depicted in Figures 27 and 28. The compound 

identified at 8.7 minutes is most likely an alkylated diene. 

The compound producing a GC peak at 15.3 minutes in Figure 

28 was confidently identified as 2,6-dimethyl-2,5-heptadien- 

4-one (MW = 138). No reaction products were detected in 

samples treated with either free chlorine or chlorine 

dioxide. The compounds 2t,6c-nonadienal, 2t,4t,7c- 

decatrienal, myristic acid, palmitic acid, and stearic acid 

that were identified in unoxidized samples were not detected 

in any oxidized samples. 
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CHAPTER 5: DISCUSSION 

Results from this study will be discussed in four main 

sections: (1) preliminary flavor profile analyses of 

unbuffered oxidized compounds, (2) FPA and GC/MS analyses of 

oxidized linoleic acid and oxidized linolenic acid, (3) FPA 

and GC/MS analyses of the Synura petersenii extract, and (4) 

applications to drinking water treatment. 

OXIDATION OF UNBUFFERED SOLUTIONS 

Isovaleric acid, phenethyl alcohol, and B-cyclocitral 

appeared to be resistant to chemical oxidation (Figures 20 

and 21); however, the literature does not cite any instances 

of persistent rancid, rose, or sweet pipe tobacco odors in 

water supplies. The absence of the two latter odors in 

water supplies can perhaps be attributed to the fact that 

the algal population densities required to produce 

detectable amounts of phenethyl alcohol and B-cyclocitral 

are high (i.e. high critical population densities) (Rashash, 

1994). The critical population density (CPD) of algal cells 

is the number that are required to produce barely 

perceptible odors. Even during periods of bloom formation, 

cell concentrations of the algal species investigated by 

Rashash (1994) most likely would not reach levels where rose 

and sweet pipe tobacco odors would be detected. Isovaleric 

acid, on the other hand, will be detected when the 

population density of Clamydomonas peterfii is moderately 

low. Even though this CPD could theoretically be exceeded 

during an algal bloom, the literature makes no reference to 

either rancid or dirty socks odors in water supplies. The 
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absence of these odors could be attributed to the ability of 

bacteria to metabolize low molecular weight compounds such 

as isovaleric acid (Rashash, 1994). The oxidation of 

linoleic acid and linolenic acid will-be discussed in 

subsequent sections of this chapter. 

EFFECTS OF OXIDANTS ON LINOLEIC ACID AND LINOLENIC ACID 

In general, results from the oxidation of 100 ug/L of 

linoleic acid at pH 7 confirms preliminary studies performed 

on unbuffered samples (Tables 6, 7, and 8; Figures 8, 9, and 

10). The efficiency of KMnO, and ClO, in removing 

watermelon odors associated with linolenic acid, however, 

was markedly improved when samples were buffered (Tables 7 

and 8; Figures 17 and 18). From random sampling of solution 

pH, unbuffered solutions were most often acidic, which could 

account for this difference. 

It appears that the artifact with a characteristic 

stale or alcohol odor identified in chlorinated, buffered 

samples (Figures 8 and 16) was also the cause of no 

consensus results in unbuffered samples (Table 6). 

Descriptors given for these samples include sweet, roses, 

chalky, and musty. 

The following sections of this chapter will focus on 

GC/MS and sensory analyses of samples buffered to 

approximately pH 7. Because GC/MS analysis showed that 

autoxidation of the original linolenic acid stock solution 

had occurred, the discussion of FPA results of samples 

containing linolenic acid will not include concentration 

data. A new, pure stock solution was used for all 

experiments involving GC/MS. 
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Table 14 provides the algal produced compounds and 

oxidation products, their odors, and their odor threshold 

concentration (OTC) that are discussed in the following 

sections of this chapter. Also included in this table are 

odorous compounds from the Synura petersenii extract. 

Chlorine 

Since all samples treated with 1.0 and 2.0 mg/L of 

chlorine exhibited either stale or alcohol odors at weak-to- 

moderate intensities (Figures 8 and 16), it was impossible 

to determine if the grassy odor noted in other oxidized 

samples containing 100 ug/L of linoleic acid was masked by 

the artifact or if, in fact, the grassy odor did not 

develop. It was also impossible to determine if the 

watermelon odor caused by linolenic acid had been destroyed. 

The GC/MS results indicate that 1.0 mg/L of chlorine for a 1 

hour contact time destroyed linoleic acid to levels below 

the method detection limit (25 ug/L) and successfully 

reduced the concentration of linolenic acid in solution to 

below 40 ug/L. This observation contrasts with those of 

Snoeyink and Jenkins (1980) and Morris (1978) who concluded 

that chlorine addition to the double bond of unsaturated 

fatty acids is, in general, too slow to be considered for 

conventional water treatment processes. For example, many 

months are often required for full lactose oxidation 

(Snoeyink and Jenkins, 1980). 

No byproducts were observed by GC/MS in chlorinated 

solutions of linoleic acid or linolenic acid (Table 12). A 

larger concentration of both acids would be required before 

the nature of byproducts formed during chlorination could be 

determined. 
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Algae-Produced Compounds and Oxidation Products - Their odor 
Table 14 

Descriptors and Odor Threshold Concentrations 

  

  

Compound Odor Descriptors OTC OTC 
(ug/L) Reference 

linoleic acid odorless --- “<= 

n-hexanal grassy, green 30 Stahl, 
1973 

2,4-decadienal frying 20 (in Badings, 
parafin 1970 

oil) 

octanoic acid odorless --- --- 

linolenic acid melon 5 Rashash, 
1994 

3~hexenal odorless --- --- 

2t,6c-nonadienal cucumber 0.005 Buttery, 
1981 

2t,4t,7c- fishy, vegetative 0.9 Seifert 
decatrienal and 

Buttery, 
1980 
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Potassium Permanganate 

When 100 ug/L of linoleic acid was oxidized with 0.25 

mg/L, 1.0 mg/L, and 1.5 mg/L of KMnOoO,, either grassy or 

musty odors developed at weak-to-moderate intensities 

(Figure 9). The compound responsible for these odors was 

confirmed as n-hexanal (Figure 12), which is cited in the 

literature as smelling grassy or green (Aldrich, 1994). 

Octanoic acid (Figure 14) and 2,4-decadienal (Figure 15) 

were also detected in oxidized samples. 

According to conventional organic chemistry (March, 

1977), potassium permanganate can oxidize a double bond in 

one of two ways. First, KMnO, can react across the bond to 

form a glycol at acid/neutral pH conditions. Thus, alkenes 

would be oxidized to glycols, which are further broken down 

to carboxylic acids at acid/neutral pH levels. Also, double 

bonds can be cleaved by KMnO,, most likely yielding either 

ketones or carboxylic acids, depending on the parent 

compound. Because n-hexanal, octanoic acid, and 2,4- 

decadienal were identified as oxidation products, cleavage 

across the double bond appears to have been the mechanism of 

KMnO, oxidation in this study. Further implications of 

oxidation product formation can be found in the Artifacts 

subsection of this chapter. 

A 0.25 mg/L dose of potassium permanganate successfully 

oxidized watermelon odors associated with linolenic acid to 

odorless (Figure 17). The same dose destroyed 100 ig/L of 

linolenic acid to below GC/MS detection limits (40 ug/L). 

Although expected byproducts (3-hexenal, 2,4-heptadienal, 

and 2,4,7-decatrienal) were specifically sought in oxidized 

linolenic acid samples, none were detected by GC/MS or FPA. 

The GC/MS detection limit for linolenic acid is well 
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above the published OTC of 5 ug/L (Rashash, 1994). In this 

instance (as in many others), the human olfactory system is 

more sensitive than available instrumentation. The FPA 

results indicate that, although the initial concentration 

was unknown because of stock solution degradation, linolenic 

acid was oxidized by 0.25 mg/L of KMnO, to concentrations 

below 5 ug/L. 

The literature contains numerous studies citing the 

successful removal of organic taste-and-odor compounds other 

than geosmin and MIB by potassium permanganate (Barnhart, 

1980; Cherry, 1962; Carus Chemical Company, 1972; and 

Schull, 1962). The effect of adsorption onto colloidal Mno, 

particles, which was proposed as a possible odor-removal 

mechanism by Carus Chemical Co., requires further study. 

Chlorine Dioxide 

When 100 ug/L of linoleic acid was treated with 1.0 

mg/L and 3.0 mg/L of chlorine dioxide, a grassy odor was 

detected at fairly weak intensities (Figure 10). Although 

GC/MS analysis gave no evidence of oxidation product 

formation, the grassy odor is assumed to have been caused by 

the formation of the same compound identified in samples 

oxidized with potassium permanganate, namely n-hexanal. 

Chlorine dioxide at 1.0 mg/L effectively removed 

watermelon odors associated with linolenic acid (Figure 18). 

From the literature, the OTC for linolenic acid is 5 ug/L; 

therefore, 1.0 mg/L of C10, must have oxidized linolenic 

acid to concentrations at least below 5 ug/L. The sweet 

odor at threshold intensities noted when linolenic acid was 

oxidized with 3.0 mg/L of chlorine could be attributed to 

glassware or reagent water; panelists often detected odors 

at the threshold levels in supposed odorless samples. A 

98



large concentration of 4-decen-6-yne was detected in 

linolenic acid solutions oxidized with 1.0 mg/L of Cl1o,. 

Its origin, however, is unknown 

From GC/MS results, 100 ug/L of both linoleic acid and 

linolenic acid were destroyed by 1.0 mg/L of chlorine 

dioxide to below detection limits (25 ug/L and 40 ug/L, 

respectively). These results are consistent with 

information supplied by Masschelein (1979) which indicated 

that chlorine dioxide effectively oxidizes unsaturated fatty 

acids at the double bond. Research has also shown that 

linoleic acid in flour was significantly reduced by Clo, 

treatment (Coppock, 1960). 

It was essential during this study that the original 

chlorine dioxide stock solution contain little or no free 

chlorine or chlorite (C1l0,"). Since this was a comparative 

study, the presence of chlorine could especially skew 

results. The chlorine dioxide stock solution was 

periodically titrated for all chlorine species 

concentrations. Occasionally, the calculations following 

the titrations of the stock solutions indicated trace 

quantities of Cl,,,,. and ClO,’, but these can be attributed 

to the fact that this method was a "difference" method prone 

to errors such as these. 

Artifacts 

The artifact responsible for stale or alcohol odors in 

samples of linoleic acid and linolenic acid treated with 

chlorine (Figures 8 and 16) was tentatively identified as 

either diphenyl or 2-ethenyl-naphthalene (Figure 7). Buffin 

(1992) found 1,1,1-trichloro-2-propanone in chlorinated 

samples to which organic compounds dissolved in small 
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amounts of acetone had been added. This compound has been 

associated with sweet odors in FPA samples, but it was not 

detected in this study. A larger sample volume and, thus, a 

higher dilution, was required for continuous liquid-liquid 

extraction than was required for closed loop stripping 

analysis employed by Buffin (1992), and while 1,1,1- 

trichloro-2-propanone may have been present, it would have 

to have been at levels below the method detection limit. 

Extensive research in the food-and-beverage industry 

has shown that secondary volatiles derived from both 

linoleic acid and linolenic acid can accumulate to create 

off-flavors in food (Shreier, 1984). The breakdown of 

unsaturated fatty acids can occur enzymatically or can be 

catalyzed chemically by light or by oxygen. Normal-hexanal, 

hexenal, and 3c~hexen-1-ol are the major degradation 

products of linoleic and linolenic acid found in food. 

Shreier (1984) noted that the compounds formed by the 

enzymatic breakdown of unsaturated fatty acids in food 

products are similar to those formed by autoxidation. The 

following sections will discuss the byproducts identified 

during this study as they relate to autoxidation products. 

Linoleic acid degradation products. Normal-hexanal, 

2,4-decadienal, and octanoic acid were detected By GC/MS 

when linoleic acid was oxidized with 1.5 mg/L KMnoO, 

(Figures 12,14,15). The former compound was observed in 

oxidized samples containing 500 ug/L of linoleic acid, and 

the latter two were observed in oxidized samples containing 

1500 ug/L of linoleic acid. The literature describes the 

odor of n-hexanal as fatty, green, grassy, powerful, 

penetrating (Aldrich 1994) at an odor threshold 

concentration (OTC) of 30 pg/L (Stahl, 1973). A frying odor 

was described for 2t,4c-decadienal at 20 ug/L in paraffin 
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oil (Badings, 1970). Grassy odors at weak-to-moderate 

intensities were detected by the FPA panel during this 

study, therefore, more n-hexanal must have been produced 

from oxidation reactions. The frying odor was either masked 

by n-hexanal or present at levels below the threshold odor 

concentration. No published odor descriptor for octanoic 

acid was found. 

According to several studies, n-hexanal, octanoic acid, 

and 2,4-decadienal are major degradation products of 

linoleic acid autoxidation (Forss, 1973; Frankel, 1980; 

Grosh, 1987). Also, the "...oxidation of linoleate favors 

the formation of hexanal under mild conditions" (Frankel, 

1982). Atmospheric oxygen will react with linoleic acid to 

cleave the double bond between carbons 8 and 9, yielding 

2,4-decadienal and octanoic acid (Grosh, 1987). Normal- 

hexanal would result from cleavage at carbon 13 (Grosh, 

1987). From the present study, byproducts from the 

oxidation of linoleic acid by potassium permanganate and 

chlorine dioxide were identical to the major autoxidation 

products cited in the literature. 

Linolenic acid degradation products. No degradation 

products from the oxidation of linolenic acid by KMnoO,, 

Clji44,, and ClO, not identified during this study. Also, the 

FPA panel did not detect any odors in linolenic acid samples 

treated with either KMnoO, or Cl0O,. Because n-hexanal was 

observed by GC/MS when the initial concentration of linoleic 

acid was increased to 500 ug/L, it is very likely that 

increasing the amount of linolenic acid in samples oxidized 

with KMnO, would reveal byproduct formation. 

From the literature, 3-hexenal, 2,4-heptadienal, and 

2t,4t,7c-decatrienal are the major autoxidation products of 

linolenic acid (Frankel, 1980; Grosh, 1987; Meijboom and 
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Stroink, 1972; Shreier, 1984). "Flavor reversion," which 

refers to the development of offensive odors in oils 

containing linolenate, is well documented (Frankel, 1980; 

Dutton et al., 1948). It is possible that 3-hexenal, 2,4- 

heptadienal, and 2,4,7-decatrienal were present in solution 

at concentrations below their OTC's as well as below their 

GC/MS detection limits. Fishy odors associated with 

2t,4t,7c-decatrienal would not be detected at concentrations 

less than 0.9 ug/L (Seifert and Buttery, 1980). 

Results from Synura petersenii experiments indicate 

that 2t,4t,7c-decatrienal can be degraded by chlorine, 

potassium permanganate, and chlorine dioxide. If the 

Gecatrienal isomer had developed upon oxidation of linolenic 

acid, the three oxidants used in this study would have 

further degraded it to nonodorous products. 

EFFECTS OF OXIDANTS ON SYNURA PETERSENII 

A two month old Synura petersenii culture was obtained 

from the Biology Department at Virginia Tech for this study. 

The cell density of a two month old culture is approximately 

8 million cells per mL. In order to liberate and 

subsequently isolate intra- and extracellular organic 

compounds, the culture was heat shocked and separated from 

cellular debris. This process drastically reduced the high 

oxidant demands (up to 10 mg/L) noted by Buffin (1992) and 

allowed for determination of the relative effects of Cl,,.,,, 

KMnoO,, and C10, on specific volatile organic compounds 

produced by Synura petersenii. 

Prior to the oxidation experiments, the Synura 

petersenii extract was analyzed by the FPA panel and GC/MS. 
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The panel described a predominant fishy odor at an intensity 

of 6 (moderate) in 10 mL extract per 200 mL Milli-Q water 

solutions. When 100 mL was extracted and analyzed by GC/MS, 

the following compounds were detected: 2t,6c-nonadienal 

(cucumber), 2t,4t,7c-decatrienal (fishy), myristic acid, 

palmitic acid, and stearic acid. The presence of 2t,6c- 

nonadienal indicates that the fishy odor was masking other 

smells. Except for linoleic acid and linolenic acid, the 

compounds detected corresponded with those reported by 

Rashash (1994). Buffin (1992) identified n-hexanal in 

Synura media, although this compound was not detected during 

either this study or by Rashash (1994). 

Chlorine 

A chlorine dose of 1.0 mg/L reduced the fishy odor of 

Synura petersenii from an intensity of 6 (moderate) to an 

intensity of 4 (weak-to-moderate) (Figure 23). The 

descriptor also changed from a predominant fishy odor with 

slight cucumber undertones to a predominant vegetation smell 

with slight fishy undertones. A dosage of 2.0 mg/L reduced 

the intensity of the odor to 2 (weak). These results 

confirmed several studies on the effectiveness of chlorine 

in removing odors other than those caused by geosmin and 

MIB. As early as 1939, researchers noted the removal of 

fishy odors and the subsequent occurrence of slight 

vegetation odors. In one instance, complete odor removal 

occurred at a 6.0 mg/L dose of chlorine (Lloyd, 1939). Jar 

tests at 1.0 hour contact times performed by the 

Metropolitan Water District of Southern California indicated 

that a 2.0 mg/L dose of free chlorine would successfully 

remove fishy odors from a water supply but would uncover a 

slight grassy residual odor (Krasner et al., 1989). 

The presence of vegetation odors in samples dosed with 
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1.0 mg/L of chlorine can be explained in one of two ways. 

First, 2t,6c-nonadienal may be more resistant to oxidation 

by chlorine, thus cucumber odors would be unmasked at low 

oxidant levels. Past research (Buffin, 1992) showed that 

cucumber or melon odors associated with 20 ug/L of 2t,6c- 

nonadienal remained when 1.0 mg/L chlorine was added. Also, 

the published OTC values of 2t,6c-nonadienal and 2t,4t,7c- 

decatrienal are 10 ng/L and 930 ng/L, respectively (Buttery, 

1981; Seifert and Buttery, 1980). Considerably less 2t,6c- 

nonadienal than 2t,4t,7c-decatrienal is required in solution 

to evoke an FPA response. 

The observed change in sensory characteristics of 

Synura samples at different Cl,,,,.) doses can also be 

attributed to the nature of decatrienal isomers. Meijboom 

and Stroink (1972) observed sweet, melon, and cucumber in 

addition to fishy odors at low concentrations of 2t,4t,7c- 

decatrienal. The odor associated with both the 2t,4c,7c- 

and the 2t,4t,7c-decatrienal isomers changed from vegetation 

to distinct fishy odors as concentrations in canola oil 

increased from 4 ug/L to 400 ug/L (Karahadian and Lindsey, 

1989). Thus, as the concentration of 2t,4t,7c-decatrienal 

decreases after addition of Cl,,.,,, odors would tend more 

towards vegetation or melon descriptors. More research, 

including a quantitative analysis of 2t,6c-nonadienal and 

2t,4t,7c-decatrienal at each oxidant dose, is need to 

determine the precise mechanisms of odor removal by free 

chlorine when the decatrienal compound is present. 

Potassium Permanganate 

A significantly low KMnO, dose (0.25 mg/L) successfully 

eliminated fishy and cucumber odors from Synura samples 

(Figure 24). Odors at threshold levels, described as stale, 
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melon, and grassy were identified in samples treated with 

lower doses. A permanganate dosage of 0.1 mg/L oxidized all 

organic compounds present in the Synura extract (2t,6c- 

nonadienal, 2t,4t,7c-decatrienal, myristic acid, palmitic 

acid, and stearic acid) to below method detection limits. 

Buffin (1992) found that a KMnO, dose of 0.5 mg/L was 

sufficient to remove all odors associated with 20 ug/L of 

2t,6c-nonadienal. Other sources have cited the successful 

removal of fishy or melon odors from source water by KMno, 

treatment (Barnhart, 1980; Humphrey, 1961). This research 

project is the first, however, to show the oxidation of 

fishy and cucumber odor-causing compounds by such low doses 

of potassium permanganate. 

Chiorine Dioxide 

A chlorine dioxide dose of 1.0 mg/L not only reduced 

the odor of Synura petersenii samples to an intensity of 2 

(weak) but also changed its character to grassy or melon 

(Figure 25). All volatile compounds were destroyed to below 

GC/MS detection limits by the same ClO, dose. These results 

are consistent with those obtained with chlorine and 

potassium permanganate as the oxidants. 

Results from Buffin (1992) differed from those obtained 

during the present study. According to Buffin (1992), a 3.0 

mg/L dose of chlorine dioxide was ineffective against a pure 

buffered solution containing 20 ug/L of 2t,6c-nonadienal. 

Also, fishy odors remained after a Synura petersenii culture 

was treated with 10 mg/L of chlorine dioxide (Buffin, 1992). 

Buffin (1992), however, oxidized both cells and media; thus, 

her samples contained much more organic mater than was 

present in samples oxidized during this research. Results 

from this study support those of Somsen (1960) who noted 
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that at a pH of 7, model aldehydes appear to be susceptible 

to ClO, oxidation. Although the literature cites cases 

where musty and fishy odors are removed by chlorine dioxide 

(Coote, 1950; Walker et al., 1986), more research is needed 

to either confirm or disprove this phenomenon. 

APPLICATIONS 

All available information should be used by water 

utilities when selecting oxidants to combat taste and odor 

problems. Results from the present study, Rashash (1994), 

Buffin (1992), and other literature provide insights into 

the nature of algal-produced odors and effective ways to 

remove them. 

Unmasking vs. Odor Production form Nonodorous Compounds 
  

Rashash (1994) identified linoleic acid in cultures of 

Dinobryon cylindricum (fishy), Microcystis aeruginosa 

(fishy, cucumber), Oscillatoria sp. (earthy, musty, melon), 

and Oscillatoria tenuis (earthy, corn, melon). In the case 

of Oscillatoria sp., over 13 ug/L of linoleic acid could be 

produced during an algal bloom (Rashash, 1994). Cell 

concentrations of alga at bloom conditions were approximated 

as 3000 cells/mL (Viessman and Hammer, 1985). When water 

containing linoleic acid is oxidized with KMnoO, or C10, to 

remove musty, or melon odors caused by MIB and linolenic 

acid, respectively, produced by Oscillatoria sp. n-hexanal 

could be produced, imparting a grassy odor to finished 

water. This phenomenon could occur with other algal species 

as well. For instance, several sources noted that while 
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fishy odors caused by algae were successfully removed by 

Cloiaq), KMnO,, and ClO,, grassy or melon odors were unmasked 

(Krasner et al., 1989; Lloyd, 1939). Cucumber and 

vegetation odors are most likely caused by the unmasking of 

2t,6c-nonadienal in Synura petersenii cultures, but grassy 

or melon odors might result from the formation of n-hexanal 

in other cases. As more information is collected on the 

nature of odorants and by which algae they produced, taste- 

and-odor episodes in drinking water will be significantly 

reduced. 

KMnO, for Removing Algae-Produced Odors 

Melon odors in fresh water can often be attributed to 

linolenic acid (Rashash, 1994). Linolenic acid has been 

identified in cultures of Clamydomonas peterfii (sweet hay, 

fruity), Dinobryon cylindricum (fishy), Microcystis 

aeruginosa (fruity, cucumber), Oscillatoria sp. (earth, 

musty, melon), and Oscillatoria tenuis (earthy, corn, 

melon). Oscillatoria sp. can produce up to 6 ug/L of 

linolenic acid at bloom conditions, a concentration that 

exceeds the published threshold odor concentration of 5 ug/L 

(Rashash, 1994). 

From this study, low doses of potassium permanganate 

appear to be successful in oxidizing compounds responsible 

for fishy (2t,4t,7c-decatrienal) as well as melon (linolenic 

acid) odors in source waters. A dosage of 0.25 mg/L removed 

all odors associated with Synura petersenii and watermelon 

odors associated with linolenic acid. The effectiveness of 

KMnO, at low dosages relative to those of Cl,,,,, and C10, 

make KMnO, especially attractive as a treatment for fishy 

and melon odors from an economic perspective. 
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CHAPTER 6. SUMMARY AND CONCLUSIONS 

Relatively low doses (< 1 mg/L) of free chlorine 

(Cl,..,)), Potassium permanganate (KMnO,) and chlorine dioxide 

(C10,) destroyed linoleic acid in 100 ug/L solutions to 

below gas chromatography/ mass spectroscopy (GC/MS) 

detection limits (25 ug/L). Flavor profile analyses showed 

that KMnO, and C10, oxidation produced weak-to-moderate 

grassy odors from the nonodorous parent compound. Because 

an odorous artifact formed in chlorinated samples, the 

effects of chlorine on the odor characteristics of linoleic 

acid was inconclusive. Analysis by GC/MS confirmed the 

identity of the compound responsible for off-odors in 

linoleic acid solutions oxidized with KMnO, as n-hexanal. 

The compound 2,4-decadienal, which exhibits a frying odor, 

may have contributed to the overall fragrance of oxidized 

samples. 

The watermelon odor associated with linolenic acid was 

destroyed by low doses (< 1.0 mg/L) of potassium 

permanganate and chlorine dioxide. Flavor profile analyses 

of chlorinated samples containing linolenic acid proved 

inconclusive because of the formation of an odorous 

artifact. All three oxidants were able to decrease a 100 

ug/L solution of linolenic acid to below GC/MS detection 

limits (40 ug/L). 

The compounds 2t,6c-nonadienal and 2t,4c,7c-decatrienal 

were confirmed as odor-causing compounds in a Synura 

petersenii extract. Other algal-produced organics 

confidently identified in the Synura petersenii extract were 

the nonodorous compounds myristic acid, palmitic acid, and 

stearic acid. 

The odor of diluted Synura extract was moderately fishy 
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with cucumber undertones. A Cl;,,,, dose of 1.0 mg/L reduced aq 

the fishy odor from an intensity of 6 to an intensity of 4 

(weak-to-moderate) and changed its fragrance to predominant 

vegetation characteristics with slight fishy undertones. 

The FPA intensity of the vegetation odor was reduced to 2 

(weak) by chlorine at a dose of 2.0 mg/L. 

A significantly low potassium permanganate dose (0.25 

mg/L) eliminated all odors from Synura petersenii samples. 

A faint grassy or melon odor was detected by the FPA 

panel when Synura petersenii was oxidized with 1.0 mg/L of 

chlorine dioxide. A dosage of 3.0 mg/L reduced the FPA 

intensity of the odor to 1.0 (threshold). 

Doses of 1.0 mg/L of Cl,(,,,, 0.1 mg/L of KMnO,, and 1.0 

mg/L of C10, oxidized all odor-related organic compounds 

present in Synura petersenii extract to below GC/MS 

detection limits. 

Conclusions regarding the relative effectiveness of 

free chlorine, potassium permanganate, and chlorine dioxide 

on algae-produced taste-and-odor compounds are as follows: 

e Linoleic acid, which is odorless at 100 ug/L 

concentrations, can be oxidized to n-hexanal 2,4- 

decadienal, and octanoic acid by treatment with KMnoO, 

and Cl0,. Normal-hexanal can impart a grassy odor to 

water. The effect of Cl,, 

water containing linoleic acid was unresolved during 

on the odor quality of aq) 

this study because when solutions were treated with 

chlorine, odorous compounds were created by some 

unknown reaction. 
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e Both KMnO, and C10, will successfully eliminate 

watermelon odors caused by linolenic acid. The effect 

of Cl.,, 

linolenic acid was unresolved during this study because 

aq) ON the odor quality of water containing 

when solutions were treated with chlorine, odorous 

compounds were created by some unknown reaction. 

e All three oxidants evaluated in this study can 

eliminate fishy odors produced by Synura petersenii. 

e Fishy and vegetation odors produced by Synura 

petersenii can be eliminated by low concentrations 

(0.25 mg/L) of KMnoO,. 

°e If water exhibiting odors caused by Synura 

petersenii is treated with relatively low dosages of 

C1l,, 

produced. Higher dosages should reduce these odors to 

aq) and C10,, vegetation or grassy fragrances can be 

below threshold intensities, however. 
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APPENDIX A 

OXIDANT RESIDUAL STUDIES 
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Table Al 

Residual KMnO, after 1 hour at 0.25 mg/L doses 

  

Color Changes at Ten Minute Intervals 
  

  

Sample 10 20 30 40 50 60 

Control Cloudy Cloudy Cloudy Cloudy Cloudy Cloudy 
light pink light pink light pink light pink light pink light pink 

Isovaleric Acid Cloudy Cloudy Faint Faint Faint Very 
140 pg /L light pink light pink pink pink pink faint pink 

Phenethyl Alcohol Cloudy Cloudy Cloudy Cloudy Cloudy Faint 
225 pg/L light pink light pink light pink light pink light pink pink 

Linoleic Acid Cloudy Cloudy Cloudy Very Very Very 
100 pg /L light pink _—ilight pink light pink faint pink faint pink faint pink 

Linolenic Acid Cloudy Cloudy Cloudy Cloudy Very Very 
45 pg/L light pink ~=light pink ~—silight pink _siignt pink faint pink _— faint pink 

B-cyclocitral Cloudy Cloudy Cloudy Faint Faint Faint 
120 pg/L light pink light pink light pink pink pink pink 

Myristic Acid Cloudy Cloudy Cloudy Cloudy Faint Faint 
200 pg/L light pink light pink light pink light pink pink pink 

Palmitic Acid Cloudy Cloudy Cloudy Cloudy Cloudy Cloudy 
200 pg/L light pink light pink light pink _light pink light pink light pink 
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Residual KMnO, after 1 hour at 1.0 mg/L doses 

Table A2 

  

Color Changes at Ten Minute Intervals 
  

  

Sample 10 20 30 40 50 60 

Control Pink Pink Pink Pink Pink Pink 

Isovaleric Acid Pink Pink Pink Pink Pink Pink 

140 pg/L 

Phenethyl Alcohol Pink Pink Pink Pink Pink Pink 

225 pg/L 

Linoleic Acid Pink Pink Pink Pink Pink Pink 

100 pg/L 
Linolenic Acid Pink Pink Pink Pink Pink Pink 

45 pe/L 

8-Cyclocitral Pink Pink Pink Pink Pink Pink 

120 pg/L 
Myristic Acid Pink Pink Pink Pink Pink Pink 
200 pg/L 

Palmitic Acid Pink Pink Pink Pink Pink Pink 
200 pg/L 
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Table A3 

Residual Cl, after 1 hour 

  

  

  

Residual Chlorine (mg/L) 

Sample 1.0 mg/L Cl, Dose 2.0 mg/L Cl, Dose 

Control 1.1 1.85 

Isovaleric Acid 0.99 2.0 

140 pg/L 

Phenethyl Alcohol 1.01 2.0 

225 pg/L 

Linoleic Acid 0.96 2.0 

80 pg/L | 

Linolenic Acid 0.96 1.72 

100 pg/L 

6-Cyclocitral 1.0 1.80 

120 pg/L 

Myristic Acid 1.0 2.0 
200 pg/L 

Palmitic Acid 0.96 

200 pg/L 
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Table A4 

Residual ClO, after 1 hour 

  

Residual (mg/L) 
  

  

Sample 1.0 mg/L ClO, Dose 3.0 mg/L ClO, Dose 

Control 0.99 2.6 

Isovaleric Acid 1.1 2.8 
140 pg/L (15.2 pL) 

Phenethyl] Alcohol 0.7 2.6 
225 pg/L (8.8 pL) 

Linoleic Acid 0.86 2.8 
100 pg/L (1.1 pL) 

Linolenic Acid 0.84 2.7 
100 pg/L (1.1 pL) 

B-Cyclocitral 1.1 2.7 
120 pg/L (4.8 pL) 

Myristic Acid 1.2 2.7 
200 pg/L (39 pL) 

Palmitic Acid 1.1 2.4 
200 pg/L (3.8 pL) 

115



APPENDIX B 

CHECK STANDARD CONCENTRATIONS 
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Table Bl 

Check Standards 

  

  

  

Compound CKSTD2A CKSTD2B CKSTD4 

(ng/pL) (ng/pL) (ng/pL) 

Isovaleric Acid 46 46 0 

Phenethy] Alcohol 64 64 0 

6-cyclocitral 27 27 0 

Myristic Acid 75 75 0 

Palmitic Acid 112 112 0 

Linoleic Acid 184 184 0 

Linolenic Acid 186 186 289 

Chlorooctane 5.1 5.1 5.1 

Chlorodecane 4.8 4.8 4.8 

Chlorododecane 5.1 5.1 5.1 

Chlorohexadecane 5.4 5.4 5.4 

Chlorooctadecane 5.2 5.2 5.2 
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APPENDIX C 

WEBER-FECHNER PLOTS FOR ODIFEROUS COMPOUNDS 
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APPENDIX D 

ODOR DESCRIPTORS USED BY THE FLAVOR PANEL 
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Table D1 

Odor Descriptors 
Used by Flavor Panel 

  

  

Soil 

Earth 

Corn 

Musty 

Grassy 

Hay 

Mildew 

Red beats 

Almond 

Peanut 

Potato 

Sweet 

Fruity 

Floral 

Roses 

Pipe tobacco 

Chocolate 

Rancid 

Dirty socks 

Orly 

Waxy 

Septic 

Fishy 

Pumpkin 

Melon 

Cucumber 

Watermelon 

Grape 

Banana 

Strawberry 

Citrus 

Bitter 

Stale 

  

  

122



REFERENCES 

Aldrich Chemical Co. (1994). Flavors & Fragrances. Aldrich 

Chemical Co., Milwaukee, WI 

Ando, A., M. Miwa, M. Kajino and S. Tatsumi (1992). Removal 

of Musty Odorous Compounds in Water and Retained Algal 

Cells Through Water Purification Processes. Wat. Sci. 

Tech., 25:299-306 

APHA, AWWA and WPCF (1992). Standard Methods for the 

Examination of Water and Wastewater, 18th ed. APHA, 

Washington, D.C. 

AWWA (1993). Flavor Profile Analysis: Screening and 

Training of Panelists. AWWA, Denver, CO. 

Badings, H. T. (1970). Cold Storage Defected in Butter and 

their Relation to the Autoxidation of Unsaturated Fatty 

Acids. Neth. Milk and Dairy Journal, 24:147-257 

Baker, R. J., I. H. Suffet, C. Anselme and S. Mallevaille 

(1986). Evaluation of Water Treatment Methods for 

Removal of Taste and Odor Causing Compounds for 

Drinking Water. AWWARF-AWWA, Presented at AWWA Water 

Technology Conference, Portland, OR. November 16-20 

Barnhart, Dale R. (1980). Finding the Right Rx for Tastes 

and Odors. Public Works, 95-96,130 

Bartels, Jeroen H. M., Gary A. Burlingame and I. H. Suffet 

(1986). Flavor Profile Analysis: Taste and Odor 

123



Control for the Future. Journal AWWA, 78:50-55 

Bauer, Kurt and Dorothea Garb (1985). Common Fragrance and 

Flavor materials: Preparation, Properties and Uses. 

VCH Veragsgesellschaft, Weinheim, Federal Republic of 

Germany 

Besozzi, Leo and J. C. Vaughn (1949). Experimental Studies 

of Odor Control at Whiting, Indiana. Journal AWWA, 

41:1035-1045 

Blok, V. C., G. P. Slater and E. M. Giblin (1983). 

Comparison of Sorption and Extraction Methods for 

Recovery of Trace Organics for Water. Wat. Sci. Tech., 

15:149-159 

Bubnis, B., Novatek Corporation, A Division of EEB Inc., 

personal communication (1993) 

Buffin, L. (1992). Treatment of Algae-Induced Tastes and 

odors by Chlorine, Chlorine Dioxide and Permanganate. 

Masters Thesis, Virginia Tech, Blacksburg, VA 

Buttery, R. G. (1981). Vegetable and Fruit Flavors in 

Flavor Research - Recent Advances. R. Geranishi, R. A. 

Flath, and H. Sugisawa eds., Marcel Dekker, New York, 

NY, p. 175-216 

Cairncross, S. E. and L. B. Sjostrom (1950). Flavor 

Profiles: a New Approach to Flavor Problems. Food 

Technology, 4:308-311 

124



Carus Chemical Company (1972). Plants Control Taste/Odor 

Problems with KMnO, Injection. Wat. Sew. Works., 

124:72 

Chan, H. W.-S. (1987). The Mechanism of Autoxidation. in 

Autoxidation of Unsaturated Lipids. H. W.-S. Chan, 

ed., Academic Press, New York, NY 

Cherry, Arnold K. (1962). Use of Potassium Permanganate in 

Water Treatment. Journal AWWA, 54:417-424 

Collins, R. P. and K. Kalmins (1967). The Fatty Acids of 

Synura Petersenii. Lloydia, 30:437-440 

Collins, R. P. and K. Kalmins (1965). Volatile Constituents 

of Synura Petersenii. Lloydia, 28:48-52 

Coote, R. (1950). Chlorine Dioxide Treatment at Valparaiso, 

Ind. Wat. Sew. Works., 97:13-15 

Coppock, J. B. M., N. W. R. Daniels, and P. W. R. Eggitt 

(1960). Essential Fatty Acid Retention in Flavor 

Treatment. Chem. Inc. 

Cranwell, P. A., M. E. Creighton and G. M. H. Jaworski 

(1988). Lipids of Four Species of Freshwater 

Crysophytes. Phytochemistry, 27:1053-1059 

Criswell, Cc. D., R. L. Ericson, G. A. Junk, K. W. Lee, J. S. 

Fritz and H. J. Svec (1977). Comparison of 

Macroreticular Resin and Activated Carbon as Sorbents. 

Journal AWWA, 69:669-674 

125



Dietrich, Andrea M., Margaret P. Orr, Daniel L. Gallager, 

and Robert C. Hoehn (1992). Tastes and Odors 

Associated With Chlorine Dioxide. Journal AWWA. 84: 

82-88 

Dougherty, J. D. and R. L. Morris (1967). Studies on the 

Removal of Actinomycetes and Their Odors. Journal 

AWWA, 59:1320-1326 

Durell, Gregory S., Russell F. Christman and Andrea M. 

Dietrich (1987). Development and Evaluation of 

Analytical Procedures for Broad Spectrum Analysis of 

Synthetic Organic Chemicals in Source and finished 

Drinking Waters. Report No. 234. Water resources 

Research Institute of the University of North Carolina, 

Chapel Hill, NC, 134 p. 

Dutton, Herbert J., Arthur W. Schwab, Helen A. Moser, and 

John C. Cowan (1948). The Flavor Problem of Soybean 

Oil. IV. Structure of Compounds Counteracting the 

Effect of Prooxidant Metals. JAOCS 25:385-388 

Engen, Trygg (1982). The Perception of Odors. Academic 

Press, New York, NY 

Erwin, J. Q. (1973). Lipids and Biomembranes of Eucaryotic 

Microorganisms. Academic Press, New york, NY 

Ficek, Kenneth J. (undated). Potassium Permanganate: "The 

Unique Water Treatment Oxidant." Carus Chemical 

Company, Ottawa, IL. form #265 

126



Ficek, Kenneth J. (1984). Use of Potassium Permanganate in 

Water Treatment. Opflow, Vol 10, No. 4, Denver: 

American Water Works Association 

Frankel, E. N. (1980). Lipid Oxidation. Prog. lipid Res. 

19:1-22 

Frankel, E. N. (1982). Volatile Lipid Oxidation Products. 

Prog. Lipid Res. 22:1-33 

Forss, D. A. (1973). Odor and Flavor Compounds from Lipids. 

Progress in the Chemistry of Fats and other Lipids, 

13:177-258. 

Gauntlett, R. B. and R. F. Packham (1973). The Removal of 

Organic Compounds in the Production of Potable Water. 

Chem. Ind., 17:812-817 

Gomella, Cyril (1972). Ozone Practices in France. Journal 

AWWA, 64:39-45 

Granstrom, Marvin L. and G. Fred Lee (1958). Generation and 

Use of Chlorine Dioxide in Water Treatment. Journal 

AWWA, 54:1453-1466 

Grob, K. and F. Zurcher (1976). Stripping of Trace Organic 

Substances from Water: Equipment and Procedure. 

Journal of Chromatography, 117:285-294 

Grosch, W. (1987). Reactions of Hydroperoxides - Products 

of Low Molecular Weight. in Autoxidation of 

Unsaturated Lipids, H. W.-S. Chan, ed., Academic Press, 

New York, NY 

127



Hamauzu, Y. (1969). Odor Perception Measurement by the use 

of an Odorless Room. Sangyo Kogai (Industrial Public 

Nuisance) 5:718-723 

Henning, H. (1915). Der Geruch I. JZeischrift fur 

Phychologie und Pysiologie der Sinnesorgane, 73:161-257 

Harlock, C. R. (1953). Chlorine and Chlorine Dioxide for 

Control of Algae Odors. Wat. Sew. Works., 100:74 

Harlock, Ray and Rae Dawlin (1958). Use of Chlorine for 

Control of Odors Caused by Algae. Journal AWWA, 50:29- 

32 

Harper, R., E.C. Bate Smith and D.G. Land (1968). Odour 

Description and Odour Classification. American 

Elsevier Publishing Co., Inc., New York, NY 

Hart, H. (1991). Organic Chemistry: A Short Course. 

Houghton Mifflin Co., Boston, MA 

Hoehn, Robert C., Andrea M. Dietrich, William S. Farmer, 

Margaret P. Orr, Ramon G. Lee, E. Marco Aieta, Delmer 

W. Wood III, and Gilber Gordon (1990). Household Odors 

Associated With the Use of Chlorine Dioxide. Journal 

AWWA, 82: 166-172 

Holton, R. W. and H. H. Blecker (1970). Fatty Acids of 

Blue-Green Algae. in Properties and Products of Algae, 

J. E. Zajic, ed., Plenum Press, New York, NY 

128



Holton, R. W. and H. H. Blecker (1968). Fatty Acids of 

Blue-Green Algae: Possible Relation to Phylogenic 

Position. Science, 160:595 

Humphrey, S. B. and M. A. Eikebury (1961). New Potassium 

Permanganate Techniques. Wat. and Sew. Works, 108:204- 

210 

Jandu, V., and K. Krijt (1984). Recovery of Phenols from 

Water by Continuous Steam Distillation-Extraction. 

Journal of Chromatography, 283:309-314 

Jandu, V., F. Pehal and J. Hrivnak (1984). Isolation, 

Concentration, and Gas Chromatographic Determination of 

C,-C,, Fatty Acids in Water and Sludge. Journal of High 

Resolution Chromatograph & Chromatographic 

Communications, 7:540-541 

Juttner, F. (1976). $-Cyclocitral and Alkanes in 

Mycrocystis (Cyanophyceae). 4%. Naturforschung, 31:491- 

495 

Juttner, F. (1983). Volatile Odorous excretion Products of 

Algae and Their Occurrence in the Natural Aquatic 

Environment. Wat. Sci. Tech, 15: 247-257 

Karahadian, G. and R. C. Lindsey (1989). Evaluation of 

Compounds Contributing to Characterizing fishy Flavors 

in Fish Oils. Journal Amer. Oil Chem., 66:953-960 

Krasner, Stewart W., Cordelia J. Hwang and Michael J. 

McGuire (1981). Development of a Closed-Loop Stripping 

Technique for the Analysis of Taste- and Odor-Causing 

129



Substances in Drinking Water. in Advances in the 

Identification & Analysis of Organic Pollutants in 

Water, Vol 2, L. H. Keith, ed., Ann Arbor Science, Ann 

Arbor, MI 689~711 

Krasner, Stewart W., Michael J. McGuire and Virginia B. 

Ferguson (1985). Taste and Odors: The Flavor Profile 

method. Journal AWWA, 77:34-39 

Krasner, Stewart W., Sylvia E. Barrett, Melissa S. Dale and 

Cordelia J. Hwang (1989). Free Chlorine Versus 

Monochloramine for controlling Off-Tastes and Off- 

Odors. Journal AWWA, 81:86-93 

Lalezary, Shala, Massoud Pirbazari and Michael J. McGuire 

(1986). Oxidation of Five Earthy-Musty Taste and Odor 

Compounds. Journal AWWA, 78:62-69 

Lalezary, Shala, Massoud Pirbazari and Michael J. McGuire 

(1984). Oxidation of Taste and Odor Compounds. Paper 

Presented at AWWA Annual Conference, Dallas, TX 

Lloyd, J. M. (1939). Super Chlorination for Taste and Odor 

Control. Journal AWWA, 31:2130-2134 

Mallevialle, J. and I. H. Suffet, eds. (1987). 

Identification and Treatment of Tastes and odors in 

Drinking Water. AWWA and Lyonnaise des Eaux, Denver, 

CO, 292 p. 

Mannion, John B. (1986). The Public Gives Water Utilities 

High Marks. Journal AWWA, 78:36-37 

130



Manwaring, James F., Stanley M. Zdep and Ida M. Sayre 

(1986). Public Attitudes Toward Water Utilities. 

Journal AWWA, 78:34-40 

March, Jerry (1977). Advanced Organic Chemistry: 

Reactions, Mechanisms, and Structure. Mcgraw-Hill, New 

York, NY 

Masschelein, W. J. (1979). Chlorine Dioxide. Ann Arbor 

Science, Ann Arbor, MI 

McCreary, John J. and Vernon Snoeyink (1977). Granular 

Activated Carbon in Water Treatment. Journal AWWA, 

69:437-444 

McGuire, Michael J., Stewart W. Krasner, Cordelia J. Hwang 

and George Isaguirre (1981). Closed Loop Stripping 

Analysis as a Tool for Solving Taste and Odor Problems. 

Journal AWWA, 73:530-537 

McLafferty, F. W. and Stauffer, D. B. (1989). The Wiley/NBS 

Registry of Mass Spectral Data. John Wiley & Sons, New 

York, NY 

Meijboom, P. W. and J. B. A. Stroink (1972). 2-trans,4- 

cis,7-cis-Decatrienal, the Fishy Off-Flavor Occurring 

in Strongly Oxidized Oils Containing Linolenic Acid or 

© 3,6,9, etc., Fatty Acids. J. Amer. Oil Chen., 

49:555-558 

Meijers, A. P. (1977). Ozonisatie. H.0O, 18:417 

131



Meng, An-Kuo and Irwin H. Suffet (1992). Assessing the 

Quality of Flavor Profile Analysis Data. Journal AWWA, 

84:89-96 

Montiel, A. J. (1983). Municipal Drinking Water Treatment 

Procedures for Taste and Odor Abatement - A Review. 

Wat. Sci. Tech., 15:279-289 

Morgan, James J. and Werner Stumm (1964). Colloid-Chemical 

Properties of Manganese Dioxide. Journal of Colloid 

Science, 4:347-359 

Morris, J. C. (1978). The Chemistry of Aqueous Chlorine in 

Relation to Water Chlorination. in Water Chlorination: 

Environmental Impact and Health Effects, Volume I. R. 

L. Jolloy, ed., Ann Arbor Science, Ann Arbor, MI 

Orcutt, D. M. and G. W. Patterson (1974). Effect of Light 

Intensity upon the Lipid Composition of Nitzchia 

Closterium (Cylindrotheca Fusiformis). Lipids, 9:1000- 

1003 

Palmer, C. Mervin (1962). Algae in Water Supplies. U. S. 

Public Health Service Publication No. 657, U. S. Dept. 

HEW Public Health Service 

Parliment, T. H. (1986). Sample Preparation Techniques for 

Gas-Liquid Chromatographic Analysis of Biologically 

Derived Aromas. in Biogeneration of Aromas, T. H. 

Parliment and R. Croteau, eds. American Chemical 

Society, Washington, D. C., 35-52 

132



Persson, Per Edvin (1980). Sensory Properties and Analysis 

of Two Muddy Odour Compounds, Geosmin and 2- 

Methylisoborneol, in Water and Fish. Water Research, 

14:1113-1118 

Pontius, F.W. ed. (1990). Water Quality and Treatment: A 

Handbook of Community Water Supplied, 14th ed. AWWA, 

Mcgraw-Hill, Inc. 

Popalisky, J. R., F. Pogge and D. McMutrey (1975). 

Analytical Instrumentation: A Tool for Solving Taste 

and Odor Problems in Water Treatment. Paper Presented 

at AWWA Annual Conference, Atlanta, GA 

Rashash, D. (1994). Identification and Characterization of 

Odorous Metabolites Produced by Selected Freshwater 

Algae. Doctoral Dissertation, Virginia Tech, 

Blacksburg, VA 

Rebhum, Fox and Sless (1971). Chlorination of Odorants from 

Algal Blooms. Journal AWWA, 220-224 

Romano, Antonio H. and Robert S. Safferman (1963). Studies 

on Actinomycetes and Their Odors. Journal AWWA, 

55:169~-176 

Schreier, P. (1984). Chromatographic Studies of Biogenesis 

of Plant Volatiles. Dr. Alfred Huthig, Verlag GmbH, 

Heidelberg 

Seifert, R. M. and R. G. Buttery (1980). A Convenient 

Synthesis of 2t,4t,7c-Decatrienal. J. Agric. Food 

Chem., 28:68-70 

133



Shull, Kenneth E. (1962). Operating Experiences at 

Philadelphia Suburban Treatment Plants. Journal AWWA, 

54:1232-1239 

Sigworth, E. A. (1957). Control of Odor and Taste in Water 

Supply. Journal AWWA, 50:29-32 

Silvey, K., D. E. Henley and J. T. Wyatt (1972). Planktonic 

Blue-Green Algae: Growth and Odor-Production Studies. 

Journal AWWA, 64:35-39 

Slater, G. P. and V. C. Block (1983). Isolation and 

Identification of Odourous Compounds from a Lake 

Subject to Cyanobacterial Blooms. Wat. Sci. Tech., 

15:229-240 

Slater, G. P. and V. C. Block (1983). Volatile Compounds of 

the Cyanophyceae - A Review. Wat. Sci. Tech., 15:181- 

189 

Small, Donald M. (1986). Handbook of Lipid Research Vol 4: 

The Physical Chemistry of Lipids. Plennum Press, New 

York, NY 

Smith, David V. and Heather J. Duncan (1992). Primary 

Olfactory Disorders: Anosmia, Hyposmia, and Dysosmia 

in Science of Olfaction. Edited by M. J. Serby and kK. 

L. Chobor. Springer-Verlag, New York, NY 

Smith, J. L. (1961). Water Supply Taste and Odors 

Controlled by Potassium Permanganate. Public Works, 

92:129 

134



Snoeyink, Vernon L. and David Jenkins (1980). Water 

Chemistry. John Wiley & Sons, New York, NY 

Somsen, Roger A. (1960). Oxidation of Some Simple Organic 

Molecules with Aqueous C10, Solutions. Tappi, 43:154- 

160 

Spicher, Robert G. and Rolf T. Skrinde (1963). Potassium 

Permanganate Oxidation of Organic Contaminants in Water 

Supplies. Journal AWWA, 55:1174-1194 

Stahl, W. H., ed. (1973). Compilation of Odor and Taste 

Threshold Values Data. American Society for Testing 

and Materials, Philadelphia, PA 

Suffet, I. H., B. M. Brady, J. H. M. Bartels, G. Burlingame, 

J. Mallevaille and T. Yohe (1988). Development of the 

Flavor Profile Analysis Method into a Standard Method 

for Sensory Analysis of Water. Journal AWWA, 20:1-9 

Vaugn, James C. (1972). Special Lake Water Treatment 

Problems. Journal AWWA, 64:585-589 

Walker, George S., Fat Pui Lee and E. Marco Aieta (1986). 

Chlorine Dioxide for Taste and odor Control. Journal 

AWWA, 78:84-93 

Windholz, M et al., Eds. (1983). The Merck Index. 10th ed. 

Rahway, NJ: Merck 

Wright, R. H. (1982). The Sense of Smell. CRC Press, Boco 

Raton, FL 

135



Yohe, T. L., I. H. Suffet and R. J. Grochowski (1979). 

Development of a Teflon Helix Continuous Ligquid-Ligquid 

Extraction Apparatus and its Application for the 

Analysis of organic Pollutants in Drinking Water. in 

Measurement of Organic Pollutants in Water and 

Wastewater, C. E. Van Hall ed., ASTM, Denver, p. 47-67 

Zoetman, B. C. G. and G. J. Piet (1974). Meting Van 

Reukstoffen in water, Mogelijke oorzaken van 

hinderlijke watergeur. H.,0, 7:162 

zoetman, B. C. G. (1980). Sensory Assessment of Water 

Quality. Pergamon Press, New York, NY 

136



VITA 

Laura C. Dufresne was born September 12, 1970, in 

Wilmington, Delaware. She attended Culpeper County High 

School where she graduated in the top three percent of her 

class in 1988. She received a Bachelor of Science in Civil 

Engineering from Virginia Tech in 1992. During her 

undergraduate years, she participated in the Marching 

Virginians, the New River Valley Symphony, and served as 

secretary for Chi Epsilon National Honor Fraternity. Laura 

stayed at Virginia Tech to earn a Master of Science in 

Environmental Engineering in the fall of 1994. She worked 

as both a teaching assistant and a research assistant while 

‘ 

A e 
u 

oo ao 
. a! 

—" 

completing her degree. 

137


