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AtsSTR,.A.CT

In the last few years, the International Feace Garden water treatment plant has

experienced taste and odor episodes of a distinct earthy character. These odor problems

have been associaied with algal blooms in Lake Stormon from which the raw water has

been drawn. Copper sulfate, lake aeration, and the existing treatment processes (i.e.

permanganate oxidation, alum coagulation, P^AC adsorption, and mixed-media filtration)

have been found ineffective for conh'olling the problems.

This study was designed to determine the best available technology for removing

the taste-and odor-sausing compounds" A series of jar-tests providing a reasonable

simulation of the full-scale plant was established to identify the optimum conditions for

permangation, alum coagulation, and PAC adsorption. In the subsequent tests, the use

of a GAC pilot column as a postfilter-adsorber was studied. An experiment using fresh

raw-water was conducted under the optimized conditions to confirm the results from lab-

tests. The effectiveness of the treatment processes was evaluated by sensory analysis.

The results demonsfated that permanganate and PAC were ineffective for

removing the earthy odor. On the other hand, an alum dose of 150 mg/L removed a

considerable portion of the odor. A GAC column with an empty bed contact time of

10 minutes was required to remove the remaining odor. Conclusively, GAC adsorption

following the exisiting coagulation process is the best available technology that could

be used to remove the taste-and odor-causing compounds from the International Feace

Garden water.
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Chapter I

NNTRÛDUCTXTN

Taste and odor are generally eonsidered the rnost primitive senses on the human

evolutionary scene. Taste is a very short distance sense operating only on food or drink

already in the mouth. Odor, on the other hand, is a remote sense that informs us about

the environment and often gives early warning of danger. The belief that early man

relied on these senses for survival rnay, therefore, be accepted.

The primitive senses have adapted to the challenge. Modern man utilizes them to

appreciate foods, beverages, and perfumes for enjoyment. The same senses are also

extensively involved in water and air pollution control for public health. Lenihan (1974)

noted that "Taste and smell, no longer a matter of life and death in unfriendly

surroundings, contribute greatly to our health, happiness, and enjoyment of the world

around us".

Many different compounds causing taste and odor have been found to have health-

related effects. Some substances of this category, such as Íichloroethylene (a

camporous-smelling substance), cannot be detected by smell at their toxic level (Amoore

1986). However, some others (such as phenols) emit detectable odors at concentrations

lower than their specified toxic thresholds (Suffet and Segall I97l). Therefore, odor

could be a sensitive indicator of real or potential hazards in the riyater.



Taste and odor appear to be rnajor properties affecting acceptabillity of drinking

water. Since pure water is recognized to be tasteless and odorless, any kind of taste or

odor present in drinking water would be undesirable. However, distilled water, that is

tasteless, is generally considered to be less pieasant to drink than high-quality waters.

Chemical pretreatment, filmation, and disinfection have successfully been practiced

to eliminate public concerns over waterborne diseases. In 'Western Europe and North

America, where the consumers can take safe \ryater for granted, rnany public complaints

of unpleasant tastes and odors in the tap water have been documented. .Although the

majority of these problems was not due to a hazardous concenfation of a contaminant

compound, concerns over tastes and odors gave further impetus to the desire to obtain

potable and palatable water.

Problems of taste and odor in water supplies can be classified according to their

occurance as natural or man-made. Naturally occuring tastes and odors include those

caused by microorganisms (notabiy bacteria and algae) in any part of the systems or by

dissolved gases, salts, or base minerals that find their way into the raw water sources.

Man-made problems include those caused by industrial chemicals that contaminate the

raw water sources, by compounds produced during freatment processes, or by materials

that leach from linnings of disfibution facilities. Frequentþ, the distinction is not

clearly-cut, as the disposal of contaminants may stimulate the growth of objectionable

microorganisms"

Organoleptic (øste and odor) quality of drinking water can optimally be described

by sensory analysis (Standard Methods 1989). An individual measurement results in a



subjective discription, because of inherent variation in sensitivity to taste and odor. The

implementation of sensory panel methods improves the objectiveness of the results.

flowever, maintaning a large expert panel over a long period could be impractical.

Chemical analysis employing sophisticated insüuments has been put forth to avoid

routine panei measurements. The organoleptic characteristic of a contaminant can only

be defined if a relationship between the concentration of this contaminant and its taste

or odor intensity has been established by a trained panel. Although individuai

organoleptic properties of few contaminants have been charactenzed, most organoleptic

problems are too complex to permit their definition by chemical analysis (Standard

Methods 1989).

Standard remedies for controlling tastes and odors in water supplies fall into two

categories: preventive and corrective measures. Preventive measures are efforts to

plevent the development of tastes and odors in supply soruces. Common practices of

this category are water pollution confiol in watershed areas, application of algacides, and

reservoir aeration. Corrective measures are attemps to remove objectionable tastes and

odors from existing supplies. Highly studied methods of this category include aeration,

coagulation, oxidation, and activated carbon adsorption.

Perhaps more than any other freafrnent process, taste and odor control depends

heavily on the local circumstances. American Water Works Association Research

Foundation and Lyonnaise des Eaux (1987) noted that there are hazards in translating

a teatment scheme from work by others. The identified hazards include "...differing

stability of water quality (are the tastes stable or do they change with times); different



intake and treatment plant characteristics, which may allow different degrees of survival

and regrowth of organisms; and different seasonal or upstream watershed characteristics,

which may change a condition at the treatrnent plant". Nevertheless, inadequate

guidance from the publised information may lead to an undirected trial and error

procedure.

This study is proposed to present selected information from the literature and to

evalute the performance of some corrective rneasures that were applied to the

International Peace Garden water. The selective information includes physiology of

taste and odor perception, sources of tastes and odors in drinking watetr, and methods

for detecting and controlling taste and odor problems. Since the taboratory study relied

on sensory analysis, taste and odor perception is discused in detail in a separate chapter.

The major objective of the laboratory study is to determine the best available

technique (BAT) for contolting the occurance of taste and odor compounds in the

International Peace Garden water. The performance of alum coagulation, pormanganaæ

oxidation, and powdered and granular activated carbon adsorption was evaluated with

respect to taste and odor removal in terms of threshold odor number (TOl.Ð. The fust

step taken after characteriztng the nature of the problems was optimising the existing

processes to minimize recomended rnodifications.

Description of the Case Study

The International Peace Garden is located on the border of North Dakota and

Manitoba, with 930 hectares of land spanning the international boundary. In order to



provide drinking water in this living monument, a water treatment plant with a

production capacity of 200 gpm(12.6 L/s) was consrructed in 1981 and locared in the

United States region. The raw water for this treatment plant is drawn from Lake

Stormon in the Turtle mountain region of Manitoba, Canada. As are most lakes in

Turtle Mountain, Lake Stormon is a refirnant of the glaciers that once covered the area.

This lake receives rain and spring run-off from the surrounding area and a small amount

of domestic sewage. Since the treatment plant serves both sides with the same water,

it must be operated to meet both the American and Canadian drinking water standards.

The Íeatment plant installed is an Aquarius-AQ40 produced by Neptune-Micro

Floc. Essentially, this structure of fabricated steel, consists of two identical

compartment tains each of which provides rapid-mixing, flocculation, sedimentation,

and filnation (Figure 1.1). Rapid-mixing is done in arect¿ngular basin with an effective

volume of 3.5 m3, while flocculation is conducted in baffled rectangular basins with a

detention time of 17 minutes. The sedimentation basins are equþed with horizontal

plate settlels to enhance the removal of the flocculated particles. Finally, mixed-media

filters with surface areas of 40 sq ft (3.72 m') are provided to remove the unsettled

particles at a filnation rate of 5 gpm/sq ft (0.20 m3lñlnin). This treatment unit allows

for the use of certain additional chemicals, such as potassium permanganate and

powdered activated carbon.

Originally, the freatment plant was designed to conduct a conventional purification

process for removing gross particles and deliberate reduction of pathogenic

microorganisms. First of all, the raw water pumped from the lake is hydraulically







Chapter 8

RECOMMENDATIONS AND FURTHER STUDIES

Based upon the information gathered for this thesis, I would suggest that the

application of permanganate and pAC should not be continued, even when GAC

adsorber has not been employed. This will reduce the chemical and operation costs. The

proposed Íeatment scheme is presented in Figure g.l.

This experiment used a batch method so that it onry provided information about

the effectiveness and minimum EBCT of the GAC corumn. To dete¡mine the proper

EBcr that promotes the best efficiency, i.e. the least carbon usage rate or the rongest

life-time of the GAC, a pilot column, which is operated on the basis of continous frow

is necessary. otherwise, the econamical value of tâste and odor Eeatment is difficult

to predict.

Two importance findings of this research are that coagulation effectively removed

the earthy-musty odor and the GAC column consumed a considerable amount of

alkalinity' Research is required to determine the exact mechanisms and factors affecting

these evidences.
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Table 4,1 Actinomycetes that have been identified
as Geosmin and MIB producers.

Actinomyces biwako
Actinomadura sp.
Microbispora rosea
Nocardia sp.
Nocardiopsis dassonvillei
S treptomyces albidofl afus
sfreptomyces alboniger
Streptomyces antibioticus
Stfeptomyces chibaensis
SÍeptomyces fradiae
SEeptomyces fragilis
S treptomyces griseofl avus
Streptomyces griseoluteus
streptomyces gtiseus
Streptomyces lavendulae
s heptomyces neyagawaensis
SEeptomyces odorifer
S Íeptomyces phaeofaciens
Sfreptomyces praecox
sEeptomyces prunicolor
S treptomyces versipellis
Streptomyces viridochromogenes
S Eeptomyces wer¡aensis

Geosmin
MIB
Geosmin
Geosmin
MIB
Geosmin
Geosmin
Geosmin and MIB
Geosmin and MIB
Geosmin
Geosmin and MIB
Geosmin
Geosmin and MIB
Geosmin and MIB
Geosmin and MIB
Geosmin and MIB
Geosmin and MIB
Geosmin and MIB
MIB
Geosmin and MIB
Geosmin and MIB
Geosmin
Geosmin and MIB

Source : AWIYARF and LdE (1987)
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Table 4.2 Algae-generated tastes and odors

Algae Class Odor
Description :

Moderate

Quantities
of Algae

Odor
Description :

Lwge
Quantities
of Algae

Taste
Description

Cyanophyceae
Anabaena

Anabaenopsis
Aphanizomenon

Cylindrospermum
Gloeotrichia
Gomphosphaeria
Microcystis or

Anacystis
Nostoc

Oscillatoria
Rivularia

Grassy, musty,
nastuftium

Grassy, musty,
nastultium

Grassy

Grassy
Grassy, musty

Rotten, septic,
medicinal

Grassy
Rotten, septic,

medicinal
Septic
Grassy
Grassy
Rotten, septic,

medicinal
Rotten, septic,

medicinal
Musty, spicy
Musty

S*""t

S*""t
Sweet

Chlorophyceae
Actinastrum
AnkisEodesmus
Chara
Chlamydomonas

Chlorella
Cladophora
Closterium
Cosma¡ium
Dictyosphaerium

Eudorina
Gloeocystis

Gonium
Hydrodictyon
Nitella
Pando¡ina

Gartic, skunt
Musty, Grassy

Grassy,
nastuttium

Grassy, musty
Grassy, musty
Musty, garlic
Fishy, septic

medicinal
Musty
Septic
Grassy
Grassy
Fishy

Fishy
Rotten,

medicinal
Fishy
Rotten, septic
G¡assy, rotten
Fishy

Sweet

Bitter

Sicky
sweet,oily



Table 4.2 Algae-generated tastes and odors (continued)

Algae Class Odor
Description :

Moderate

Quantities
of Algae

Odor
Description :

Large

Quantities
of Algae

Taste
Description

Chlorophyceae
Pediastrum
Scenedesmus
Spirogyra
Straurastum
Tribonema
Ulothrix
Volvox

Grassy
Grassy
Grassy
Grassy
Fishy
Grassy
Fishy

Diatoms
Asterionella
Cyclorella

Diatoma
Fragilaria

Melosira

Meridion
Pleurosigma
Stephanodiscus

Synedra

Tabellæia

Spicy,geranium
Grassy, spicy,

geranium

Grassy, spicy,
geranium

Grassy, spicy,
geranr'llm

Grassy, spicy,
geranium

Grassy

Grassy, spicy
geranium

Fishy
Fishy

Aromatic
Musty

Musty

Spicy
Fishy
Fishy

Musty, fishy

Fishy

Sickly
sweet,oily
Sickly
sweet,oily

Sickly
sweet,oily
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Table 4.2 Algae-generated tastes and odors (continued)

Algae Class Odor
Description :

Moderate

Quantities
of Algae

Odor
Description :

Large

Quantities
of Algae

Taste
Descrþtion

Chrysophyceae
Dinobryon

Mallomonas
Synura

Uroglenopsis

Violets, fishy

Violets
Cucumber,

fotten,
medicinal,
muskmelon

Cucumber

Fishy

Fishy
Fishy

Fishy

D¡y'
metalic,
sickly
sweet,oily
Sickly
sweet,oily

Sickly
sweet,oily

Dinophyceae
Ceratium

Glenodinium

Peridinium Cucumber

Rotten, septic
medicinal

Fishy

Fishy

Bitter

Sickly
sweet,oily

Source : AWWARF and LdE (1987)



Table 4.3 Blue-green algae that have been identified
as Geosmin and MIB producers

Anabaena circinalis
Anabaena macrospora
Anabaena schremetievi
Anabaena species
Aphanizomenon gracile
Aphanizomenon species
Lyngbya aestuarii
Oscillatoria agardhii
Oscillatoria amoena
Oscillatoria brevis
Oscillatoria bornetii fa. tenuis
Oscillatoria cortiana
Oscillatoria curviceps
Oscillatoria prolifica
Oscillatoria simplicissima
Oscillatoria species
Oscillatoria splendida
Oscillatoria tenuis
Oscillatoria tenuis var. levis Gardner
Oscillatoria variabilis
Phormidium inundatum
Pseudanabaena species
Schizothrix muelle¡i
Symploca muscorum
Synechococcus species

Geosmin
Geosmin
Geosmin
Geosmin
Geosmin
Geosmin
Geosmin
Geosmin
Geosmin
Geosmin
Geormin
Geosmin
MIB
Geosmin
Geosmin
Geosmin and MIB
Geosmin
Geosmin
MIB
Geosmin
Geosmin
MIB
Geosmin
Geosmin
MIB

Sources : Persson (1983) and AWWARF and IIE (19g7)
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Table 4.4 Odor th¡eshold concenEations for various chemical
(based upon pure substances)

Chemical Number
of
Panelists
(Observ.)

Threshold
Odor Level

ppm
Average

Threshold
Odor Level

ppm
Lowest

Threshold
Odor lævel

ppm
Highest

I Acetic acid
I A""ron"

Aceptophenon
Acrylonitrile
Allyl chloride*
n-Amyl Acetate
Aniline
Benzene**
n-Butånol
n-Butyl mercaptan
p-Chlorophenol
o-Clesol
m-Cresol
Dichloroisopropylether
2-4 Dichlorophenol
Dimethylamine
Ethylacrylite
Formaldehyde
2-Mercaptoethanol
Mesitylene**
Methylamine
Methyl ethyl pyradine
Methyl vinyl pyradine
B-Naphthol**
octyl alcohol**
Phenol
Pyradine

Quinoline
Styrene**
Thiophenol
Trimethylamine
Xylene**

e(e)
t2(17)
17 (1s4)
16(104)
10(10)
18(13e)
8(8)

13(18)
32(167)
8(94)
t6(24)
t3(21)
29(147)
8(8)

l0(e4)
t2(29)
e(e)

10(1r)
e(e)

l3(19)
10(10)
16(20)
8(8)
t4(20)
10(r0)
t2Q0)
13(130)
l l (17)
16(23)
10(10)
10(10)
t6(21)

24.3
40.9
0.17

18.6
t4700.0

0.08
70.1
31.3
2.5
0.006
1.24
0.65
0.68
0.32
0.21

23.2
0.0067

49.9
0.64
0.027
3.33
0.05
0.04
1.29

0.l3
5.9
0.82
0.71
0.73

13.5
1.7

2.21

5.07
t.29
0.0039
0.0031

3660.0
0.0017
2.0
0.84
0.012
0.001
0.02
0.016
0.016
0.017
0.02
0.01
0.0018
0.8
0.07

0.00024
0.65
0.0017
0.015
0.01
0.0087
0.016
0.007
0.016
0.02
2.05
0.04
0.26

81.2
330.0

2.02
50.4

29300.0
0.86

128.0
53.6
25.3
0.06

20.4
4.1

4.0
1.1

1.35

42.5
0.0141

102.0
1.1

0.062
5.23
0.225
0.12

11.4
0.56

16.7
7.7
4.3
2.6

32.8
5.17
4.13

a
** Diìutions started with satuated aqueous solution at room temperatüe.

Sou¡ce : Baker (1963)
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Table 4.5 Taste and odo¡ threshold concentrations of products
used in the industrial field.

Acetone

Acetic acid
Allyl chloride
Ammonium chloride
Aniline
Anisole
Benzene
B¡omoform
Butyl acetate
1-Butyl alcohol

Chloroform
Cyclohexane
Diacetone alcohol
1,3-Dichlorobenzene
2,4-Dichlorophenol
Ethyl acetate
Ethyl alcohol

Ethyl amine

Formaldehyde

Formic acid
Glucose
Glycerol
Heptane
Heptanoic acid
Isobutyl acetate
Jevel water
Lactic acid
Magnesium sulfate
Methyl alcohol
Methyl-ethyl ketone

Mehonidazole

5 to 265 (T/O)

0.007 to 200 (T/O)
14700 (r/o)

2t0 (Tlr)
70 (T/O)

0.05 (r/o)
2 to 30 (T/O)

0.3 (r/o)
0.043 (T/O)

0.5 to 40 (T/o)

0.1(Tio)
200 (T/o)

44.t (Tlo)
0.02 (r/o)

0.002 to 0.21 (T/O)
s (Tlr)

100 to 2400 (T/O)

10 (r/o)

s0 (T/o)

4s0 to 8000 (T/O)
0.00004 (T/Ð

38 to 440 (T/T)
50 (T/O)

3 (T/r)
0.073 (T/O)

0.05 (rrÐ
40 (T/O)

1000 (rÆ)
10 to 1600 (T/O)

s0 (rio)

t4e (rtr)

Paintings, varnishes, perfumery,
plastics

Printing, pothogaphy, texriles
Chemisry
Chemisry
Rubbers
Chemisny
Inks, printing, paintings, va¡nishes,
Chemistry
Perfumery, plastics, paintins
Fungicides, insecticides, paintings,

perfumery, pharmaceutics
Plastics, pharmaceutics
Oils, rubbers, photogravure
Wood, paintings, photography
Chemishy
Chemisry
Food, paintings, vænishes
Antifreeze, explosives, perfu mery,

pharmaceutics
Greases, oils, resins, perfumery,

pharmaceutics
Disinfectants, insecticides, textiles,

coloring, plastics
Galvanoplasty, textiles, meøllurgy
Chemisry
Chemistry
Chemisby
Chemistry
Paintaings, solvens
Paper mills
Chemistry
Pharmaceutics
Motor fuel, paintings, vamishes
Paintings solvents, varnishes, glue,

household cleaners
Chemisny
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Table A'.5 Taste and odor threshold concenrations of products
used in the industrial field (continued)

Product Ttueshold
mgil of water

IndusEy

Nitric acid

Nitropropane
1-Octanol
Oxalic acid

Phenol
Pivalic acid
hopionic acid
Pyridine
Saccharin
Salicylic acid
Sodium chloride
Sodium hydroxide
Stea¡ic acid
Styrene
Sulfuric acid

Tartaric acid
Tetralin

Toluene

Trictrloroethylene

Xylenes

65 (TÆ)

25 (rto)
0.13 (r/o)
120 (Ttt)

I to 6 (T/O)
s0 (r/o)
20 (T/O)

0.0003 to 4 (T/O)
4'4 Qrr)

20 to 90 (T/O)
450 (TÆ)
320 (Ttf)
20 (r/o)

0.0s to 0.73 (T/o)
13 (r/o)

7s (T/O)
18 (T/O)

1(T/O)

0.5 (T/O)

0.02 to 1.8 (T/o)

Chemical fertilizers, explosives,
metållurgy, textiles,
pharmaceutics

Chemisny
Chemisny
Household cleaners, stone

polishing
Chemisry
Chemistry
Chemisny
ChemisÍy
Galvanoplasty
Chemistry
Chemishy
Chemistry
Chemistry
Polystyrene and rubber making
Detergents, chemical fertilizer,

galvanoplasty, metallurgy
Chemisny
Resin solvents, greases, household

cleaners, varnishes
Painting solvents, varnishes, glue,

inks, pharmaceutics, coloring,
insecticides

Galvanoplasty, textiles, printing,
clothing

Paintings, printing, insecticides

Note : (T/O) = threshold odor concent¡ation
(T/T) = th¡eshold taste concentation

Source : Van Gemert and Nettenbreijer (1977)
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Compound Concentration* PWD Descriptive

Benzaldehyde
Chlorine
Coumarin
Cumene
Diphenyl ether
1-Dodecanol

Eucalyptol
Geosmin#
Heptanal
2-Heptanone

Hexanal
cis-3-Hexene- 1-ol
d-Limonene
2-Methylisobomeol#
Methylmethacrylate
Eans-2-Nonenal
Styrene
m-Xylene
Cloves

Grass

Grass

Rubber hose

S oap

Wood shavings

1000 pg/L
2 mglL ftee chlo¡ine
1000 Fg/r
100 pg/L
100 pdl-
2500 ¡tglL

200 ¡tg/L
300 ng,/L
100 pg/L
500 pe/L

200 ttúL
500 pg/L
2000 FelL
200 ngll-
1500 pg/L
200 ve/L
500 Fe/L
200 pg/L
Three cloves in

200 mL
2 g n 200 mL, several

days old
2 g n 200 nil., one

week old or older
Several inches in

200 mL (boil 5 min)
5 g of IvoryR soap in

200 mL
Freshly exposed wood

of sharpened pencil

Almonds (sweet)

Chlorinous
Vanilla and black cheny
Shoe polish
Geranium
Liquid dishwashing detergent

(unscented)

Vicks Vaporub ointment
Ea¡thy (beets)

Rancid walnut oil
Sweet" banana-like organic

solvent
Lettuce heart
Freshly cut grass

Citrus (orange, lemon, lime)
Musty þeaty or brazil nuts)
Plastic
Cucumber with skin
Model-airplane glue
Sweet organic chemical
Cloves (spicy)

Decomposing vegetation

S eptic

Rubber hose

Soapy

Woody

Table 8.1 Odor reference standards used at PWD @hitadeþhia Water Department)

Note : * The concentrations are below cu¡¡ent toxicity levels. All compunds are
diluted in odor-free water and smelled at 250C.

# The concenEations of Geosmin and 2-Methylisoborneol are much greater
than thet specified threshold odor concenEations.

Source : AWWARF and LdE (1987)


