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ABSTRACT 

This thesis has investigated the impact of algal derived taste and odor (TtO) on 

water quality, with particular attention to the chrysophyte species which predominate the 

Glenmore Reservoir. In this research, the linkage of a specific algae to the production of 

particular TI0 compounds was established (e.g. Uroglena with E2,Z4-heptadienal, 

Dinobryon with E2,Z4,Z7-decatrienal) Other major findings include the differential 

response of algal derived aldehydes to water treatment processes. Volatile organic 

compounds (VOCs) derived h m  two significant algae in the Glenmore Reservoir, 

E2,Z4,Z7-decatrienal (Dinobryon) and E2J4-heptadienal (Uroglena), have very 

different impacts on water quality. Both aldehydes impart a fishy odor to the source 

water, however only heptadienal persists through the Water Treatment Plant to cause T/O 

problems in finished drinking water. Additionally, it was found that the algal derived 

VOCs are highly unstable. Both the fatty acid precursors and the unsaturated aldehydes 

or hydrocarbons are subject to rapid biotic and abiotic degradation. 
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CHAPTER 1: INTRODUCTION 

1.1 Driaking Water Aesthetics 

The palatability of drinking water in terms of its clarity, taste and odor p/O) is a 

c o m e r ' s  only direct indication of water quaiity [I-51. For this reason, both suppliers 

and consumers place great emphasis on these organoleptic properties of drinking water 

[2,4,6-91. For surface water supplies, the primary water treatment processes of chlorine 

disinfection and coagulant assisted filtration generally yield water of good clarity and fiee 

of pathogenic organisms [2, 101. Treatment and removal of taste and odor compounds 

can be more difficult. 

Identification, quantitation and treatment of these volatile organic compounds 

(VOC) is important to the water treatment industry [I 1-13]. Specific knowledge of the 

sources and composition of TI0 compounds is needed for utility operators to maintain 

public confidence in the safety of municipal drinking water supplies. Drinking water T/O 

problems are extensive and pervasive [q. T/O complaints are reported on a global scale, 

and they account for the largest single class of consumer complaints to water utilities 

~ 4 1 .  

In order to verify that a particular algae bloom is the source of Ti0 event, several 

criteria should be met [7, 151. Ecologicai evidence of both the organism and the odor is 

needed. After isolation, the organism should be assessed to vetiQ that it produces the 

same odor as was observed in the environment. Finally, chemical identification of the 

odor compound is needed. Without all these ficets, proof of algal related odor events is 

circumstantial rather than conclusive. 



13 Research Goals 

In this research, a usem analytical procedure was developed, based on sample 

concentration by solid phase mimextraction (SPME), with detection by gas 

chromatography-mass spectrometry. This procedure was then applied to several synthetic 

and natural systems (cuItures, mesocosms, d a c e  waters) to identify the odor causing 

compounds derived from various algae known to produce TI0 compounds. This 

information was used to study the dynamics ofT/O production under various conditions. 

Findly, the effect of drinIring water treahnent on these TI0 compunds was examined 

with bench and pilot scale experiments. 

1.3 Taste And Odor 

There are four basic tastes that can be perceived [lo]. These are sweet, sour, salty 

and bitter. Sour and salty tastes are evoked by simple ionic compounds, while sweet and 

bitter are generally caused by organic compounds (e.g. sucrose, denatonium benzoate). In 

drinking water, tastes are generally caused by inorganic compounds, as these compounds 

are present at much higher concentrations than organic cornponds ( m g ~ ~ '  vs. pg-~-'). In 

contrast to these four basic tastes, odor is a much more complex phenomenon, with a 

wide range of descriptors and sensations. These are often classified into major categories 

(e-g. earthyy musty, swampy, hgrant, grassy, chemical), each with several addition 

descriptors (e.g. potato bin, beil pepper, m t y Y  wet cardboard for earthy). Odor stimulants 

are diverse in their chem&y and eiicit a wide range of descriptors [2, 101. In addition, 

odor perception can change with temperature and concentration [16]. 
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Human perception of tastes and odors differs fiom instnnnental detection 

methods. Human odor perception occurs on a logarithmic scale, in contrast to the linear 

response of most instmental chemical detection systems. In addition, stereoisomers 

may differ in both their odor intensity and character [B]. As a result of the interaction of 

taste and odor, it is often difficult to distinguish tastes h m  odors, and the two senses are 

often reported together. This combined sensation is refmed to as flavor [A. 

TI0 compounds may enter water supplies through a variety of means (urban, 

agricuItural runoff, sewage, industrial or municipal discharge) [17, 183, but the immediate 

source of TI0 is most firequently algal. Drinking water supplies often are affected by 

seasonal TI0 events caused by volatile organic compounds (VOC) from algal blooms 

[19, 201. Chemical and structural information on the TI0 compounds relevant to this 

study are compiled in Appendix A. 

While TI0 events can occur in both nutrient rich (eutrophic) and nutrient-poor 

(oligotrophic) reservoirs, the majority of research has been directed towards eutrophic 

systems in which blue-green algae are the dominant species. In the case of blue-green 

algae blooms, two texpenoid compounds geosmin (E l,10-dimethyl-E9decaloi) and 2- 

methylisobomeol (2-MIB; 1,2,7,7-tetramethyI-exo-bicyclo[2.2.l]heptan-2-ol) are the 

most important Ti0 compounds. In less eutrophic d a c e  waters, algae other than blue- 

greens dominate. In the case of the oligotrophic Glenmore Reservoir (Calgary, AB), T/O 

events are Linked with Dinobryon spp. and Uroglena cnnericana, two chrysophyte algae 

[13, 20, 211. The odor compounds associated with these algae are derived from the 

oxidation of cellular polyunsaturated htty acids (PUFA), which produces a range of 

usatmated aldehydes [l 1,13,19]. 



1.4 Algae 

1.4.1 Definition of  Algae 

The term algae comes from the Latin word for seaweed, alga. Algae or 

phytoplankton are a very diverse group of organisms [22], and have been variously 

described as: 

"any of a large group of mostly aquatic organisms that contain chlorophyll and 

other pigments and can carry on photosynthesis, but lack true roots, stems, or 

leaves; they range h m  microscopic single cells to very large multicellular 

structures; included are nearly all seaweeds." 

Academic Press, Dictionary of Science and Technology. 

Van den Hoek et al. [23] define algae as: 

"... very diverse photosynthetic plants that have neither roots nor leafy shoots, 

which also lack vascuIar tissues; certain algae are not able to photosynthesise but 

are nevertheless classified as algae because of their close resemblance to 

photosynthetic forms." 

A more inclusive definition of algae suggests: 
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"Algae are a very diveme group of mostly photosynthetic, mostly aquatic 

organisms. They include both photosynthetic prokaryotes (Cyanobacteria) and 

several distinct eukaryotic lineages, generally sepvate h h g i  or protozoa. 

They are single or multicellular and range in size by several orders of magnitude 

(clum to >45 m (giant kelp)), sessile, planktonic or motile, with varying degrees 

of heterotmphic activity. They inhabit a range of environments h m  freshwater- 

marine water, ice, air, aquatic substrate (epiphytes), terrestrial substrate (rock, 

soil, bark) and include many symbiotic (e.g. lichens) and parasitic fonns (e.g. 

some dinoflagelIates)." S. Watson, personal communication. 

While a detailed taxonomic description of algae is beyond the scope of this 

research, some of the characteristics of relevant algae will be presented. Algae 

traditionally are classified based on aspects such as cellular o r g e t i o n ,  pigmentation, 

storage products and flagellation. The algae found in the Glenmore Reservoir fill under 7 

major divisions: Cyanophyta (blue-green), Chloruphyra (green), Euglenophyta 

(euglenoids), @rrhophyta (dinoflagellates), Cryptophyta (cryptomonads), Haplophyta 

(haplophyte, prymenophyte) and Ch~ysophyta (golden-brown). Of particular interest are 

the three important classes of Chrysophyta, Chrysophyceae and S'urophyceae 

(chrysophytes) and Bacillarophyceae (diatoms) [13,21]. 

At present, chrysophytes are among the dominant algal species in the Glenmore 

Reservoir, although diatoms are important in the spring and autumn populations. 

Chrysophytes associated with taste and odor problems in Glenmore include Dinobryon 

cylindricurn, Dinohyon divergem, S'ura petersenii and Urogelena americana (Table 
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2.1). The diatom hten'onella fonnosa can also cause taste and odor problems [24]. Small 

popuIations of filamentous blue-green algae such as Anabaena and Oscihton'a are also 

present. While these algae are important causes of TI0 in eutrophic waters, they have 

minimal impact on low nutrient systems such as the Glenmore Reservoir. 

Table 1.1 Taxonomic data for algae associated with odor. 

Chrysop_hytes 
Dinobryon spp. I Colonial 1 36 x 10 I 2 ,4-ddena l  [ Fishy 

*we 

Asterionella [ Colonial 1 75 x 5 I 1,3,5-octatriene I Geranium, 

Form 

- - 

Uroglena 
americana 
Synura petersenii 
lkiallomonas sp. 

Cyanobacteria 

Diatoms 

Colonial 

Colonial 
Unicellular 

fomusa 

Odor 
Characteristic 

Individual 
cell size pm 

I 173,6-octatriene I Fishy 

1.4.1.1 Blue-Green Algae 

The Cyanobacteria or blue-green dgae are the class of algae most often associated 

with surface water T/O events. These algae are photosynthetic prokaryotes with a robust 

cell walI structure. They are the dominant aIgd species in highly productive (eutrophic) 

waters, and often grow in Hamentous mats. These noxious blooms detract from the 

aesthetic quality of the water as a r d t  of the unpleasant fiIarnentous mats and the 

offensive T/O compounds. In addition, several toxic compounds (e.g. anacystin, 

mimystins) may be produced. These have been implicated in the deaths of dogs, cattle 

Major Odor 
_ Compound 

7 x 5  

30 x 10 
10 x 8 

Anabaena spp. 
Osciffatoria spp. 

2,4,7decatrienal 
2,4heptadienal 

2,6-nonadienal 

Filamentous 
Filamentous 

Fishy 

Cucumber 

3.5 x 3.5 
(3-7) x 2 

Geosmin, 2-MIB 
Geosmin, 2-MIB 

Earthy-musty 
Earthymusty 
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as well as humans [25,26,27]. While low nutrient mountain fed rivers such as the Elbow 

River are not impacted significantly by blue-greens, other prairie surface water sources 

such as dug-outs, sloughs and irrigation systems are often eutrophic and suffer h m  

blooms of these algae [2q. 

Geosmin and 2-MIB are the TI0 compounds commonly produced by blue-green 

algae. The other important source of these compounds is the soil bacteria Actimmycetes 

[lS]. These compounds are produced in the isoprenoid pathway as side-products of 

pigment synthesis (carotenoids, chlorophyll)[28]. As such, they are secondary products of 

primary metabolism. It has been proposed that geosmin and 2-MIB are formed as 

overflow products, serving as a mechanism to dissipate excess carbon. Recent studies 

into the production of 2-MIB by Oscillatoria perornata and Pserdarzabaena articulata 

suggest that formation of this compound reflects carbon accumdation as a result of 

increased cellular metaboiism [28]. 

Both geosmin and 2-MIB are potent TI0 agents, with very low odor threshold 

concentration (OTC) of 4 - 10 and 9 - 42 ng-L", respectively [12, 161. These earthy- 

musty odor compounds are responsl'ble for the majority of reported TI0 events in surf'ace 

waters. ImportantIy, these compounds are environmentally stable and can undergo long 

range tramport, affkcthg areas distant h m  where the compounds are produced [3, 51. 

There are natural mechanisms for the breakdown of these compounds, and argosmin, the 

non-odorous dehydration product of geosmin [29], is often detected especially during cell 

die-off when there is increased bacteria1 activity. However, these processes are slow 

relative to tramport and production. Geosmin and 2-MIB are produced throughout the 



cell's lifecycle, can accumulate intracellularly, or be released into the environment either 

through cell leakage or cell lysis. 

1.4.12 Chrysophytea 

The three chrysophytes of particular interest in the Glenmore Reservoir are 

Uroglem a m e r i c m  and Dinobryon divergens and cylindrinmt. They are both naked 

flagellates with h g d e  cell membranes. Dinobryon is encased in an open-ended cellulose 

tube or lorica. Uroglena produces a loose gelatinous matrix, which aids in holding the 

colonial form together. Both are photosynthetic mixotrophs and can extract both organic 

(e.g. bacteria) and inorganic resources (sunlight, dissolved nutrients). This adaptation 

allows them to sustain periods of high growth rates at low nutrient levels. These 

chrysophytes typically have high cell lipid content (30-40% dry weight) with a large 

composition of PUFA (>60%)[13]. The fatty acids are used both to form h e  lipid bilayer 

of the cell membrane and as storage products. Mallomonas and Synuru are other TI0 

producing chrysophytes, however their impact on the Glenmore Reservoir is minor [2 11. 

1.4.1.3 Diatoms 

The diatom Asterionella fonnosa is another commonly observed algae in the 

Glenmore Reservoir. It is encased in a durable silica case or W e .  W e  this structure 

is porous, to allow exchange of the cell with the environment, it can impede the diffusion 

of products. In addition to the htty acids in the cell membrane* Asterionella produces 

lipid storage vacuoles. 



13 Algal Derived Chemicals 

1.5.1 PUFAWdation 

An important difference between these eukaryotic algae and the blue-greens is 

that the associated TI0 compounds are not produced through the cells life cycle. Rather, 

they are formed following the loss of cellular integrity through death, senescence or 

mechanical disruption. After the cell membrane fails (death, senescence, induced lysis), 

catabolic enzymes are activated which break down the PUFA, initially to 

hydmperoxides. Instead, these odor campounds are stored as precursors in the form of 

higlycerides of PUFAs (linolenic, LinoIeic, arachidonic acids; Appendix A3). The cellular 

function of these PUFAs are for the storage of chemical energy, and to form the cell 

membrane (lipid bilayer). Upon lysis, Lipoxygenases are activated which initiate the 

breakdown of fatty acids through the formation of C9 or Clj hydroperoxides [19,32,33]. 

These degradation products are cytotoxic, and are unlikely to be stored as intracellular 

materials [30,3 11. The general scheme is shown in Figure 1.1. 

1.52 Formation of Unsaturated Aidehyda 

Subsequent enzymatic action by hydroperoxide Iysases M e r  oxidizes the 

products into a variety of compounds, including severaI unsaturated aldehydes. These 

unsaturated aldehydes are associated with fishy odors and off-flavors in both 

environmental and food samples, Autoxidation of mackerel oil produces 2,4,7- 

decatrienal, a fishy off-flavor compound [35], while the lipoxygemse products of 

Iinolenic acid can form 2,4-decadiend and 2,4,7decatrienal[36,37]. 



LinoIenic Acid - - - 
9; 
q -OH 

1 Lipoxygenase, @ 

Formation of 
hydroperoxy acids 

(e.g. 13-hydroperoxy 
linoleate) 

Homo1 ytic 
cleavage 

Hydrocarbons 
Aidehydes 

-ti 
a H  

AlcohoIs 
0 

OH 
0x0 acids 

Figure 1.1 Enzymatic oxidation of PUFA to form hydrocarbons, alcohols, aldehydes 

and oxo-acids. AAer Jiittner 1191. 

The TI0 compomds produced by the PUFA catabolism include E2.24- 

heptadienal, E2,24deadienal and E2,Z4,Z7decatrienal. These compounds are 

associated with the chrysophytes Mallomonar, Uroglena americm, Dinobryon 

divergens and Dinobryon cylindrim. Sjmura p e t e m i i  is the only chysophyte known 
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to produce the cucumber odor E2,26-nonadienai, although this is common metabolite of 

plants [373 The structures of these and other related compounds are compiled in 

Appendix A. Where the isomeric designation is not important, these compounds will be 

ref& to in the text as heptadienai, nonadied, decadienal and decatrienal. 

1.53 Formation of Hydrocarbons 

In addition to unsaturated aldehydes, oxidation of algal PUFAs also results in the 

formation of algal pheromones. This was first identified in 1971 when Muller et al. 

isolated the male gamete attrimant, ectocqene from the marine brown algae Ectocarplcs 

siliculous [38]. Since then several other CI 1 and C8 serniochernicals have been isolated 

[39- 411. Their function includes synchronization of mating through controlled release of 

the male spermatozoids and attraction to the female cells. Additionally, these compounds 

can serve as a chemical defence mechanism. The threshold biological activity for these 

compounds range from 1- 1000 pmol (ca. 0.1 - 100 ng~-').  

15.4 Biotic and Abiotic Degradation of Algal Metabolites 

The complex formation and instability of these PUFA derivatives has serious 

implications for their chemical analysis. The fatty acid precursors are unstable and 

subject to chemical and enzymatic oxidation. Losses which occur as a result of sample 

collection and storage are difficult to detect. The enzymatic formation of the aldehydes is 

in competition with several other reactions, such as oxidation to hydrocarbons, alcohols 

and 0x0-acids [19]. Upon formation, there are severd efficient means for the abiotic 
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degradation of these chemicals. These pathways include M e r  oxidation by '02 (singlet 

oxygen) and .OH (hydroxyl radicaJJ [39,40]. 

Therefore, the mass and product distriiution of PUFA byproducts produced from 

a sample will be dependent on the conditions of cell lysis and enzyme activation, and the 

interval between cell lysis and sample analysis. What is formed and meawed in a 

laboratory setting may over or undetestimate aldehyde production in the environment, 

15.5 Isomerization 

Other analytical complications arise h m  the facile isomerization of the 

unsaturated aldehydes fiom E,Z to E,E forms [42, 431. These geometric isomers have 

distinct physical and physiologicaI properties. Chromatographic analyses of these 

aldehydes will often resolve the diffefent isomers, so that two or more retention times 

need to be monitored for each compound. The degree of isomerization increases with 

sample storage time, where sufficient time for thermal and photolytic isomerization 

processes (Figure 1.2) has elapsed. 

1.6 Analytical Requirements 

1.6.1 Introduction 

These biogenic T/O compounds are potent, and can be perceived at very low 

(Irg.~" - ng-~-') concentrations. In order to idendfy and follow the biological formation 

of these TI0 compounds in surface and drinking water supplies, a suitable method is 

needed. With the ability to identrfy and quantitate the odor compounds, there is additional 
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capability to study biological processes and their mqwnse to enviromental change 

(eutrophication, resource limitation). 

Figure 13. Extracted ion (m/z 81) chromatogram of a mixed algal culture. Two major 

isomers of the Clo aldehydes are present. The biologically formed E,Z and E,Z,Z are the 

major peaks. The more stable E,E and E,EJ isomers are ca. 10% of total mass. The 

sample was analyzed immediately after coUection to minimise isomerization. 

1.62 A n ~ c d R e s o u r c e s  

This research was conducted in collaboration with the City of Cdgary 

Waterworks Division. As part of their contribution, access was provided to the 
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instrumental and analytical resources of the City of Calgary's Water Quahty Laboratory, 

located at the Glenmore Water Treatment Plant. Of particular value was the physical 

access and proximity to the reservoir for sample collection, and the well-equipped 

laboratory. Instruments used for this research include a Hewlett-Packard 6890/5972 gas 

chromatograph-mass spectrometer (GC-MS), a Shimadzu TOC-5000 Total Organic 

Carbon (TOC) analyzer, a Zeiss inverted microscope, as well as instrumentation for 

nutrient and physical tests (pH, turbidity, major ions). 

1.7 The Glenmore Reservoir and Water Treatment Plant 

1.7.1 The Reservoir 

The GIenmore Reservoir (Calgary, Alberta) is an artificial impoundment of the 

Elbow River, created in 1933 by construction of the Glenmore Dam (Figure 1.3) [44]. 

The reservoir was created to provide a source of high quality water for Glenmore Water 

Treatment Plant, built at the same time. The Elbow River drains a 1200 Irm' watershed in 

the Rocky Mountains, west of CaIgary. The depth of the Resmoir at crest ranges fiom 1 

rn at the inflow to 21 m at the dam face, with an average depth of 7.4 m. The reservoir 

6 3 covers an area of 383 ha, with a storage capacity of 22.1 x I0 m . The average inflow to 

6 3 t  6 3 1 the reservoir is 0.7 x 10 m -d' , with 0.1-0.5 x LO m -d- withdrawn by treatment plant 

for the production of potable water. hdinimrn downstream flows are maintained to 

preserve the important fish habitat in the lower Elbow River. Water retention time in the 

reservoir can vary f h m  2-60 days. Typical inflow rates are low; however spring nm-off 

and storm events can increase the flow h m  < 10 to 50 - 250 m3-s" 



Dam and 

Elbow River 

Screenhouse 

Glenmore 
Reservoir 

Figure 1 3  The Glenmore Reservoir (Calgary, AB). Headpond sample locations (HPI, 

HP2), dam and screenhouse are indicated. 

Important long term limnological data for the Glenmore Reservoir are presented in Table 

1.2, and general water quality chatacteristia are presented in Table 1.3. The results in 

Table 1.3 are from single measurements from samples collected at the start of each month 

The reservoir is a high @ty, tow nutrient (oiigo-mesotrophic) water supply. 

However, long term trends indicate that water cpality parameters such as turbidity, 

phosphorus and coliforms (total and fecal) are increasing. This degradation of water 

quality may Iead to increased occurrence ofTl0 events [44]. 
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Table 13 Long term seasonal means in Glenmore Reservoir, water column average 

Parameter 
Residence time (days) 

1.72 The Glenmore Water Treatment Plant 

The City of Calgary's Glenmore Water Treatment Plant is located on the 

Glenmore Reservoir, and provides drinking water to haIf of the city's current population 

of 860,000 [44, 451. The plant production is rated at 450 ML-d-I. The Bearspaw Water 

Treatment Plant, which draws water fiom the Bow River provides the remainder of 

potable water for Calgary. Both plants utilize similar conventional treatment processes 

for disinfection and particle removal [46, 471. At Glenmore, source water is withdrawn 

Eom the Reservoir via a low lift pumping station located at the dam. The disinfection 

process consists of fie chlorination to a concentration of approximately 1 rng.L" at the 

point where water enters the pIant headworks, with an additional fiee chlorine application 

after filtration. A residual chlorine concentration of at least 0.5 mg-L-' is maintained 

throughout the treatment plant The post-filtration chIorine dose is trimmed to provide 

sufiicient fke chlorine to maintain a disinfkctaat residual of at least 0.2 mg-L-' 

throughout the water distrjiution system. Particle removal is achieved by aluminum 

sulfate (aIum) assisted flocculation and coagulation. This is followed by gravity 

Average 
33 

Secchi depth (m) 
Silica (mg-L-') 

Total Phosphorus (mg-L") 
Total Nitrogen (mg-L") 

Heterotrophic Plate Count (CFU~L- ' )  
Chlorophyll-a (rng.~~') 

Total phytoplankton biomass (mg L-') 

3.5 
1.1 
0.012 
0.730 
330 
0.0013 
0.240 
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sedimentation and Utration through mixed bed filters comprised of 300 mm o f  1.0 mm 

diameter anthracite over 0.5 mm sand. Following treatment, water is distriiuted to 

customers via a network of 3,900 lan of water mains [45]. Consistent water pressure (350 

- 550 kPa) is maintained by 36 secondary pump stations. Potable water is stored in 18 

strategically Located reservoirs with a combined capacity of 450 ML. The per capita use 

of water in Calgary is approximately 530 LO&'. 
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Table 13 Glenmore Reservoir general water quality data (1999). 

Ammonia mgU1 

Bmmide mpU1 

C&+m mgC' 

Chloride mgL4 

Cyanide mgU' 

Fluoride m e C 1  

Magncsiun m r U i  

N i i  mpC1 

Niaitt mpC1 

Phospbonti mmg.U' 

Potassium mg-U' 

Silica m e t J  

Sodium mrLJ 

Sulfate mpt" 

m* mpLi  

' TCU - True Color Units 
NTU - Ncphlomctxic Ttabidity Units 
TDS - Total Dissolvui Solids 
' TOC -Total Organic Carbon 
TKN -Total Kjehldd Ninagcn 
MPN - Most Probable Number 
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CHAPTER 2: ANALYTICAL METHODS 

2.1 Introduction 

One of the major goals of this research was to develop a useful analytical 

procedure for the chemical analysis of Ti0 compounds. The T/O compounds of interest 

are low m o l d a r  weight (70 - 250 am) hydrocarbons, alcohols and aldehydes [I]. 

Generally, the compounds are well suited to gas chromatographic separation. The 

developed procedure would need to be amenable to a wide range of sample types (low 

and high particulate surface waters, cultured algae, bacterial isolates on agar, particulate 

matter). As the TI0 compounds are often potent, and can impart an offensive odor in 

water at o g ~ - '  concentrations, a highly sensitive procedure was required [l, 21. 

Several different analytical techniques are available for the analysis of volatile 

and semi-volatile algal T/O compounds in water. These include, but are not limited to, 

the closed-loop stripping apparatus developed by Grob, steam distillation-extraction, 

continuous liquid-liquid extraction, resin absorption and liquid or solid phase extraction 

[I,  3,4]. These procedures are generally suited to a particular matrix and concentration of 

analyte, e.g. liquid extraction of aqueous phases, static headspace sampling for 

mg-pg.~-' concentrations. 

Solid Phase Micro Extraction (SPME) is a relatively new sample concentration 

procedure that has earned significant attention [q. It is an easily adaptable procedure 

which can be applied to both liquid or hadspace analysis of a wide range of compounds 

[6, 71. It is designed for use with gas chromatography, and it is a higidy efficient sample 

concentration procedure. Therefore, SPME was selected for sample extraction and 

concentration. Gas  chromatograph^ spectrometry was selected to provide the 
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separation and detection capacity as it is a highly sensitive procedure (sub-ng), and it can 

provide exact compound identification, based on mass fragmentation spectra 

Other analytical methods used in this mearch include physical tests for water 

turbidity, 6ee chlorine residual in water, Total and Dissolved Organic Carbon (TOC, 

DOC). Limnological tests induded nutrient analysis for silica and phosphorous, 

chlorophyll-a, and taxonomic assessment of algae by inverted microscopy. Water 

treatment tests were conducted with the aid of Conventional Gravity Sedimentation 

(CGS) and Dissolved Air Flotation (DAF) jar test apparatuses [8]. 

2.2 Sold Phase Micro Extraction (SPME) Method Development 

2.2.1 Introduction 

Based on both e x m e n t a l  and literature research, different sample conditions 

for SPME analysis were evaluated in terms of their effect on method detection limits, 

time required to process a sampIe, and range of applicability. SPME adsorbent phase, 

sample phase (liquid or headspace), sample volumes, sample temperature and salt 

addition were considered. Samples were stirred in all cases to keep the aqueous phase 

equilibrated. 

233 SPME 

SPME uses a small (1 cm) piece of M silica, on which a thin (7-100 pm) liquid 

adsorbent phase has been coated. The f ier is supported on a stainless steel needle- The 

mechanical integrity of the needle is protected by a stainless steel tube. Sample 

concentration is conducted by inserting the SPME fiber into the liquid or headspace 



2s 
phase of a sample. When the sample extraction period is complete, the fiber is withdrawn 

into the holder, the needle is injected into the heated inlet of a gas chromatograph, the 

fiber is extended and the sample is then thermally desorbed (200-300 "C). 

SPME is not based on exhaustive extraction of the sample, but on an equiliirium 

between the compound concentration in the sample and that in the solid adsorbent phase 

[9,10]. For liquid phase sampling, the distriiution constant, K, is defined as: 

Where C, is the analyte concentration in the solid phase, C, is the concentration in the 

aqueous phase, and V, is the liquid volume. Under equili'brium conditions, the number 

of moles extracted n, is defined by: 

Where Co and C, area the initial and eqd'brium concentrations of the compound in the 

sample, respectively [9]. 

In the case of headspace sampling, three phases are involved with an equilibrium 

established between the headspace (gas phase), the solid adsorbent phase and the sample 

matrix. In this case the number of moles extracted by the fiber at eqyilibrium is defined 

by [lo, 111: 
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While compound recovery is maximized at the equiliirium condition, quantitative 

analyses can be conducted under non-equsliirium conditions [I 1-14]. 

2.23 SPME Adsorbent Phases 

SPME fibers with several different adsorbent phases are commercially available 

for a variety of applications (Supelco, Oakville, ON). The phases are based on synthetic 

polymers such as divinylbenzene (DVB), polyethylene glycol (carbowaxm, CW) and 

polydimethylsiloxane (PDMS). By altering the composition and thickness of the 

adsorbent phase, the SPME fiber can be tuned for particular applications, such as for 

volatile or semi-volatile headspace sampling, or liquid sampling for non-volatile 

constituents. PDMS phases are appropriate for non-polar compounds and CW for polar 

compounds. Polymers can be combined to improve efficiency and range of applicability 

of a fiber, as with the PDMS/DVB phase. Other phases include a proprietary carbon 

based phase (CarboxenTM) and polyacrylate (PA). Phase thickness ranges from 7 pm to 

100 p At this time, the only phase which is chemically cross-linked to the fiber is the 

thin 7 pm PDMS. The other compositions are either non-bonded or only partially cross- 

linked. As such, they are subject to bleed. 

For this project, three phases suitable for volatile, semi-volatile and poIar 

compounds were evaluated. These included I00 pm PDMS, 85 pm PA, and the 65 pm 

PDMSIDVB. The PDMS/DVB fiber was selected as it afforded superior adsorption for 

the range of target compounds. Compared to the PDMS fiber, the relative response of 

PDMSDVB was 12, 4, and 4 times greater for 2-MTB, geosmin and biphenyldro. 

Recovery by the PA fiber was 1-2 times greater than the PDMS. Detailed studies by other 
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researchers [l, 4,5] have dso reported superior overall performance by the PDMS/DVB 

fiber. 

2.2.4 SPME Sampling Phases 

In general, either the gas or a liqyid phase of a sample can be adyzed. Gas phase 

sampling can be apptied to gas, Liquid or solid samples provided the analytes in the 

sample have sufficient voIatility to be partitioned into the gas phase. The mass required in 

the vapor phase for the usefirl application of SPME will very much depend on the 

sensitivity of the detection system and the length of sample extraction time available. For 

quantitative gas phase analyses, the sample volume must be known or controlled, 

typically by the use of gas-tight sample containers. In the case of liquid or sokid 

headspace samphg, a three-phase partition is established between h e  condensed and gas 

phase, and between the gas and adsorbent SPME phase [I 1,121. 

In the case of liquid phase sampling, the analytes are partitioned between the 

Iiquid phase and the adsorbent SPME phase. In practice this can be complicated by 

additional phases contributed by the matrix, such as dissoIved and particulate organic 

material [IS]. 

In this work, both liquid and headspace sample procedures were evaluated. 

InitialIy liquid phase sampling was employed as it provides the greatest exposure of 

analyte to the SPME fiber. However, liquid phase sampling was complicated by a 

number of practical Extors, especially when appIied to natural water samples or 

biological cultures. The SPME fiber may become coated by any dissolved, wlloidaI or 

particulate organic material in the sarnpIe. This inhibits the absorption of andytes. During 
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sample desorption, compounds are rapidly released &om the fiber by a high temperature 

thermal process (200-300 "C). Any non-volatile organic matrix material (e.g. humic and 

l lv ic  acids, colloids) irreversiily bakes onto the fiber and drastically reduces the fiber 

performance in terms of extraction efficiency, reproducibility and lifetime. In situations 

where salts are used in the sample preparation, the salts crystallize in the fiber pores and 

irreversibly damage the mechanical integrity of the fiber. These issues reduced the fibers' 

usem lifetime to fewer than ten analyses E3, 161. 

In headspace SPME (HSPME) sampling many of these problems are avoided by 

not directly contacting the sample matrix. The headspace sampling is a much cleaner 

procedure, and the usem fiber lifetime is extended to greater than 100 extractions. In 

addition, it was determined that analyte recovery by headspace sampling was 5-10 times 

more efficient than liquid phase sampling [16]. 

2.2.5 SPME Sample Conditions 

2.2.5.1 Volume 

Based on the practical considerations in the development of a method suitable for 

field, cultures and laboratory analyses, the sample volume was kept as low as possible. 

Often culture material or field material is very limited in volume (< 250 mL) and aliquots 

are needed for other analyses (nutrients, species enumeration, organic carbon). 

Fortunately, SPME is well suited to low volume samples due to the geometry of the fier 

and the high efficiency of the procedure. For this study, standard 43 mL volume septum 

capped glass vials with Teflon- faced siIicone rubber septa were used (I-Chan SB36- 

0040, New CastIe DE). Samples were collected and stored headspace fke, and then 13 
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mL were volumetrically withdrawn via pipette, leaving 30 mL of sample. A stir bar and 

NaCl were then added, which increased the condensed volume to 35 mL, leaving a 

headspace volume of 8 mL. These volumes were selected to provide the maximum 

sample volume and allow sufficient &board for the 1 cm long SPME fiber. The h a l  

headspacedliquid ratio therefore is 1:526. Different headspace volumes were not 

evaluated in this research; however Bao et a/. [I, 41 report that sample recovery and 

headspace volume are inversely related. 

233.2 Salt Addition and Sample Temperature 

Salting out is a common procedure to assist with the partition of dissolved organic 

constituents fiom the aqueous phase into mother phase (adsorbent, organic liquid, vapor) 

[14]. The maximum solubility for NaCl in water is 0.39 g.cm'3 of water at 100 O C  [IT]. 

To ensure complete dissoIution of the salt and good mixing fhm the stir bar, a 20% w/v 

concentration was selected which is equivalent to 6 g NaCl in 30 rnL of sample. In 

addition to the salting out effect, NaCl is used to induce cell lysis and to activate 

lipoxygenase enzymes [I8, 191. This process is essential to the formation of algal VOCs 

&om PUFA. 

The partition of volatile compounds h m  a condensed phase into the headspace 

phase can be assisted by raising the sample temperature. Excessively high temperatures 

can impair recovery by shifting both the sample-headspace and the fiber-headspace 

equiliirium to favor the headspace phase [3]. Additionally, temperatures dose to the 

boiling point of the bulk matrix (i.e. water) can lead to condensation on the fiber and 

increase the pressure inside the vid. Condensation on the fiber results in a new sample- 
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liquid-fiber interface, which alters the extraction equiliium. Increased vial pressure can 

lead to leakage through the cap, septum or past the needle puncture. 

For this study, a sample temperature of 65 "C was selected as it afforded a balance 

between improved recovery and detrimental effects. At Grst a stixrer-hotplate was used to 

mix and to heat the sample in a water bath. Temperature control of this apparatus was 

difficult as the heat load (water bath volume) changed with time. To achieve consistent 

conditions for sample extraction, a Pierce ReactiThenn (Supeico, Oakville, ON.) was 

modified to accommodate the sample vials in an aluminum biock, This maintained the 

sample temperature within 2 "C of the set point. 

The effects of salt addition and sample temperature on compound recovery were 

compared. The conditions were: salt addition at 0 and 20% wlv, and sampte temperature 

at 25 and 65 "C. Four combinations of the two temperatures and salt addition were 

v 
evaluated. The d t s  of triplicate analyses are summarized in Table 2.1. For 

comparative purposes, the response was normalized to the baseline results for 0% salt and 

25 "C. The separate effects of salt or sample heating improved compound recovery by 

1.85 - 13 times. The combined treatments improved compound recovery by 4.5 - 21.1 

times with no detrimental effect. 

23.53 Extraction Time 

SPME is based on equiliirium sampling rather than a quantitative extraction 

procedure such as closed loop stripping, liquid or solid phase extraction [9]. The time to 

reach equiliium conditions can be determined experimentally by masuing the time at 

which no fixher increase in compound recovery is observed. The e q d i i u m  time wilI 



Table 2.1 Effect of heating (20 and 65 "C) and NaCl on relative compound recovery. 

All compounds were added to reagent water at a concentration of 100 n g ~ - ' ;  Biphenyl- 

dl0 is the internal standard. 

Treatment 1 Relative Recovery (mean values, n=3) 
Heated 1 No No Yes Yes 

differ for each compound, based upon the respective chemical and physical prophes. 

However, equilibrium conditions are not required for quantitative analysis [3, 12-14,201. 

As with conventional headspace analysis, quantitative analyses of volatile constituents 

can be achieved provided consistent and reproducible conditions are used. Therefore, the 

sampling time can be adjusted to balance sample extraction time with sample throughput. 

Various sample extraction times, &om 10-240 minutes were evaluated for the four 

unsaturated aldehydes. The time intervals increased from 10 minutes initially to 170 

minutes in order to obseme rapid initial changes and slower changes as the system 

approached eqpdi'brium. The other sample conditions were not altered fiom the standard 

procedure (section 2.2.5.7, below). The d t s  flable 2.2) show that compound recovery 

improves with extraction time. Heptadienal reached +'brim after approximately 120 

minutes while the amount recovered for the other components continued to increase past 

240 minutes. However, improved sensitivity and sample throughput can be competing 

kctors in the selection of optimal extraction times. The use of a 30 minute extraction 

Salted 
2-MIB 

No Yes No Yes 
1 .OO 5.35 5.37 15.67 
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time afforded reasonable balance of the two requirements. A similar study of 2-MIB and 

geosmin, which are less polar compounds, showed that under the same conditions 

equiliirium was reached within 2 h, but by 1 h 75-80% of the maximum response had 

been achieved. In addition, the 30 minute extraction time minimized the effects of 

chemical degradation that occurs in natural samples [19]. In bioIogicaI samples, bacterial 

and enzymatic processes can lead to rapid isomerization or loss of the unsaturated 

aldehydes. As discussed Section 2.5, these losses can range from 64-100%. 

Table 2 2  Effect of extraction time on relative analyte recovery. Compounds were 

prepared in reagent water at a concentration of 5.0 pg~- ' .  

SPME 
Extraction Time [ Eeptadienal Nonadienal Decadienal katrienal 

2.2.5.4 Recovery After Repeated Extractions 

A repeated extraction series was performed on a standard solution which 

contained a mixture of heptadienal, nonadienal and decadid.  The standard solution was 

subjected to 8 sequential 30 minute HSPME extractions and GC-MS analyses. As a result 

of the dynamic sample conditions, these analyses wae not corned by intend standard 

recovery. Instead, d t s  were plotted against the unadjusted detector response (Table 
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2.3, Figure 2.1). The amount recovered with each additional sample declined 

monotonically. D d e n a l  was depleted quickly, with recovery in the second extraction 

of 22% and 0% by the fifth extraction. Nonadienal had a slower rate of depletion, with 

0 

I 2 3 4 5 6 7 8 

Exmrtion Number 

Figure 2.1 Effect of repeated HSPME extraction on compound recovery. Compounds 

were prepared in reagent water at a concentration of 10.0 p g ~ - l .  Internal standard 

correction was not applied. 

Table 2 3  Data summary of repeated extraction experiment. 

Repetition 
1 
2 
3 
4 
5 
6 
7 
8 

Relative Recovery 
Heptadiend Nonadienal Decadienal 

10.00 10.00 10.00 
9.30 5.40 2.20 
16.10 6.43 0.85 
15.10 3.70 0.2 1 
14.20 2.3 1 0.01 
12.W 1.57 0.01 
11.41 0.89 0.01 
10.54 0.62 0.01 
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6.2% of the original amount recovered after the eighth extraction. Heptadienal, which has 

the lowest recovery under the HSPME sample conditions, had a very shallow depletion 

curve, which is consistent with tittle change in the sample concentration. A first order 

approximation of the theoretical response curve for repeated extractions follows the 

general fofm of: 

where n, is the amount of sample recovered, E is the efficiency of a single extraction and 

e is the number of repetitions. In general, the data are in agreement with this model 

(Figure 2. I). The initial two data points for heptadienal do not follow the predicted curve. 

As heptadienal has the lowest estimated rate of recovery for a single extraction (1.85%, 

below), small variations in the mass recovered will have a disproportionately large effect 

on the estimated amount recovered by HSPME. As well, the effect of variable fiber 

performance could not be compensated fbr by internal standard correction. 

2.253 SPME Sample Efficiency 

The efficiency of the HSPME for the target compounds was assessed by 

analyzing a known volume (1.4 pL) of 10 Irg.mL-l standard solution by GC-MS. Then, a 

standard 2.0 pg-~- '  sample was e m e d  via the HSPME procedure and analyzed under 

the same GC-MS conditions. The peak areas from each analysis were calculated, and 

then normalized by the mass in each sample (14 and 60 ng for the liquid and HSPME 

injections, respectively). The data (Table 2.4) indicate that heptadienal in particular has a 

lower rate of m v e r y  at 1.8 vs. 7.4 - 13.0 % for the other compounds. This is consistent 



3 5 
with results h m  the repeated extraction experiments, where heptadienal has the slowest 

uptake under heated conditions and the best recovery at 25 "C, relative to the other 

aldehydes. 

A similar experiment was conducted to assess the recovery of 2-MIB, geosmin 

and biphenyldto by HSPME. The recoveries were 27-31% for 2-MIB, 40-43% for 

geosmin and 40-65% for biphenyl-dlo. The high rate of recovery h m  samples 

contributes to the good method detection limit of 1 ng-~- '  for these compounds by this 

method. 

Table 2.4 Efficiency of HSPME recovery, based on mass. 

Compound 1 Extraction Efficiency % 

SPME is an equilibrium sampling process, and complete recovery of all analytes 

h m  the sample phase is not possl%le, such as can be achieved by liquid or solid phase 

extraction. However, SPME is a very efficient sample extraction process as 100% of the 

sample recovered is injected onto the anaIytical instrument (GC, HPLC). In contrast, only 

a small portion (0.1-1%) of a sample concentrate can practically be injected for analysis 

after conventional solid or liquid extraction procedures. Aggressive sample concentration 

steps can lead to loss of volatile anaiytes, and irrevmile adsorption on glassware. To 
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achieve similar levels of sensitivity, larger sample voiumes or more sensitive 

instrumentation must be employed. 

22.5.6 AnaLyte Desorption 

After the extraction period, samples were immediately desohed at 250 "C in the 

split/splitless injector of the gas chromatograph for 90 s. The splitless (purge off) time 

was set to 120 s to provide sdlicient time to insert and withdraw the 6ber prior to inlet 

purge valve switch. The fact that good chromatographic peaks are observed, free of 

distortion such as tailing is a good indication that desorption from the fiber is rapid. 

Periodically, the fiber is desorbed a second time to determine if there is any carry-over 

h m  a previous sample. Typically, >99% of the analytes by mass are desorbed. Carry- 

over can interfere in situations where a very concentrated sample is analped. In these 

cases, the fiber is baked for an additional period of time- An unused, heated injection port 

with inert cama gas supply was used for this purpose. 

2.23.7 Find HSPME Protocol 

The standardized sample conditions which were adopted are summarized in Table 

2.5. The conditions were selected to balance analytical sensitivity, sample throughput and 

sample stability. BioIogical sampIes were stored without preservation as viable 

specimens where possible. Storage was in an appropriate lighted incubator (12-15 "C) or 

aIternatively, at 4 OC in a lighted refigerator. Analysis was conducted as soon as possi'ble 

to minimize any change or degradation of the sample. Immediately prior to analysis, the 

sarnpIe was gently mixed to suspend particles and algae, and su5samples were culIected 
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in 43 mL glass vials. The sample was adjusted to 30 mL by the volumetic removal of 

water via pipet (VWR Caliira 832, Mississauga, ON). The internal standard solution was 

added to a concentration of 100 ng-L", followed by 6 g of NaCl and a 12 mm stirbar. The 

NaCl was pre-combusted overnight at 410 "C to remove any organic contaminants. After 

addition of the stirbar and salt, the liquid and headspace volumes were 35 and 8 mL, 

respectively. For non-aqueous samples (particulate, bacterial cultures), a 20% wlv NaCl 

solution was added to yield the same headspace volume. This was done to provide a 

consistent sample matrix, and to induce cellular Iysis and enzyme activation. The vial 

was sealed and mixed to dissolve the NaC1. The septum was pierced with a disposable 

syringe, and the SPME needle was inserted into the vial. The vial was pIaced in the 65 T 

bIock heater/*er with the SPME holder supported by a clamp. After visual inspection 

to ensure the sample was stirred, the SPME fiber was extended and the headspace was 

sampIed for 30 minutes with a 65 p PDMS/DVB fiber. The heater block temperature 

was monitored with a NIST traceable digital thermometer and the SPME sample time 

Table 2.5 Standard HSPME sample protocol used for thesis research. 

Sample Phase 
Vial Volume 
Sample Size 

Headspace:Liquid Ratio 
SaIt addition 

Sample Tempatme 
SampIe Mixing 
Extraction Time 
SPME Fiber 

Injection 
Desorbtion 
GC column 

Oven temperature profile 

Headspace 
43 mL 
30 mL 
15.26 

6 g (20% wlv) 
65 "C 

Stir bar to vortex 
30 min 

PDMSDVB 
SplitIess, 250 "C 
250 T, 60 s 
DB-1701 

40(5)-240@ 8 ' ' ~ - ~ - '  
I Scan 40-300 mlr 2.7 scamsS' 
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was measured with the gas chromatograph's system timer. After each analysis, the fiber 

performance was assessed based on noise and internal standard recovery. In addition, the 

fiber was examined for obvious signs of wear or damage. 

The fiber was desorbed for I minute at 250 'C and injected onto a HP 6890 gas 

chromatograph coupled to a 5972 mass spectrometer (Agilent Technologies, Mississauga, 

ON) in splitless mode. The sample was analyzed in fbll scan mode firom 50-300 dz, 

233.8 GC-MS Operational Parameters 

The Ag~Ient 6890 GC-MS used for the analysis and identification of the taste and 

odor compounds is highly sensitive and can provide 111  scan mass spectroscopic data 

from less than 1 ng of organic compound. From the acquired mass spectrum, compound 

identification can be performed using Lr'brary search (commercial or in-house), structud 

elucidation. This provides compound identification based on structure in addition to 

identification based on retention rime matching. 

Two analytical columns were used for the chemical analysis. A general purpose 

screening column @B-5ms polydimethylsiIoxane-5% phenyI silicone, 20 m x 0.18 mm 

id x 0.1 pm phase thickness; J&W, Folsom CA) was used initially. This column was not 

suitable for the separation of CLo unsaturated aldehyde isomers, and the similarities in the 

mass spectrum of these compounds made it impossl%Ie to separate the signals by 

extracted ion analysis. A more polar column provided adequate separation of these 

compounds (DB-1701 14% cyariopropylphmyl-methyl polysiloxane, 30 m x 025 mm x 

0.25 pm phase thickness; J&W, F o h m  CA). The oven temperature profile used was an 

initial temperature of 40 "C, 5 minute hoId, ramp at 8 " C d '  to 240 O C .  
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Aquisition was conducted both in scau mode (40 - 300 m/z) and in selected ion 

monitoring for diagnostic ions. la certain analyses, such as for geosmin and 2-MIB, 

selected ion monitoring was used successfully to reduce background noise and achieve 

very low (1 ng~- ')  detection limits. The quantitation ions ( d z  112 and 95, respectively) 

are fiee of background interference. The same technique was applied to the unsaturated 

aldehydes, which have base peaks at mlz 81 (2,4-dienals, 2,4,7-ddenal) and 69 

(2,6-nonadienal). However, there was significant background noise from coincident ions 

and background bleed. Additionally, several geometric isomers of each compound exist 

(i.e. E2,E4heptadienal and E2,Z4-heptadienal), each with different chromatographic 

retention times. Therefore, aldehyde samples were analyzed in 111 scan mode and 

compound identification was confinned by mass spectrometry. While the absoIute 

method sensitivity was decreased, this was necessary to provide accurate compound 

identification. An additional benefit was that other volatile compounds with biological 

significance could be identified fiom a single analysis. 

Along with the periodic inlet maintenance procedures (replacerneat of septum, 

liner, inlet seals), 5 - 15 cm of column was cut h m  the inlet end. Due to the larger bore 

of the SPME needle compared to a conventional syringe, septum fragments accumulated 

at the h n t  of the column. Together with column phase oxidation and SPME fia 

particles that detached during desorbtion, chromatographic performance would become 

degraded. The mass spectrometer was tuned with the automatic maximum sensitivity 

autotune, with perfluoro-tert-butyl amine as the reference cornpound. The mass 

resolution and abundance was tuned based on the ions mlz 69,219 and 502. 



2.2.6 Fiber Performance 

2.2.6.1 Fiber Bleed 

The adsorbent phase of the SPME fiber is based on polymers similar to those of 

gas chromatographic capillary columns. As with the PDMS based GC columns, the phase 

will bleed. Phase bleed is directly proportional to the amount of phase and exponentially 

proportional to temperature [21], and occurs due to the degradation of the polymer. While 

thin polymer films (e-g. 7 pm PDMS) can be chemically crosslinked and deactivated to 

minimize bleed, few of the commercially avadable SPME phases and loadings are 

available in M y  cross-linked forms. As a result, there is a significant amount of 

background bleed as we11 as discrete polymer peaks h m  the SPME fiber. These 

undesirable characteristics affect the o v d  utiIity of the procedure as they obscure 

sample peaks and impair sensitivity through the increased background noise. When 

applied to trace level analyses, fier bleed is the major conmibutor to the chromatogram. 

The effects of bleed can be compensated for by selected ion ejection, in the case of ion 

trap mass spectrometers 1221, use of detectors which are insensitive to the silica based 

bleed (i.e. flame ionization and electron capture detectors), or by selected ion monitoring 

in the case of quadropole or magnetic sector mass spectrometers. In many situations, 

however, it is essential to acquire MI-scan data to confixm compound identity, especially 

if the compound of interest has few distinctive ions which can be used as qualifiers. 

The mass spectm of the PDMS/DVB fiber used is characterized by substituted 

benzene compounds (CL-C3 benzene, m/z 91) and Si(CH& ( d z  73). The PDMS 

contributes discrete peaks h m  polymer fragments throughout the chromatogram. A 

typical chromatogram with the m/z 73 extracted is shown in Figure 2.2. 



Figure 2.2 Extracted ion chromatograms (Glenmore Reservoir, January 13, 2000). 

Upper panel: algal VOCs (mlz 81); lower panel: mer bleed (m/z 73, 281). The same 

chromatogram is used in both cases, with the i n t d  standard peak indicated (ISTD). 

Y-axis scaled to largest peak. 



2.2.6.2 BSPME Precision 

The reproducliility of replicate SPME analyses was found to vary greatly, with 

relative standard deviations (RSD) of 35.7% in tenns of absolute recovery for chemical 

standards. The integrated peak area count data from five HSPME and five liquid injection 

analyses of the intend standard compound biphenyldlo are presented in Table 2.6. For 

the conventional liquid injection analyses, the RSD is 5.2%. External sources of m r  

such as detector fluctuation, sampIe preparation were evaluated and controlled through 

standard quality assurance measures such as the routiue analysis instrument performance 

samples, analytical solutions. The use of an appropriate internal standard solution to 

correct for fiber variabiIity was essential in generating quantitative results. The HSPME 

analysis was especially sensitive to 'first run of day' events, and an initial work-in 

analysis was beneficial. Nonetheless, calibration and procedure was very robust, and 

quality assurance samples run over several months to years time would remain in 

acceptable analytical limits. 

Table 2.6 Comparison of replicate analyses by HSPME and by liquid injection. 

Biphenyl-dl0 was used as the reference compound. 

Integrated Peak Area Counts 
Replicate 

1 
ESPME Liquid Injection 

277662 3243395 

5 
Average 

3943 16 3298129 
486732 345 1059 

Standard Deviation 
%RSD 

173849 178923 
35.72 5.18 



2 3  EISPME Method Validation 

23.1 Limit Of Quantitation 

The quantitative method detection limits (MDL) were calculated based on 

established analytical procedures [23, 241. The MDL is determined by analyzing 9 

replicate standards at 1-5 times the estimated detection Limit. The MDL is calculated by 

multiplying the standard deviation times the student's t value appropriate for a 99% 

confidence level and a standard deviation estimate with n-1 degrees of freedom. This 

statistical method provides a conservative estimate of detection limit. In certain cases a 

lower detection limit was established at the lowest caliiration point, based on acceptable 

recovery of matrix spike and calibration sample. Separate &%ration and detection limit 

studies were performed for the unsaturated aldehydes and the terpene compounds. The 

aldehydes were d i r a t e d  in the range of 500 - 10,000 ng-L", and the detection h i t  

study was conducted at 1000 ngL-'. The two terpenoids, 2-MIB and geosmin were 

caliirated o v a  the range of 2 - 100 ng.L", and the detection limit study was conducted at 

100 ng-L". The d i r a t ion  awes  for the TI0 compounds are plotted in Figures 2.4 and 

2.5. The detection limit and &%ration data are presented in Appendix B, and summary 

data is presented in Table 2.7. 

The estimated quantitation limits for the aldehydes were 508, 622, 512 and 545 

ngLm' for heptadienal, nonadienal, decadienl and decatrienal, respectively. The 

quantitation limit for 2-MIB was 24 ng-L-' and for geosmin 22 ng-~- ' .  The detection limit 

data were collected from the on-going quality assurance sampIes analyzed with each 

analytical series. 
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Table 2.7 Summary of detection limit statistics for HSPME method. 

The method was c&%rated for each of the T/O compounds h m  the estimated 

detection limit up to the maximum expected sample concentration. For 2-MIB and 

geosmin, the method was calibrated fiom 2-100 qgL-'. The unsaturated aldehydes were 

calibrated from 500 - 10,000 ng-~-'. The calibration curve was constructed based on the 

method of internal standards. The l lIy deuterated biphenyl-dlo was added as an internaI 

standard to all samples and standards at a level of 100 ng.Lm'. Peak integration was 

automatically performed by the chromatography software. The least squares linear 

regression data for the d'bration (Appendix 6) had excellent linearity, with R~ values 

which ranged fiom 0.984 for 2-MIB to 0.998 for decadienal and decatrienal. 

Compound 

2,CHeptadienal 
2,6-Nonadienal 
2,CDecadienal 
2,4,7-Decatrienal 
2-h4lB 
Geosmin 

232 Split Sample Method Validation 

The applicability of the HSPME procedure was vaIidated in an inter-laboratory 

split sample study between Calgary (City of Calgary) and Burlington (Canadian Center 

for Inland Waters). Each laboratory conducted independent analyses, based on their own 

calr'bration procedures. In this study, fortified Sibbald Lake water containing algal 

derived geosmin and 2-MIB was diluted with Glemnore Reservoir water to two 

concentration ranges, one low range near the OTC, and one at ca. 5 times higher 

Estimated 
Detection 

Limit (nrL") 
508 
622 
512 
545 
24 
22 

% ltlinhum 
Recovery 

75 
75 
89 
83 
8 8 
89 

% Maximum 
Recovery 

129 
141 
139 
143 
114 
110 

Standard 
Deviation 
(ng*L-') 

175 
215 
1 77 
188 
8 
8 
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concentration. Five replicates of each sample were analyzed by both laboratories and the 

results (Table 2.8) were evaluated with a two-way analysis of variance. There was no 

statistical differences in the results obtained by the two laboratories (P < 0.0001). The 

excellent agreement in results between the two iaboratories demonstrates the repeatability 

of the HSPME procedure. 

Table 2.8 Replicate analysis of split samples (laboratories in Calgary, AB and 

Burlington, ON). 

1 Mean 
Level I Procedure N (ng-L-') Std. Dev. %RSD 

Geosmin High I A 5 223.9 19.1 8.5 
5 228.6 5.1 2.2 

Low 5 37.0 4.3 11.6 

2-MIB High 

2.4 Analytical Standards 

2.4.1 Introduction 

Where available, authentic chemical standards were purchased h m  commercial 

sources. Several of the conjugated E,Z compounds are unstable, and subject to 

isomerization. As a d t ,  the more stable E,E isomer was used for cali'bration. The 

natural isomer was identified by mass spectrometry, and the caltiration data was used for 

both isomers. Other compounds (2,4,7decatrienal, 1,3,5scbtriene and 1,3,6-octatriene) 

were not commercially available [25]. Dr. F Jiittner (Institute fiir Pflanzebiologie, 

B 5 44.1 1.1 2.3 
A 5 151.6 16.2 10.7 

Low 
B 5 150.4 8.5 5.7 
A 5 24.9 3.3 13.3 
B 5 29.0 1.7 5.9 
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Universitit Ziirich) kindly donated a sample of synthetic E2,E4,27decatrienaL Access to 

this chemical standard was of invaluable help to this research, as it alIowed for 

instrument caliiration, and for chemical dynamics to be studied. In the case of octatriene, 

no standard was available and these compounds were assigned an arbitrary response 

factor. Where present, the sum of a l l  geometric isomers was reported. The initial samples 

of 2-MIB and geoflllin were kindly donated by Dr. Brian Brownlee (Cauadian Centre for 

Inland Waters, Burlington). The chemical standards are listed in Table 2.9. 

Table 2.9 Chemical reference standards. 

Molecaiar Molecalnr 
Compound 1 CAS Registry Formula Mass Source 

E2J54-heptadienal 1 43 13-03-5 C7H100 110.2 Aldrich 
~2,Z6-nohadienal 
E2,E4decadienal 
E2,E4,Z7decatrienal 

2.43 Aldehyde Standard Preparation 

209-1 78-6 C9H 1 4 0  138.2 Aldrich 
25 1 52-84-5 CtdlaO 152.2 Aldrich 
13 552-96-0 (E,Z,Z) C I&140 150.1 F. Jiittner 

Geosmin 
2-Methylisoborneol 
Biphenyl-dlo 

Primary standards were prepared by the gravimetric dilution of the neat chemical 

19700-21-1 c 12H2.20 182.1 Wako 
237 1-42-8 CI 1H200 168.3 Wako 
1486-0 1-7 C12D10 164.3 Aldrich 

in methanol to yield individual stock solutions of 2-10 mg-rnL,-'. A mixed solution 

containing al l  4 aldehydes was prepared by volumetric dilution of the stock to yield a 

10.0 p g ~ - l  solution in methanol. Chiration and matrix spike sampIes were prepared 

by volumetric dilution of the 10.0 p g ~ - '  solution in reagen~ water or matrix water in 

the range of 500-10,000 ng-L". 



47 
2.43 Geosmin and 2-MIB Standud Preparation 

These were purchased as a 1.0 mg.mL-' solution in methanol from Wako 

Chemicals. The working solution was voIumetricaily diluted to 1 .O pg.mL" in methanol. 

Cali'bration and matrix spike samples were prepared by volumetric dilution of the 1.0 

pgm.L-' solution in reagent water or matrix water in the range of 2-100 ng.~". 

2.4.4 Internal Standard Preparation (Biphenykllo) 

This was gravimetrically prepared 5 mg-mL-'. This was voIumetrically diluted to 

0.050 pg.rn~-' in methanol. Thus the addition of 60 pL to 30 mL sampled yielded a final 

concentration of I00 ng-rL. 

2.5 Sample Storage Evaluations 

25.1 Storage Of Biotogical And Chemical Samples 

Geosmin and 2-MIB in natural and synthetic samples were found to be stable for 

at least 28 days, as were chemical standards of the unsaturated aldehydes. These samples 

were prepared in filtered reagent water, eee of biological contaminants. Natural samples 

which contained geosmin and 2-MIB in biological matrices (cultures, surface waters) 

were also stable for extended periods [3]. However, the unsaturated aldehydes in 

biological matrices were degraded rapidly and acceptable storage procedures were 

difficult to develop. Both the fatty acid precursors and the d t a n t  unsaturated aldehydes 

are subject to rapid chemical and biological degradation [20]. Several storage options 

were evaluated for the long texm storage of algal samples, and for the chemical analysis 

of volatile aldehydes. 
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Wendel and JGttner examined inhibition of enzyme degradation by two 

procedures 1181. Lipoxygeme activity was inhibited when air and m01ecuIa.r oxygen 

were removed from algal solutions. Under these strict anoxic conditions, no aldehydes or 

hydrocarbons were formed after activation of the enzyme by saIt addition, demonstrating 

the dependence of this reaction on molecular oxygen. Radical scavengers such as 3-tert- 

butyl4-hydroxyanimle and propyl gallate were also effective at &biting the enzymatic 

formation of aldehydes and hydrocarbons. While these interventions were success11 

inhibitors of the lipoxygenases, and present an attractive sample storage option, 

procedures to re-activate the enzymes were not successM. In the former case, re- 

introduction of oxygen only partially restored activity, and after 40 minutes without 

oxygen, no VOCs were liberated. In the Iatter case, no viable means of sequmering the 

radical scavenger was found. 

253 Low Temperature Storage 

Storage at -20 T was evaluated. As the freezing process would disrupt the 

cellular integrity and release the cellular contents, it was desirable to freeze the samples 

in gas tight containers, and then thaw them prior to analysis in the same container. The 

same 43 mL glass septum vials were evaluated, however it was found that the expansion 

of the water on fkzing was uneven, the vials would break even when 50% voiume was 

left for expansion. In cases where the sample survived storage, significant degradation of 

the szrmpIe was observed when compared to duplicate samples analyzed freshly. Plastic 

viaIs (30 mL polyethylene) were also evaluated, using standard solutions of aldehydes, as 

they would be more resistant to breakage. In this case, it was found that the plastic 
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strongly adsorbed the volatile organic compounds, and even short term storage led to 

drastically reduced recovery. 

2.53 Salt Addition 

Headspace &e sample storage in glass vials with 20% w/v NaCl added was also 

examined. This was attempted in an effort to minimize any bacterial degradation and 

provide a uniform storage matrix. However, as with the sample analysis protocol, salt 

addition also induced the Ioss of cellular integrity and activation of enzymes. Within 48 h 

100% of heptadiend, nonadienal and decatrienal, and 94% of decadienal were eliminated 

from the sample, even when the storage samples were spiked with synthetic chemical 

standards. By contrast, 8 1.6 and 70.7% of geosmin and 2-MIB remained. It is postdated 

that the enzymes released h m  the algal cells continued their action on the aldehydes, 

and subsequent oxidation occurred. 

The storage of analytes spiked in reagent water, and in a biological matrix 

comprised of uutreated Glenmore Reservoir water and algal culture material was 

evaluated after 0 and 14 days (Table 2.10). In reagent water, the 2,ealdehydes were 

stable over 14 days while 100% of nonadienal and 22% of decatrienal were lost In 

matrix water (mixture of reservoir water and algal culture), the unsaturated aldehydes 

were stable through the first day of storage when the time 0 analyses were conducted. 

After 14 days, 0-7.7% of these compounds were recovered. Nonadienal was not detected 

in either the reagent or the matrix water samples. By contrast, geosmin and 2-ME3 were 

stable under both storage conditions (Table 2.1 I). 
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Table 2.10 Recovery of aldehydes after storage (0,14 days) in reagent water and 

biological matrix. 

Table 2.11 Recovery of geosmin and 2-MIB after storage (0, 14 days) in reagent 

water and bioIogical matrix. 

Sample 
MQ Avg (n=4) 

0 day Std Dev 

MQ Avg (n=4) 
14 day Std Dev 
% Change on storage 

Matrix Avg(n4)  
0 day Std Dev 

Matrix Avg (n=4) 
14 day Std Dev 
% Change on storage 

Compound (ngLL) 

Compound (ng~") 
Heptadienal Nonadienal Decadienal Decatriend 

2301.8 2228.8 2355.5 477.8 
474.8 80.0 84.3 24.9 

2832.3 0.0 1997.3 105.7 
61.1 0.0 31.6 6.7 
+23 -100 -15.3 -77.8 

2195.5 2455.8 2357.0 557.5 
212.4 142.6 108.2 24.2 

169.8 0.0 t 00.5 39.5 
227.9 0.0 119.3 45.7 
-92.3 -100 -95.7 -92.9 

Sample 2-MIB Geosmin 
MQ Avg ( n 4 )  
0 &Y Std Dev 

151.3 106.5 
1.7 3 .O 

MQ Avg (n=4) 
14 day Std D ~ Y  

150.7 162.0 
3.2 4.0 

% Change on storage 

Matrix Avg (n=4) 1 165.8 176.3 

-0.3 +52.1 

Matrix Avg(n4) 
0 &Y Std Dev 

153.8 105.5 
6.1 2.4 

14 day Std Dev 
% Change on storage 

2.8 4.6 
+7.8 6 7 . 1  



Further investigation of the short term (5 h) storage effects was conducted on 

algae cultured material (Table 2.12). Triplicate samples were analyzed k h  (0 h), after 5 

h storage, and after 5 h storage with 5% w/v NaCl added. The recovery of the algal 

derived hydrocarbon octatriene increased, both with storage and storage with NaCl. For 

the unsaturated aldedhydes, little change was observed over 5 h storage. With the 

addition of NaCI, however, the saIt induced lysis and enzyme activation reduced 

aldehyde recovery to 9-36%. 

Table 2.12 Recovery of algal VOCs after short term (5h) storage, with and without 

the addition of 5% w/v NaCl. 

Relative recovery after treatment 

2.33 1 5.05 
1.12 0.9 1 1.06 

S h. NaCI 0.36 0.09 0.27 

Treatment 
0 h (control) 

25.4 Chemical Derivativization 

Oxime derivatization based on the method Glaze and Weinberg [23,26] was also 

evaIuated. In this procedure the oxime derivatives are formed by the addition of 

0~2,3,4,5,6-pentduomb~l)-hydroxyl~eH~ (PFBHA). As the oxime derivatives 

are chemically stable, this may afford a useful long-term storage solution for algal 

derived unsaturated aldehydes. 

For alga1 samples, lysis was induced by the addition of salt and the released fatty 

acids underwent natural enzymatic degradation for 30 minutes. The derivatizing reagent 

Octatriene Heptadiend Decadienal Decatrienal 
1 .OO 1 .OO 1 .OO 1-00 
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was then added, and the samples were incubated at 40 "C for 2 h in a GC oven. The 

samples were then quenched with a t e  H2S04, extracted into a 2 mL hexane, and a 1 1L 

volume was injected and analyzed by GC-MS. 

Initial results at high concentration were promising however sensitivity was lost 

due to the less efficient solvent extraction step vs. HSPME. For the liquid injection, only 

0.05% of the total extract volume is injected. In the case of HSPME, 100% of the 

extracted sample is injected onto the hmtment. The use of HSPME to concentrate the 

hexane extract is not practical due to competitive adsorption of the solvent. However, 

Martos and Pawliszyn [27] report the successfid use of HSPME to recover PFBHA 

derivatives of acetone directly h m  aqueous solution. 

The oxime derivatives are fonned with an equal proportion of E and Z isomers 

hrn each aldehyde, leading to a more complex ctuomatographic signal [23]. This feature 

complicates interpretation, as closely spaced isomers of the aldehydes exist in natural 

samples. Additionally, the mass spectrum of derivatives are dominated by the c 6 ~ s - C ~ ;  

ion, and a relatively weak mo1ecuIar ion. For trace analysis using electron ionization, 

compound identification would have to be based on retention time. If available, negative 

chemical ionization may have yielded more molecuIar information and greater sensitivity 

as it is ideally suited to electron capture compounds, such as the PFBHA derivatives. 

2.6 Ancillary Analytical Methods 

2.6.1 Liquid Microextraction Procedure 

In chemical oxidation studies at m g ~ - '  concentrations, a micro liquid-liquid 

extraction procedure was empioyed, based on accepted procedures [24]. In this case a 
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small volume of sample (5-10 mL) was extracted by shaking with 2 mL of methyl-tert- 

butyl ether in a seaIed culture tube. The extract was analyzed directly by gas 

chromatography-mass spectrometry. Samples were inj~ted via a Liquid autosampler 

(Hewlett-Packard 7673, Mississauga, ON). Chlorooctane was used as an internal 

standard. This was a convenient and rapid method for the analysis of samples in chemical 

oxidation and adsorption studies. 

2.6.2 Physical Tests 

Turbidity, fiee chIorine and TOC were measured as descnrbed in Standard 

Methods [23]. Turbidity was analyzed using a Hach 2100N turbidimeter (Loveland, CO) 

and result. are expressed as Nephelometric Turbidity Units (N?Zi), free chlorine was 

measured with a Hach pocket wlorimeter using N,N,-diethyl-p-phenylenediamine as an 

indicator. TOC was measured as non-purgeabie organic carbon on a Shimadzu TOC- 

5000 (Mandel Scientific, Guelph, ON) using catalytic assisted combustion at 680 "C with 

hfiared detection. Samples for DOC were filtered through a 0.45 pm polyvinyldifluoride 

syringe filter immediately prior to analysis. 

2.63 Limnological Tests. 

Samples for chlorophyll-a were filtered through Whatman GFE filters under low 

vacuum (<200 kPa) and fiozea Filters were later ground, acetone extracted and measured 

for fluorescence on a Sequoia-Tuner model 450 fluorometer, corrected for pheophytin 

(APHA 1991). SiIica (Si) was determined from 125 mL subsamples by a UV-Visiile 

spectrophotometric method. Samples were reacted with ammonium molybdate at pH 2.1, 
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and measured on a Hach DR1400 (Loveland, CO) spectrophotometer (APHA 1995). 

Total and dissolved phosphorous were determined fiom 150 mL samples by a standard 

persulfate-ammonium molybdate coIorimetric technique, modified for analysis on a 

Technicon Autoanalyzer II (Pulse Instrumentation, Saskatoon SK). 

2.6.4 Phytoplankton 

Samples for phytoplankton enumeration and biomass analysis were preserved 

with Lugol's iodine and stored under low light. Biomass was estimated from the 

biovolume by the inverted microscope technique [28]. In this method, the average 

biomass is calculated h m  average species cell dimensions, with a density of 1.0 g-mL" 

assumed. Detailed taxonomic analysis of the phytoplankton was conducted on sizes 

larger than 5 pn. Algal taxa were identified and enumerated with a minimum count of 

200 of the most abundant species firom 5 or 10 mL settied aliquots. 

2.6.5 Jar Test 

2.65.1 Dissolved Air Flotmtion Jar Test 

Aluminum sulphate solutions were prepared at a strength of 0.8% and 1.5%, 

respectively, such that each 1 mL addition provided 5 rng.~*' aluminum sulphate. The 

DAF jar tester used volumes of 0.80 L, while the CGS jar tester used 1-50 L volumes. 

The DAF jar test unit (Aztec Environmental Control, Didcot UK) was operated with a 

rapid mix time of 2 minutes at 400 rpm, equivalent to a velocity gradient, G = 350 il, 

based on the 0.80 L sample size. AIuminum sdphate coagulant was added by syringe 10- 

20 s into the rapid mix phase. At the end ofthe rapid mix, air saturated water was injected 
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at the base of each jar for 10 s at a rate 6 mL s-' to give a recycle ratio of 7.5%. A 

flocculation period of 10 minutes followed, with a paddle speed of 100 rpm to achieve a 

velocity gradient of G = 75 s'l. After a 10 minutes of quiescent flotation, samples were 

collected through a port located on the base of each jar [29]. 

2.65.2 Conventional Grrrvity Sedimentation Jar Test 

Aluminum sulfate solutions were prepared as above. The CGS jar test (Magne- 

Drive model 73, Coffinan Industries, Westford MA) was operated with a rapid mix of 2 

minutes at 100 rpm (G = 215 s-') followed by a 13 minute flocculation at a paddle sped 

of 30 rpm (G = 35 i l ) .  Aluminum sulphate coagulant was added by syringe 10-20 s into 

the rapid mix phase. Samples were collected after a 1 h period by careW1y drawing the 

clarified layer of water off with a 50 mL syringe. The syringe was fitted with a 90' angle 

adapter to facilitate sample collection brn the clarified d a c e  layer. 

2.7 Laboratory QuaLity Assurance Practices 

2.7.1 Introduction 

Standards of Good Laboratory Practice such as the maintenance and periodic 

assessment of equipment, instnunentation, consumable supplies were practiced. Resuits 

and experimental observations were recorded in bound notebooks or caremy maintained 

electronic formats (spreadsheet, instrument record files). Quality assurance and quality 

control procedures (analysis of method blanks, check samples) were adhered to and 

records of these measures were kept. 
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2.7.2 Analytical balance 

Sartorius MC-1 electronic balance, accurate to 0.1 mg (VWR, Mississauga, ON). 

The balance was autozeroed and the performance checked against certified 0.200 g and 

2.000 g masses. The results were recorded as part of the laboratory internal quality 

assurance procedures. 

2.73 Refrigerators 

Samples, reagents and standards were stored as appropriate at 4 "C in Sanyo 

Medico01 laboratory coolers (Caltec Scientific, Edmonton, AB). The chamber 

temperature was recorded daily with NIST traceable thermometers (VWR Mississauga, 

ON). 

2.7.4 Pipettes 

Eppendorf adjustable pipettes (100, 1 OOO pL) and a Calibra macropipete (1 0 mL) 

were used for the volumetric delivery of reagents and solutions (VWR Mississauga, ON). 

Disposable polyethylene tips were used once only, and evaluated for contamination 

through assessment of procedure blanks. Accuracy was checked gravimetrically at low, 

mid and high ranges (i.e. 20,50, 100%). 

2.75 Syringes 

For low volume delivery of under 50 pL, glass microliter syringes were used 

(Hamilton, Reno NV). Syringes were washed 10 times with reagent grade methanol 

before and after use. 
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CHAPTER 3: BENCH SCALE EXPERIMENTS 

3.1 Introduction 

In order to both accurately measure and effectively treat the TI0 compounds for 

drinking water treatment purposes, or for ecological investigations of cellular biology and 

chemistry, it is important to know how algae and algal-derived compounds respond to 

different processes. The effects of sample storage conditions, laboratory analyses and 

plant treatment processes on algae need to be characterized. 

A series of bench scale experiments were conducted to better understand the 

chemistry of algal TI0 processes. In one series of experiments, the chemical stability of 

the TI0 compounds in the treatment process were evaluated, using synthetic chemicaI 

standards of the stable isomeric forms (E2,E4-heptadienal, E2,Z6-nonadienal, E2,E4- 

decadienal, EZ,E4,Z7decatrienal). In a more extensive series of experiments, mixed alga1 

cultures were subjected to water treatment and laboratory processes. These included 

treatments with chlorine, alum waguiation, filtration and short term storage. In addition, 

the flavor profile and odor threshold concentration of the synthetic aldehydes were 

evaluated. 

3 3  Chlorination Stability Experiments 

32.1 Introduction 

Chlorine is an oxidant and d i s i n f i t  commonly used by the drinking water 

treatment industry in treatment plants, with typical application rates of 1-5 rng-~". 

Chlorine is used in variety of forms, such as elemental chlorine (C12), chlorine dioxide 

(Cia) and monchloramine (NH2CI). Elemental chlorine forms hypochlorous acid 
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(HOCI) when dissolved in water. Chlorine dioxide, a more powerful oxidant is often 

used, although chlorite by-product formation is a concern [I, 21. M o n o c h l o ~ e s ,  

fonned by the reaction of fi-ee chlorine with ammonia is commonly used in distniution 

systems as a secondary dis infmt.  Although monochloramine is a weak oxidant, it is 

well suited to maintain a d i s i n f i t  residual in treated water since it is very stable and 

persistent, Non-chlorine based oxidants include ozone, hydrogen peroxide combined with 

ultraviolet irradiation and potassium pennanganate. These non-chlorine oxidants are 

often applied as pretreatment processes to inactivate chlorine resistant pathogens (e.g. 

Giardia cysts, Cryptosporidium oocysts), treat dissolved organic carbon or color, or to 

control nuisance organisms such as zebra mussels. 

There are several studies on the effect of chemical oxidation on Ti0 compounds 

in water supplies. These often focus on more common compounds such as geosrnin and 

2-MIB, pymines or chloroanisoles. The oxidation of five odor compounds including 

geosmin and 2-MIB was studied by Layezerly et. a[ 131. They report that oxidation of 

geosrnin and 2-MIB with chlorine, chlorine dioxide, ozone and potassium permanganate 

at reasonable water treatment application rates (1-10 mg~")  achieved only modest 

reductions of QO%. Even at much higher rates (10-100 rng-~-') and long contact times 

(16-40 h), oxidative removal of these compounds was ~60%. Burlingame [4] reports on 

the treatment of water fiom the Delaware River which contained up to 106 ng*~- '  of algal 

derived nonadienal. In treatment plants where chlorine dioxide or chloramine were used, 

the odor compound persisted through the treatment process. With 12 h of contact time, 

low (0.6 m g ~ ' )  applications of chlorine were ineffective while increased applications 

(2.4 mg-~-') eliminated the offensive odor. It was not reported if the other treatments 
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were able to attenuate the concentration of nonadienal, or if they were entirely 

ineffective. 

3.2.2 Experimental 

In this study, the effect of free chlorine on the stability of odorous aldehydes was 

evaluated, as this is the practice at the Glenmore Water Treatment Plant [S]. Synthetic 

samples of TI0 aldehydes were prepared in reagent water for stability experiments. One 

batch contained E2,Z6-nonadienal, E2,E4-heptadienal and E2,E4-decadienal at 1.0 

mg-L" concentrations, prepared directly in reagent water fiom neat chemicals. A second 

series of samples containing EZ,E4,Z'I-decatrienal at 1.0 mg-~"  were prepared hom a 

dilute solution in acetone (1.0 mg-L*'). This was done to minimize unwanted interaction 

between chlorine and the acetone solvent. Sampies were chlorinated with a Ca(OC1h 

solution to provide a 6ee c h l 0 ~ e  midud of 1.6-1.8 mg~*' .  This concentration of the 

aldehydes at ca 1000 times higher than would normally be encountered in natural surface 

waters was selected as it allowed for rapid analysis of the samples and was high enough 

to observe the treatment effects. 

All samples were stored without headspace in 10x13 rnm culture tubes with 

Teflonm lined caps, at room temperature and protected from light. The sample volume in 

the culture tubes were adjusted h m  9 to 7 mL by the volumetric removal of 2 mL. 

Samples were extracted with 1 x 1 mL methyl tert-butyl ether, with I-chlorwctane added 

as an internal standard at 10 pg-~". The samples were extracted manually by shaking for 

90 s. The organic phase was removed by Pasteur pipette and analyzed by GC-MS, with a 

scan range of 40 - 300 m/z. 
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For the first batch of aldehydes (heptadienal, nonadienal, decadienal), the 

oxidation reaction was monitored over a 24 h period. Unchlorinated samples were 

retained for analysis at 0 h and at 24 h to confirm stability in the absence of chlorine. Ail 

analyses were conducted in triplicate. In case of decatrienal, chlorine oxidation was 

monitored over a 24 h period with no sample headspace, and over 8 h with sample 

headspace. Due to the limited availability of this standard, triplicate analyses were not 

conducted on alI samples. 

3.23 Results and Discussion 

Figure 3.1 compares the stability of the aldehydes in chlorinated water over a 24 h 

period while stored with zero headspace in culture tubes. The two treatments evaluated 

the stability of the aldehydes in water with and without chlorine at 1.6 - 1.8 r n g ~ - ' .  The 

concentration of conjugated aldehydes, heptadienal and decadienal in the presence of 

chlorine declined slightly h m  the initial concentration of 1.0 to 0.85 and 0.86 r n g - ~ ' ,  

respectively. By comparison, the unchlorinated samples had measured concentrations of 

0.97 and 1.02 rng-~-'. The concentration of nonadienal declined monotonically by 82% 

h m  the initial value of 1 .O to 0.12 rng-L" after 24 h while the concentration of the 

unchlorinated sample remained Iargely unchanged. 

The data for E2,E4,Z?decatrienal is charted in Figure 3.2. Chlorinated and 

unchlorinated decatrienal was stored headspace-free and consequently protected from 

atmospheric oxygen. Over the 8 h monitoring period, decatrienal concentrations declined 

h m  an initial value of 1.0 to 0.92 mg-L-' in the unchlorinated samples and to 0.77 

mgr l  in the chlorinated sample. A second set of samples was stored uncapped and 
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Figure 3.1 Effect of chlorine contact on aldehyde concentration, samples stored with 

headspace. The initial aldehyde concentration was t .O mg-L" and the applied chlorine 

treatment was 1.8 rng-~*'. 
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Figure 3 3  Effect of chlorine contact on decatrienal concentration, samples stored 

without headspace. The initial aldehyde concentration was 1.0 r n g * ~ - l  and the applied 

chlorine treatment was 1.8 rng.~''. 
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Figure 3 3  Effect of chlorine contact on decatrienal concentration, samples stored 

with headspace. The initial aldehyde concentration was 1.0 rng.~'' and the applied 

chlorine treatment was 1.8 rng.L-'. 

monitored at hourly intervals for 8 h (Figure 3.3). In this case the chlorinated samples 

decreased to 0.47 r n g ~ - '  while the unchlorinated sample contained 0.92 mg-L-'. 

It is hypothesized that the conjugated aldehydes are more resistant to electrophilic 

attack by chlorine due to the carbony1 p u p  which withdraws elemon density h m  the 

carbon atoms, and renders this system significautly less nucleophillic. In hypochlorous 

acid, (HOC1) there is a formal positive charge on chlorine (HO- CI?, making this an 

electrophilic species [2]. In the case of 2,6-nonadienal, the unconjugated C6 double bond 

is swxptiile to electrophilic attack by chlorine and is thus rapidly degraded. Similar 

losses were observed 2,4,7-decatrienal, which has the (2-1 double bond out of conjugatiott. 

The implication of these results is that some algal derived T/O compounds, such as 2,6- 
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n o n a d i d  may be treated easily in a conventional treatment situation, whereas other 

compounds such as 2,4-decadienal and 2,4-heptadid may be highly resistant to 

removal after they are introduced into the treatment plant. 

3 3  Liquid - Solid Separation Processes 

33.1 Introduction 

Physical removal of particulate and colloidal material through coagulation is a 

standard water treatment process [I ,  51. Trivalent metal ions (Alp and ~ e ~ 3  h m  stable 

formulations such as aluminum sulfate, polyaluminum chloride or ferric chloride 

typically are used to promote coagulation through charge destabilization of suspended 

and coIloidal material present in the water. Historically, simple gravity sedimentation has 

been used to remove solids fmm water in the treatment stream. While this is &cient for 

dense, particulate material such as inorganic silts and clays, buoyant particles such as 

algal cells can be more difficult to remove. In these cases, dissolved air flotation (DAF) 

has been employed successfully [6, TJ .  The initial metal ion assisted coagulation step in 

DAF is similar to the gravity sedimentation process. In the solid separation step, a stream 

of air saturated water is introduced into the process stream after coagulation. As the 

bubbles rise, they attach to particles, and they float to the d a c e .  The dirty froth layer is 

removed by a mechanical skimmer, and the clarified water is drawn from the subsurface. 

The potential advantage to DAF treatment for algal derived T/O s i ~ o n s  is that 

it provides a means for the gentle removal of intact cells [6]. The efficiency of DAF 

treatment for algae shouId be enhanced as it works in concert with the n a W  buoyancy 

of the algae. The algal TI0 compounds are derived h m  intraceUular PUFk Thus, if the 
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celh are removed intact, this provides a means to remove a potential source of TI0 

compounds. Studies on the effect of chemical coagulant. on the viability of algae 

(AphanuomenonJlos-aq~ae) after treatment have shown minimal effect. Chlorine, which 

is applied often in concert with coagulants, was physiologically toxic and caused 

extensive cellular damage to the same species [8]. 

3.3.2 Experimental 

Experiments were conducted on natural surface water samples drawn h m  the 

Glenmore Reservoir on January 2-5, 2000 during an under-ice bloom of Dinobryon and 

Asterionella, which are know producers of T/O compounds. An increase in the FPA 

vdue for the source water coincided with the aigae bloom, which reached an annual 

maximurn value of 9 (intense fishy) on December 29, 1999 compared to the annual 

average value of 3.7. 

The efEcacy of DAF aad CGS were evaluated on bench scale jar test equipment- 

The treatments were compared in tenns of turbidity, TOC and biomass reduction. In 

addition, the TI0 composition of the untreated water was determined by HSPME. 

Additional experiments utiIizing cultured algd materid mixed with reservoir water were 

conducted These 4- were pnmanly composed of U. a m e r i c m  and D. cylindricurn, 

two common chrysophytes found in the Glenmore Reservoir, also known producers of 

TI0 compounds. U. americam is linked with the production of heptadienal, whiIe 

Dinubtyon spp. produce d d e n a l  and decatriend in addition to heptadid (91. 
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3 3 3  Results and Discussion 

Phytoplankton removal was consistently more efficient by DAF than by CGS. 

DAF treatment at 10 rng-L-' coagulant removed between 46.7 and 922% of the totd algal 

biomass. At the same treatment level, gravity sedimentation removed 41.5%. Biomass 

removal by gravity sedimentation in the GWTP had similar performance at 47.7%. (TabIe 

3.1). Figure 3.4 compares phytoplankton removals for DAF and CGS over the coagulant 

dose range of 0 - 20 rng-L-'. The reduction in algal biomass was effective at removing the 

fishy odour causing compounds. It is unlikely that significant concentrations of k 

aldehydes are stored in the cells as these compounds are cytotoxic [lo]. Since the 

precursors of the odour causing aldehydes are intracelluIarly stored PUFAs, removal of 

the intact phytoplankton cells effectively removes the odour compounds. This was 

demonstrated by filtering untreated water samples through glass fibre filters and 

measuring both the aldehyde concentration and the biomass in the filtrate and on the filter 

media Over 95% of the algal biomass was retained through gentle tiltration under low 

vacuum, with small flagellates under 5 pm in size comprising 98% of the unretained 

biomass. This procedure was able to capture virtually all of the odor compounds, and no 

detectable concentrations of aldehydes were found in the filtrate. These data h m  a 

sample collected on February 1, 2000 are summarized in Table 3.2. Microscopic 

examination of samples taken after coagulant addition indicated that algal cells were not 

harmed and their membranes remained intact. In samples collected h m  the treatment 

pIant following chlorination, significant disruption of the algal cells was noted. 
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Table 3.1. Biomass reductions in Glenmore Reservoir water (January 2-5, 2000) by 

DAF (Dissolved Air Rotation) and CGS (Conventional Gravity Sedimentation). 

Coagulant dose of 10 r n g - ~ '  aluminum sulphate applied in all cases. GWTP-Settled 

refers to samples h m  the III scale plant, CGS and DAF are jar test samples. 

% reduction I 4707 
35.7 - 75.0 

Untreated 
GWTP - Settled 

Untreated 1 296.3 239.6 1.7 58.7 

Biomnss pg.~" 
Total Chrysophyceae Bacillariophyceae Cryptophytes 
500.1 347.3 0.0 152.8 
26 1.5 223.3 0.0 38.2 

CM-10 
% reduction 

173.3 t 46.9 27.9 0.0 
415 38.7 - 100.0 

Untreated 
DAF-1 
% reduction 

271.7 1972 37.0 37.4 
53 -4 58.3 2.2 1 .O 
803 70.4 94.1 97.4 

Untreated 
DAF-2 
% reduction 

271.7 197.2 37.0 37.4 
21.1 18.1 3 .O 0.0 
922 90.8 91.9 100.0 

Untreated 
DM-3 
% reduction 

194.6 185.0 19.7 0.0 
103.7 83.8 19.4 0.0 
46.7 54.7 1 3  - 
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Figure3.4 Comparison of total biomass reduction by DAF and CGS jar test 

treatments (alum coagulation). 

Table 3.2 Comparison of diend and biomass concentrations in raw water samples 

before and after filtration through 934-AH filter. Taxonomic assessment of the raw water 

was performed on a subsample (February 1,2000). 

The DAF experiments with the d t m d  material were assessed in terms of 

aldehyde conactration and turbidity. The DAI: treatment with a coagulant application 

was 20 mg/L aluminum sulfate reduced the water turbidity by 75.7% fiom 3.40 to 0.82 

Total 
Biomass 
p g ~ "  
381.2 

- 

17.4 

Raw 

Raw 
(Filtered) 

Filtrate 

Aldehyde Concentration, pgL" 

Heptadicnd Nonadienal Decadienal Dccatrienal 
- - - - 

1.135 0,003 0.180 0.402 

0.000 0.000 0.000 0.000 
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+f-0.17 ( n 4 )  NTU. Taste and odor compounds were reduced significantly by this 

treatment. Heptadiend and decadienal were reduced from 1386 and 58 n g ~ - ' ,  

respectively, to below detection. Decatrienal, the major TI0 constituent by mass, was 

reduced by 83.3% h m  10,477 to 1750 n g ~ ' ~ .  These results are consistent with previous 

experiments where the reduction in algal biomass and turbidity resulted in decreased TfO 

concentrations (Table 3.3). 

Table 3 3  Removal efficacy of DAF for algal VOC precursors and turbidity. 

3.4 Filter Concentration Experiments 

3.4.1 Introduction 

A series of related experiments with mixed culture assemblages was conducted to 

evaIuate a filter concentration procedure. In the case of low algal density, the 

concentration of algaI VOCs hiberated is below the method detection Limit of ca. 250 

ng-L". As the aldehyde precursors are stored as intradular fatty acids, a series of 

experiments was conducted to evaluate the efficacy of pr~concentrating algae on glass 

fiber filters. This would allow an acient means to increase the sample volume without 

Alum 
0 mg L" 

20 mg-~- '  

% Reduction 

Average (n=3) 
Std Dev 

Turbidity 
NTU 
3.4 

Heptadienal Decadienal Decatrienal 
n g ~ "  

1386 58 10,477 
393.1 14.1 1275 

0 0 1750 
0 0 587 

100 100 83.3 

Average (n=4) 
Std Dev 

0.825 
0.173 

75-7 



72 
otherwise altering the HSPME protocol. The goal was to develop a convenient sample 

preparation step that could be widely applied to lab and field settings. 

3.4.2 Experimental 

In this procedure, the dgal biomass was concentrated via filtration of 500 - 1000 

mL sample volumes using precombusted glass fiber filters (934-AH, Whatman Clifton, 

NJ; nominal pore size 1.8 pm) and low vacuum (< 140 kPa) and immediately sealed in a 

43 mL sample vial. Samples were stored at -20 'T, or analyzed immediately. Prior to 

analysis, enzymatic action was initiated by the addition of 30 mL 20% wlv NaC1. Apart 

fiom the concentration step, all aspects of the HSPME protocol were the same. A mixed 

culture of two TI0 causing chrymphytes, Uroglena americana and Dinobryon 

cylindriicrun was used as experimentaI material. The procedure was evaluated by 

comparing triplicate analyses of the stock culture by the standard protocol, freshly 

filtered 500 mL aliquots and 500 mL GItered aliquots stored overnight at -20 "C. Low 

temperature sample storage was evaluated as a potential means of sample preservation. 

The filtrate was also analyzed for leakage products. Triplicate analyses were performed, 

and results were normalized to 30 mL for comparative purposes. 

3.43 Results And Discussion 

The procedure was effective at mncentrating algal samples, however there was 

significant under-recovery of the algaI VOCs. The procedure was evaluated on two 

batches of samples with similar algal cumposition. For the first batch of freshly filtered 

samples, the average recovery was 44.4 and 32.7% for heptadienal and decatrienal, 
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reqect~vely. After 24 h storage at -20 "C, the recovery for heptadienal decreased to 

9.7%, and 3.4% for decatrienal. Decadienal was present at below the normal detection 

limit, and was only measured in the h h l y  atered samples (Table 3.4). No leakage of 

heptadienal was found in the filtrate; however measurable amounts of decatrienal were 

found. 

Table 3.4 Comparison of filter concentration and storage (-20 T) on aldehyde 

stability and recovery, batch 1. 

Treabnent 
Vial 30 mL Average (n=3) 

a&'' 
990.3 0.0 2287.0 

Stored 0 h 
Std. Dev. 542.9 0.0 2072 

Filtrate 30 Average (n=3) 
mL 
Stored 0 h 

Std. Dev. 

Stored o h I 

0.0 0.0 50.0 

0.0 0.0 17.1 

Filtered' Average (n=3) 440.0 6.6 748.1 

Std. Dev. 

Frozen S t d  Dev. I 55.2 0.0 65.8 
' 500 mL sample normalized to 30 rnL 

40.9 2.2 187.4 

Filtered1 Average (n=3) 
Stored 24 h 

In the second batch of h h l y  filtered samples, heptadienal, decadienal and 

decatrienaI recoveries were 82.4,30.4 and 8.7%, respectively (Table 3.5). Recovery from 

96.4 0.0 78.8 

the samples hzen for 24 h were again lower, at 57.6% for heptadienal, 18.3% for 
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decadienal and 1.7% for decatrienal. The only compound present in the filtrate was 

decatrienal, at 33.1 % of the concentration in the control sample 

Better recovery was observed for heptadienal, which is produced primarily by 

Uroglena americana. Decatrienal production is associated with Dinobryon divergem, 

suggesting the diffmtial  recovery may be related to the algal taxa While both these 

colonial algae are naked flagellates with fragile cell membranes, the Uroglena cells may 

be more resistant to the mechanical stress of filtration. In results fiom the DAF 

experiments, TI0 compounds h m  both aigae were removed efficiently by (>go% for 

decatrienal). Based on this, the observed Ieakage was due to mechanical stress, and that 

leakage of cellular constituents (PUFA) is not normal. 

Table 3 5  Comparison of filter concentration and storage (-20 "C) on aldehyde 

stability and recovery, batch 2. 

Treatment 
Vial 30 mL Average (n=3) 
Stored 0 h 

Std. Dev. 

Filtrate 30 Average (n=3) 
mL 

Stored 0 h 
Std. Dev. 

' 500 mL sample normalized to 30 mL 

nrL" 
3902.3 69 61 11.3 

1806.0 33.6 627.2 

0.0 0.0 2026 

0.0 0.0 238.1 

~iltered' Average (II=~) 
Stored 0 h 

Std. Dev. 

~iltered' Average (n=3) 
Stored 24 h 
Frozen St& Dev. 

32 15.0 21 -4 534.6 

1450.1 17.5 536.5 

2250.6 12.6 102.1 

1096.5 6.53 35.0 
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Tbe performance data of the filtration procedure as presented is highly 

conservative, as it was evaluated on samples where the cell density was very high. This 

led to longer times (ca. 20 minutes vs. I min for surface water) to filter the 500 mL 

sampIe volume and higher associated differential pressures across the filter. Despite these 

unresolved issues, filter concentration was uselily employed on a number of occasions 

to identie algal VOCs in low density samples, and to estimate concentrations. 

3.5 Effect of Sample Temperature 

3.5.1 Introduction 

Using similar algal composition and synthetic standard solutions, the effect of 

sample temperature was evaluated. The goal was to verifL that exposure of the dgal 

samples to elevated heat (65 O C )  did not impair the enzymatic formation of the 

unsaturated aldehydes. The genesis of these aldehydes is through a complex series of 

biochemical reactions which involves the release of cellular constituents (PUFA, 

enzymes) and activation of the enzymes [I 11. For laboratory analyses, this was achieved 

h u g h  the addition of NaCl. Heat could potentially affect the product distniution, rate 

and extent of aldehyde performance. 

353 Experimental 

A mixture of Uroglena americam and Dinobryon cylindricum cultures were 

prepared in a flask and temporarily stored at 4 "C in a glass fronted and illuminated 

ref5gerator. The flask was swirled to mix, and fresh aliquots were taken for analysis. 

Analyses were conducted in triplicate on the algal culture at room temperature (22 OC) 
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and at 65 T. None of the other sample analysis conditions was altered. Two cabration 

series covering the range of 500 - 10,000 ng-~- '  were prepared and analyzed, one at mom 

temperature and one at 65 "C. The results were calculated based on the method of internal 

standard in aLl cases; however, it should be noted that sample temperature affects the 

recovery of the biphenyldlo internal standard. The average recovery of the internal 

standard at room temperature is 65% that of a heated sample. Since a caliiration series 

was run at both temperatures, the effect of heat on aldehyde formation can be 

discriminated from the overall analytical results. 

3.5.3 Results and Discussion 

Standard samples analyzed at 65 T had 2.1-2.3 times the recovery over the cold 

(22 T) standards for heptadienal, nonadienal and decadienal (Table 3.6). Recovery of 

decatrienal increased by 4.2 times. For both the hot and cold calibration series, linear 

calibration curves were constructed, although the lower two levels for heptadienal and the 

lowest level for nonadienal were not found in the cold standards. For comparative 

purposes all sample results were calculated based on the hot (65 "C) standard series. The 

data are presented in Table 3.7. The algal mix samples were characterized prior to this 

experiment, and were known to produce abundant quantities of heptadienal and 

decatrienal in addition to small amounts of decadienal. Only decatrienal was detected in 

the algal mixture sample analyzed at 22 "C. When analyzed hot, all three aldehydes were 

found in the mixed culture samples. As the difference in recovery between hot and cold 

standards is approximately 2 times for heptadienal and 4 times for decatrienal, the effect 

of sample temperatwe on formation and recovery can be estimated. The average 
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concentration of decatrienal in hot sample was 2310 and 456 ng-~- '  for the cold sample. 

This result is close to what is expected in the absence of any influence on formation. By 

contrast, heptadienal was detected but not quantified in the cold sample. The 

concentration in the heated samples was 962 u ~ ~ L - ' .  The expected concentration in the 

cold sample would be ca. 450 ng*~-', which is well within the performance capabilities of 

the analytical method. This suggests that temperature influences the formation or 

recovery of heptadienal, but not decatrienal. 

Table 3.6 Effect of sample temperature (20 and 65 OC) on algal VOC recovery. 

Samples were prepared in reagent water from stable chemical standards. 

Cal. 
Temp. Level 

(OQ ( n g . ~ ' )  
Heptadienal Nonadienal Decadienal Decatrienal Biphenyl- 

dl0 

25 0.5 
Detector Response 

0 0 55 85 354560 



Table 3.7 Effect of sample temperature (20 and 65 O C )  on algal VOC recovery. 

Samples were prepared from a mixed assemblage of D. cylindricurn and U. americanu. 

Temperature ("C) I Heptadienal Decadienal Decatrienal 

Average 455.7 
Std dev 0.0 31.0 

Std dev 1 446.8 0.0 174-8 
Average 

3.6 Water Treatment Process Effects 

3.6.1 Introduction 

1514 0.0 2466 
962.3 0.0 2309.0 

One of the goals of this research was to study the effect of conventional water 

treafment processes on the algal derived aIdehydes. The primary unit processes of in- 

plant storage, chlorine addition, aluminum sulfate coagulation were evaluated. A 

modified algal mixture comprised of Asterionella fimosa, Mallamonus and S'wa in 

addition to Uroglena americana and Dinobryon cylindrim was used. Based on earlier 

sample stability investigations, it was determined the sample preparation and storage time 

needed to be carefully controlled in order to minimize uncontrolled variability. 



Each replicate was prepared and stored separately in 100 mL volumetric flasks. 

Treatment chemicals (Chlorine, NaCl, AIum) were added to the partially (70-85%) filled 

flask and mixed. The flask was filled to the top (headspace h e )  and capped with a 

teflonTM stopper. The stopper was taped in place, and the vial was stored at 4 O C .  

Immediately prior to analysis a 30 mL sample was transferred to a 43 mL sample vial, 

and processed as per the established procedure (addition of 6g NaCl, stir bar, internal 

standard, capped, HSPME for 30 minutes at 65 OC), Aliquots for Lugol's, DOC and 

residual chlorine were collected as needed. 

To minimize storage artifacts, samples wen collected immediately prior to 

treatment or analysis, after first gently mixing algd culture. The sample collection and 

treatment was scheduled based on a 32 minute sample analysis cycle. The time sequence 

devised to evaluate in-plant treatment effects (chlorine, alum, in-plant storage) was based 

on a 5 h contact time, similar to the residence time in the tidl scale WTP. The chemical 

applications (chlorine, alum) selected were based on reasonable treatment practices for 

the GWTP. The chlorine application rate was difficult to establish due to the high organic 

content and chlorine demand of the culture. Typical DOC concentrations in the mixed 

cultures ranged &om 21.6-37.5 rng.~-', with a chlorine demand (30 minute contact) of - 
I0 mg/L. Typical DOC values for the Glenmore Reservoir are 1-3 mg-L", with a 24 h 

chlorine demand of 0.5-2 rng.L". Additional expeximents were conducted at higher 

chlorine applications of 9.6 and 22.8 mg-~". 

The sample storage and exposure times were caremy scheduled to ensure each 

sample was treated in a consistent and systematic fashion. The schedule is detailed in 
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Table 3.8. Odor production in the constituent cultures was assessed qualitatively by 

microscopic inspection of algal composition, and by osmic analysis after adehyde 

formation was induced. The volume of mixed culture was estimated, and the cultures 

were mixed in a singIe container. An aliquot was analyzed by HSPME immediately. 

After verification that the composition and concentration was satisfactory, the samples 

and treatments were prepared. The samples were decanted h m  the mixed algal culture 

every 30 minutes, rather than a batch preparation of the samples to meet the requirements 

of constant storage time. Two sets of 5 h storage experiments were prepared first, ahead 

of the "0 h - no treatment" samples. Solutions, sample containers and other reagents were 

set up ahead of time to minimize the analytical turn around time, and to help keep the 

schedule. Where necessary, synchronization intervals were inserted to correct for any Iag 

in the schedule. An additional sample treatment of storage with NaCl was included as 

part of the storage investigation experiments. 

3.63 Results 

The results are summarized in Table 3.9 The short term storage conditions (4 "C, 

no light, headspace hx) changed the concentration of VOCs measured. The variation in 

results was within the precision of analysis, and it was determined that the storage 

conditions did not influence the treatment results for the odorous aldehydes. In contrast to 

the aldehydes, the two octatriene isomers h m  Asterionellafonnosa showed a significant 

increase in their relative concentration of 5.2 times the control series. The potential of A. 

formosa to influence negatively or positively aldehyde concentrations, either by 



Table 3.8 Sample preparation and analysis schedule, 14 July, 2000. 

No Treatment, 5 h Stonge 
Replicate 1 
Replicate 2 
Replicate 3 
Chlorine 1.8 mg-L", 5 h Storage 
Replicate 1 
Replicate 2 
Replicate 3 
No Treatment, 0 h Storage 
Repiicate 1 
Replicate 2 
Replicate 3 
Synchronize time 
Alum 16 mg-~-' ,  5 h Storage 
Replicate 1 
Replicate 2 
Replicate 3 
Alum 16 mg.L", Chlorine 1.8 mgL" 
5 h storage 
Replicate 1 
Replicate 2 
Replicate 3 
I S  g NaCI, 5 h Storrge 
Replicate 1 
Replicate 1 
Replicate 3 

Time 
6:OO 
6:30 

No Treatment, 0 h Storage 
Replicate 1 
Replicate 2 
Replicate 3 
Synchronize time 
No Treatment, 5 h Stonge 
Replicate 1 
Replicate 2 
Replicate 3 
Chlorine 1.8 mg-L", 5 h Storage 
Replicate 1 

Replicate 2 
Replicate 3 

Sample Preparation and SPME 
Prepare algal mixture 
Iaitial mixture analysis 

Alum 16 mg-t-I, 5 H Storage 
Replicate 1 
Replicate 2 
Replicate 3 
GIam 16 mg.L", Chlorine 1.8 mg-L", 
5 H storage 
Replicate I 
Replicate 2 
Replicate 3 
15 g NaCI, 5 H Storage 
Replicate 1 
Replicate 2 
Replicate 3 

GC-MS alurysis 
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competitive oxidation of PUFA precursors to octatriene, or by enhancement of aldehyde 

concentration was studied. Analysis of algal monocultures indicated that octatriene was 

produced only by A. formosa, and that it did not produce any of the unsaturated 

aldehydes. The increase in PUFA oxidation products h m  A. formosa with time may be 

due to the slower release of cellular contents fiom the protective fhstule. 

Table 3.9 Effect of water treatment processes (storage, low chlorine, alum) on algal 

VOC recovery. 

1 Octatriene Heotadienal Decadienal Decatrienal 
Treatment 

No Treatment Average 
n g * ~ - ~  

0.80 3601 93 15700 
Stored 0 h (n=3) 

Std. Dev. 0.10 1823 80.7 2198 

No Treatment Average 
Stored 5 b (n=3) 

Std. Dev. 

S m d  5 h 
Std. Dev. 1 0.36 495 4.0 2765 

4.10 1302 8 4249 

0.10 407 2.8 860 

Chlorine 1.8 Average 
mg.L" (n=3) 

0.70 2371 49 12345 

Alum 16 mg-L-' Average 
Stored 5 h (n=3) 

Std. Dev. 

11.30 28888 467 16828 

2.2 1 3246 168 1698 

Chlorine 1.8 Average 
mg-L*' (n=3) 
Alum 16 rng-~-' 
Stored 5 h 

Std. Dev. 

- - 

5.37 7558 108 8856 

2.56 3635 25 1261 



3.6.4 Discussion 

3.6.4.1 Alum Coagulation 

Addition of alum at treatment plant dosages (16 mg%-') had the unexpected effect 

of enhancing recovery of heptadienal eight-fold, and decadienal by six-foId over that of 

the control sample analyzed fresh (Figure 3.5). The measured concentrations of 

decatrienal in this treatment were not significantly different from the control series. This 

is notable, as both decadienal and decatrienal are both derived h m  Dinobryon spp. This 

level of alum addition was sufficient to precipitate particulate and coIIoidal material h m  

solution. Udike the jar test experiments, no biomass is removed from the sample 

container, and there is no loss of mass on treatment. The sample flasks were gently 

agitated prior to the collection aliquots. Previous studies have shown that these levels of 

coagulant have no deIeterious effect on algae, such as Iysis induced by osmotic shock. 

Samples collected for microscopic analysis did not show signs of damage. Two processes 

which affect VOC recovery are the efficiency of PUFA oxidation and competitive 

adsorption &om the organic matrix. If enzyme activity were the primary cause, VOC 

recovery would be a firnction of storage time rather than treatment. While enzyme effects 

cannot be ruled ouf it is more likely that recovery improved due to the removal of 

extracellular detritus through coagulation which reduced matrix effects. Competitive 

adsorption by the matrix is known to affect the recovery of analytes, especially when the 

extraction is an equiIrIbrium, rather than an exhaustive process (12-141. 
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Figure 3.5 Effect of water treatment processes on algal VOC recovery for n=3 
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Octatriene, which is produced by Asterionella f o m s a  [15], also had a dramatic 

increase in concentration under this treatment regime. The measured values were 13-15 

times that found in the control samples. Formation and recovery of this compound was 

enhanced by both increased storage time and by coagulation of organic matrix 

constituents. 

3.6.4.2 Low Chlorine Treatment 

Chlorine was added to the algal mixtures at a low concentration (1.8 rng-~*'), 

which was quickly consumed in the high DOC matrix (28 rng-~"). A negative effect was 

observed for all of the algal derived compounds, ranging h r n  a decrease of 12.5% for 

octatriene to 21.4, 34.2 and 47.3% for decatrienal, heptadienal and decadienal, 

respectively. The degree of attenuation was commensurate with the small amount of 

chlorine added relative to the organic carbon content. Statisticai analysis gave a P > f 

=0.0379 for the chlorine treatment, which is a significant effect. 

3.6.4.3 Low Cblorine and Alum Treatment 

The same mixed assemblage of algae was challenged with chlorine and alum at 

the same levels used above (1.8 and 16 r n g ~ - ' ,  respectively). The chlorine solution was 

added kit, followed by the culture and then the alum. This was done to ensure good 

mixing of the chlorine prior to alum assisted coagulation. At the treatment level of 1.8 

rng-~'' fiee chlorine? no residual chlorine was measured after 2 minutes, and no chemical 

oxidation occurred after this time. The concentration of decatrienal was reduced by 44% 

h m  15,700 to 8856 ng-~- ' ,  similar to the results obtained for the chlorine-alone 
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treatment. By contrast, heptadienal increased h m  3601 to 7558 ng-~-'. This is consistent 

with the alum-alone treatment, where there was a dramatic increase in the concentration 

of heptadiend. The two treatments had opposite influences on VOC production, with the 

increase fiom alum addition being tempered by the negative effect of cfiforine addition. 

The measured concentrations had a similar product distriiution as for the alumsnly 

treatment. The octatriene concentration was reduced by 47% over the alum-only 

treatment. Heptadienal, decadienal and decatrienal were reduced by 26.2, 23.0% and 

52.3%, respectively. 

3.7 High Chlorine 

3.7.1 Introduction 

A companion experiment was conducted on a similar algal assemblage at a higher 

chlorine treatment of 24.5 r n g ~ ' .  In addition to the baseline samples, the treatments of 

storage time (5 h), chlorine addition with storage rime (24.5 rng-L*', 5 h) and chlorine 

addition, alum coagulation and storage time (24.5 and 16 rng.L*', a), using the same 

experimental protocol as above. 

3.72 Results and Discussion 

The applied c h l o ~ e  was rapidly consumed, with 6.90.8 and 0.02 r n g ~ ~ '  present 

after 10, 30 and 60 minutes, respectively. The experimental results were consistent with 

the previous observations (Table 3.10, Figure 3.6). Shoa term storage of samples had no 

significant effect on measured aldehyde concentrations, although decatrienal had a higher 

average concentration of 24,025 vs. 19,092 ng-L". As before, the octatriene derived h m  
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Asterionella increased 41.7 %. Chlorine addition at 24.5 rng.~'' reduced the levels of all 

compounds by 100-98%. Three unsaturated aldehydes were detected at trace levels (20- 

345 ng.~-')  while n o n a d i d  and octatriene were not present following chlorination. 

With the combined addition of coagulant and chlorine, all compounds were 

detected with the exception of nonadienal. Relative to the control samples, the measured 

concentration of octatriene, heptadienal, decadienal and decatrienal were 8.3, 5.0, 13.2 

and 55.6% that of the control samples. 

Table 3.10 Effect of treatment processes on (storage, high chlorine, alum) on algal 

VOC recovery. 

Treatment 

No Treatment Average 
Stored 0 h (n=3) 

Std. Dev. 

No Treatment Average 
Stored 5 h (n=3) 

Std. Dev. 

Chlorine 24.5 Average 
rng-L-' (n=3) 
Stored 5 h 

Std. Dev. 

Chlorine 24.5 Average 
rng.~- '  (n=2) 
Alum 16 mg-L-' 
Stored 5 h 

Std. Dev. 

Octa- Eepta- Nona- Deca- Deca- 
triene dienal dienal dienal trienal 

ng-L" 
2.40 16651 766.7 3843 19092 

0.53 3644 153.8 198.8 4041 

3.33 14944 1010.0 388.7 24025 

0.61 1254 41 .O 46.2 1101 

0.0 310.0 0.0 19.3 345 

0.0 82.9 0.0 6.8 106 

0.55 833.0 0.0 50.5 10688 

0.21 500.6 0.0 13.4 1636 



Figure 3.6 Effect of water treatment processes on algal VOC recovery for a=3 

replicates. The treatments are: NT (control series, no treatment), 5 h (5 hours storage), 

C12 (24.5 r n g ~ - '  C12 and 5 h storage), Alum (I6 rng-~-' Alum and 5 h storage), C12/Alum 

(24.5 and 16 rng-~- '  Clz and Alum, repective1y and 5 h storage). Results shown for (A) 

octatriene, (B) heptadienal, (C) nonadienal and decadienaI and @) decatrienal. 



3.8 Time Series 

3.8.1 Introduction 

The effect of chlorine addition alone was evaluated at two treatment levels of 9.6 

and 24.5 mg.L" c h l o ~ e .  A similar mixed algal culture was used in this experiment, but 

the design was altered to time series, with single measurements for VOC and chlorine 

residual taken every 30 minutes. The goal was to maintain a chlorine residual through at 

least part of the contact time, to observe changes with time. 

3.82 Results and Discussion (9.6 rng*~-' chlorine). 

The experimental results are presented in Table 3.1 1. At the 9.6 rng.L-' treatment 

level the chlorine residual declined to 1.3 and 0 r n g ~ ~ '  of chlorine after 5 and 10 minutes, 

respectively (Figure 3.7). Four samples were analyzed for VOCs at 30 minute intervals, 

which is the minimum analytical cycle time. As all the chIorine was consumed within the 

first 30 minute interval, virtually all the change in VOC concentration occurred during 

that time. AlI measured compounds were reduced by ca 90%, with the exception of 

decatriznal which was reduced to ca. 34%. This result is interesting as the previous bench 

scale experiments indicate the aldedhydes with unconjugated double bonds are most 

susceptible to chlorine oxidation. These previous experiments were conducted with a 

high ratio of synthetic substrate to chlorine (3:1.8 VOC:C12), whereas this experiment had 

a low substrate to cworine ratio (0.03:9.6 VOC:C12) in the presence of a high organic 

matrix. Ln addition, decatrienal was the most abundant VOC with a meamred 

concentration of 25,322 ng+~-',  compared to 13,850 ng-~*' for heptadienal. 
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Table 3.11 Chorine oxidation time series, 9.6 rng.~-'. 

Time Chlorine 1 
1 Octatriene Heptadiend Decadiend Decatriend 

0.0 
0 30 60 90 

Time (minutes) 

+ Ocratriene 
-4- Heptadienal 

+ Decadienal 
--c- Decatrienal 

Figure 3.7 Relative change in algal VOC concentration with time. Chlorine applied at 

3.83 Results and Discussion (22.8 r n g * ~ '  chlorine) 

A second time series was run under similar conditions, modified by the addition 

of Synura, which produces 2,6-nonadienaI. Samples for VOCs were collected and 

analyzed every 30 minutes fbr 3 hours, and periodic chIorine measurements were taken. 

The initial chlorine application of 22.8 rng-~-' was e c i e n t  to leave a residual of 12 

m g ~ "  after 3 hours. In this experiment dl the algal VOCs were reduced to < 10% within 
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the first 30 minute interval (Table 3.12, Figure 3.8). Despite the continuous high chlorine 

residual and contact time, complete oxidation of the algal VOCs was achieved only for 

octatriene and 2,6-nonadienai. The other compounds fieptadienal, decadienal, 

decatrienal) were detectable throughout the time series at a concentrations of 200-500 

Table 3.12 Relative lose by chorine oxidation time series, 22.8 rng~". 

+ Reptadienal 

-6- Nonadienal 

4 Decadknal 

& Dccaaknal 

C h b r i n c  

Time Chlorine 
(min) mg*L" 

0 22.8 
10 19.2 
20 17.2 
30 15.6 
60 14.6 
90 13.0 
120 11.2 
150 
180 11.2 

Figure 3.8 Relative change in algal VOC concentration with time. Chlorine applied at 

Hepta- 
Octatriene dienal Nonadienal Dewdied Decatrienal 

1.00 1.00 1.00 1.00 1.00 

0.0 0.02 0.00 0.1 1 0.03 
0.0 0.07 0.00 0.20 0.04 
0.0 0.03 0.00 0.14 0.03 
0.0 0.02 0.00 0.04 0.02 
0.0 0.04 0.00 0.08 0.03 
0.0 0.04 0.00 0.10 0.05 
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3.8.4 Chlorination By-Products 

In all the experiments where high chlorine applications were used, the formation 

of halogenated disinfection by-products was concomitant with the oxidation of algal 

VOCs. The GC-MS operational parameters allowed the identification of 

dibromochlotomethane and bromofonn, while the lighter haloforms (chloroform and 

bromodichioromethane) eluted during the mass spectrometer solvent delay stage. The 

fonnation of brominated haloforms is consistent with the use of NaCl in the analysis, 

where chlorine oxidizes bromide impurities in the salt, which results in the fonnation of 

brominated haloforms [16]. As these chlorinated by-products were not quantified, a mass 

balance estimate was not possible. The formation of chlorinated by-products with known 

health impacts [I, 16, 171 as a result of chlorination precludes the use of high chlorine 

applications solely for T/O control. 

3.9 Sensory Assessment Methods 

3.9.1 Introduction 

Two standardized tests for the sensory assessment of the water quality were used 

in this study. These orgaaoleptic assessments were Flavour Profile Analysis (FPA) and 

Odor Threshold Concentration (OTC) f 171. In the case of FPA, a pane1 of trained analysts 

evaluate the odor characteristics by sniffing a flask of the water sample. The water is 

warmed to a standard temperature of 25 T, and the flask is swirIed to eqdi'brate the 

dissolved organic compounds with the headspace. Both the odor quality and the intensity 

is evaluated by the panel. The intensity is rated on a scale of absent (O), perceptiile (1-4), 

moderate (5-8) or intense (9-22). 
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For the GWTP source water the typically odor descriptors are fishy and musty, 

while chlorinous is the most common descriptor for hished water. Source water odor 

intensity is typicaIIy below 4 during the periods of cold weather, and increases to 4-8 

through the spring and summer (Figure 3.9). In 1999, however, the opposite was true and 

the maximum recorded FPA value of 9 was on December 29. This intensely fishy odor 

was directly attr'butabIe to an under icebloom of Dinobryon divergens. The FPA test is 

conducted weekly on source and finished water at the GWTP as part of a long term water 

quality monitoring program at Calgary Waterworks. 

Figure 3.9 Flavor Profile Assessment data for untreated Glenmore Reservoir water, 

January I999 - December 2000, 

The Odor Threshold Concentration (OTC) procedure was used to estimate the 

odor potency of known TI0 compounds. This is a .  important factor in assessing the 

impact of an odor constituent as both the concentration and the potency will determine 
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the overall impact. OTC studies are conducted commonly in the food and beverage 

industry. It can be difficult to compare OTC data fiom different studies as the test 

conditions can vary considerably in terms of matrix (water, oil) and temperature (ambient 

to 45 "C or above). Literature values were used where possl'ble; however, these were not 

available for heptadienal, decad id  and decatrienal. As chemical standards of the 

biologically formed EZ and EZ,Z isomers were not available, the synthetic €3 and 

E,EZ isomers were used. It was recognized that the chemical isomers may have different 

OTC and odor characteristics than the biologically formed compounds. A chemical 

standard of E2,26-nonadienal was available, and it was also included in the OTC 

assessment. 

To prevent sensory impairment, the four compounds were evaluated in two 

different sets, starting with the least potent odor compounds (heptadienal, decadienal) and 

progressing to the more potent (decatrienal, nonadienal). 

3.9.2 Experimental 

Individual solutions of the four aldehydes were prepared at 1 rng-m~'' 

concentrations by the volumetric addition of ca. 12.5 pL pure standard into 10.0 mL of 

methanol. The exact volume of chemical added was adjusted based on density. An 

intermediate dilution of 1.25 pgmL-' was volumetridy prepared in reagent grade water 

h r n  the above solution. From this, a series of test solutions was prepared fium the 

intermediate dilution to cover the desired range of concentrations. The 250 mL test 

solutions were prepared in deodorized 500 mL glass stoppered Erlenmeyer flasks. The 

flasks were identified only by code to prevent bias. OTC panelists were selected fiom the 
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trained pool of FPA evaluators, and asked to determine both the odor character and the 

flask where the odor was t h t  perceptible. The conditions used by the OTC panel were 

identical to those used for FPA. 

Experienced panelists h m  the FPA pool were selected for participation on the 

OTC assessment. The range of concentrations selected was based on literature reports or 

preliminary screening sessions. 

Table 3.13 Summary of Odor Threshold Concentration experimental conditions. 

Biological odor character included for comparison. 

I 1 Concentrations I 

Fishy-Rancid 
Cucumber 
Fis by-Rancid 
Cucumber 
Fishy-Rancid 
Cucumber 

Compound 
2,Q.Heptadienal 

3.93 Results and Discussion 

The synthetic chemical standards of E,E and E,EJ isomers did not have the 

characteristic My-mcid odors associated with the biologically formed EJ, E,ZZ 

isomers, and they a p p m d  to have higher OTC than the biological species (Table 3.14). 

Odor sensitivity to different stereoisomers and odor character at different concentrations 

has been reported in the Literature [18]. 

in addition to the OTC analysis, indkct assessment of the natural (EZ) isomers 

was conducted of algal monocultures known to produce spe&c aldehydes (heptadienal 

Isomer 
E,E 

Assessed P R ~ - l  
5, 10,25,40,60 

Odor Character 
Watermelon stale 
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fiom Uroglena americana, decatrienal h m  Dinobryon spp.). From the chemical analysis 

of algal cultures and natural samples in which fishy odors were just percepb'ble, the OTC 

for EZ and E U  is conservatively estimated at 0.1-02 pg.~-'. 

Based on OTC data, qualitative analysis and literature reports, the CIO aldehydes 

are the most important contributors by mass to fishy-rancid odors in d a c e  water. While 

heptadienal can impart a similar odor, much higher concentrations are needed to have an 

impact. 

Table 3.14 Summary of Odor Threshold Concentration anaIysis. 

Sample 
Blank 
2,CHeptadienal 

2,CDecadienal 
2,4,7-Decatrienal 
2,6-Nonadienal 
Geosmin 
2-MIB 

OTC C g ~ - '  
(literature) 

0.05 
0.004-0.042 
0.0 10-0.040 

Odor Descriptor 
None 
Stale, Watermelon at 
higher concentrations 
Cucumber Yeasty-doughy 
Cucumber-grassy 
Cucumber-Clean 
Earthy-musty 
Earthy-musty 

OTC Fg~- '  
(this study) 

25 

0.1 
1 .O 
0.05 
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CEAP'TER 4: FIELD SURVEYS 

4.1 Introduction 

The analytical procedures developed were applied to several surveys of natural 

and synthetic systems. These include an under-ice bloom of Dinobryon divergem, 

followed by an open water bloom of Uroglena americana in the Glenmore Reservoir. 

Periphyton samples were examined fiom a m e y  of Alberta streams, and the St. 

Lawrence River. A similar survey for the soil bacteria Actinomycetes b m  littoral and 

river sources was conducted. Finally, samples of blue-green algae h m  Pine Lake, 

Alberta were analyzed in support of a nuisance algae investigation. 

4.2 Under-Ice Dinobryon Bloom. 

43.1 Introduction 

In winter, 1999 mild weather conditions kept the reservoir (partially) ice free until 

December 24" and frpe of snow cover until January 3*. In addition to sunlight, other 

resources such as TOC and bacterial levels were elevated compared to previous years 

(Table 4.1). TOC ranged up to 1.34 r n g ~ - '  compared to the long term under-ice average 

of 0.8 rng-~-' .  Similarly the bacterial population, as measured by heterotrophic plate 

count, increased through the fall, with a maximum of 1970 colony forming units per mL 

(cfufum~~') on December 1, 1999. Bacterial levels declined through the remainder of the 

year, to an average of 456 d u - m ~ ~ ' .  Other source water nutrient data as presented in 

Table 4.1. 

Through the period of ice cover, sampling of the reservoir was conducted fiom 

the d a m  screen house, which provides access to the water column in h n t  of the dam, 
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ahead of the raw water intakes. Samples were collected with a Kemmerer apparatus at 1, 

2 and 6 m intervals. Analyses for silica, chlorophyll a, TOC, total and dissohed 

phosphorous and taxonomic examination were conducted. Nutrient analyses were 

performed in accordance with Standard Methods [I]. 

433  Results and Discussion 

Through this period, both the algal biomass and FPA increased. The annual 

maximum FPA of 9 was recorded on Dec 29, 1999, compared to the annual average 

value of 3.6 (Figure 3.9). The source water odor was characterized as intenseiy fishy. The 

phytoplankton biomass developed through December until mid-January, and increased 

fkom average winter concentration of 240 to over 1000 pg.~-'. Dinobryon divergens, 

along with the diatom Asterionella fonnosa were the dominant algal species by mass. 

Table 4.1 Glenmore Restrvoir seasonal source water nutrient data. December 22, 1999 - 

January 19,2000. 

Nutrients mgL" 
Total Dissolved 

Maximum 1 0.0234 0.0083 4.22 f .06 
hAhimum 

Chemical analysis of the water for VOC indicated that heptadienal, decadienal 

and decatrienal w a e  present in the water at concentrations of 200 - 4700 n g r l  during 

this period (Table 4.2). These compounds are known to be formed by Dinobryon spp. 

Phosphorous Phosphorous Sica DOC 
0.0026 0.0010 3.77 0.8 1 



101 
Despite the elevated algal biomass and the noticeable fishy odor, the concentration of 

algal VOCs was often very close to the analytical detection limit. The procedure of filter 

concentration (Section 3.4) was applied to enhance the detection limit. While this 

procedure was not quantitative, it did allow identification of odorous compounds at levels 

normally below the method detection limit. 

In order to better assess the distribution of algae in the reservoir, under-ice 

samples were collected h m  two locations on the headpond on January 13, 2000. One 

site was off the main axis, midway to the east shore (HPI; Figure 1.3). The other was 

located on the main water channel, in line with the plant intakes and the causeway (HP2). 

Samples were collected from the surface water layer and from 6 rn. The chemical and 

taxonomic results h m  these locations was similar in composition to that of screen house 

samples (Dinobryon algae, heptadienal and decatrienal VOCs). Samples were also 

collected h r n  the source water intakes for the treatment plant. 

Table 4 2  Algal VOC composition in the Glenmore Reservoir. 

Date 

3 I Dec, 1999 

10 Jan, 2000 

13 Jan, 2000 

13 Jan, 2000 

19 Jan, 2000 

27 Jan, 2000 

Location 

Plant Intake 

Screen House 

Screen House 

HPI 

Screen House 

Plant Intake 

Compound (ng.~'') 

Hephdiend Decadiend Decatrieaal 

110 60 500 

870 1 70 100 

4700 1250 700 

3 140 410 250 

1800 400 140 

1140 180 400 
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Throughout the source water T/O episode, the characteristic fishy odor was never 

detected in the finished drinking water, either by the weekly FPA panel, or by customer 

complaints. On one occasion (January 31, 2000), samples were collected through the 

plant process train in order to determine the effect of treatment. In-plant samples were 

mllected after chlorine addition, coagulation and sedimentation. Taxonomic assessment 

indicated that 43.1% of the total algal biomass was removed (Table 4.3), and the 

remaining algae had suffered celldar disruption as a result of chlorine addition. Chemical 

analysis for algal VOCs found no aldehydes present in either the in-plant or the finished 

water sample. As cell Iysis and PUFA oxidation had already been initiated, the filter 

concentration procedure was not applicable. 

Table 43 Taxonomic data and biomass removal by sedimentation. 
-- -- . - 

In the course of these surveys, marked variability was noted in both the taxonomic 

and chemical d t s  over the come of a singie day. As these fluctuations (* 100% algal 

January 31,ZOOO 
Species 

Total Biomass 
Asterionelfa formosa 
Dino bryon divergens 

Chrysochromulina parva 
m i x .  figellates 5 < pm 

Cryptomonas rostrm$nnis 
Pdopedinella elachista 

Katablepharis ovalb 
Ochromonas cjfgranularis 

Rhodomonas minuta 
Chrysococctts mfescem 
Spinifromollar bioralis 

Synedra acus v angustissima 

Post 
Raw Water Sedimentation 

Biomass p g ~ L  
490.4 279.2 

208 139.4 
22.5 5.9 
10.6 7.1 
56.5 
102.4 59.8 
16.8 i6.8 

11.1 
79.5 21.4 

3 -8 
0.5 05 

% Reduction 
43.1 

33.0 
73.8 
33.0 
100 
41.6 
0 

73 -1 

I00 
0 
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biomass, *10,000% VOC) were too large and rapid to be the result of a biological 

process, other factors were examined. 

Standard practice for the Glenmore plant is to increase production through periods 

of low electrical demand, and decrease production when electrical demand is high. The 

result of this peak shaving is a d i d  cycle. To explore the effect of this on algae VOCs, 

1 L samples were collected in intervals before, during and after the transition on January 

3 1,2000. Filter concentration was used to enhance the HSPME sensitivity. 

Table 4.4 Short term variability in source water VOCs (January 3 1,2000). 

I Algal vocs ( n g ~ " )  
Time [ Eeptadienal Decadiend Decatrienal 

As shown in Table 4.4, Figure 4.1, there is an inverse relation between plant 

production and algal VOCs. It appears that high plant flow rates deplete the algae 

populations at the raw water intakes. As coordinated under-ice sampling was not feasl%le, 

the extent of this depletion is not known. The local population was repIenished rapidly, 

and the measured VOC concentrations increased h r n  < 50 to over 500 n g - ~ - '  within the 

span of 8 h. 

The Ievels of heptadienal and decadienal measured were correlated significantly 

to algal biomass, especially that of the dominant species Dinobryon [2]. While this algal 

bloom affected the source water TIO, it had very little impact on the fhished drinking 
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water quality. This can be attributed to the facile oxidation of decatrienal by chlorine, 

even at low (mg-L") applications. It is hypothesized that the fishy 

F i e  4.1 Treatment plant production (solid line) and source water algal VOCs 

(dashed line). Midnight is indicated by the date. 

source water odor was due largely to decatriend derived h m  Dinobryon. Decatrienal 

can be oxidized by chlorine under normai plant operating parameters of ca 5 h retention 

time and chlorine dosages of 0.5-2.0 treatment process. 

Even though heptadienal was detected at higher concentrations than decatrienal, it 

has a Iower odor potency and therefore less effect on aesthetic water @ty (Table 3.14). 

Filtration was used to concentrate the algae in source water samples, and thus achieve a 
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lower detection Limit. Algal VOCs were not detected in finished water by either HSPME 

or by FPA. 

4.3 Open Water Uroglena Bloom. 

43.1 Introduction 

The under-ice TI0 event in the Glenmore Reservoir was followed by a subsequent 

algal bloom in June, 2000. The weather preceding the event was clear and warm, and 

there was no apparent odor in the finished water. This was followed by an intense local 

thunderstorm on June 8'. By the next day, several complaint calls had been received 

regarding fishy-metallic tastes and odors in the drinking water. Samples collected fiom 

the reservoir and raw water intakes were subjected to FPA, taxonomic assessment and 

algal VOC determination. 

4.3.2 Results and Discussion 

Samples collected by integrated tube sampling to 6m depth were found to contain 

750 - 1,500 ng-L" of heptadienal and 100 - 1,200 ng-~-I of decatrienal. The dominant 

algal species was identified by microscopic assessment as Uroglena americana, which is 

known to produce heptadienal and decatrienal through the oxidation of PUFA [3]. 

Plankton net tow samples were collected h m  the reservoir headpond and 

analyzed for algal VOCs as well. A qualitative assay was conducted to estimate the 

relative proportion of aldehydes produced by the enzymatic oxidation. The estimated 

ratio of heptadiena1:decatrienal was 0.48:l. Decadienal comprised 2.8% of the total VOC 

composition by mass. 
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Immediately preceding the Uroglenu bloom, raw water FPA ranged h m  3-4. The 

FPA increased to 6-8.5 through the period of June 12-26, 1999. The finished water FPA 

had a moderate intensity of 2.5 - 4, with odor descriptors of fishy and metallic. By June 

28, 1999, the bloom was over, the source water FPA had declined to 2.5 and no fishy- 

metallic odors were present in the finished water. Estimates of Uroglem cell counts were 

conducted. The peak density of 1137 cells.mL", reached on June 22, rapidIy declined to 

142 cells-mL-' by June 26, 1999. 

4.4 Discussion of Bloom Events 

Both the Dinobryon and Uroglena bloom events have similar dynamics to a 

succession of Glenmore Reservoir blooms which occurred in 1992 [4]. Through May to 

August of 1992, there were two distinct bloom events which produced fishy-rancid odors 

in the source water. The first was a bloom of Uroglenu americuna which increased to a 

maximum biomass 1400 pg-~ - '  on May 26, 1992. This fishy odor persisted through the 

treatment process and resulted in many finished water odor complaints through the four 

week bloom, until June 17. This was followed by a bloom of Dinobryon spp. wbich 

lasted h m  July 15 to August 12, 1992, with a maximum algal biomass of 520 C g - ~ ' '  on 

July 22. Again, the source water had an intense fishy-rancid odor, however, no offensive 

odors were present in the finished water. 

The two recent blooms were not as intense as in 1992; however, the d t s  were 

similar. The under-ice Dinobryon bloom affected the source water but not the f ished 

water, while both Uroglena events imparted an offensive, fishy odor to the f ished 

drinking water. As a result of research into the taste and odor dynamics of these algae, it 



107 
is now known that the important odor compound associated with Dinobryon blooms is 

decatrienal. This compound is effectively removed by the water treatment process 

through chlorine oxidation. While Uroglena can produce decatrienal, it also produces 

large quantities of heptadienal f3]. Based on the chemistry and biology of these blooms, it 

is known that heptadienal is relatively stable to chlorine oxidation, and can cause 

offensive taste and odor problem in drinking water. With this knowledge and 

understanding of the bloom dynamics, the City of Calgary was able to issue the foilowing 

press release on June 13, 2000. Based on customer response, the press release was 

effective in allaying public concerns about municipal drinking water quality. 

Date: Tue Jun 13 12:39:03 2000 
Subject: Algae Growth Generates Drinking Water Taste and Odor Complaints 
From: Peter Brodsky ---BEGIN MD5 
ClTYBEAT - CITY OF CALGARY PRESS RELEASE 
CALGARY - The City of Calgary Waterworks has ascertained that a harmless, 
yet odorous algae is growing in the Glenmore Reservoir. The algae, Uroglena 
americana, is effectively removed by the drinking water treatment process. 
However, citizens in some parts of the city, particularly in the south, may notice a 
distinct metallic or fishy odor in the drinking water as a result of the algae and the 
water treatment process used. "We have received several complaints that the 
water has a metallic flavor. It has been our experience that complaints about the 
aesthetic quality of the water are associated with chlorine dosing changes or 
increased biological activity in the GIenmore Reservoir and not the leveI of safety 
of the drinking water," states AlIyn Humber, Acting General Manager of 
Waterworks. "Our scientists have responded to the complaints, have conducted 
tests on ai l  aspects of the drinking water and have confumed that it is well within 
the Canadian Drinking Water Guidelines," says Humber. It is not unusual for 
various species of algae to bloom in lakes, ponds and resewoh in spring and 
summer under the right conditions. Waterworks is monitoring the development of 
the algae bloom and is adjusting the water treatment process accordingly. 
Chlorine is added in the treatment process to d-y micro-organisms to make the 
water safe for consumption. As the qyality of water dram h m  the reservoir 
changes, the amount of chlorine and other chemicals used to treat the water 
fluctuates. As a result, the taste and odor of the drinking water changes. "I want to 
reinforce to Calgarians that the drinking water is safe to drink and poses no health 
threat The integrity of our drinking water is protected and this is a temporary 
situation," assures Hmber. It is too earIy to determine how long the algal growth 
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cycle will last or to predict the intensity of the taste and odor. However, judging 
h m  the outcome of a similar situation in 1992, the anticipated spring mff 
h m  the mountains or a signiscant rain event may play a significant role in the 
elimination of the algae bloom in the reservoir. 

4 5  Periphyton Survey 

In a related study, the HSPME was applied to other samples types in an effort to 

better understand the dynamics of T/O production in general. In one series of samples, 

periphyton were collected in tripticate from streams of different nutrient status in 

northern Alberta streams and the St. Lawrence River. These samples were analyzed for 

algal VOCs The periphyton (sessiIe attached algae) were identified as Hydrumfoetidus. 

This survey was qualitative in that the algae mass was not estimated. Rather, the 

samples were collected by scraping the attached algae &om the rocks and placing them in 

glass sample jars, dong with overlying water. The samples were refkigerated for storage 

and transport. Immediately prior to chemical anaIysis, cell lysis and enzyme activation 

was induced through salt addition as previously descri'bed. 

In addition to odorous aldehydes, s e v d  biologically active compounds were 

identified in some of the sampies. These compounds were 6rst identified in marine brown 

algae, but have since been isolated in fresh water algae such as diatoms. These 

pheromones are also common to a large number of plants via several different synthetic 

pathways [S]. 

These pheromones are produced in nature through the beta oxidation of PUFA, 

similar to that of the odorous aIdehydes. It is noteworthy that aIl these pheromones are 

oxidation products of primary produds, and they are not synthesized by intracellular 

processes. The compounds produced are either Cs or CI1 polyunsaturated hydrocarbons. 
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In this survey, octalriene, dictyotene and ectowpene were positively identified by GC- 

MS. Authentic standards were not avaiIable; however, stnrctud information h m  the 

fiagrnentation pattern and excellent li'brary matches provided a means of identification. 

Other reIated compounds were aIso recovered but their structure was not M y  

characterized. 

4.6 PineLake 

Samples were collected from Pine Lake, AB for analysis. This is a eutrophic lake 

that supports a variety of blue-green algae, and which is affected by both odor and 

swimmers itch complaints. Swimmers' itch can result h m  parasitic organisms, or h m  

demxal irritation caused by algal toxins. The taste and odor compounds geosmin and 2- 

MIB are also produced by blue-green algae. 

SampIes h m  Pine Lake were collected by Alberta Environment staff on July 19 

and 26,2000 and shipped to Calgary in M a t e d  cookrs. Taxonomic analysis confirmed 

the dominant species to be the blue green algae Gleommchia, which is known to produce 

TfO compounds. Chemical anaIysis by HSPME confirmed the presence of large 

quantities of geosmin in addition to severaf unidentified compounds. The geosmin 

concentration in these samples was estimated at 105,000 ng-L". The unsaturated 

aldehydes heptadid and decatrienal were present at 22,600 and 14,300 ngL*[ 

respectively. One wmpouud was identified as argosmin, the dehydration product of 

geosmin [6]. Other major components included a series of hydrocarbons such as 

~yclocitral and copane. 
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Subsequent analysis of the sample by HSPME after 14 days storage indicated 

significant bacterial activity had taken place. This was evidenced by the formation of 

several thiol compounds which were not initially present. These are f o d  through the 

bacterial degradation of cellular amino acids. This can exacerbate TI0 events as the 

initial algal derived odors of geosmin, 2-MIB are followed by suifirr based compounds 

fiom bacterial activity. The sulk compounds dimethyl tridfide and dimethyl 

tetrasulfide were positively identified by GC-MS. 

4.7 Analysis of Actionomycetes 

4.7.1 htroduction 

Actimmycetes are a class of soil bacteria which are a known and important source 

of geosmin and 2-MIB [A. This additional biological origin of these compounds has 

complicated T/O investigations as it expands the potential source to include bacterial and 

soil-wash, as well as algal-aquatic process. 

In this preliminary survey, samples were collected h m  locations along the Credit 

River and grown in culture. Isolates were then taken and grown under standardized 

conditions on defined media. Samples of the isolated colonies were cut from the agar 

plates and placed in VOC sample vials along with 30 mL of 20% wlv NaCl and analyzed 

by HSPME. 

4.73 Results and Discussion 

It was found that several strains of Actinomycetes were present in different 

locations. As well, the different strains differed in the producti011 of geosmin and 2-MIB. 
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It is not clear whether this is the result of environmental factors such as life cycle or 

resource limitations or metabolic capacity (lack of synthetic pathways to form geosmin or 

2-MIB). Preliminary studies are underway to M e r  understand the dynamics of odor 

production by this organism. This initial investigation has already clearly established that 

odorous compound production can vary greatly between samples and species of 

Actinomycetes. 
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CHAPTER 5: FUTURE DIRECTIONS 

5.1 Introduction 

This project studied the dynamics of algal derived volatile in terms of their 

formation, measurement and impact on drinking water supplies. As the study progressed, 

it became evident that the biogenesis and degradation of these compounds would require 

significant study to understand the chemistry and biology of the processes involved 

PP-~Y* 

5 3  Relation of Cellular Fatty Acids to VOC Production 

One area for finther study is the biochemistry of PUFA formation, and their 

subsequent oxidation to biologicaIIy active compounds which include serniochemicals 

such as pheromones, allomones, and TI0 compounds. As these compounds are typically 

breakdown products of primary metabolites, the cellular formation and storage of these 

compounds will have a strong determination on the product distribution. 

It would be useful to study both the Lipid composition of algae and the volatile 

constituents which are derived fiom PUFA oxidation following cellular disruption. 

Elucidation of the linkages between specific fatty acids, enzymes and the resultant VOC 

would yield significant insight into the biochemistry of algal TI0 in particular and 

semiochemical processes in general. These semiochemicals are produced by the 

extracellular breakdown of primary storage materials, such as fatty acids [I]. In the 

natural comunities, the release of these compounds during predation may be EdvorabIe 

to the rest of the colony, if the released chemicals deter W e r  grazing [2]. Unsaturated 

aldehydes such deca t r i d  have been shown to reduce predation in other species such as 
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insects [3]. While these detailed mechanistic studies were not undertaken, these processes 

are a potentially rich area of study. Some specific questions are why Asterionella, which 

stores polyunsaturated fatty acids and produces large quantities of the hydrocarbon 

octatriene, but apparently no unsaturated aldehydes [4]. Similarily, the chrysophyte 

Synura petersenii is the only known aigal source of the potent cucumber odor compound, 

E2,Z6-nonadienal [S]. These observations may be the result of either enzymes or fatty 

acids which are specific to, or absent fiom these algae. 

Related studies into changes of PUFA content and VOC production in relation to 

growth phase would be of value. As the algae go through their life cycles, changes in 

fatty acid composition occur. The influence of fatty acid composition on VOC products 

and concentration is not clearly understood. 

53 Sample Storage And Stability 

Standard sample preservation techniques appropriate to chemical samples are not 

amenable to algal assemblages. Refrigeration, acid preservation, filtration (this work) or 

storage under inert gas are either ineffective at slowing biochemical processes, or stop 

them completely [6]. Conversely, biological sample preservation such as fomalin or 

Lugol's iodine destroy desirable biochemical processes (e.g. PUFA oxidation) and 

interfere with subsequent chemical anaIysis. In this study, algal samples were stored in a 

viable fonn until anaiysis whenever possiIe. To minimize any effects h m  laboratory 

storage, samples had to be analyzed as soon as pomiIe, and the sample collection to 



114 
analysis cycle was carefully coordinated. In some cases this imposed restrictions on 

experimental design. 

Several options to f d t a t e  sample storage have been considered. Ideally, a 

means to suspend and reactivate the MW enzymatic catabolism process is sought. Due 

to the complex and varied enzymatic processes involved, this would be an intricate 

endeavor. An alternative may be to inactivate the natural enzymes, isolate the constituent 

fatty acids form the sample for storage, and then subject them to a standard enzyme 

mixture. 

A mote conventional approach is to derivatize the aldehydes after first inducing 

ceU lysis and enzymatic breakdown of the fatty acids. While the preliminary studies with 

o-(2,3,4,5,6-pentafluorobenzyL)-hydroxylamindC to prepare oxime derivatives show 

promise, the method lacked sufficient sensitivity and did not provide satisfactory 

structural information. 

5.4 Oxidation Kinetics 

With respect to the amelioration of the algal TI0 compounds, it would be 

beneficial to extend the knowledge of oxidation kinetics, particularly in regards to 2,4,7- 

decatrienal. In this wotk, the expahentation mnducted was limited by the availability of 

the authentic chemical standard. As the material was prepared in solvent, there was 

competition between the solvent and the aldehyde for chlorine oxidation. It would be 

beneficial to conduct additional studies at different chl0rine:substrate ratios, and with 
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other oxidants used in drinking water treatment such as chloramine, ozone, and W- 

peroxide. 
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APPENDIX A: GC-MS RESULTS OF ALGAL VOC ANALYSIS 

A.1 Introduction 

While the formation of these compounds all proceeded by the enzymatic 

oxidation of PUFAs, different species of algae tended to produce different compounds, 

even when grown under similar conditions. These differences may result f?om variation 

in PUFA formation, enzyme content or carbon utilization based on environmental 

influences. Literature reports have already established certain associations, such as 

heptadienal with Uroglena americana, nonadienal with Synura petersenii and octatriene 

with Asterionella fonnosa. With the exception of Synura petersenii, which is the only 

known algal producer of nonadienal, the other compounds are produced in varying 

degrees by other algae. 

Some of the important algae VOC and producer species are listed in Table A2. 

Molecular data such as chemical name, structure, Chemical Abstracts Registry numbers, 

mass spectra and representative chromatograms are presented. Table A2 summarizes 

basic chemical Somation. Structural information for the same is provided in the 

following figures. 



Table A. VOCs from the oxidation of PUFA and associated algal species. 

COMPOUND 

E2,Z4,Z7decatrienal cylindricum; M.papillosa; 
E2,E4,27decatrid U. americana; Uroglena sp. 

CC276); Melosira varians 

Species 

PUFA derivatives 
E2,24-decadienal 
E2,E4-decadienal 

E2,24heptadid divergem;D. cylindricum; S. mella; 
E2,ECheptadienal . papillosa; I/. americana;(UTCC276); 

crotonensis; M. varians 

Dinobryon divergens;D. cylindricurn; 
Mallomonas papillosa; S. tivella: S. petersenii; cf 
Syncgpta sp.; U. americana; Uroglena 
sp. (UTCC276). 

E2,24-octadienal . granulata; F. crotonenesis; M. varians 

1,3+dadiene . formosa; D. cylindricurn; S. uvella 

Ectocarpene Gomphonema parvulum; Phaeodactylum 
(butenyl-cylo heptadiene) Amphora venetia 

Dictyopterene A 
@exenyl-viny l-cycloppane) 

G. parvulum; P m'cornutum; A. venetia 

Dictyopterene C ' 
(6-butylcycloheptadiene) 

G. parvulum; P. tricornutum; A. venetia 



Table A2 Chemical names, registry numbers, formulas and molecular mass data for 

taste and odor, and other related compounds identified in this research. 

Compound 

E2,E4-heptadienal 

E2Z6-nonadienal 

E2,E4decadieaal 

E2,E4,Z7- 
decatrienal 

Geosrnin 
(E I, 1 0-Dimethyl-E- 

decalin-9-01) 

1,3652-octatriene 

6-[Zl -butenyl]-1,4- 
cycloheptadiene 
(ectowpene) 

2-Methylisobomeol 
(1,2,7,7-tetramethyl- 
exo-bicyclo[2.2.1] 

heptan-2-01) 

Biphenyldlo 

Dimethyl trisulfide 

Dimethyl 
tetrasulfide 

CAS Registry 

43 13-03-5 

209-1 78-6 

25 152-84-5 

13 552-96-0 (E,Z,Z) 

19700-2 1 - 1 

4000876 1-4 

33 156-93-3 

23 7 1-42-8 

1486-01 -7 

3658-80-8 

5756-24-1 

Molecular Molecular Source 
Formula Mass 
c7H100 110.2 Aldrich 

C9H140 138.2 Aldrich 

CldI160 152.2 Aldrich 

C i d 1 4 0  150.1 F. Jiittner 

0 182.1 Wako 

CsH12 108.1 Survey 

CllH~a 148.1 Survey 

c11H200 168.3 Wako 

CI2D10 164.3 Aldrich 

S3czH6 125.9 Survey 

s4c2H6 157.9 Survey 



CAS MOLECULAR MOLECULAR 
COMPOUND REGISTRY FORMULA MASS SOURCE 

NUMBER 
2-Methylisobomeol 23 7 1-42-8 CI r Hz00 168.3 Wako 

CAS MOLECULAR MOLECULAR 
COMPOUND REGISTRY FORMULA MASS SOURCE 

NUMBER 
(-) Geosmin 19700-21-1 c 12Hd 182.1 Wako 

(I, 1 0-Dimethyl- 
decalin-9-01) 

yc- 



CAS MOLECULAR MOLECULAR 
COMPOZTND REGISTRY FORMULA MASS SOURCE 

NUMBER 
E2,E4-heptadienal 43 13-03-5 CrHloO 1102 Aldrich 

CAS MOLECULAR MOLECULAR 
COMPOCTND REGISTRY FORMULA MASS SOURCE 

NUMBER 
E2,Z6-nonadiend 209- 178-6 C9H140 138.2 Aldrich 



CAS MOLECULAR MOLECULAR 
COMPOUND REC~STRY F o a ~ a ~  MASS SOURCE 

CAS MOLECULAR MOLECULAR 
COMPOUND REGISTRY FORMULA MASS SOURCE 



CAS MOLECW MOLECULAR 
COMPOUND R E ~ T R Y  FORMULA MASS SOURCE 

NUMBER 
Biphenyld~~ 1486-0 1-7 C12D1o 164.3 Aldrich 

CAS MOLECULAR MOLECULAR 
COMPOUM) REGISTRY FORMUU MASS SOURCE 

NUMBER 
Naphthalened8 1 146-65-2 C L ~ E  1 36.24 Aldrich 



NUMBER 
1,3E,5Z-octatriene 400087-61-4 C&IU 108.1 -eY 

CAS MOLECULAR MOLECULAR 
C o m m  REGWRY FORMULA MASS SOURCE 

NUMBER 
6s-[Zl -butenyl]- l,4- 33 156-93-3 C I I H I ~  148.1 -eY 
cyclo heptadiene 
(ectocarpene) 



CAS MOLECULAR MOLECULAR 
C o m m  REGISTRY FORMULA MASS SOURCE 

NUMBER 
Dimethyl tetrasulfide 5756-24-1 s4c2H6 157.9 survey 



A 3  Mass Spectral Data 

A.2.l Introduction 

Representative mass spectra of the TI0 compounds identified in this research are 

presented, Where possible, a library reference spectrum (National Institute of Science and 

Technology, Gaithersburg, MD) is provided for comparison. 

The mass spectrum of each taste and odor compound has a characteristic 

hgrnentation pattern. Electron impact ionization at 70 eV was used to generate spectra 

which could be matched to standard reference liiraries using probability based matching 

Compounds such as the internal standard (biphenyhlo) and 2,4,7-decatrienal not present 

in commercial libraries were added to a custom library. 

A2.2 Mass Fragmentation Spectra 

Although there are several geometric isomers of the polyunsaturated aldehydes 

are found in samples, the mass spectra of these isomers were identical under the 

aquisition conditions. 

For the 2,4 unsaturated aldehydes, the mass spectrum is dominated by the base 

peak ion at d z  81. As this is not an ion common to interfering peaks, this diagnostic ion 

was used for qyntitation. This ion results h m  the CSH50f hgment which can 

rearrange into a resonance stabilized form, as shown in Figure Al. 



F i e  A1 Proposed scheme for the hgmentation of 2,4-dienals under standard (70 

ev) ionization conditions. 

The triply unsaturated 2,4,7decatrienal has a more complex spectrum, with 

many strong ions present. The mo1ecular ion at m/z 150 is weak, and the spectrum is 

dominated by a cluster of strong peaks at m/z 77, 79, 81. These are IikeIy CgH;, Cd£; 

CsHsO' ions which can cyclize to resonance stabilized forms. 

The unconjugated aldehyde 2,6-nonadienal has base peaks of M a r  intensity at 

mlz 69,70. T%is may result h m  cleavage between the 4 and 5 carbons yielding CsfIs+, 

C&Of bgments. A strong m/z 41 ion is also observed. 



A23 Mass Spectra of Taste and Odor, and Related Compounds 

A23.1 Introduction 

The foHlowhg figures foUow the format where the top panel presents the mass 

spectrum aquired h m  the indicated sample, and the lower panel is the reference or 

library spectrum. Where no refmce spectrum was available, the presumptive 

identification is provided. 

F ' i  A2 Mass spectrum of E2J4-heptadienal h m  a mixed aIgaI culture of 

Dinobryon and Uroglena. 
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Figure A3 Mass spectrum of E2,Z6-nonadienal Grom a mixed algal culture containing 

S'ura petersenii. 

F i e A 4  Mass spectrum of E2,Zeddenai  h m  a mixed algal culture of 

Dinobryon and UrogleM. 



Figure A5 Mass spectnnn of E2J4J7-decatrienal tiom a rnixed algal culture of 

Dinobryon and Uroglena. 

s u n  loss (ie.606 mln): PL000710.D 
i 12 

aooo. 

4000. 45 66 

2000. 1 2s 

[( 136 'ye 104 1 0' 
/ 

i i o i k o  ' t i 0  ,360 *Lo t i o  TOO 
mR- 

Figure A6 Mass spectmm of geosmin h m  Pine Lake, AB. 



Fignre A7 Mass spectrum of ZMIB fiom a chemical standard. 
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F i I  AS Mass spectrum of 1,3,5sctatriene h m  a culture of Asteriunellaformosa. 
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Figure A9 Mass spectrum of 1,3,6sctatriene fhm a culture of Asterionella formosa. 

FignreA10 Mass spectrum of ectocarpene h m  a survey sample containing 

0000. *, 
a0 

4000. 

m e .  
do 100 140 120 1io i i o  1bo 1-0 170 

106 

1 1  1 ,  

1'19 

1 1  1131 
1- 

t iZtg?=141 1 



Figure A l l  Mass spectrum of argosmin, a dehydration product of geosrnin, from a 

survey sample of Pine Lake, AB. 

Figure Alf Mass spectrum of dimethyl trisulfide, a bacterial degradation product, 

h m  a stored (14 day) survey sample of Pine Lake, AB. 
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Figure A13 Mass spectmm of dimethyl tetmdfide, a bacterial degradation product, 

a000 

from a stored (14 day) survey sample of Pine Lake, AB. 
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Figure A14 Mass spectrum of biphenyblo, the internal standard compound used for 
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HSPME analysis. 
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A3 Gas Chromatographic Results 

A3.1 Introduction 

The chromatographic separation and mass spectroscopic analysis of the algal 

VOCs was a major component of this work. This appendix presents representative 

chromatographic data h m  chemical standards, monocultures, mixed assemblages and 

natural water samples (Figures A15 - A29). The chemical compounds and algal species 

are identified where possible. 

As several geometric isomers of the usatmated aidehyes are formed, with similar 

mass spectrums (i.e. EZJCheptadienal and E234heptadienal), it was important to 

chromatographically separate the isomers in order to achieve proper identification and 

quantitation. Representative gas chromatograms are presented in. 

The mass spectra were acquired in fidl scan mode (m/z 40 -300). The sample 

source and compounds are identified in the figure titles. HPSME was used to concentrate 

samples. In order to remove background noise, extracted ion chromatograms are 

presented for clarity. B i p h e n ~ & ~ ~  is added as an internal standard at 100 n g ~ - '  in most 

cases. 



Figure A15 Extracted ion chromatogram of (1000 n g ~ ~ '  Standard). Quantitation ions 

used: heptadienai, 2,4-nonadienal, decadienal, decatrienaI m/z 8 2; 2,6-nonadied dz 69; 



Figure A16 Extracted ion chromatogram of an algal mixture. Quantitation ions used 

octatriene m/z 79; nonadienal mlz 69; heptadienal, decadienal, decatrienal m/z 81; 

biphenyldlo m/z 164. The E,E and E,Z isomers of decadienal, and the E,.Z,Z and E,E,Z 

isomers of decatrienai are indicated 



n I \  . . 

ISTD biphenyl-dl0 

Figure A17 Extracted ion chromatogram of 100 n g ~ - '  geosmin and 2-MIB standard. 

Quantitation ions used: 2-MIB m/z 95; biphenyidlo m/z 164; Geosmin mlz 112. 





Figure A19 Uroglena americm culture. Major alga1 VOCs indentifed are 2,4- 

heptadienal and 2,Uecadienal (ion extracted m/z 8 1). 



I ISTD biphenyl-dIo 

F i e  A20 Dinobryon qlindricum monoculture. Major algal VOCs are 2,4hepfadienal 

2.4-demdiienal and 2,4,7decatrieaal (exaacted ion m/z 8 1). Tbe E,Z aad E,Z,Z isomers of 2,4decadienal 

and 2,4,7-decanid elute foilowed by the E,E and E,E,Z isomer. 



Figure A21 Synura petersenii monoculture. Major algal VOCs are E2,Z6-nonadienal 

(one isomer ody, extracted ion m/z 69), 2,4-decadienal and 2,4,7decatrienai [extracted 

ion d z  8 1). 



F i e  A22 Mallomom papillosa m~noculture~ The major algal VOC is 

2,4heptadiend (extracted ion d z  8 1). 



Figure A23 Asterionella formosa monoculture. The major algal VOC identified fiom 

this diatom were two isomers of octatriene (extracted ion mlz 79). 



Figure A24 Extracted ion chromatogram (m/z 81) of a mixed algal culture. Two major 

isomers of the 2,4heptadienal are present, The biologidy formed EZ are the major 

peaks. The more stabIe EE isomer accounts for ca 5% of total mass. The sample was 

analyzed immediately after coildon to minimize isomerization, 
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Figure A25 Under-ice sample from the GIenmore Reservoir headpond (January 13, 

2000) during a bloom of Dinobryon divergens. A 500 mL sample was concentrated by 

liltration and stored hzen  mtil aualysis on January 22,2000. Sigdicant isomerization 

of the two major constituents, heptadiend and decadienal has occurred (extracted ion m/z 

8 1). 
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Figure A26 Phytoplankton tow-net sample collected b r n  the Glenmore Reservoir 

headpond (June 14,2000) during an open-water bloom of Urogelena americana. The 

major compounds are heptadienal and decadiend. Due to the concentrated nature of this 

sample, the internal standard is not resolved. AnaIysis was conducted on a DBS-ms 

column, with different chromatographic retention times than the normally used DB-1701 

column (extracted ion m/z 8 1). 



heptadienal E224 and E2,E4- 
decadienal 

F i e  A27 Entegrated tube sample (10 m) collected h m  the Glenmore Reservoir 

(June 14, 2000) during an open-water bloom of Urogelena umericana. The major 

compounds are heptadienai and decadienal. Analysis was conducted on a DBS-ms 

column, with diffezent chromatographic retention times than the normally used DB-1701 

column (extracted ion m/z 8 1). 
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Figare A28 Sample collected h m  Pine Lake, AB duxing a bloom of the blue-green 

algae Gleotrichia (July 19, 2000). Geosmin and the geosmin dehydration product, 

argosmin are present (Full scan mass spectnrm, m/z 40-300). 



Figure A29 Cultured sample of the bacteria Actinomyceres. The organism produces 

geosmin and 2-MIB. Extracted ions m/z 112 and 95, for geosmin and ZMIB, 

respectively. 
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APPENDIX B: CALIBRATION AND DETECTION LIMIT STUDIES 

B.l Calibration 

The method was caliirated for (compounds) h m  the estimated detection limit up 

to the maximum expected sample concentration. The caIi'bration curve was constructed 

based on the method of internal standards where response is corrected by internal 

standard recovery. Typically, the my deutmted biphenyldIo was added to provide a 

concentration of 100 n g - ~ - '  in all samples and standards prior to analysis. Peak 

integration was automatically performed by the chromatography software. 

B.l.l Terpenoids 

Geosmin and ZMIB were calibrated from 2-100 ng.L*' and analyzed by selected 

ion monitoring. As the OTC for these compounds is near 10 ng-L-', it was important to 

caliirate to near or beIow the OTC. 



Concentration ng .~- '  

Figure bl Calibration curve for geosmin and 2-MIB from standard soIutions 

prepared in reagent water. Relative response corrected by internal standard recovery is 

plotted. The least squares regression line are shown (dashed line: geosmin, solid line: 

2 4 5 ) .  

Table B1 Caliiration data for geosmin and 2-MIB. Internal standard recovery was 

used to correct response. 

Calibration 
Level 

(ngyl) 
2 
4 
10 
20 
30 
50 
75 
100 

Compound 
MIB Geosmin 
Relative Response 

0.0052 0.0078 
0.0087 0.0178 
0.0192 0.0 175 
0.0398 0.0526 
0.0741 0.0737 
0.1 165 0.1314 
02277 0225 1 
0.2626 0.2924 



B.12 Aldehydes 

The four unsaturated aldehydes were calibrated from 500-10,000 n g ~ - '  and 

analyzed by in full scan mode. The OTC for these compounds is higher (50 - 15,000 

ng.~'') then for geosmin and 2-MEB. The facile isomerization of the aldehydes 

neccesitated the collection of fulI mass spectroscopic data for compound confirmation. 

Figure B2 Cali'bration curve for heptadienal, nonadienal, decadienal and decatrienal 

iiom standard solutions prepared ia reagent water. Relative response corrected by i n t d  

standard recovery is plotted. The Ieast squares regression lines are shown. 
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Table B2 Calibration data for heptadienal, nonadid,  decadienal and decatrienal. 

Internal standard recovery was used to correct response. 

-- 

Table B3 Linear regression data for &%ration curves (Method of Least Squares). 

Calibration 
Level 

(ng~- ' )  
500 
1000 
2000 
5000 
10000 

Compound 
Heptadiend Nonadiend Decadienal Decatriend 

Relative Response 
0.494 0.8354 1.523 1.105 
0.63 1 1.7288 3.446 2.513 
1.145 3.674 1 7.880 6.72 1 
3.214 8.6450 18.458 16.705 
5.3 16 15.324 35.083 3 1.362 

Compound 

Heptadienal 
Nonadienal 
Decadienal 
Decatrienal 

MIB 
Geosmin 

Linear Regression R~ 
Equation 

y = 0.0005~ + 0.2178 0.989 
y = 0.0015~ + 0.4021 0.995 
y = 0.0035~ + 0.2599 0.998 
y = 0.0032~ - 0.1459 0.998 

y = 0.0028~ - 0.0073 0.984 
y = 0.0030x - 0.0052 0.993 



Table B4 Detection limit study for E2,.E4heptadienal. 

Parameter: Theoretical 
Concentration 

E2,E4=heptadienal 1000 ng*~"  
Analytical result % Recovery 

82 1 .O 82.1 
Detection Limit 508 ng-~- '  

Standard Deviation: 175 
Variance: 30728 

Minimum Recovery: 75 % 
Maximum Recover 129 % 

Table BS Detection limit study for E2,Z6-nonadienal. 

Parameter: Theoretical 
Concentration 

E2~nonadienal 1000 n g * ~ '  
Analytical resuit % Recovery 

927.0 92.7 
924.0 92.4 
977.0 97.7 
1015.5 101.6 
750.0 75.0 
1341.0 134.1 
1406.0 140.6 
1074.5 107.5 
870.0 87.0 
Detection Limit 622 U ~ L - '  

Standard Deviation: 215 
Variance: 461 15 

Minimum Recovery: 75 % 
Maximum Recover 141 % 



TabIe B6 Detection limit study for E2,E4decadienaI. 

Parameter: Theoretical 
Concentration 

E2,E4decadienal 1000 ng*~-'  
Analytical result % Recovery 

923.0 923 
Detection Limit 512 n g ~ - '  

Standard Deviation: 177 
Variance: 3 1252 

Minimum Recovery: 89 % 
Maximum Recover 139 % 

TabIe B7 Detection limit study for E2,E4,27-decahienaI. 

Parameter: Theoretical 
Concentration 

E2,E4,27-decatxienal 1000 ng-L" 
Analytical result % Recovery 

83 1.0 83.1 
Detection Limit 545 ng-L" 

Standard Deviation: 188 
Variance: 35425 

Minimum Recovery: 83 % 
Maximum Recover 143 % 



Table B% Detection limit study for 2-MIB. 

Parameter: Theoretical 
Concentration 

2-MIB 100 ng-~- '  
Analytical result % Recovery 

113.7 113.7 
Detection Limit 24 n g ~ "  

Standard Deviation: 8 
Variance: 70 

M h i m ~ l ~ l  Recovery: 88 % 
Maximum Recover 114% 

Table B9 Detection limit study for geosmin, 

Parameter: Theoretical 
Concentration 

Geosmin 100 ng*~-'  
Analytical result % Recovery 

108.9 108.9 
Detection Limit 22 n g ~ "  - 

Standard Deviation: 8 
Variance: 57 

Minimum Recovery 89 % 
Maximum Recover 110% 




