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ABSTRACT

The increased eutrophication of freshwater sources has led to a rise in taste and odour events
notoriously caused by geosmin and 2-methylisoborneol (2-MIB). This places more pressure on
current monitoring methods due to increased sampling frequency. Unfortunately, conventional
grab sampling methods and the required sample preparation steps are laborious, time-consuming
and provide only a single-time snapshot of geosmin and 2-MIB levels in the water. An alternative
sampling approach for water quality monitoring is passive sampling, which extracts and allows the
accumulation of the target analytes directly from the water. The simplicity and robustness of
passive sampling makes it more suitable for routine monitoring. The goal of this study was to
develop a simple passive sampling protocol for the detection of geosmin and 2-MIB in drinking
water source lakes. In bench scale experiments, various passive sampling parameters (adsorbent,
elution solvent, sorbent mass to elution volume ratio and elution method) were optimized prior to
accessing the method’s performance characteristics (i.e., linearity, precision, accuracy, matrix
effects, limits of detection and quantitation). Recoveries of 50 and 53% for geosmin and 2-MIB,
respectively were obtained with excellent intra and inter day precision (<15% RSD). Semi-
quantitative detection limits of 0.014 and 0.044 ug L' for geosmin and 2-MIB, respectively, were
obtained. The validated passive sampling method was used to conduct a field study at eight lake
water sites in Atlantic Canada within a three-month period. The study demonstrated that the
developed passive sampling method could be utilized for the reliable detection of geosmin and 2-
MIB in source water as well as provide improved resolution for its early detection in drinking
water supplies.

viil
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CHAPTER 1: INTRODUCTION

1.1 PROJECT RATIONALE

The major source of municipal water supply in many countries is surface water, including Canada, Japan,
the United States, Australia, East and Southeast Asia (Dzialowski et al., 2009; Kamata et al., 2020; Rivera,
2018). Eutrophication of surface waters as a result of climate and anthropogenic pressures including
increased temperature and precipitation, lake recovery, and pollution has led to an increase in the frequency,
duration, severity, and diversity of harmful algal blooms (HABs) (Chapra et al., 2017; Paerl & Huisman,
2009; Woolway et al., 2021; Anderson et al., 2017; DeMont et al., 2021). The proliferation of cyanobacteria
in HABs is often associated with an increased occurrence of cyanotoxins and notorious taste and odour
(T&O) compounds, such as geosmin and 2-methylisoborneol (2-MIB) as secondary metabolites (Anderson
et al., 2017; DeMont et al., 2021; Devi et al., 2021). In freshwater source, geosmin and 2-MIB have been
found to contribute significantly to T&O events and is usually affiliated with an undesirable earthy or musty
taste and smell in the drinking water (Kim & Park, 2021; Yu et al., 2009). These off-flavour compounds can
also be detected in fishes when they accumulate in their lipid tissue (Azaria & van Rijn, 2018). As such, if
not adequately managed geosmin and 2-MIB can pose a financial threat both to water utilities and in
aquaculture as consumers judge the quality of their drinking water and the organisms they eat by their taste
and smell (Azaria & van Rijn, 2018; Dupont, 2005). Amidst the abundant research in detecting and treating
these aesthetic concerning contaminants, they remain a global issue due to their increasing frequency and

concentrations above human threshold limits (Health Canada, 2005; Perkins et al., 2019; H. Xu et al., 2022).

The human odour threshold level (OTL) for geosmin and 2-MIB is 4 ng L' and 15 ng L', respectively
(Pochiraju et al., 2021). Such low thresholds pose a significant monitoring challenge as highly sensitive
detection methods are required. Furthermore, the occurrence of geosmin and 2-MIB in source water is
dynamic and challenging to predict. Both compounds also require optimized treatment needs that if provided

on a year-round basis can quickly become a financial burden (Olsen et al., 2016; Serracin-Pitti, 2017). As



such, frequent monitoring using methods with fast turnaround times is crucial in mitigating T&O events

caused by these compounds.

For several decades, grab sampling has been the conventional sample collection method in the analysis of
geosmin and 2-MIB in water (Bristow et al., 2019); However, preconditioning steps on grab samples can be
time consuming and labour intensive (Marsili, 2000; Tian et al., 2021), making the process unconducive for
the achievement of fast turnaround times and high-throughput. Automated processes are also costly and
vulnerable to unpredicted power failures and device malfunction. An alternative approach to conventional
sampling for water quality monitoring is passive sampling, which vastly simplifies sample collection and
preparation by allowing the isolation of target analytes directly from the environmental medium using simple

and cost effective devices with low technology and no power requirements (Gomes, 2018).

Passive sampling involves the deployment of a sampler (containing an adsorbent material) into the sample
matrix over a specified period. The sample matrix is allowed to flow freely through the sampler during which
the target compounds are partitioned into the adsorbent material and concentrated over time(Goérecki &
Namiesnik, 2002). After the deployment time, the passive sampler is retrieved, and taken for laboratory for
analysis. Compared to conventional sampling methods, passive sampling is more representative of actual
water conditions as larger water volumes are sampled. This allows one to capture fluctuations in analyte
concentrations that grab samples are either likely to miss or overestimate, as grab sampling represents
random, discrete volumes of water at single time points that can vary considerably in analyte concentrations
over time and location (Gomes, 2018). Since the passive samplers are often easy-to-handle portable devices,
they can be deployed at multiple locations over large and remote areas that may be difficult to access or not
feasible using conventional sampling methods (Gérecki & Namie$nik, 2002; Hayes et al., 2021). Passive
sampling also has the advantage of increased sensitivity as it provides the time weighted average
concentration of the target analytes (Greenwood et al., 2007). These qualities of passive sampling make it a
promising technique for efficient routine monitoring and high throughput analysis. It also shows potentials

for the collection of reliable data that can be used in developing region specific predictive models for geosmin
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and 2-MIB analysis, which is a useful tool in mitigating T&O events caused by these compounds (Dzialowski

etal., 2009).

While studies have applied passive sampling techniques in the recovery of viruses from wastewater (Hayes
et al., 2021; Matrajt et al., 2018), pesticides in water (Ibrahim et al., 2013; Kaserzon et al., 2014; Mazzella
et al., 2010), volatile organic compounds (VOCs) and semi-volatile organic compounds (SVOCs) in air
(Grosse & McKernan, 2014), as well as other target compounds (Alvarez et al., 2004a; Vermeirssen et al.,
2009), there remains a limited research in its application for monitoring geosmin and 2-MIB in water, which
to the knowledge of the authors has only been explored in one research paper (Liu et al., 2011). As such, this
study aims to develop and assess the suitability of a novel passive sampling approach in monitoring geosmin

and 2-MIB in aqueous environments.

1.2 RESEARCH OBJECTIVE

The overarching goal of this project was to develop and validate a simple passive sampling protocol for
monitoring two notorious drinking water T&O contaminants — geosmin and 2-MIB in source water. To

achieve this goal, the following three specific aims were outlined:

1. Design bench-scale experiments for assessing the recovery of geosmin and 2-MIB from spiked lake
water using a passive sampling approach that outlines the optimization of the following method
parameters: adsorbents (granulated activated carbon (GAC), a solid-phase extraction sorbent (Oasis
HLB), and a reversed-phase resin (C18)), elution solvents (ethyl acetate, hexanes, and toluene), elution
volume, sorbent mass to elution volume ratio, and elution method parameters (incubation, shaking, and

sonication times).
2. Validate the optimized passive sampling method for measuring geosmin and 2-M1IB in spiked lake water

3. Conduct field-scale testing in lake water at several sampling sites in Atlantic Canada using this passive

sampling protocol to monitor geosmin and 2-MIB.



CHAPTER 2: LITERATURE REVIEW

Geosmin (trans-1,10-dimethyl-trans-9-decalol, GSM), and 2-Methylisoborneol ((IR-exo0)-1,2,7,7-
tetramethyl-exo-bicyclo-[2.2.21]-heptan-2-o0l;2-exo-hydroxy-2-methylbornane, 2-MIB) are naturally
occurring volatile organic compounds (VOCs) that can be found in drinking water, soil and recirculating
aquaculture systems (Azaria & van Rijn, 2018; Jiittner & Watson, 2007; Mustapha et al., 2021). Both
compounds are characterized by their earthy-musty taste and smell and can be detected by humans at trace
levels of 4 ng L' for geosmin and 15 ng L for 2-MIB (Pochiraju et al., 2021). The chemical structure of
geosmin can be described as a bicyclic sesquiterpenes. It was first isolated from several Streptomyces species
(Actinomycetes) in 1965 (Gerber & Lechevalier, 1965). 2-MIB is a monoterpene. It was independently
isolated from Streptomyces iasaliensis NRRL 3382 and Streptomyces coelicolor A3(2) in 2008 (Komatsu et
al., 2008; C.-M. Wang & Cane, 2008; Yamada et al., 2012). Although actinomycetes produce geosmin and
2-MIB, studies have shown very low correlations between these bacteria and geosmin/ 2-MIB events in raw

and portable water (Shugen Pan, 2002).

Over the years, other sources of geosmin and 2-MIB have been identified. Giglio et al., (2011) confirmed
the biosynthesis of 2-MIB by Pseudanabaena limnetica, a specie of cyanobacteria while geosmin is greatly
associated with several distinct taxa of cyanobacteria, namely, multicellular strains of Oscillatoriales,
Nostocales and Synechococcales (Churro et al., 2020). Cyanobacteria are considered to be a major source of
both geosmin and 2-MIB in aquatic environments where photosynthetic growth is possible (Jittner &
Watson, 2007). They are naturally occurring organisms that exist in nearly every ecosystem, particularly in
aqueous environments (Mullineaux & Wilde, 2021). For protection and survival, cyanobacteria produce
several secondary metabolites including geosmin and 2-MIB in response to biotic and abiotic stresses in the
surrounding environment (Kultschar & Llewellyn, 2018). The environmental stresses that affect the release
of geosmin and 2-MIB by cyanobacteria have been shown to vary regionally. Journey et al. (2013) found

that increased flushing rate, high water flow, depth of mixing zone (>6m), dissolved oxygen, chloride and
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lower nitrogen concentrations were factors that increased the concentration of dissolved geosmin and 2-MIB
in a lake and municipal reservoir located at the Piedmont region of Spartanburg County, South Carolina.
These findings were analogous to a study on five reservoirs in Kansas, USA in which geosmin was monitored
(Dzialowski et al., 2009). Also, cyanobacteria are able to store geosmin and 2-MIB in its cells which can be

released upon death or lysing of the cell (Serracin-Pitti, 2017).

Although the release of geosmin and 2-MIB by cyanobacteria has been well documented, their events may
not always be correlated with increased eutrophication of water sources. Journey et al., (2013) and
Dzialowski et al., (2009) found that in some study sites, geosmin occurrence was uncorrelated with increased

nutrient concentrations and peak points were measured in regions with no observable blooms.

These findings show geosmin and 2-MIB events are episodic in nature and concentrations of these T&O
compounds are likely to fluctuate throughout the year due to the multiple sources and factors that affect their
release in water. And because these compounds cannot be effectively removed (i.e., below human odour
threshold limits) using conventional treatment methods of coagulation, sedimentation and filtration,
applying their optimized treatment needs on a year-round basis could quickly become a financial burden
(Serracin-Pitti, 2017). As such, source monitoring becomes a more cost effective method for the control of
geosmin and 2-MIB within a region. Fortunately, these off-flavour compounds have not been found to be of

any health concern (Oh et al., 2017).

The current techniques used in monitoring these T&O compounds have been highly focused on grab
sampling for water collection followed by sample preparation and analysis. This conventional sampling

method as well as its limitations is discussed in more detail below.



2.1 CONVENTIONAL SAMPLING (OVERVIEW AND ADVANTAGES)

Conventional sampling is also known as grab or “spot” sampling. It is the most commonly used method for
water collection prior to analyte extraction and analysis (Madrid & Zayas, 2007). Conventional sampling
involves the collection of water samples at defined points and times for chemical analysis. Water samples
are collected manually using bottles or via automatic samplers. Conventional sampling methods are accepted
for regulatory and legislation purposes and have the advantage of standardized procedures and volume

quantification of target analytes (Gomes, 2018; Madrid & Zayas, 2007).

2.1.1 Limitations of Conventional Sampling

Data from grab sample analysis may not accurately represent actual water conditions as they describe the
water conditions at that moment of sampling. As a result, it may fail to reflect fluctuations and spatial
variabilities in contaminant concentrations in the water which could lead to an over or under estimation of
the analytes total population load (Gomes, 2018; Madrid & Zayas, 2007). Composite or automated sampling
for water collection is usually used to offset these limitations; However, it can easily become time inefficient
and more laborious. Another limitation of conventional sampling methods is the difficulty in ensuring
effective quality control. The quality of grab sample results is dependent on how well the initial composition
of the sample is maintained from sampling through to analysis (Madrid & Zayas, 2007). Considering the
multiple steps that require human input (collection, transportation, preservation of samples and extraction of
analytes), quality control can easily be impacted which would affect data reliability. Processing methods for
grab samples are oftentimes labour intensive, time consuming and require power operated devices that can
be expensive (Bristow et al., 2019), although these methods are designed to allow for sensitivity in analyte
measurements, the slow turnaround times and low throughput capacity makes grab sampling unconducive

particularly for large scale routine monitoring.



2.1.2 Current Sample Preparation Methods for the Extraction of Geosmin

and 2-MIB from Water.

Sample preparation is the process of extracting, isolating and concentrating analytes from sample matrices
into an analysable format (the final analyte solution) (Choi & Dong, 2005). Different sample preparation
techniques following both grab and passively collected samples have been documented (Bristow et al., 2019;
Vrana et al., 2005). However, in the analysis of geosmin and 2-MIB, grab sampling has been the most
commonly used sample collection method. As such, most current sampling preparation procedures

(elucidated below) are tailored for traditionally collected water samples.

2.1.2.1 Solid-phase extraction (SPE)

Solid-phase extraction (SPE) is an efficient and widely used approach that applies the principles of
chromatography in the separation of the target analytes from collected samples (Bristow et al., 2019; Kegili
et al., 2020). In SPE, a solid sorbent which forms the stationary phase is used to separate target analytes from
the sample matrix (mobile phase) through the principle of adsorption. In conventional sampling, SPE on
water samples is commonly done using a cartridge packed with stationary solid phase particles (sorbent)

(Wells, 2013). Extraction using this device involves four main stages:

a) Conditioning of cartridges: this means using a suitable organic solvent to activate the sorbent by passing
it through the cartridge. After which, the activation is removed by passing a liquid similar in composition

to the sample matrix but containing no analyte (Berrueta et al., 1995).

b) Loading of water samples: following the conditioning step, the water samples are passed through the
cartridges, during which, the target analytes in dissolved state are separated from the sample matrix and

retained on the sorbent (Berrueta et al., 1995).

¢) Washing the cartridges: this is done by passing through the cartridges, a solvent which does not elute the
target analytes for the purpose of removing interfering compounds (Analytical Sciences Digital Library,

2019; Berrueta et al., 1995).



d) Elution: this means removing the compounds retained on the stationary phase using a solvent or a solvent

mixture to which the target analytes have a greater affinity to (Berrueta et al., 1995).

Each of these steps along with control variables such as extraction temperature, sample and solvent volume

and flowrate must be optimized for maximum analyte recovery.

SPE has the advantage of: 1) simplicity in its use, 2) high analyte selectivity, as there is a wide choice of
sorbents, including nonpolar, polar, ion exchange and mixed mode chemistries (Wells, 2013), (e.g., this helps
the analyst determine which is most suitable in obtaining clean extracts for analysis of target analytes), and
3) flexibility of design as SPE devices come in different product formats including disks, cartridges, well

plates and bulk sorbents to meet the unique experimental designs and goals of the researcher (Agilent, 2022).

Disadvantages of SPE technique include: 1) its dependence on organic solvents and control variables, 2) SPE
on grab samples can be time consuming, ranging from 40 (Ikai et al., 2003) to 120 minutes (Abdel Salam,
2007) per sample, and 3) Optimization makes it difficult to manually reproduce results. For improved
reproducibility as well as standardization of extraction procedure and reduction of overall cost, automated
SPE is usually employed (Zheng, 2020). However, this does not rule out the time and labour constraints of
this method. Furthermore, automation is machine dependent and thus susceptible to unpredicted device

malfunction or power failure.

2.1.2.2 Liquid Liquid Extraction (LLE)

LLE involves the partitioning of compounds between two immiscible liquids — the sample matrix also
known as the diluent and a solvent. The separation occurs due to the difference in the solubility of the target
analytes between the two liquid phases. The analyte is transferred from the sample matrix to the organic
solvent by direct immersion of the solvent or via headspace sampling (Barroso et al., 2012).Similar to CLSA
large sample volumes (0.5 -1 L) and organic solvent (40-400 ml) are required (Bristow et al., 2019). To
address this limitation, liquid-liquid micro-extraction (LLME) was developed where solvent volumes of

about 1 ml have been used to obtain good recoveries of geosmin and 2-MIB (Lu et al., 2016; Shin & Ahn,
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2004). In both LLE and LLME, the choice of solvent used is crucial. Issues of low selectivity and sensitivity

using LLE technique have been reported (Rawa-Adkonis et al., 2006).

2.1.2.3 Solid phase micro extraction (SPME)

SPME is a solvent free sample preparation technique where the target compounds are partitioned from the
sample matrix into a collecting medium known as the receiving phase (Kataoka, 2017). The collecting
medium contains a fibre that extracts the target compounds when exposed to the sample matrix for a
predetermined period. The fibre is coated with a liquid polymer or a solid sorbent, this part of the device is
called the stationary phase. Extracted analytes are then released into an analytical device by thermal or liquid
desorption. SPME has the advantage of simplicity, automation, speed, and integration of multiple sample
preconditioning steps (extraction and pre-concentration). It was developed to overcome the limitations of the
SPE and LLE techniques which require large solvent volumes. SPME has become the most commonly used
extraction method for geosmin and 2-MIB analysis (Kataoka, 2017; J. Xu & Ouyang, 2019). The
disadvantages of this method include: 1) dependency on control variables such as sampling techniques,
extraction temperature and time, lonic strength, and equilibrium between stationary and liquid phases, 2)
SPME sampling by direct immersion increases the risk of fibre contamination, which makes it expensive for
routine monitoring. While SPME by headspace sampling has been found to reduce this limitation, it requires

more expertise.

2.1.2.4 Closed loop stripping analysis (CLSA)

This extraction method aims to ‘strip’ an analyte from the sample matrix using a ‘purge and trap’ technique.
A purge gas is pumped through a large amount of the sample from which it carries the target analytes and
retains them on an absorbent trap (often a carbon trap). It is called closed loop because the purge gas moves

from the trap back to the pump in a loop fashion. The CLSA technique produces reliable results at trace



levels (i.e., ng/L) but its usage has declined over the years due to time and labour constraints, operational

complexity, and large sample volume (0.5 — 2 L) requirements (Bristow et al., 2019).

2.1.2.5 Resin Absorption

In this method, a resin adsorbent is added to a given volume of water sample and rolled at a predetermined
speed and time during which the target compounds bind to the resin. The granules are then filtered from the
rest of the sample and dried. The attached analytes are then desorbed into a solvent for analysis (Palmentier

et al., 1998).

2.1.2.6 Stir-bar sorptive extraction (SBSE)

This extraction method is based on the sorption (absorption and adsorption) of the analyte unto a polymer
coated magnetic stir-bar. The adsorption takes place as the coated magnetic rod is stirred in the sample matrix
for a given period of time. After which, the analyte is desorbed either thermally or using a liquid. SPSE
operates at room temperature and due to its polymer thickness, has a greater enrichment factor compared to
SPME. Also, it requires the optimization of enrichment factors such as: sampling techniques, extraction
temperature and time. The major drawback of this method is the long extraction time needed for equilibrium
between the liquid phases to be reached. Camino-Sanchez et al. (2014) recorded an extraction time of 30
minutes for high precision and reproducibility while Ochiai et al. (2001) recorded extraction times for

different sample volumes ranging from 60 — 240 minutes.

2.1.2.7 Purge and Trap (P&T)

This is a solvent free technique that involves the use of an inert gas to purge the target compounds off the
water sample. The purge gas passes through the sample matrix and displaces the target compounds from the
solution, then moves through a trap to a vent, during this process the target analytes are retained on the trap

while the gas leaves through the vent (Deng et al., 2012). Nitrogen or helium has been used as a purge gas
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in several papers (Contarini et al., 1997; Ueta et al., 2022; Vogt et al., 2008). Very low detection limits of
0.08ng/L for geosmin and 1.5ng/dm?3 for 2-MIB were recorded by Deng et al. (2012) using this method.
Similarly, Bristow et al. (2019) noted that one of the merits of the P&T technique is high extraction
efficiency. The demerits of this method are: 1) Contamination of trap from carryover effects, and 2) It can

be expensive and time consuming as it frequently utilises a complicated flow path (Bristow et al., 2019).

2.1.2.8 Static headspace (SH) and Dynamic headspace (DH) Sampling

In SH extraction method, the sample is placed in an air-tight container with a region of empty space above
the sample (called headspace), the sample is then treated with a dilution solvent or matrix modifier to increase
the transfer of volatiles into the headspace. The target compounds are then obtained from the vapour phase
held in equilibrium above the sample (Bristow et al., 2019; Restek, 2000). Since analytes are sampled at
equilibrium, control variables such as: volume of the sample and volatile fraction, temperature, type of
matrix, injection volume and henry’s constant of the analyte must be monitored (Wojnowski et al., 2017). A
major drawback of this method is its relatively low sensitivity (Bristow et al., 2019; Wojnowski et al., 2017).
To offset this limitation high pressure injections have been recommended; However, this makes the process

more complicated and expensive (Bristow et al., 2019; Nakamura & Daishima, 2005)

In DH sampling, the volatile substances which enter the headspace are flushed using an inert gas and are
trapped in a needle type device (Bristow et al., 2019). It is different from SH method in that the analytes are
not sampled at equilibrium and it is more efficient than the P&T technique as the flow of gas is bubbled
through the bulk of the sample rather than passed over the matrix, thus increasing volatile recovery (Soria et
al., 2015); The major challenge of this method is the preconcentration of the vapour phase prior to analysis,

this complicates the extraction process and increases the analysis time (Wojnowski et al., 2017).

Generally, headspace analysis (SH and DH) is time consuming. Also, it is typically used for volatile and

semi volatile compounds otherwise, solid residues would be obtained which may not be compatible with
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commonly used analytical instruments (Kolb & Ettre, 2006). When non-volatile compounds are being

analyzed, pretreatment of the samples prior to sampling might be necessary (Kolb & Ettre, 2006).

The above review demonstrates the need for novel methods which allow for simple, cost effective and fast
detection of these off-flavour compounds at environmentally relevant concentration. An alternative approach
to conventional sampling for water quality monitoring is passive sampling. This method combines sample
preparation and collection as isolation of analytes is done while samplers are deployed in the water (Gorecki
& Namies$nik, 2002). As such, no human input is required during the extraction process. The technique has
the advantages of simplicity, low cost, no power requirement for contaminant extraction, reproducibility and

increased sample throughput (Gomes, 2018).

2.2 PASSIVE SAMPLING

Generally, passive samplers are devices made of a solid or liquid sorbent (receiving phase) often contained
in an inert perforated casing that allows the sampled medium (air, water, or soil) pass through them
entrapping the target analytes in the sorbent. The contaminants are then desorbed from the sorbent for

analysis (Grosse & McKernan, 2014; Watson, 2020).

Although there are variabilities as to when the concept of passive sampling began (Burgess, 2012; Gérecki
& Namie$nik, 2002, 2002), it was first applied in measuring air pollutants and has achieved much recognition
in this field. In monitoring aqueous environments passive sampling has become a rapidly growing technique
with applications in surface water (International Organization for Standardization, 2011; Mazzella et al.,
2010), groundwater (American Society for Testing and Materials, 2014; Auersperger et al., 2022; Soulier et
al., 2016), sediments (Burgess, 2012; Fernandez et al., 2009) and wastewater (Hayes et al., 2021; Schang et

al., 2021).
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The choice of a sampler is based on its affinity to the target analyte, ease of desorption from the sorbent, ease
of handling (sample preparation, shipping, deployment, and retrieval), cost of materials, natural and
anthropogenic stresses acting on the sampling medium such as presence of wildlife/aquatic organisms, water
flow rate, presence of large particulates and expected levels of organic matter. As a result, passive sampling
devices must be designed to meet the specific monitoring goals of the investigator which is oftentimes unique

to the study region and target analytes. Nevertheless, its operating principle is the same.

2.2.1 Operating Principle of Passive Samplers

In passive sampling, the adsorbent material traps the target compounds using the principle of permeation or
diffusion. The material is designed to have high affinity to the target compounds by taking advantage of its
chemical properties (Gorecki & Namies$nik, 2002). Once deployed in water, passive samplers allow the
sampled medium flow freely through it, during which the target compounds present in the dissolved state
experience a strong concentration gradient causing it to move from areas of high concentration outside the
sampler to the initial low concentration inside the sampler until equilibrium is reached (Burgess, 2012; Harte
et al., 2014). While some passive samplers allow most types of chemical constituents through (i.e.,
permeation through a membrane), others allow the diffusion of only selected groups of compounds/target

analytes (i.e., diffusion through a well-defined barrier) (Gomes, 2018).

Passive sampling is a slow process since analytes are allowed to flow freely across the samplers, for this
reason samplers are deployed for a predetermined sampling period during which the sorbents are enriched

with the target compound(s) and retrieved for laboratory analysis.

The term equilibrium is often used in passive sampling calibration calculations (Grosse & McKernan, 2014;
Imbrigiotta & Harte, 2020) and is defined as a condition attained when there is an apparent lack of transfer
of target compounds between the collecting and sampling medium. At equilibrium, the change in the

concentration of the target compound (s) between both mediums is equivalent to zero. (Burgess, 2012).
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2.2.2 Advantages of Passive Sampling

One major advantage of passive sampling over conventional sampling is that it allows for in-situ/on site
extraction of target analytes using principles that do not require power or sophisticated technology.
Extraction materials are typically in inexpensive, locally available, and easy to handle (Burgess, 2012; Hayes
et al., 2021). It combines sample collection and extraction steps which reduces the overall analysis time.
Furthermore, its ability to concentrate target analytes in the environmental phase of interest increases the
methods sensitivity. Since passive samplers provide time weighted concentration of the target analyte(s),
they are more representative of actual water conditions (Gomes, 2018). Due to its high throughput capacity
and portability, passive sampling allows for easy multipoint sampling and access to locations where sampling
may not be feasible using conventional sampling methods (Hayes et al., 2021). Another advantage of passive
sampling is that it allows for high analyte selectively, passive samplers can be designed and optimized to
meet the analyst’s goals. The simplicity of the method makes it easily reproducible. As a result, different

analytes can be targeted based on the adsorbent material chosen.

2.2.3 Application

Passive sampling has been applied in the determination of organic and inorganic compounds in air, water
and soil (Gorecki & Namiesnik, 2002). It has also been used to understand bioaccumulation in organisms
such as benthic invertebrates (Burgess, 2012). With passive sampling, a researcher can determine the time
weighted average (TWA) concentration of analyte in the passive sampler - this is the value gotten from the
analytical instrument that quantifies the concentration of the target analyte desorbed from the sorbent. The
unit of this concentration is reported in terms of analyte concentration per mass of sorbent (e.g., ug/g). One
could also determine the time weighted average (TWA) dissolved concentration of target analyte in the
sampled medium - this is the concentration of analyte in the dissolved phase around the passive samplers.
This information is needed by water utilities to monitor contaminants levels in source water. It is calculated

using equation 1.
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Where:

Cragq = TWA dissolved concentration of target analyte in the sampled medium
Crapg = TWA concentration of analyte in the passive sampler

Kps_q = The dissolved phase partition coefficient of the passive sampler (L/kg)

Note. values for Kpg_g4 are available in scientific literature (Gomes, 2018; U.S. EPA., 2012) for specific
contaminant and passive samplers of which geosmin and 2-MIB is not included. Kpg_g4 values for target

analytes can also be calculated from bench scale equilibrium studies using equation 2.

Kps_q = Eq. (2)

elle
£

Where C,, is the concentration of the compound in the sampler, usually expressed in ng/g, and C,, is the water
phase concentration for the same compound in ng/L. An experimental approach to determine Kpg_q values
by equilibration, is to maintain constant aqueous concentration (i.e., constant C,, ) or to allow these
concentrations change over time (single dose design) and evaluate Kpg_gq from the concentration in both

phases (Cp, and C,y) at equilibrium (Gomes, 2018).

2.2.4 Passive Sampling Devices

There is a plethora of passive samplers and sorbent materials commercially available and applied in literature
but only a limited research on its application in the determination of geosmin and 2-MIB is available (Liu et
al., 2011; Tadesse, 2021). Some studies have however evaluated various passive sampling materials and
extraction methods for organic and/or odorous compounds with similar chemical properties to geosmin and

2-MIB. These properties include: hydrophobicity and moderate polarity (Young et al., 2014). This section
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will attempt to review the passive samplers and sorbent materials used in these studies and potential

applications for geosmin and 2-MIB source water monitoring.

Polar Organic Chemical Integrative Sampler (POCIS)

This is a passive sampler that consists of an array of sampling disks mounted on a support rod (Harman et
al., 2012). Each disk consists of a solid sorbent sandwiched between two polyethersoulfone (PES)
microporous membranes which are then compressed between two stainless steel rings that allow the
collecting medium to be exposed to the water (figure 1). Typical sorbents used with POCIS for monitoring
organic or polar compounds in aqueous environments have included :triphasic sorbent admixture, a
hydrophilic-lipophilic-balanced sorbent (Oasis HLB), a functionalized polymeric sorption material
containing N-vinylpyrrolidone (Strata-X), a mixed mode anion-exchange sorbent (Oasis Max), a mixture of
ionic liquid and C18-Silica Sorbent (Alvarez et al., 2004b; Brophy, 2019; Godlewska et al., 2021; Mazzella

et al., 2010; Soulier et al., 2016; L. Wang et al., 2017).

Figure 1. Polar organic chemical integrative sampler (POCIS) retrieved from a lake after 28 days of

exposure time. Adapted from Brophy (2019).

After deployment time, the POCIS is opened, and the sorbent retrieved from the PES membrane. Solvents
are used in extracting the target analytes from the sorbent using a solid phase extraction (SPE) technique

most suitable and efficient (Ibrahim et al., 2013).
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The use of POCIS with suitable sorbent has shown good recoveries and high sensitivity. POCIS also has the
advantage of allowing kinetic uptake for a duration ranging from 1week to two months (Wurl, 2009). One
limitation of POCIS noted by Soulier et al. (2016) was that the diffusion coefficient of hydrophobic
compounds through the PES membrane was low due to a biphasic absorption that occurred in the PES
membrane and in some cases, hydrophobic compounds were present in the PES membrane and did not pass

into the sorbent.

Chemcatcher

These samplers consist of a 47-mm C-18 Empore disk containing octadecyl silica which acts as a receiving
phase in the sampled medium. The disk is covered with a diffusion-limiting membrane material made of
polysulphone (PS) for polar analytes and housed in an immobile covering made of polytetrafluoroethylene
(PTFE) fibrils (Ahkola et al., 2012; Vrana et al., 2006). Chemcatcher’s for polar and non-polar compounds
are available. Before deployment, the Empore disks are pretreated with different solvents to form a good
interface between the sorbent and the sample matrix. After the deployment time, the Empore disk is removed
from the sampler body and extracted using a suitable solvent and SPE technique suitable for the compounds

of concern (Ahkola et al., 2012).

Although C18 Empore disk was the solid-phase sorbent material used in the development of the Chemcatcher
(Kingston et al., 2000) and has been the most widely used material after, some studies have evaluated the
recovery efficiencies of other sorbent materials. For example, Rimayi et al. (2019) used a HLB sorbent as
the receiving phase for the Chemcatcher and got good recoveries. Another popular sorbent material used
with the Chemcatcher is Styrenedivinylbenzene-reverse phase sulfonated (SDB-RPS) sorbents (Kaserzon
et al., 2014; Shaw et al., 2009; Vermeirssen et al., 2009). Figure 2 shows a sample of the chemcatcher

deployment kit as well is its general configuration.
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Figure 2. General configuration of the chemcatcher and deployment kit. Labelled elements of the
chemcatcher (left), adapted from Ahkola et al (2012). Chemcatcher deployment kit (right), adapted from
Chemcatcher (2022).

Fibres

Auersperger et al. (2022) used active carbon fibres (ACF- Zorflex® FM10) to detect a wide range of organic
compounds from passive sampling in groundwater wells. The adsorbents were contained in stainless steel
meshes and lowered into the borehole. After the exposure time (which ranged from 2 weeks to 6 months),
the samplers were retrieved, and analysis was done by solid phase extraction of the target analytes from the

ACF sorbent.

Similarly, Liu et al. (2011) used polypropylene glycol coated hollow fibre (PGHF) membranes for field
sampling of geosmin and 2-MIB. Using equilibrium sampling methods for an exposure time of 1 h, PGHF
membranes were used to extract geosmin and 2-MIB from 500mL water samples collected on the field, after
which the analytes were extracted from the fibre using liquid desorption and stored in 200 pL glass insert
placed into 2 mL brown glass vial with PTFE sealed screw cap. The glass vial containing the solution was
then transported to the lab for further analysis using headspace SPME and detection/quantification using
GC-MS. The method used in this study could be defined as a combination of passive and grab sampling
techniques and while it addresses some of the limitation of conventional sampling methods such as the need

to preserve and ship grab samples to the lab for analysis, it does not address labour and cost limitations as

18



bottles are prepared for on-site sampling, samplers are handled during extraction and a considerable time is
needed for equilibrium between both sampling phases to be attained. Furthermore, since samplers are not
deployed directly into the water body, the advantage of time weighted concentration and representativeness
of actual water conditions linked with passive sampling cannot be confidently attributed to this hybrid

method.

Some advantages of this method compared to other passive sampling techniques are its ability to provide
results from one field trip and represent them in terms of concentration (mass/volume or
concentration/volume). Most passive samplers produce flux results (mass/time or concentration/mass) which
is not commonly used and would require kinetic studies and an understanding of the environmental
conditions to derive the concentration of dissolved compounds in the sampled medium (Imbrigiotta & Harte,

2020).

Semi-Permeable Membrane Device (SPMD)

This is a type of passive membrane sampler that was developed primarily for sampling hydrophobic, semi-
volatile organic compounds and pesticides in surface water but has since then been adapted to measure a
wide spectrum of both organic and inorganic compounds (Godlewska et al., 2021). The SPMD is composed
of a lay flat, low-density polyethylene (LDPE) tubing containing triolein that is attached to a support as
shown in figure 3. Triolein is a pure, high-molecular weight lipid (triglyceride) that is highly sorptive of
semi-volatile organic compounds and pesticides (Imbrigiotta & Harte, 2020). When placed in water, SPMDs
passively accumulates the target compounds by membrane—lipid—water partitioning. For this reason, the
structure of the SPMD sampler is said to simulate the surface and fatty tissues of a fish (Imbrigiotta & Harte,
2020). SPMDs have been used to monitor hydrophobic contaminants that are bioavailable to aquatic
organisms (Gourlay et al., 2005). In principle, when these compounds flow past the SPMD they experience

a strong concentration gradient to move into it where there are partitioned into the polyethylene membrane
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and accumulate in the triolein (Gourlay et al., 2005). After recovery, the sampler is taken to the laboratory

where the triolein is removed and extracted with a suitable solvent.

Figure 3. Semi-permeable membrane device (SPMD): a length of low-density polyethylene tubing
containing triolein (left) and SPMD casing (right). Adapted from Tadesse (2021).

Innovative Samplers - The Covid-19 Sewer Cage (COSCa)

The flexibility in the design of passive samplers has led to the development of optimized and novel passive
samplers for different target compounds (Tadesse, 2021). One of such is the COVID-19 Sewer Cage
(COSCa) developed by a PhD student at the Centre of Water Resources Studies (CWRS), Dalhousie
University, Halifax for sampling SARS-CoV-2 in wastewater at low prevalence areas (Hayes et al., 2021).
This 3D printed passive sampler was built upon the concept of another innovative passive sampling approach
in wastewater monitoring -the Moore swab concept (Matrajt et al., 2018). The COSCa (figure 4) was
developed to minimize over-saturation of solids on the adsorbent material and to prevent its loss and damage.
In the study (Hayes et al., 2021), electronegative filters were selected after an assessment of different
absorbent materials for maximum recovery of heat-inactivated SARS-CoV-2 reference material from
deionized water and wastewater. In field sampling, after the deployment time, the COSCa is retrieved, and
the filters removed for the extraction and analysis of SARS-CoV-2 following an elution - RNA extraction -

RT-qPCR analysis procedure explained in the literature.

The COSCa is a 10 cm diameter hollowed sphere with 26 holes, with each hole having a 1.5 cm diameter to

foster non-restrictive flow. The COSCa was printed with acrylonitrile butadiene styrene (ABS) plastic, an
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engineered thermoplastic with a high melting point that can withstand high autoclave temperatures. The
COSCa was printed with solid walls to provide sufficient mass for complete submersion in water (Hayes et

al., 2021).

Figure 4. COVID-19 sewer cage (COSCa) passive sampler (external and internal view). Adapted from
Hayes et al (2021).

2.2.5 Limitations of Passive Sampling

Passive sampling may require two field trips for the deployment and retrieval of samplers. When a long
deployment period (i.e. over 24 hours ) is required before sample analysis, it may become a limiting factor
if immediate results are needed. For example, during a pollution episode that occurs when no prior
monitoring strategies for the contaminant have been in place. Another limitation of passive sampling is the
use of flux measurements (mass/time). In water quality monitoring and regulation, communication of results
in mass/volume measurements is more commonly used (Imbrigiotta & Harte, 2020). As such, further
calculations and calibration is required to obtain a similar concentration measurement from the passive
samplers (Burgess, 2012). Another factor to consider when using a passive sampling approach is the
relatively high solvent volumes that may be required for analyte extraction due to the large surface area of
most adsorbent materials used (Harte et al., 2014). Also, passive samplers are usually designed for high
selectivity of target compounds. Although this can be viewed in the positive, there is a wide range of

parameters for water quality monitoring, as such, there is need to develop passive sampling approaches that
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allow for the detection of multiple target compounds otherwise there will remain a dependence on

conventional sampling even with simultaneously collected passive samples.

2.3 ANALYTICAL APPROACHES FOR THE DETECTION OF GEOSMIN

AND 2-MIB

Detection and/or quantification of the target analytes follows the sampling and extraction steps. Detection
methods are usually similar regardless of the sampling or analyte extraction method used (Bristow et al.,
2019). The analyst is to ensure the sample preparation method adopted allows for the detection of the target
analytes and produces a final solution that is compatible with the instrument, sample preparation methods
that improve the sensitivity of analytical instrument are desirable. The following detection methods have

been used in the analysis of geosmin and 2-MIB:

e Gas chromatography- Mass spectrometry (GC/MS) (Elliot Wright et al., 2014; Ikai et al., 2003)

e Qualitative Polymerase Chain Reaction (QCPR) (Devi et al., 2021; Su et al., 2013)

e  Gas chromatography- positive chemical ionization (GC/CI) (Lu et al., 2016)

e Gas chromatography - Flame ionization detector (GC/FID) (Lloyd et al., 1998)

e Gas Chromatography—Differential lon Mobility Spectrometry (GC-DMS) (Camara et al., 2013)

e Enzyme Linked Immunoabsorbent Assay (ELISA) (Chung, 1992; Chung et al., 2002)

e Bioelectronic nose (Son et al., 2015)

e Electronic tongue (Migliorini et al., 2020; Son & Park, 2018)

e Bromine reaction (Hensarling & Waage, 2002)

The most common detection method used is a combination of Gas chromatography for analyte separation
and Mass spectrometry for detection (Bristow et al., 2019). This combination provides for sensitivity and
trace analysis of target compounds. For this study, Geosmin and 2-MIB was detected using GC-MS. This

method is explained below:
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2.3.1 Gas Chromatography (GC)

In chromatography, the separation of individual compounds in a mixture is achieved when the mobile phase
is passed over a stationary phase. The differences in their affinities to these phases results in their separation
(ACS Reagent Chemicals, 2017).

Gas chromatography is principally used to separate volatile and thermally stable materials from a sample by
distributing its components between a mobile and stationary phase. The mobile phase consists of an inert gas
while the stationary phase is found in the column and consist of non-volatile liquid phase coated on a porous
solid support. After the sample is injected into the GC instrument, it is vaporized in a vaporization chamber
containing an inert gas and attached to a chromatographic column. The inert gas in the vaporization chamber
helps to move the sample into the column. Once in the column, various components of the sample are
separated by virtue of their partition coefficient. For example, components which are more soluble in the
liquid stationary phase are carried more quickly through the column by the inert gas. A gas chromatograph
is mainly a separation tool and requires a detection instrument for the identification of sample components
or measurement of target compounds (ACS Reagent Chemicals, 2017; Kaur & Sharma, 2018). A wide
variety of detectors (listed above) are used to quantify and/or identify the components in the eluent from the

column.

2.3.2 Gas Chromatography - Mass Spectrometry (GC-MS)

Gas chromatography—mass spectrometry (GC-MS) is one of the most common techniques used in the
analysis of many compounds including VOCs, moderately and non-polar compounds (Falaki, 2019; Reber,
2014; Rockwood et al., 2018). Mass spectrometers are used to separate ions of various compounds according
to their charge to mass ratio. After the compounds of a sample have been separated by the chromatograph,
Gas phase ions of each compound is produced using electron ionization. These ions provide information
concerning the nature and the structure of their precursor molecule. The ions produced are passed into mass

analyzers which separate the various ions. The abundance each kind of ion is measured using detectors and
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finally a data processing system helps to develop a unique spectrum for each ion based off a comparison
between the abundance of the ion and its charge to mass ratio (Hoffmann & Stroobant, 2007). In Tandem
mass spectrometry (GC-MS/MS), two mass analyzers are coupled with each other using a collision cell. It
differs from MS as it performs mass analysis on the gaseous ions at least twice. From MS, the molecular
weight of the parent compound is determined. In MS/MS the parent compound is fragmented further to
improve specificity and provide insight into structure elucidation and identifying elementary (Spencer et al.,

2021).
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CHAPTER 3: MATERIALS AND METHODS

3.1 METHOD DEVELOPMENT
3.1.1 Chemicals, Reagents, Standards, and Adsorbents

Preparation of solutions

Ultra-pure deionized (DI) water with total organic carbon (TOC) concentration of <2 pg L' and a resistivity
of 18.2 MQ cm produced from a Milli-Q® purification system (Reference A+, Millipore) was used to prepare
the positive control sample (a sample spiked with the same concentration and undergoes the same analysis
as the test samples) for each experiment. A geosmin and 2-MIB working solution containing 1500 ug L' of
each analyte was prepared by spiking 9850 uL of MeOH (optima grade, Fisher Scientific, Ottawa, ON, CA)
with 150 pL of a geosmin and 2-MIB mix stock containing 100 pg mL™" of each analyte (Sigma-Aldrich

Canada, Oakville, ON, Canada) in a 10-mL volumetric flask.

Five calibration standards for geosmin and 2-MIB analysis were prepared using the 1500 pg L' working
solution at concentrations of 1, 1.5, 3, 6, 12, 24, and 48 ug L"'. Calibration standards were prepared in a 10
mL volumetric flask using 9500 pL of ethyl acetate (HPLC grade, Fisher Scientific, Ottawa, ON, CA))
spiked with 500 uL. Camphor Internal Standard which was prepared to a concentration of 200 ug L In

MeOH (camphor 96% from Sigma-Aldrich Canada, Oakville, ON, Canada).

Ethyl Acetate (EA, HPLC Grade), hexanes and toluene (99%) purchased from Fisher Scientific (Ottawa,

ON, CA) were used as elution solvents.

Preparation of Adsorbents for bench scale studies

C18 bulk sorbent (SELECTRASORB™ endcapped, Chromatographic Specialties Incorporation, Brockville,

ON, CA), granulated activated carbon (GAC, FILTRASORB 300, Calgon Carbon, Moon Township, PA)
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and Oasis HLB bulk sorbent (Waters Limited, Stamford Ave., Altrincham, UK) were used as passive
sampling adsorbents. Depending on the bench-scale experiment, different masses of adsorbents (500, 1000
or 1500 mg) were measured into 25-um pore size nylon mesh bags, which were then heat-sealed using a

Tabletop Impulse Sealer-8” and placed into stainless-steel casings (9.7 x 6.6 x 5.6 cm) (Figure 4).

Preparation of Adsorbents for field experiments

C18 bulk sorbent was measured into 25-um pore size nylon mesh bags and placed into the cyanobacterial
and algal toxin sampling cage (CATSCa). The CATSCa (Figure 9) is a 3D printed passive sampling device,
it is 90-mm in diameter and designed to hold the adsorbents in place during field deployment. The holes at
the top, bottom, and sides of the CATSCa allows water to flow freely through it and contact the material
inside. The device was printed with acrylonitrile butadiene styrene (ABS) plastic and solid walls for
sufficient mass to enable its complete submersion in the aqueous environment. The CATSCa is a
modification of the COVID-19 sewer cage (COSCa) developed by Hayes et al. (2021), with the major design
change being the incorporation of six chambers to allow for more cyanobacterial targets. During deployment,
the CATSCa was secured with a nylon rope and attached to trees on the shoreline to ensure feasible

deployment and retrieval.

Figure 5. The 3D-desinged (left) and printed (right) cyanobacterial and algal toxin sampling cage (CATSCa)
containing the adsorbent prepared in a heat-sealed nylon bag.
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Source water collection for method development and validation

Seven 19-L buckets were used to collect lake water from Pockwock and Bennery lake in Halifax, Nova
Scotia, Canada on separate calendar days between February and June 2022. The water samples were
transported to Dalhousie University and stored at 4 °C to preserve samples prior to analysis. Water samples
suspected of containing the target compounds were left open for at least 24 h to allow evaporation of geosmin

and 2-MIB.

3.1.2 Bench-Scale Experimental Design

To develop a passive sampling technique for the determination of geosmin and 2-MIB in source water, a
series of bench-scale experiments was performed and has been summarized using a flowchart presented in
figure 8. Each experiment involved three stages of analysis: passive sampling of target compounds in spiked
water samples, elution of target compounds from adsorbent, and geosmin and 2-MIB analysis via GC-MS.
Experiments for the optimization of each method parameter was carried out using these three stages of

analysis.

3.1.2.1 Passive Sampling of Target Compounds in Spiked Water Samples

Glass jars (533 mL) were filled with 500 mL DI or lake water and spiked with geosmin and 2-MIB to a
concentration of 0.25 ug L. To achieve uniform mixing of the spiked water samples and minimize analyte
loss due to volatilization, the jars were sealed tightly, placed on an orbital shaker, and stirred for 30 min.
Following the 30-min incubation, the shaker was stopped, and the prepared adsorbents (contained in the heat
sealed nylon bags) were placed into perforated stainless-steel casings for complete submersion in the spiked
samples. The casings were secured with a thin thread and suspended in the spiked water samples by tightly
sealing the thread against the lid of the jar. The samples were mixed at 150 rpm for 24 h at room temperature
(21 £ 2 °C). Figure 5 shows the bench scale setup and specific materials for the passive sampling of geosmin

and 2-MIB in spiked water samples.
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Figure 6. A bench scale setup for the extraction of geosmin and 2-MIB from spiked DI and lake water
matrices. A. a batch of samples stirring on an orbital shaker; B. a stainless-steel casing contained an adsorbent

immersed in the spiked sample; C. a pre-measured mass of adsorbent inside a heat sealed nylon bag

3.1.2.2 Elution of Target Compounds from Adsorbent

After the 24-h stirring period, the adsorbents were removed from the jars and placed into plastic centrifuge
tubes containing an elution solvent. The centrifuge tubes were then sealed, shaken vigorously for 1 min, and
allowed to separate into aqueous and organic phases. From the organic supernatant, a 1425-uLL volume was
transferred into a 2-mL autosampler vial, and 75 pL of the 200-ug L' camphor internal standard was added

to each sample. The vials were then covered using the autosampler caps having PTFE liner (figure 7).

A B C

Figure 7. Elution of target compounds from adsorbent and sample preparation for analysis. A. adsorbent
transferred into centrifuge tubes containing an elution solvent; B. separation of layers after shaking; C.

eluate transferred into 2mL autosampler vials and spiked with camphor internal standard.
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3.1.2.3 Geosmin and 2-MIB Analysis by GC-MS

Separation and detection of analytes was done by gas chromatography—mass spectrometry (GC-MS)
utilizing parameters outlined in Wright et al., (2014). A volume of 1 pL was injected on a Varian CP-3800
Gas Chromatograph with a capillary column of 30 m % 0.25 mm x 0.25 mm (length(L) x internal diameter
(D) x film thickness (FT)). The sample was injected by a CP-8400 autosampler, equipped with an Agilent
Ultra inert 4-mm gooseneck liner containing glass wool, at an injector temperature of 200°C. Pure helium
was used as the carrier gas at a constant flow rate of 0.7 mL min'. The GC oven temperature started at
60 °C, held for 0.5 min, then ramped to 300 °C at a rate of 20.0 °C min™' with no hold. An ISQ Single
Quadrupole Mass Spectrometer purchased from Fisher Scientific, Ottawa, ON, CA, was used for detection.
The parent ion masses for geosmin and 2-MIB were 112 and 95 (Da), respectively, while the product ion

masses were 97 and 125 (Da) for geosmin and 67 and 108 (Da) for 2-MIB.

|
I 2. Prepare q
kel water samples mples on orbital
adsorbents L i shaer for 30 mins
matrix blank) y

4. Immerse an adsorbent
in each water sample.
Cap and stir at 150 rpm
for 24hrs. (steel casing
used to aid sample
submersion and retrieval)

5. After stirring period,
transfer adsorbent into
elution solvent.

Elute target analytes by
shaking manually for 1
minute

6. Measure an
7. Analysis via Gas - aquilot of the
chromatography- y sample into 2ml GC

Mass spectrometry vial and spike with
Internal Standard

Figure 8. A flow chart of the sample preparation method for the passive sampling of geosmin and 2-MIB

from lake water matrix
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3.1.3 Optimization of Parameters for Geosmin and 2-MIB Extraction and
Recovery

To optimize geosmin and 2-MIB recovery from passive sampling materials, the described bench-scale

experiments were conducted to access the following parameters: 1) adsorbent material, 2) elution solvent, 3)

elution volume, 4) adsorbent mass and 5) elution methods (i.e., incubation, shaking, and sonication times).

All parameters were tested in batches comprised of three spiked sample replicates, a lake water matrix blank

(MB), and a spiked DI water sample (positive control). A summary of all parameters optimized is presented

in figure 9.

Adsorbent material: The efficiency of GAC, Oasis HLB, and C18 bulk adsorbents in recovering geosmin
and 2-MIB from source water was assessed. GAC was chosen as it has been shown to have high geosmin
and 2-MIB removal efficiencies (Mustapha et al., 2021) while Oasis HLB and C18 have been used in several
studies as adsorbent materials for passive sampling of organic pollutants (Alvarez et al., 2004b; Harman et
al., 2012; Mazzella et al., 2010; Vrana et al., 2006). In this experiment, 500 mg of each adsorbent material
was submerged into 500-mL lake water samples spiked to 0.25 pg L' and stirred for 24 h on an orbital
shaker. After the stirring period, the target compounds were eluted from each adsorbent using 5 mL of ethyl

acetate and analyzed via GC-MS.

Elution Solvent: The experiments in this section were used to assess the elution efficacy of three solvents
(ethyl acetate, toluene, and hexane) in extracting the target analytes from the passive sampling adsorbent.
All three solvents were selected due to their miscibility with water, making them GC-amenable. Each solvent
was used to extract geosmin and 2-MIB from 500 mg C18 that had been stirred for 24 h on an orbital shaker
in 500 mL lake water samples spiked to 0.25 pg L', Extraction was performed using 5 mL of elution solvent

resulting in a 100-fold concentration of the target analytes. Eluted samples were analyzed via GC-MS.
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Absorbent Mass-to-Elution Volume Ratio: To optimize the elution volume, 500 mg C18 immersed into
500 mL lake water samples spiked to 0.25 pg L and stirred on an orbital shaker for 24 h were eluted with
three different volumes of toluene (5, 7.5 and 10 mL) and analyzed via GC-MS. The different volumes had
concentration factors of 100, 66.7, and 50 respectively. Recovery efficiency for samples of each elution
volume was calculated based on expected analyte concentration in the eluate. At this point of the study, a
reduction in the GC-MS sensitivity for geosmin and 2-MIB was observed while using toluene as an
elution/injection solvent. As such, the suitability of ethyl acetate as a substitute elution solvent for toluene

was assessed in the following experiment (optimization of Adsorbent mass).

Adsorbent Mass: The next optimization step involved experiments to assess different masses (500, 1000,
and 1500 mg) of C18 for the recovery of geosmin and 2-MIB from 500 mL lake water samples spiked to
0.25 pg L', After the 24-h stirring period, the adsorbents were retrieved for analyte extraction. The 500-mg
C18 adsorbents were eluted with 7.5 mL of toluene. To maintain this sorbent mass-to-elution volume ratio,
15 and 22.5 mL was used to elute the 1000- and 1500- mg C18 masses, respectively. Eluted samples were

analyzed via GC-MS. Experiments in this section were repeated but using ethyl acetate as the elution solvent.

Incubation time: To assess the impact of incubation time on analyte recovery, geosmin and 2-MIB were
extracted from 1500 mg C18 after a 24-h stirring period in 500-mL lake water samples spiked to
0.25 pug L. The C18 was eluted in 50-mL centrifuge tubes containing 22.5 mL of ethyl acetate. After
vigorous shaking for 1 min, the samples were allowed to incubate for 5 min at room temperature, then

analyzed via GC-MS.

Shaking Time: Experiments were conducted to evaluate 2- and 3- min elution shaking times for maximum
geosmin and 2-MIB recovery. C18 adsorbents (1500 mg) were retrieved from 500 mL lake water samples
spiked to 0.25 pg L! after a stirring period of 24 h and eluted in 50-mL centrifuge tubes containing 22.5 mL
of ethyl acetate. Samples from each elution shaking time were analyzed via GC-MS.
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Sonication Time: These experiments were conducted to evaluate geosmin and 2-MIB recoveries obtained
with the inclusion of a sonication step after samples have been shaken in an elution solvent for 1 min. After
the extraction of geosmin and 2-MIB from 500-mL lake water samples spiked to 0.25 pg L, the retrieved
1500-mg C18 adsorbents were eluted in 50-mL centrifuge tubes containing 22.5 mL of ethyl acetate. The
samples were then then sonicated at either 5, 10 or 15 min using a Fisher Scientific FS30D (Waltham, MA,

US). After each sonication, the samples were retrieved for analysis via GC-MS.

OPTIMIZATION PARAMETERS

mEM™

C18 GAC Oasis Ethyl Toluene Hexane Sml 75ml 10 ml
HLB Acetate
ELUTION ELUTION
ADSORBENTS SOLVENT VOLUME

15g Shaking Incubation  Sonication

05¢g ¢ ; .
time time time
: (1,2 & 3 mins) (0 & 5mins) (5,10 & 15 mins)
ADSORBENT ELUTION
MASS METHOD

Figure 9. Flowchart of parameters optimized for the passive sampling of geosmin and 2-MIB in water.

3.1.4 Geosmin and 2-MIB Recovery Calculations

All experiments conducted to assess different parameters for geosmin and 2-MIB recovery efficiency were
carried out in triplicate. Mean recovery values with standard deviation (SD) and %RSD were calculated. The

analyte percent recovery was calculated using Equation 3:

mean concentration of analyte measured

Analyt %) = X 100
nalyte recovery (%) expected analyte concentration in eluate Eq. (3)
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While the total geosmin/2-MIB concentration expected at the end of analysis (i.e., the expected concentration

in the final sample extract/sample eluate) was calculated using Equation 4:

. . Cs X VW
Expected analyte concentration in sample eluate = V. Eq. (4)
S

Where:
Cs = concentration of geosmin/2-MIB spiked into the water sample at the beginning of the experiment
Vw = volume of the water sample containing Cg

Vs = Volume of solvent used to elute Cg from the adsorbent material

3.2 METHOD VALIDATION PARAMETERS

Method validation can be defined as the determination of the suitability of a test method for a given
application based upon several data quality parameters, such as precision, accuracy, matrix effect, sensitivity,
limits of reliable measurement, and ruggedness of the method (Brian, 2003). New methods must be validated
before they can be used for routine monitoring in the environmental phase of interest (US EPA, 1999). In
this work, a passive sampling method for the determination of geosmin and 2-MIB in source water was
developed. Different adsorbent materials, elution solvents, sorbent mass-to-elution volume ratio and
additional elution method parameters have been optimized for improved analyte recovery. This method was
further validated for the following analytical performance characteristics also described in Sweeney et al.
(2021): accuracy (recovery and process efficiencies, RE (%) and PE (%), respectively), precision (intra and
inter-day precision), linearity, matrix effects (ME (%)), method detection limit (MDL), and limit of

quantitation (LOQ).

The accuracy of the method was evaluated through the determination of RE (%) and PE (%). Both parameters
were evaluated by assessing analyte (geosmin and 2-MIB) recoveries of five test sample replicates at two
spiked concentrations (0.27 and 0.54 pg L' initial spike concentration, which corresponded to 6 and 12 pg

L', respectively, following the 22.2-fold concentration step). RE (%) was determined using Equation (5).
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RE (% mean concentration of analyte measured 100 Eq. (5)
= X .
(%) mean PExs concentration a

The matrix post-extraction spiked control sample (PExs) concentration refers to samples spiked with
geosmin and 2-MIB only after the elution process (prior to GC-MS analysis). PExs samples represent analyte
concentrations at 100% recovery efficiency while incorporating any matrix effects. PExs samples were

spiked at the expected analyte concentration in the final sample extract (i.e., 6 and 12 pg L).

PE (%) was evaluated using Equation (6). Here, the mean recovery of the test samples (n=5) was compared
to the concentration of the analyte in pure solvent which was prepared using ethyl acetate spiked with
geosmin and 2-MIB to a concentration of 6 and 12 pg L™ representing the expected analyte concentration in
the sample eluate (final sample extract). PE (%) compares the recovery efficiency of test samples to that of

samples that are not impacted by analyte loss due to matrix effect and during sample processing.

mean concentration of analyte measured
PE (%) = , , x 100 Eq. (6)
concentration of analyte in pure solvent

Matrix effect is described as a phenomenon where interfering compounds cause a bias (suppression or
enhancement) in analyte recoveries. ME(%) can significantly affect the quality of results hence its evaluation
should be included in the development and validation of an analytical method (Bienvenu et al., 2017,

Sweeney et al., 2021). In this study, the ME (%) was determined using Equation (7).

mean PExs concentration
ME (%) = , , x 100 Eq. (7)
concentration of analyte in pure solvent

Where PExs concentration is defined above (Equation 5). This calculation (ME(%)) isolates the effects of
the matrix on analyte recovery by comparing the recovery of analytes from test samples that are impacted
by matrix effects alone (PExs) to samples that are neither impacted by matrix effects nor sample processing

(samples prepared in pure solvent).
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Method precision was evaluated through determination of RE (%) and expressed as %RSD. Intra-day
precision was evaluated at 0.54 ug L' (n = 5) by repeating the extraction procedure twice within a 24-h
period, while inter-day precision was assessed at 0.54 pug L' (n = 5) by repeating the extraction procedure

on three different calendar days.

Linearity was assessed using five sample replicates at three spiked concentrations (0.045, 0.27, and 0.54 ug
L' which corresponded to 1, 6 and 12 pug L, respectively, following the 22.2-fold concentration step). A
regression line for each analyte was generated and linearity was evaluated using the correlation coefficient

(R? value).

The MDL for the extraction of target compounds from lake water matrix was determined based on the
procedures outlined in Definition and Procedure for the Determination of the Method Detection Limit,
Revision 2 (US EPA, 2016). Using the developed passive sampling method, ten samples spiked with geosmin
and 2-MIB to a concentration of 0.045 pg L' (which resulted in a final concentration of 1 pg L™ following
the 22.2-fold concentration step) and 10 MBs were processed on three separate calendar days. The MDL for

both the spiked samples and MBs was calculated and the higher MDL value of the two was reported.

The LOQ was calculated as ten times the SD of the 10 replicate spiked sample measurements used in the

MDL study.

3.3 FIELD DEPLOYMENT FOR THE PASSIVE SAMPLING OF
GEOSMIN AND 2-MIB IN SOURCE WATER (PROOF OF CONCEPT
STUDY)

The developed passive sampling method was field-tested in six lakes in Nova Scotia, Canada: Lake Banook,
Shubie, Penhorn, Oakfield, Cunard, and Kearney lakes. Eight sampling events were conducted at each
location between late May and July 2022. These sites were selected as they are recreational lakes that have

been issued a "no swim" advisory due to potential blooms of cyanobacteria - organisms that produce geosmin
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and 2-MIB. Samples were collected from two separate locations at Lake Banook and Shubie (marked as A

and B for each site) while only one location was sampled at the other four lakes.

For each passive sampling event, 1500 mg of C18 was prepared in a heat-sealed nylon bag, placed into a
CATSCa, and deployed for 7 days. Following the deployment period, the CATSCa was retrieved and placed
into a plastic bag containing water from the sampling site during transportation to the laboratory (Dalhousie
University) on ice. This ensured the adsorbent remained wet until analysis to avoid volatilization of target
analytes from the adsorbent. The samples were refrigerated at 4°C and analyzed within 24 h. Adsorbents
were eluted in 50-mL centrifuge tubes containing 22.5 mL ethyl acetate following the procedures outlined
in the bench scale experimental design for the elution of target compounds. Some adsorbents had large
amounts of particulates covering the surface of the nylon bags used to hold the C18. These samples were
either gently rinsed with ultra-pure water or cleaned with Kim wipes prior to sample elution. Both measures
were shown to have no impact on analyte recoveries. Before placement of new adsorbent and redeployment,

the CATSCa’s were first disinfected with chlorine (10% by vol) with a minimum contact time of 30 min.

As the volume of water to which the passive sampler was exposed during each 7-day deployment remains
unknown, semi-quantitative analysis was performed using the concentration of target analytes eluted from
the passive sampling adsorbent and reported in ng g'. This value was equal to the analyte concentration
measured in the sample eluate (ng L), multiplied by the elution volume (0.0225 L) and divided by the

adsorbent mass (1.5 g) and recovery efficiency determined in the validation study (Equation 8).

Analyte concentration in final extract (ng L™1) x Elution Volume(L)

Conc. = Eq. (8
onc.ps (ng/g) Recovery factor X Mass of Absorbent (g) a-®)

Where Conc.pg = Concentration of analyte in the passive sampler.

Following each passive sampling deployment period, grab samples were collected at all sampling sites using

1-L amber glass bottles and transported to the laboratory (Dalhousie University) on ice where they were
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preserved at 4°C. Collected grab samples were prepared using SPE method and analyzed via GC-MS
following parameters described in Elliot Wright et al. (2014). In this work, an automated SPE and precise
handling system (GX-271 ASPEC obtained from GILSON, Middleton, USA) was used. Each sample was
loaded onto an SPE cartridge (Waters Sep-Pak tC18 3cc 500 mg, 37-55 pum cartridges obtained from Waters,
Mississauga, ON, Canada) and allowed to pass through it at a constant flowrate. Ethyl acetate — an elution
solvent was passed through the cartridge to elute the target analytes from the solid phase sorbent. Using this
method, the analyte detection limit for grab sample analysis was determined with seven samples spiked to 1

ng L'1. MDLs were 0.6 ng L'! and 0.7 ng L™ for 2-MIB and geosmin, respectively.

Detection rates for both the passive and grab sampling events were calculated using Equation 9:

) Number of detections per analyte
Detection rate (%) = _ X 100 Eq. (9)
Number of sampling events

3.4 STATISTICAL ANALYSIS AND CALCULATIONS

Recovery experiments to assess the performance of different parameters for the determination of geosmin
and 2-MIB were carried out in triplicate measurements. For each passive sampling parameter tested, the
mean recovery values with standard deviation (SD) and percent relative standard deviation (%RSD) were
calculated. Significant differences in means were determined using either Welch two-sample t-test (two-
tailed, a = 0.05) programmed on R (version 4.1.3) or single factor ANOVA test (a.= 0.05) in Excel (version
2207) when comparing three test samples. The variability was expressed as %RSD and used to determine

error bars. The regression line to assess linearity was generated using Excel (version 2207).
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 COMPARISON OF DIFFERENT ADSORBENTS FOR THE
RECOVERY OF GEOSMIN AND 2-MIB FROM SOURCE WATER

Controlled bench-scale experiments were conducted to evaluate recovery efficiencies of three adsorbents
(C18, GAC and Oasis HLB) in the passive sampling of geosmin and 2-MIB from lake water. Target analytes
were recovered from all three materials although at varying efficiencies (Figure 10). C18 resulted in the
highest mean concentrations for both geosmin (11.8 + 0.74 ug L) and 2-MIB (9.5 + 1.1 ug L") with
recoveries of 47 and 38% respectively. This adsorbent also showed the lowest variability among the three

adsorbents tested for both geosmin and 2-MIB demonstrated by RSD of 6 and 12%, respectively.
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Figure 10. Mean recovery (%) of target analytes extracted from spiked lake water samples using three
different passive sampling adsorbents: C18, GAC and Oasis HLB, in bench-scale experiments. Each

adsorbent was tested in triplicate and error bars represented standard deviation.

Oasis HLB had a mean geosmin concentration of 6.3 + 0.4 pg L' and a recovery of 25% while its mean 2-
MIB concentration was 5.6 + 1.1 ug L™! with a recovery of 23%. Compared with C18, this adsorbent showed
a similar variability in geosmin recoveries (RSD = 6%) but higher variability in 2-MIB recoveries (RSD =

20%). GAC resulted in the lowest recovery efficiencies (13% for geosmin and 22% for 2-MIB), with mean
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concentrations 0f 3.2+ 0.5 pg L' and 4.9 + 1.1 pg L'}, for geosmin and 2-MIB, respectively. Concentrations
of analyte recovered from GAC also showed the highest variability among all the adsorbents (RSD = 14 and
22 %, for geosmin and 2-MIB, respectively). Interestingly, GAC had the highest percent recoveries (53%
for geosmin and 40% for 2-MIB) in the DI water sample which was used as a positive control. This
observation might mean that the performance of GAC is impacted by the presence of organic matter in the
lake water samples. Such observations have been shown in Hayes et al. (2021). Furthermore, studies have
shown that GAC is excellent in the removal of organic matter (Pham et al., 2013; Zhang, 2009). This
advantage of GAC might be a limitation in geosmin and 2-MIB lake water monitoring as high selectivity for
these compounds is crucial in this water source. This observation also shows some potential for GAC in the
detection of geosmin and 2-MIB in treated water using this method since this source should have less or no

organic matter content.

The concentrations of geosmin and 2-MIB recovered using C18 was significantly different from that using
Oasis HLB with p-values of 0.001 and 0.013 (welch t-test) respectively. Moreover, from a procedural
standpoint, C18 showed effective dissolution of adsorbed target compounds and suitability for deployment
in lake water. Given the extraction performance of C18 and its relatively low variability in recovered
concentrations of target analytes among all three adsorbents in this experiment, it was selected for further

method development.

4.2 COMPARISON OF THREE ELUTION SOLVENTS IN THE
ANALYSIS OF GEOSMIN AND 2-MIB

The efficacy of three elution solvents (ethyl acetate, toluene, and hexane) in eluting geosmin and 2-MIB
from C18 as a passive sampling adsorbent in spiked lake water was assessed (Figure 11). The 2-MIB mean
recovery concentration measured using samples eluted with toluene (9.7 + 1.3 pug L', 39% recovery) was
similar to that eluted with ethyl acetate (9.7 + 1 pg L', 39% recovery). For geosmin, higher recoveries were

obtained in samples eluted with toluene (15.4 + 0.3 pg L', 61% recovery) compared to those eluted with
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ethyl acetate (11.8 = 1.3 pug L', 47% recovery). Percent recovery of geosmin and 2-MIB using both ethyl

acetate and toluene resulted in RSD values <14%.
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Figure 11. Mean recovery (%) of target analytes extracted from C18 (500 mg) deployed as a passive sampling
adsorbent in spiked lake water samples and eluted with three different solvents (ethyl acetate, hexane, and toluene)

in bench-scale experiments. Each elution solvent was tested in triplicate and error bars represent standard deviation.

Hexane resulted in the lowest geosmin and 2-MIB mean recoveries (5.5 +2.7 uygL'and 2.7+ 1.9 ug L',

respectively) with high variability (RSD = 48% for geosmin and 73% for 2-MIB).

The two best performing solvents were compared statistically using welch t-test. Results showed that the
mean geosmin concentrations of samples eluted with toluene was significantly greater than that of samples
eluted with ethyl acetate (p = 0.038) while mean 2-MIB concentrations using the two elution solvents were
not significantly different (p = 0.983). Since higher geosmin recoveries could be obtained using toluene, it

was selected for subsequent experiments.

43 OPTIMIZATION OF SORBENT MASS-TO-ELUTION VOLUME RATIO

The sorbent mass-to-elution volume ratio was assessed using different volumes of toluene (5, 7.5, and 10
mL) to elute geosmin and 2-MIB from 500 mg C18 deployed as a passive sampling adsorbent in spiked lake

water (Figure 12). For geosmin, the highest mean percent recovery was obtained from samples eluted with
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7.5 mL of elution solvent (39%), followed by samples eluted with 10 mL (30%). The 5 mL volume resulted
in the lowest percent recovery (27%). An RSD of 5% was obtained using the 7.5-mL elution volume which

was lower than other volumes tested (17% for 5 mL and 34% for the 10 mL).
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Figure 12. Mean recovery (%) of target analytes extracted from C18 (500mg) deployed as a passive sampling
adsorbent in spiked lake water samples eluted with three different elution volumes (5, 7.5, and 10 mL) of toluene

in bench-scale experiments. Each volume was tested in triplicate and error bars represent standard deviation.

Similar to geosmin, mean 2-MIB percent recovery was highest using the 7.5-mL elution volume (36 + 4%)

followed by the 10-mL (28 £+ 35%), while the 5-mL elution volume had the lowest recovery (25 £ 17%).

Percent recoveries (n=3) using these different elution volumes showed no significant difference for geosmin
(» = 0.172, ANOVA) and 2-MIB (p = 0.145, ANOVA); However, since the 7.5-mL elution volume
demonstrated a higher mean percent recovery with the lowest variability, it was selected for further

optimization experiments.

4.4 OPTIMIZATION OF ADSORBENT MASS

This bench-scale passive sampling experiment assessed the geosmin and 2-MIB recoveries from spiked lake
water using three C18 masses: 500, 1000 and 1500 mg (Figure 13). Recovery analysis to optimize this

parameter also assessed the elution of these three masses using two different solvents — ethyl acetate and
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toluene. Due to an observed decrease in analyte response over time with the use of toluene and the greater
environmental impact of the solvent, ethyl acetate (which, from previous experiments, had a 2-MIB recovery
performance comparable with that of toluene) was assessed in parallel with toluene as a potential alternative

elution solvent.

In general, higher adsorbent masses showed increased analyte recoveries and reduced variabilities as

demonstrated by their %RSD. This observation was the same for both toluene and ethyl acetate (Figure 13).

2-MIB Geosmin

-]
(]
I

on
=
1

. Ethyl Acetate
|:| Toluene

% Recovery

500 1000 1500 500 1000 1500
Sorbent Mass (mg)

Figure 13. Mean recovery (%) of target analytes extracted from three different masses of C18 deployed as a
passive sampling adsorbent in spiked lake water samples and eluted with ethyl acetate and toluene in bench-scale

experiments. Each C18 mass was tested in triplicate and error bars represent standard deviation.

In the experiments using ethyl acetate, the differences in mean geosmin recoveries from 500, 1000 and 1500
mg of C18 were not significant (p = 0.142, ANOVA). However, the 1500-mg samples showed the highest
mean percent recovery and lowest RSD (72 + 15%). C18 masses of 500 and 1000 mg had mean percent
recoveries of 53 + 23% and 56 + 17%, respectively. For 2-MIB, the three masses were shown to be
significantly different (p = 0.021, ANOVA) and had mean percent recoveries and corresponding RSD value

as follows: 500 mg (35 = 26%), 1000 mg (41 = 19%), and 1500 mg (54 £ 5%). These results show that
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samples eluted from 1500 mg of C18 had the highest 2-MIB recovery efficiency and the lowest variability.
The significance test for geosmin suggests that any of the three masses can be used; however, in situations
where both compounds are analyzed, extracting geosmin and 2-MIB separately may increase the total
analysis time and extraction material needed. To accommodate co-extraction of both compounds of interest,
the 1500 mg mass of C18 was chosen for subsequent experiments as it provided optimal results for both

geosmin and 2-MIB recovery.

In the experiments using toluene, the recoveries of both target analytes using the different C18 masses (500,
1000 and 1500 mg) were significantly different (p-values of 0.021 and 0.002 for geosmin and 2-MIB,
respectively, ANOVA) and indicated that the 1500-mg C18 mass produced the highest recovery for both
geosmin (54.8 = 11%) and 2-MIB (54.3 + 2%) while having the lowest variability among the three masses
tested. The percent recovery of geosmin from samples eluted from 1000 and 500 mg of C18 were: 48.3%
(12% RSD) and 35.6% (18% RSD) respectively, while the 2-MIB recoveries from the same respective

adsorbent masses were 45% (12% RSD) and 29.3 % (22% RSD).

Comparing the recoveries obtained at the 1500 mg mass using both solvents, ethyl acetate resulted in higher
geosmin and 2-MIB recoveries compared to toluene. RSD values were < 15% for both target analytes using
either toluene or ethyl acetate. Although the difference in the analyte recoveries from both solvents was not
significant (2-MIB ( p =0.641 ) and geosmin ( p=0.095 ), welch t-test), ethyl acetate was chosen over toluene

due to its reduced environmental impact compared to toluene (US National Library of Medicine, 2017).

45 EVALUATION OF DIFFERENT ELUTION METHOD PARAMETERS:
INCUBATION, SHAKING AND SONICATION TIMES

Maximum recoveries of 72% for geosmin and 54% for 2-MIB have been obtained from optimization
experiments using 1500 mg C18 as a passive sampling adsorbent, ethyl acetate as an elution solvent and an

elution shaking time of 1 min. Further optimization involved assessing the impact of additional elution
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method parameters on analyte recoveries: elution sample incubation, shaking and sonication times were

assessed. Samples for each parameter were analyzed in triplicate.

To test the impact of elution sample incubation on analyte recoveries, a 5-min incubation time was selected
to provide more contact time between the target analytes and extraction solvent. This step resulted in a
geosmin recovery efficiency of 60% (RSD = 5%) and 2-MIB recovery of 40% (RSD = 5%). These results
show that the incubation of elution samples for 5 min did not improve the recovery of target compounds.
Rather, a decrease in recovery concentrations was observed; hence, this elution method parameter was not

carried forward in subsequent experiments.
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Figure 14. The effect of a 5-min incubation time on the mean recovery (%) of target analytes extracted from 1500
mg C18 deployed as a passive sampling adsorbent in spiked lake water samples and eluted with ethyl acetate in

bench-scale experiments. Samples were analyzed in triplicate and error bars represent standard deviation.

The next parameter evaluated for geosmin and 2-MIB recovery optimization was the elution shaking time (2
and 3 min). Samples shaken for 2 min produced mean recoveries of 66.8 and 41.9% for geosmin and 2-MIB,
respectively, while samples shaken for 3 min resulted in a mean geosmin and 2-MIB recovery of 61.8% and

43.6%, respectively. RSD values for all tests were <9% for both analytes. These results show that increasing
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the elution shaking time did not increase percent recoveries for either geosmin or 2-MIB (Figure 15A).

Hence, the 1-min shaking time was maintained.

The final optimization parameter evaluated was sonication. Brief exposure to ultrasonic energy at low
temperatures has been used to cause cell lysing in geosmin and 2-MIB producing organisms for the purpose
of measuring total analyte concentrations in water samples (Oh et al., 2017; Wu & Duirk, 2013). Therefore,
the effect of sonication in extracting geosmin and 2-MIB adsorbed onto the sorbent was assessed as a

function of time (5, 10, and 15 min) (Figure 15B).
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Figure 15. The effect of elution shaking time (A) and sonication time (B) on the mean recovery (%) of target
analytes extracted from 1500 mg C18 deployed as a passive sampling adsorbent in spiked lake water samples and
eluted with ethyl acetate in bench-scale experiments. Samples were analyzed in triplicate and error bars represent

standard deviation.

There was no statistical difference in analyte recoveries among the three sonication times tested for both
geosmin (p =0.575, ANOVA) and 2-MIB (p = 0.624, ANOVA). As such, recoveries of target analytes from
samples that were not sonicated were compared to those from samples sonicated for the least amount of time
(5 min). With the 5-min sonication, mean recoveries of 69% for geosmin and 48% for 2-MIB (RSD = 9%
and 5%, respectively) were achieved, which were lower than the recoveries obtained from samples that were

not sonicated (72% for geosmin and 54% for 2-MIB). These results indicate that sonication did not improve
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geosmin and 2-MIB recoveries from C18. Hence, sonication was not included as an elution method

parameter in this passive sampling protocol.

4.6 METHOD VALIDATION

A series of bench-scale experiments in the development of a passive sampling approach for geosmin and 2-
MIB monitoring in lake water resulted in the following optimized method parameters: 1500 mg C18 as
adsorbent, ethyl acetate as elution solvent, a 500 mg mass-to-7.5 mL elution volume ratio, and an elution

shaking time of 1 min.

Accuracy of the optimized method was measured in terms of recovery and process efficiencies (RE% and
PE%, respectively) at spiked analyte concentrations of 0.27 and 0.54 pg L' (6 and 12 pg L, respectively,
in sample extract after the 22.2 fold concentration step). For 2-MIB, RE% at the 0.27 pg L™ spike level was
38% and 45% at the 0.54 ug L' spiked level, while for geosmin, an RE of 53% was obtained at both spiked
levels. PE% for 2-MIB were 38 and 45% at the 0.27 and 0.54 pg L™ spike levels, respectively, while for
geosmin, PE% at the lower spike level was 52% and at the higher spike level was 48%. In both geosmin and
2-MIB analysis, values for the RE% and PE% were consistent at both spiked levels and %RSD values ranged
from 6 to 15%, which are below the generally accepted maximum value of 20% (American Public Health
Association, 2005). Since the PE% measures the overall analyte loss (i.e. from matrix interferences and
during sample preparation) while the RE% evaluates analyte loss during sample preparation only, the
similarity in RE% and PE% for both target analytes indicates that analyte loss is mostly due to the assay
itself rather than matrix interferences and that this analyte extraction technique was successful in removing

interferences from the lake water matrix.

In an additional measure of accuracy, mean analyte recovery (n=10) was calculated for samples analyzed at
the lowest spike concentration (0.045 pg L' which corresponds to 1 pg L' in the final sample extract). This

was done to determine whether analyte recovery efficiency was impacted by the spiked concentration.
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Interestingly, while mean percent recovery at the two higher spike concentrations (0.27 and 0.54 pg L) was
consistent, mean percent recovery at the 0.045 ug L' spike concentration was observed to be significantly
greater (85% for 2-MIB and 120% for geosmin with RSD values of 12 and 9%, respectively). A possible
reason could be that analyte recovery concentrations at the 0.045 pug L' spike level may be approaching the
LOQ, thus affecting the methods quantitation accuracy at this spike level. Nevertheless, it cannot be ruled
out that recovery efficiencies for both geosmin and 2-MIB may be improved at concentrations below 0.045
ug L in water, using this passive sampling approach. Future studies may involve kinetic experiments to
show uptake rate and adsorption capacity at concentrations near the 0.045 ug L' spike level as well as

improvements in assay sensitivity.

In a conservative approach, overall recovery efficiency of the passive sampling method was determined as
the analyte mean percent recovery obtained from 20 replicates at the 0.54 ug L' spike level processed on
three separate calendar days. Recoveries for 2-MIB and geosmin were 53 and 50%, respectively, with RSD

values of 15 and 10%.

Precision was analyzed at the 0.54 pg L' spiked level. Excellent intra-day precision (RSD < 11%) was
observed for both geosmin and 2-MIB. Inter-day precision between the three days tested was demonstrated

by a 10% RSD for geosmin and a 15% RSD for 2-MIB.

Matrix effects were evaluated using Equation (7). Values below 100% indicate ion suppression while those
above 100% indicate ion enhancement, and ME (%) of 100% denotes no observable matrix effects (Sweeney
etal.,2021). Atthe 0.27 ug L' spike level, ME (%) for geosmin and 2-MIB were 108 and 109%, respectively
showing very minimal interferences in analyte response. At the 0.54 ug L' spike level, an ME value of 98%
was obtained for 2-MIB, and there was no observable matrix effect in geosmin recovery at this spike level
(i.e., ME = 100%). Results for ME (%) are in-line with accuracy measurements where similarities in RE (%)

and PE (%) were observed.
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To test the method for linearity, five sample replicates spiked at concentrations of 0.045, 0.27 and 0.54 pg
L' (which corresponds to 1, 6 and 12 pug L', respectively, following the 22.2-fold concentration step) were

analyzed. Linearity was observed for both geosmin (R? = 0.9965) and 2-MIB (R? = 0.9775) (Figure 16).

The MDL for the novel passive sampling method was determined following the procedures outlined in US
EPA (2016) using both spiked samples (n=10) and method blanks (n=9). MDLs for 2-MIB and geosmin
were 0.044 and 0.014 pg L' (which corresponds to 0.98 and 0.32 pg L! in the final sample extracts),
respectively (Table 2). These MDLs were experimentally determined values based on 500-mL lake water
samples spiked to an initial concentration of 0.045 ug L' and passively sampled with 1500 mg C18 over a
24-h period. The calculated LOQ was 0.046 ug L' for 2-MIB and 0.051 pg L' for geosmin (which
corresponds respectively to 1.02 and 1.13 pg L' in the final sample extracts). As the volume of water to
which the passive sampler is exposed during deployment in the field remains unknown, the determined MDL
and LOQ values are semi-quantitative. As such they were converted to their concentration per gram of the

passive sampling adsorbent using Equation 8 and are presented in Table 2.

Overall, the performance characteristics of this method met all validation criteria. Given that the passive
sampling method demonstrated acceptable precision (RSD values below 20%), linearity, and minimal matrix
effects (ranging between 98 and 109%) for both analytes, recoveries of at least 50% are deemed acceptable

by the Environmental Protection Act (2021).
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2-MIB Geosmin

y=0.145+0.42 x, R® = 0.9775 y=0.769+0.414 x, R* = 0.9965

Analyte recovery concentration

25 5.0 7.5 10.0 12.5 25 5.0 7.5 10.0 12.5
Spiked analyte concentration (ug/L)

Figure 16. Regression lines showing mean analyte concentrations for 2-MIB (A) and geosmin (B) recovered at
spiked concentrations of 1, 6, and 12 pg L™ in final extracts. These values correspond respectively to initial spike
levels 0of 0.045, 0.27, and 0.54 ug L' in water samples. Samples were analyzed in replicates of five at each spike

concentration and error bars represent standard deviation.

Table 1. Process and recovery efficiencies, %RSD, matrix effects, and intra- and inter-day precision of an

analytical method for extracting taste and odour compounds from lake water through passive sampling (n=15).

ae kel P RERSD e
(ug L~1)3 (%) (o) (%) (o) (%RSD)  (%RSD)
2-MIB 0.045 85 N/A 12 N/A N/A N/A
0.27 38 38 9 109 N/A N/A
0.54 45 45 15 98 9 15
Geosmin 0.045 120 N/A 9 N/A N/A N/A
0.27 52 53 6 108 N/A N/A
0.54 48 53 10 100 10 10

% Initial spike level concentrations: 0.045, 0.27, and 0.54 pug L' corresponds to final extract concentrations
of 1,6,and 12 pg L'

b PE = process efficiency (absolute recovery)
°RE = recovery efficiency (relative recovery)

4 ME = matrix effects
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Table 2. Linearity and detection limit data

2 2
Pgrent Pr.oduct ¢, R Val}le R value MDLP LOQ¢ Recovery
Analyte ion ions . (analytical (test 0 r Factor
(m/z) (m/z) (min) standards)  samples) (ngg?)  (ngg’) (%)
2-MIB 95 67,108 8.211 0.9967 0.9775 27.7 28.9 53
Geosmin 112 97,125  9.990 0.9986 0.9965 9.6 33.8 50

t, = analyte retention time

® MDL = method detection limit represented by the analyte concentration in the extracted eluate per gram
of passive sampling adsorbent

¢LOQ = limit of quantitation represented by the analyte concentration in the extracted eluate per gram of
passive sampling adsorbent

4505 1 2022-07-18 PS Validation_day 1 #27

counts

cccccc

cccccc

Figure 17. Chromatogram of a standard mixture of 2-MIB and geosmin (GSM) in sample eluate spiked at
final concentrations of (A) 1 pg L%, (B) 6 ug L', and (C) 12 pg L with IS (camphor). Peaks were detected

at m/z values for the quantitation (parent) and confirming ions (product) (Table 2).
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4.7

DETERMINATION OF GEOSMIN AND 2-MIB IN LAKE WATER AT

SEVERAL SITES IN ATLANTIC CANADA (PROOF OF CONCEPT STUDY)

In a proof-of-concept study to assess the performance of this novel passive sampling approach under real

environmental conditions, the validated method was implemented in the field for the detection of geosmin

and 2-MIB in lake water collected from six lakes in Atlantic Canada. The monitoring program was conducted

from May to July 2022 and compared the new passive sampling method to a traditional grab sampling

technique. The two target taste and odour compounds were measured at eight locations: Banook (sites A and

B), Shubie (sites A and B), Penhorn, Oakfield, Kearney, and Cunard. The passive samplers were deployed

for seven days. During retrieval of the passive samplers, grab samples were also collected and transported to

the Dalhousie University laboratory for analysis.

Eight sampling events were conducted at each location. At five locations and on five separate sampling

events, the deployed passive samplers were not found on site. To achieve a non-bias comparison of the

methods (passive and grab), samples from 59 paired sampling events were analyzed.
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Figure 18. Geosmin and 2-MIB concentration plot using grab and passive sampling methods

Sampling Sites
* Banook A
Banook B
Shubie A
* Shubie B
* Penhorn
* Qakfield
Kearney
Cunard

MDL

Both compounds were successfully detected using the passive samplers. Concentration up to 125 ng g™ of

geosmin accumulated in the passive samplers were measured (Figure 18). Using the passive sampling
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method, at two locations (Banook B and Oakfield), geosmin was detected on all sampling events (Figure
19). The detection rates based on the total number of detections from all sampling events at each of the other
locations were: 88% (Banook A), 75% (Shubie A), 57% (Shubie B), 71% (Penhorn), 86% (Kearney) and
75% (Cunard). Results from grab sampling analysis also showed that geosmin concentrations were relatively
high, reaching up to 20 ng L' (Figure 18). Using the grab sampling method, geosmin was detected on all
sampling events at seven locations and on six sampling events at Penhorn (Figure 19). Cumulative geosmin

detection rates for the grab and passive sampling methods were 98 and 81% respectively.
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Figure 19. Geosmin monitoring data for 59 sampling events from eight lake water sampling sites using the
validated passive sampling approach and the conventional grab sampling method (May- July 2022).

Cumulative detection rates for both sampling methods are presented.




2-MIB detection rates for both methods were significantly lower compared to geosmin (Figure 20). From

the passive samplers, 2-MIB had a cumulative detection rate of 34% and individual detection rates ranging

from 14 to 71% for each location. While, using the grab sampling method, 2-MIB was detected in all

sampling locations and at detection rates ranging from 25 to 71%. The cumulative detection rate for 2-MIB

via grab sampling analysis was 44%. These results indicate that concentrations of 2-MIB might be lower in

the sampled medium compared to geosmin, but more interestingly, that the occurrence of analytes using both

methods are in correlation.
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Figure 20. 2-MIB monitoring data for 59 sampling events from eight lake water sampling sites using the
validated passive sampling approach and the conventional grab sampling method (May- July 2022).

Cumulative detection rates for both sampling methods are presented.
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Out of the 59 sampling events, 18% of the 2-MIB detections in the grab samples were below the detection
limit of the passive samplers (27.7 ng g™') and 4% grab sample detections for 2-MIB where non-detects in
the passive. Similarly, out of the 59 sampling events for geosmin, 7% of grab sample detections were below
the passive sampling detection limit (9.6 ng g!) while 10% of geosmin detections in the grab were not
detected using the passive sampling method. Future research may involve optimization experiments to

improve method recovery efficiency.

Another observation made in this field study was the early detection of 2-MIB from the passive samplers
which was not captured in the grab samples. The bulk of the grab sampling detections were from
concentrations measured between late June to July. Before this, 2-MIB had been detected via passive
sampling conducted at seven locations in May, and at Shubie A, detections for 2-MIB were seen until late
June during which, its concentration in paired grab samples were either below the detection limit or not
detected (Figure 20). For this work, the determined grab sampling MDL (0.6 and 0.7 ng L' for 2-MIB and
geosmin, respectively) is below detection limits attainable by most commercial labs. As such, the developed
passive sampling method also demonstrates the ability to concentrate and detect geosmin and 2-MIB in
source waters when conventional grab samples result in concentrations below the detection limits of these

laboratories.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

Taste and odour impedes drinking water quality especially from a consumer standpoint. It is thus important
to monitor T&O compounds to ensure concentrations remain below human threshold limits. Among these
compounds are geosmin and 2-MIB, notoriously known for their earthy taste and smell in water. Rise in
geosmin and 2-MIB events has led to more frequent monitoring of these compounds. However, the current
sampling techniques are labour intensive and costly. Moreover, the need for more representative samples is
highlighted by the limitations of conventional grab sampling methods. Alternative sampling approaches such
as passive sampling have been employed in the detection of analytes from various matrixes. In this work, a
novel passive sampling approach for the detection of geosmin and 2-MIB in source water was developed,

validated and applied in a field study (along with paired grab samples) at six lakes in Atlantic Canada.

Results from bench-scale method validation experiments and a proof-of-concept field study show that this
passive sampling approach was successful at detecting both target compounds at environmentally relevant
concentrations. The method also allowed for the detection of 2-MIB at concentrations that were below the
detection limit of the conventional sampling method. Future research to investigate the adsorption kinetics
of the passive sampling materials as well as improvements to the methods recovery efficiency for both
compounds is recommended. As such, factors to consider based on observations made in this study include
the analyte enrichment factor, type of adsorbent packaging, the design of the passive sampling device, and

the analyte extraction mode which are further elucidated below.

Assessment of Analyte Enrichment Factor

In bench scale experiments, the optimal mass-to-elution volume ratio for the elution of target analyte from
C18 resulted in a 22.2-fold concentration of the target analytes. To ensure analyte recovery, the method was
developed using high analyte spike concentrations. However, from validation study, it was observed that
recovery efficiencies for both geosmin and 2-MIB may be improved at low concentrations. Following
adsorption studies at concentrations near the 0.045 ug L spike level, optimization experiments to access
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different elution volumes may allow for an improved enrichment factor while reducing the volume of elution

solvent required.

Assessing Adsorbent Packaging Type

For this work, C18 bulk sorbent was utilized and due to the nature of this packaging type, the optimized C18
mass was measured into a nylon mesh bag for deployment in the passing sampling case. Although analyte
recovery analysis from bench scale experiments showed satisfactory performance using this adsorbent
preparation technique. During retrieval of field deployed passive samplers, we observed that the surfaces of
some nylon mesh bags used to hold the C18 were particulate-laden, while the surface of the C18 itself was
visibly clear. Assessing other packaging types that allow the direct elution of analyte from the C18 (i.e. no
contact with the external holding material) may improve recovery and assay selectivity while allowing for
high-throughput analysis. An alternative C18 packaging that may reduce solid retention on adsorbent
material are the C18 disks, this sorbent form may not require the use of the nylon mesh bag and could be

positioned in the CATSCa using a perforated solid membrane.

Assessing Passive Sampler Design

The design of the passive sampling device may also be impacting analyte recovery in the field. The passive
sampler (CATSCa) used in this study allows a non-restrictive flow of water through the adsorbent material.
While this passive sampling device has been successful in wastewater monitoring (Hayes et al., 2021) and
has demonstrated potential in this field study, frontiers for improvements in source water monitoring may be
explored. Some passive samplers used to monitor volatile organic compounds (VOC) in air have been
configured either by its morphology or the introduction of a diffusive barrier to control the rate of VOC

collection by the adsorbent media (Grosse & McKernan, 2014). This helps in reporting concentrations by
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volume of air sampled. Although both matrices are different, the principle of the technology is the same. As

such, lessons can be applied for an optimized water quality monitoring of target analytes.

Assessing Analyte Extraction Mode

Experiments to access different extraction modes in the elution of geosmin and 2-MIB from C18 might
provide insight for improved analyte recovery. In this work, elution of analyte was done using static
extraction mode, where the adsorbent is exposed to a fixed volume of the elution solvent over a
predetermined time period. Another extraction mode to consider in the elution of target analytes is dynamic
extraction where determined elution solvent volumes flow through the sample allowing the target analytes
to come in contact with fresh solvent continuously (Luque-Garcia, 2005). However, if the dynamic extraction
mode is to be applied, the adsorbent form or the morphology of the adsorbent casing must be considered as

sorbent are often placed in tube like materials during extractions.

In conclusion, passive sampling provided an easier, cost effective, fast and robust method for sample
processing. It also allowed for high sample throughput analysis. During this summer monitoring program,
grab sampling was halted temporarily on two occasions due to broken parts of the SPE device. Whereas the
passive samplers were shown to be more robust as they are simple devices with no power requirements.
Also, materials for passive sampling were easy to prepare, deploy and retrieve from the field. Retrieved
samplers required approximately 2 hrs for the preparation of each sample batch (=20 samples). This allowed
for fast turnaround times compared to the grab sampling method were an equal amount of processing time
(= 2 hrs) was required per sample. This study also contributes to the limited research on the passive sampling

of these volatile organic compounds (geosmin and 2-MIB).
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