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Abstract

This thesis describes the application of thin film solid phase microextraction (TF-SPME) for
monitoring of time weighted average (TWA) concentrations and for investigating partitioning
of UV filters and biocides in aquatic environments. The occurrence, distribution, fate, and
transport of ingredients of personal care products in the aquatic environment are a subject of
public concern, as their impact on human life and aquatic organisms has yet to be fully
understood. As such, simple and reliable analytical techniques are necessary to monitor TWA
concentrations and investigate the partitioning of UV filters and biocides on sediment and
humic substances in aquatic environments. In the currently presented work, time weighted
average (TWA) passive sampling with TF-SPME and liquid chromatography tandem mass
spectrometry (LC-MS/MS) was used for the collection, identification, and quantification of
UV filters and biocides in aquatic environment. First, a reliable flow-through aqueous standard
generation (ASG) system was constructed to provide a steady state concentration, and also
address issues related to in-vial preparation of aqueous standards of hydrophobic compounds,
such as partial precipitation, loss due to analyte adhesion to surfaces, low solubility in water,
and limited sample volumes. The developed ASG offers many advantages over traditional
standard preparation methods, including convenient, inexpensive, solvent-free, and long term
generation of analytes in the concentration ranges relevant to environmental values. The
observed changes in the concentrations of target analytes were less than 20% within a 2 month
span. The developed system was used subsequently for development of a TWA sampler, and

for binding investigations using TF-SPME. Two types of TF-SPME passive samplers,



including a thin film-retracted device using a hydrophilic lipophilic balance coating (HLB)
sorbent and an open bed configuration with octadecyl silica-based (C18) particles as extraction
phases, were evaluated in the ASG. Laboratory calibration of the retracted device using the
HLB coating showed a linear uptake of up to 70 days. In open bed configuration, the one-
calibrant kinetic calibration technique was successfully applied by loading Benzophenone3-d5
as calibrant on the C18 coating to quantify all hydrophobic compounds. The experimental
results showed that one-calibrant kinetic calibration can be used for determination of classes
of compounds where deuterated counterparts are either not available or expensive. The
developed passive samplers were deployed in wastewater-dominated reaches of the Grand
River (Kitchener, ON) to verify their feasibility for determination of TWA concentrations in
on-site applications. Field trials results indicated that these devices are suitable for long- and
short-term monitoring of compounds varying in polarity, such as UV filters and biocide
compounds in water. In addition, partitioning of UV filters and biocides on humic acid was
investigated in the developed ASG. ASG enables the provision of large volumes of sample, an
essential criteria when performing negligible depletion extraction by TF-SPME. Extraction
time profiles of the analytes in humic acid-free and humic acid solutions were investigated,
and matrix effects were observed for highly bonded analytes. The binding percentages and
distribution coefficients (Kpoc) between the studied analytes and Sigma Aldrich humic acid
were determined when the free and total concentrations of analytes as well as the concentration
of dissolved organic carbon (DOC) were known. TF-SPME and liquid-liquid extraction were

used respectively for measuring the free and total concentrations of analytes in the humic acid



solution. Furthermore, sediment-water partition coefficient Kq were also investigated in the
batch mode for the analytes. The linear isotherm model was observed over a small
concentration range and the analyte concentrations in sediment phase. TF-SPME using HLB
and C18 sorbent was used for measuring Cw-seme instead of Cw..Le. The data showed that the
hydrophobic analytes have substantial association to the bed sediment and DOC in sediment
porewater. This has several consequences on determination of fate, transport, and
ecotoxicological effects by hydrophobic analytes. However, the low partitioning coefficients
of hydrophilic analytes on sediment and DOC imply that these compounds are freely dissolved

predominantly, which can have an adverse consequence on the quality of drinking water.
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Chapter 1

Introduction

1.1 Emerging contaminants in aguatic environment

In industrial countries, the focus of interest of environmental scientists, government agencies,
and public concern has gradually changed from conventional contamination, such as non-polar
organic pollutants and heavy metals, to newly-emerging, unregulated contaminants.®
According to the United States Environmental Protection Agency (USEPA), “emerging
contaminants” can be classify as synthetic or naturally occurring chemicals or microorganisms
that are not normally monitored in the environment, but have the potential to go into the
environment and lead to known or suspected harmful effects on ecological or human health.?
They consist of a large group of chemical compounds such as human and veterinary
pharmaceuticals, personal care products, surfactants, surfactant residue, plasticizers, and a
large number of industrial additives, all of which are used in large quantities in everyday life.
3 Of these contaminants, one of the most important classes is comprised of UV filters and
biocides, which are mainly used for health and cosmetic purposes.* They enter the environment
by two main input pathways, namely direct and indirect routes, through recreational release
(e.g., swimming, showering) and wastewater treatment facilities, respectively.>® Most
operating wastewater-treatment plants (WWTP) are not designed to eliminate these
contaminants completely, causing them to eventually enter the aquatic environment via sewage
effluent, and reach detectable and potential harmful concentrations in receiving surface

waters.> 1! Great effort has been devoted to the introduction of sensitive analytical methods



for determination of trace and ultra-trace levels, and well as to develop protocols to quantify
the incidence of occurrence, conduct risk assessments, and produce ecotoxicological data

regarding this emerging contamination in aquatic environments, 31220

1.2 Sampling methods for water analysis

The main step for obtaining relevant environmental information, as well as the most important
source of measurement uncertainty is sampling. Although, sample volume reduction is in the
interest of the scientific community, the taken sample need to be representative sample. In this
respect, obtained results from laboratory analyses may not be representative of the body under
study due to inadequate or improper sample collection, and thus, not be validated.?* Erroneous
results can be generated if the sampling plan is poorly designed, or the wrong sampling
equipment chosen, both which cannot be corrected post-sampling. Some of the main factors
that need to be considered when developing a sampling plan include objectives, sample
variability, analytical cost, and other non-technical factors. A realistic assessment of water
pollution is conducted with rational preparation, careful decisions, proper equipment cleaning,
and appropriate collection of water samples. Not only sample collection but also information
related to various features of water quality should be taken into consideration and comprised
in the information about the water being sampled. Parameters such as conductivity,
temperature, and dissolved oxygen concentration, to name a few, need to be carefully taken
into consideration for data analysis. Two types of water sampling strategies, in terms of
timespan technology, can be applied towards sample collection: (1) discrete sampling and (2)

composite sampling. A discrete sample, or grab sample, is a single sample collected in a

2



particular container. The sample is representative of the chemistry just at the time of sampling
and only for the sampling location. The time frame for such sampling is normally less than 15
min. As such, discrete samples are mostly suitable for sample compositions that are not
dependent on time. Conversely, a composite sample is composed of a number of small samples
collected at a pre-set time or after a predetermined flow, and mixed together in the same bottle.
Discrete and composite samplings can be achieved either through manual or automatic
grab/spot sampling methods.?22® Traditional spot sampling methods may not provide a realistic
picture of continuous exposure of aquatic-life to organic contamination for prolonged periods
of time. When the level of water fluctuates (input of influence) within a water body, a large
number of samples need to be collected over a long time period so as to obtain a time weighted
average (TWA) water concentration, a process which is time consuming, laborious, and costly.
24-25 passive samplers, as an alternative option, are widely used for monitoring of time weighted
average (TWA) concentrations of environmental contaminants in water.?5?” Passive samplers
are human-made devices where sample collection and extraction happen at the same time in a
fully passive way.?® Principally, the sampler is placed in the body of water of interest, and left
to accumulate target analytes, normally for a period of several weeks. As the passive sampling
devices (PSDs) are placed in water for a long period of time, the issue of representative
sampling is addressed in most circumstances. The passive sampling approach is based on the
free movement of analytes from sample matrix to the extraction phase. The difference in the
chemical potential of the analytes between the two media causes accumulation of the analytes

into the extraction phase. 2°3° Passive sampling technology offers many substantial



advantages, such as simplicity, low cost, unattended operation, unlimited depth sampling, the
ability to produce reliable data, in addition to not requiring expensive and complicated
equipment or a power supply.®! Moreover, passive sampling can integrate sampling collection,
purification, and pre-concentration in a single step.®? There are several passive sampling
methods used for monitoring of contamination in water, including semi-permeable membrane
devices (SPMDs),**%* polar organic chemical integrative sampler (POCIS),33¢
chemcatcher,*3" ceramic dosimeter,2”* polymeric samplers,**4° diffusive gradient in thin

film,*42 and membrane enclosed sorptive coating.*

1.3 Fate and transport in aquatic environment

Natural organic matter and sediment are ubiquitous matrix components of surface water.
Natural organic matter is composed of a mixture of macromolecules originating from the
biological and chemical degradation of plants or animals. In the aquatic environment, dissolved
organic matter (DOM) is defined as organic macromolecules that can pass through the 1um
filter.** DOM contain of humic acid and fulvic acid. Fulvic acid is the soluble part in acidic
and basic solutions, and humic acid is the non-soluble part at pH=2 which account for about
two thirds and one third of DOM, respectively.** Humic substances are considered
polyelectrolytes due to the presence of carboxylic and phenolic functional groups that also
contain nonpolar regions. Spatial separation of these polar and nonpolar sites allows binding
to organic molecules through ionic, hydrogen, and covalent bonding, charge transfer or
electron donor—acceptor mechanisms, Van der Waals forces, ligand exchange, and

hydrophobic bonding or partitioning.*® Sorption of organic pollutants to sediment is dependent
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on their molecular structure, the sediment properties, and the specific ionic composition of the
aqueous phase.*’~*° The sorption behavior of organic pollutants is a relatively hydrophobicity-
driven process, as demonstrated by the increase in sorption coefficient values with increasing
hydrophobicity.*® In addition, the relationship that exists between sorption affinity and the
organic carbon content of natural sorbents displays that hydrophobic interactions are
significant.>2>3

The freely dissolved concentration of chemical compounds is very important in environmental
chemistry, pharmacology, and toxicology. Free concentrations are the main driving force in
the transport, distribution, and bioaccumulation of chemicals in the environment.>*
Consequently, free concentration is a basic factor in the interpretation of the bioavailability of
a chemical. Accordingly, the binding or partitioning of chemicals to dissolved organic carbon
(DOC) and sediment can decrease the free concentration and bioavailability or effectivity of a
chemical.*+*>%8 In addition, sorption also affects the biological availability, therefore
influencing bioaccumulation, biodegradation, and potential toxic effects in organisms.>%
Consequently, information about the degree of binding or partitioning of chemical compounds
is needed in several scientific disciplines, as evidenced by the increase in studies directed
towards the quantification of partition coefficients or binding affinities. These constants can
be determined by quantifying either the bound or free concentrations of the chemical.
Therefore, determination of free concentrations is necessary not only to study the
bioavailability of a chemical, but also to measure the binding affinity or partition coefficient

of a compound. Several methods have been used for determination of free concentrations,



including  equilibrium  dialysis, ultrafiltration, ultracentrifugation,  reverse-phase
chromatography, protein precipitation, fluorescence quenching, headspace analysis, and
empore disk.52% Although these methods are definitely useful, they are not suitable for
determinations of all chemical compounds. In addition to their relative laboriousness, a main
problem associated with the abovementioned methods is the loss of compounds that occurs
due to filter binding or desorption of compounds from the binding agent, which results in a

shift of equilibrium between bound and free compounds.®’68

1.4 Solid Phase Microextraction (SPME)

Solid-phase microextraction (SPME) is an equilibrium-based, solvent-free sample preparation
technique that integrates sampling, extraction, and pre-concentration in a single step.  The
SPME technique was established to address the need for fast sampling and sample preparation
in the laboratory, and during on-site sampling. The first application of SPME was mostly
focused on semi-volatile compound analyses coupled to gas chromatography (GC). Within the
last two decades, however, its applications have expanded towards the determination of a wide
range of substances, within a multitude of fields and disciplines. Coupled to liquid
chromatography (LC), SPME has been applied towards the determination of pharmaceuticals
in wastewater samples,’? quaternary ammonium compounds in water samples, 't phenolic
compounds in wine, berry, and grape samples,’2 and prohibited substances in urine and
plasma.’374 In this technique, a small amount of extractive phase immobilized on a solid
substrate is exposed to the sample matrix for a specific period of time. The transport of analytes

from the sample matrix to the fiber coating is initiated immediately after contact between the
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two phases through the boundary layer until equilibrium is reached between the two phases
(Figure 1-1)". After extraction, the analytes concentrated in the coating are desorbed via
thermal desorption in the injector of the instrument (i.e., GC application), or through solvent

desorption (e.g., LC applications).

Fused silica fiber

Coating

Sample matrix

Figure 1.1 Schematic of equilibrium extraction of analyte with SPME in sample matrix

1.4.1 Introduction to the fundamentals of solid phase microextraction

Based on the fundamentals of SPME, the amount of extracted analytes is proportional to the

volume of extraction phase, as shown in Equation 1.1:

KV VsCo

n=-———- Equation 1.1
Kfsz+Vs



where n is the amount of analyte extracted at equilibrium, Ky is the partition coefficient
between the extraction phase and the sample matrix, Vs is the volume of extraction phase, Vs
is the volume of sample, and Co is the original concentration of the analyte. For large sample
volumes, KV << Vs, and equation 1.1 can be simplified to Equation 1.2:

n = K VrCy Equation 1.2
Here, Ks is defined as the ratio of analyte concentration on the SPME coating to the analyte

concentration in the sample matrix in equilibrium, as exemplified in Equation 1.3:

[ee]
_%

Krs = o Equation 1.3

While the Kss value depends on the nature of the analyte and selected coating, it can also be
affected by experimental conditions such as pH, temperature, organic solvent, and ionic
strength; as such, it is important that these parameters are kept constant throughout
experiments. The principle of SPME is based on the interactions between analytes in the
sample matrix and the fiber coating via absorption or adsorption and depends on either the
solid or liquid coating that is used. In liquid coating, the extraction of analytes from the sample
matrix into the liquid coating is based on the partition in which the analytes are absorbed by
the coating. In this case if the coating is thin and a long extraction time is applied, the molecule
can diffuse to the whole volume of the coating. On the other hand, solid coatings have a
“glassy” or “crystalline” structure that allows for extraction of analytes through physical
trapping/interactions that occur in the pores or high surface areas of the coating; consequently,
analytes can only be adsorbed on the pores, and do not diffuse within the whole volume of the

coating. The micropores (<20 A) and mesopores (20-500 A) of solid coatings can trap small
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and medium size analytes, and are generally capable of retaining analytes until energy is
applied, or a desorption solvent used to displace analytes. Conversely, macropores (> 500 A),
which are primarily found on the surface of coatings, can adsorb larger analytes via different
interactions such as hydrogen bonding, pi-pi bonding, or van der Waals. One of the
disadvantages associated with solid coatings is the limited site of adsorption on the coating
surface, as there is always a competitive mechanism between analytes with different affinities
toward the coating. When longer extraction times are used, low-affinity analytes are displaced
either by analytes with high affinity, or those that are present in the sample solution in high
concentrations.

The amount of analyte extracted by the solid coating at equilibrium, ne, is obtained with

Equation 1.4:

_ COKAfsVsz(Cfmax_C;o)

Equation 1.4
V5+KAfsz(Cfmax_CF°)

Where Ctmax is the maximum concentration of active sites on the coating, C¢°is the equilibrium
concentration of analyte on the coating surface, and Kags is the analyte’s adsorption equilibrium
constant, which is defined as the ratio of surface concentration of analytes on the porous solid
extractive phase to the concentration of analytes in the sample matrix at equilibrium. It can be
concluded from the Equation 1.4 that if C°<< Ctmax, then the number of occupied sites is low,
and the amount of analyte extracted is linearly proportional to initial sample concentration. On

the other hand, if analyte concentrations are sufficiently high, saturation of the coating surface

can occur, causing adsorption isotherms to become nonlinear (Figure 1.2).7



1.4.1.1 Kinetics of solid phase microextraction

Equilibrium time is defined as the time when 95% of the extracted amount in equilibrium is
extracted from a sample matrix. The time required to reach equilibrium is defined by Equation
1.5. The kinetics of extraction defines the speed of the extraction process in SPME. The
kinetics theory recognises the extraction rate as the “bottleneck” of SPME, and designates
some strategies for enhancing the rate of extraction.”® All diffusion proccesses are assumed to
be governed according to Fick’s first law of diffusion. The extraction of analytes from a
homogeneous sample to a liquid polymer extractive phase can be designed under three
conditions: (1) perfect agitation (2) static conditions (3) practical agitation. Under the perfect
agitation condition, the aqueous phase is moved rapidly in comparison to the SPME fiber, and
all of the analytes have equal access to the coating. As the coating is continuously in contact
with the fresh solution, the speed of extraction is determined by the diffusion of analytes into
the polymeric coating. The time needed to reach equilibrium in perfect conditions is

determined by Equation 1.5:

_ _ 2(rp—my)?
te = t95% - Df

Equation 1.5

Where ri is the inner radius of the fiber coating, ro is the outer radius of the fiber coating,
(ro — ri) is the fiber coating thickness, and Ds is the analyte diffusion coefficient in the fiber
coating. In static conditions, the analytes must first diffuse through an extended boundary layer
in the sample solution, and then through the fiber coating. In this situation, the mass transfer
of analytes from the sample solution to the fiber coating is determined by the diffusion in the

ever-broadening boundary layer; consequently, long extraction times are anticipated.
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However, the extraction rate can be improved by applying agitation, as agitation allows the
mass transport to increase. Under particle agitation, a boundary layer is always present around
the coating. As the distance from the surface of the coating increases, the movement of fluid
increases accordingly, until it is equal to the bulk flow in the sample. According to the kinetic
theory of extraction, when extraction rate is controlled by diffusion of the analyte in the

boundary layer, equilibration time can be estimated by the Equation 1.6:

3 Kfs (b—a)é

Equation 1.6
Ds

le = tosy, =
Where 6 represents the thickness of the boundary layer, Ds represents the diffusion coefficient
of the analyte in the sample matrix, (b - a) represents the coating thickness, and Kss represents
the distribution constant. The boundary layer thickness is determined by both the agitation
conditions and the diffusion coefficient of the analyte in the sample matrix. According to
Equation 1.6 equilibrium time depends on convection conditions, the distribution constant, the
physicochemical properties of the analytes, and thickness of the SPME coating. So, efficient
agitation and a thin coating are recommended to shorten the equilibrium time and sample
throughput. It is worth to note that analytes with high Kss values will have longer equilibrium

times, even in cases where the boundary layer is very thin under high agitation conditions.

1.4.2 Thin-film microextraction

Thin film solid phase microextraction has been introduced to overcome the low sensitivity

issue of traditional SPME fibers that result from the small amount of extraction phase on
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Figure 1.2 Sorption mechanisms for (a) liquid SPME coating, (b) solid SPME coating with large
pores, and (c) solid SPME coatings with small pores. Figure reprinted from reference 76 with the
permission of the publisher

the fiber. This drawback is more pronounced in cases where extractions are
performed from complex matrices with a high degree of binding. Accordingly, efforts have
been expanded to improve the sensitivity of the SPME method. According to the fundamental

principle of SPME (Equation 1.2), the amount of extracted analytes is proportional to the
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amount of extraction phase. As such, extraction amounts can be increased by both increasing
the extraction phase volume and increasing the surface area of the extraction phase. '8 As
previously stated, increasing the thickness of the extraction phase also results in an increase in
extraction time; as such, the best way to increase the extraction phase volume, and thus the
sensitivity of the method, without compromising extraction time, is to increase the surface area
of the extraction phase. Thin film geometry has two main advantages over the traditional
SPME fiber. First, a thinner SPME coating improves the convection conditions and the mass
transfer of analytes, which leads to faster equilibrium extraction time. Secondly, the thin film
geometry provides high initial mass uptake rates proportional to the surface areas, which are

beneficial when performing pre-equilibrium extraction (Equation 1.7).

dn _ DsA
a &

Cs Equation 1.7

In Equation 1.7 dn/dt is the rate of extraction, A is the surface area of the extraction phase, 6
is the thickness of the boundary layer, Ds is the diffusion coefficient of the analyte in the sample
matrix, Cs represents the initial concentration of analyte in the sample matrix, and t is the
extraction time. Based on the equation above, given the same extraction time, thin film is able
to extract more analyte in comparison to SPME fiber. Cudjoe et al. has demonstrated that

extraction using C18 particles immobilized on the flattened end of a stainless steel support

improved extraction efficiency by a factor of 2.7

1.4.3 Calibration in SPME

Calibration is an action that correlates the instrument signal to the concentration of the analytes

in the sample matrix. As SPME is a non-exhaustive extraction method, selection of the
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appropriate calibration method is very important in obtaining accurate quantitative results.
Several calibration strategies have been developed for SPME, including traditional calibration
(external, standard addition and internal calibration), equilibrium extraction, pre-equilibrium
extraction, exhaustive extraction, and diffusion-based calibration. Diffusion-based calibration
methods are based on Fick’s first law of diffusion, interface and cross-flow models, and kinetic

calibration methods (standard in-fiber and standard-free calibration).&

1.4.3.1 Equilibrium extraction

Equilibrium extraction is the most commonly used method for quantitation in SPME,
particularly for field sampling. In this method, the SPME coating or sorbent is exposed to the
sample matrix until equilibrium is reached. The amount of extracted analyte in equilibrium is
directly proportional to the analyte concentration in the sample when the two phases are
considered. When the volume of the sample is very large Equation 1.1 can be simplified to
Equation 1.2. In such cases, the amount of analyte extracted is directly proportional to its
concentration in the sample matrix. This feature of SPME is one of the many advantages of
the method for on-site sampling when the volume of the matrix is unknown, and external
calibration unfeasible. It is worth to mention that distribution coefficient between analytes and
coating is necessary to be determined in advance. On-site sampling can eliminate errors
associated with grab sampling, including errors derived from analyte loss via decomposition,

or adsorption onto the surface of the sample container.
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1.4.3.2 Pre-equilibrium Extraction

The time required to reach equilibrium is dependent on several factors, such as agitation,
physicochemical properties of analyte, coating chemistry and coating thickness. Extraction in
equilibrium provides high sensitivity, as the amount of extracted analyte onto the coating at
equilibrium is maximum. If sensitivity is not a concern, extraction can be stopped before
equilibrium is reached to increase sample throughput. Due to the displacement effect that
occurs at high concentrations, pre-equilibrium extraction is recommended when solid coatings
are used for extraction. The kinetic of extraction by the liquid coating is based on the diffusion-

controlled mass transfer process proposed by Equation 1.8 81:82

_ n(KgVrivg)

T KjpsVpVs(1-e—at) Equation 1.8

0

Where "a" is the time constant, indicating how fast an equilibrium can be reached, which is
depended on the sample volume, the extraction phase volume (liquid coatings) or the
extraction phase surface area (solid coatings), the mass transfer coefficients, and the
distribution coefficients between the analytes and the coating.®® Equation 1.8 becomes
Equation 1.1 when extraction time is sufficiently long to describe equilibrium extraction.
Equation 1.8 shows a linearly proportional relationship between the amount of analyte
extracted onto the fiber (n) at the time of pre-equilibrium, and the initial analyte concentration
in the sample matrix (C2). This relationship indicates that SPME quantification is possible by
pre-equilibrium extraction if experimental conditions such as agitation conditions, sampling

time, and temperature are kept constant.28*
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1.4.3.3 Diffusion-based Calibration Diffusion

Molecular diffusion is a special case of mass transfer in which solute molecules or particles
move from a high concentration area to a low concentration area merely because of the kinetic
energy of the solution molecules, while no external forces are applied to move fluid.® Several
diffusion-based calibration methods have been developed for the quantification of SPME.
These calibration methods are developed based on Fick’s first law of diffusion, the interface
model, the cross-flow model, and the kinetic processes of absorption and desorption.®%8¢ They
are mostly used for on-site sampling, including spot sampling and time-weighted average

(TWA) sampling.

1.4.3.4 Fick’s First Law of Diffusion

Fick’s first law of diffusion was used for calibration of the SPME device. In this type of SPME
device, the fiber or sorbent is retracted a certain distance into the needle housing during the
sampling period.>®° Analyte molecules diffuse through the stagnant air/water gap between
the opening and the fiber coating to access the fiber coating. The sampling rate is related to the
geometry configuration of the sampler. It is directly proportional to the diffusion coefficient of
the analyte, and the ratio of the cross sectional area of the opening (A) to the diffusion path
length (Z). Due to the exceptionally small opening of the sampler, the performance of the
device is independent of the convection conditions of the sample, particularly for on-site
sampling, where the velocity of water is constantly varying, and difficult to measure and
calibrate. Therefore, the amount of analyte collected during the sampling period can be

calculated with the use of Fick’s first law of diffusion (Figure 1.3, a). The concentration of
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analytes can be calculated using Equation 1.9 if the sorbent behaves as a “zero sink™ for the

target analytes (Figure 1.3, b)

nZ
ADgt

C=

Equation 1.9

Where C is the TWA concentration of the target analytes in air or water during the
sampling time t, Z is the diffusion path length, A is the cross-sectional area of the
needle opening, D is the diffusion coefficient of the target analytes in air or water,
and n is the amount of analytes extracted by the fiber during sampling time. When
used for water sampling, first, the air in the diffusion path should be completely
replaced with ultrapure water, otherwise calibration with Equation 1.9 would be
unsuitable. Additionally, hydrophobic analytes adsorb to the outside of the needle
wall. To address this problem, the design of the originally developed sampler was
modified by addition of a removable needle. The new redesigned sampler applied to
measure TWA concentration pf PAHs compounds in Hamilton Harbour and Laurel
Creek, Ontario, Canada.®”%

The disadvantage of this device is its very low sampling rate, which accordingly influences the
need for long sampling times when analyte concentrations are low. However, it is worth to

note that long sampling time periods are the final purpose of TWA sampling.
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Figure 1.3 Schematic diagram of the (a) fiber-in-needle SPME device for TWA water sampling and
the adjustable/removable needle; (b) schematic diagram of fiber-retracted SPME device and
concentration gradient. Figure reprinted from reference 86 with the permission of the publisher

1.4.3.5 Kinetic Calibration

The absorption process of the analyte from the sample solution into an SPME liquid coating

can be defined by Equation 1.10: %354
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nie =1 — exp(—at) Equation 1.10

Where n is the extracted amount of analyte at sampling time t, and ne is the extracted amount
of analyte at equilibrium. Based on the above model, Chen et al. showed the isotropy between
absorption of the analyte from the sampling matrix and desorption of the analyte from the
coating, allowing for the introduction of the Kkinetic calibration approach for SPME
applications.®>% The kinetic calibration technique uses desorption information of pre-loaded
standards in the extraction phase of SPME to calibrate the extraction of the analytes. The

method was validated in-vial and with the use of a flow-through system, and can be described

by the Equation 1.11: 9293

qg = exp(—a't) Equation 1.11
0
Where the relation between extraction and desorption is defined by Equation 1.12:

il Equation 1.12

Ne do

Where a is the adsorption rate constant, a’ is the desorption rate constant, n is the
amount of extracted analyte at extraction time, ne is the amount of analyte extracted
onto the coating at equilibrium, qo is the amount of loaded calibrant on the
extraction phase, Q is amount of calibrant remaining in the extraction phase after
exposure of the extraction phase to the sample matrix for a pre-determined
sampling time. The concentration of the analytes in the matrix sample in the kinetic

portion of the extraction time profile can be obtained by Equation 1.13:

n
STKV s[1-exp(—at)

Equation 1.13
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Kinetic calibration has been previously theoretically validated and practically
applied to obtain TWA concentrations of PAHs compounds with the use of a flow-
through system, and in pesticide sampling in jade plants.®%° The effect of
environmental variables such as biofouling, temperature, and convection conditions

was shown to be compensated with this approach.

1.4.4 Standard aqueous generation system

Preparation of hydrophobic compounds in water is challenging. Partial precipitation
and losses on the surface, low solubility in water, and limited sample volume are
the main problems encountered when spiking these compounds in water. The
dynamic standard aqueous generation (ASG) system has been introduced to address
the abovementioned issues, and has been extensively used for development and
validation of the proposed passive sampler, as well as in obtaining partition
coefficients between the PDMS coating and hydrophobic compounds such a PAHs
in water. Two types of ASG were developed. Infusion of the standard solution
prepared in organic solvent into the stream of water was the first configuration used
for obtaining the partition coefficient between PAHs compounds and the PDMS
coating.®” A syringe pump was used for precise infusing of the standard organic
solution into the water; however, the pump was a mechanical/electrical device that
was susceptible to failure, and not convenient for long term preparation, as the
syringe needed to be filled periodically. In addition, organic solvent had to be added

to the system, which affected SPME method recovery.®® Latter, another system was
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developed based on the dialysis membrane for solid hydrophobic compounds.® It
was consisted of a permeation chamber, mixing chamber and sampling chamber,
sampling cylinder (Figure 1.4). The system was used for evaluation of SPME based
passive samplers.®® In addition, it was used for obtaining partitioning and
accumulation artefacts into the PDMS thin film, and black worms to assess the
bioaccumulation potential of hydrophobic organic chemicals. Bio-concentration,
defined as the ratio of chemical concentration in the worm to chemical
concentration in the flow-through system at equilibrium, was obtained for five

PAHs compounds.*®!
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Figure 1.4 Schematic diagram of the flow-through system based on permeation. Figure reprinted

from reference 140 with the permission of the publisher
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1.4.5 Application of SPME for binding studies

SPME has been used for investigation of receptor-ligand interactions in
pharmacology and toxicology applications (Figure 1.5).°768102-114  SpME  can
measure the free concentration of analytes in complex matrices if the resulting
extract is negligible in relation to the free concentration; this technique has been
named negligible depletion-SPME  (nd-SPME).11® The basic conditions for
application of nd-SPME for measuring a free dissolved concentration accurately in
a complex matrix are: (1) establishment of equilibrium between the bound and free
dissolved analytes (2) the depletion of the free fraction by extraction should be
negligible to prevent disturbance of equilibrium between the bound and free
chemical (3) the binding matrix should not affect the uptake of kinetic or adsorb to
the coating. Of these three conditions, the second condition is the main criteria for
performing nd-SPME accurately. Since the depletion cannot be 0%, a limit of 1-5%

is set until the depletion is considered negligible.>’

If the depletion limit is 1%, the volume of the sample should be Vs>100KfsVf. The free
concentration of the analytes is calculated by preparation of a matrix-free calibration. It is
generally prepared in matrix-free media such as ultrapure water that matches the pH and ionic

strength of the surface water.%” The free dissolved concentration of the analyte in the matrix
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was proportional to the extracted amount of analyte from the sample according to Equation

1.14:

n

Cr = Kro¥; Equation 1.14
Where Cs is the free concentration of the analyte, n is the amount of the analyte extracted by
SPME, Kss is the distribution constant between the extraction phase (coating) and the sample,
and Vs is the volume of the extraction phase. The fiber constant is the product of distribution
coefficient and volume of the fiber in liquid coating or active surface area in the solid coating.
In ultrapure water, the total spiked concentration and the free concentration were equal,
henceforth, the fiber constant (KfsxVf) could be determined when the value of n was
determined experimentally. The fiber constant can be determined by both single or multiple
point calibrations.!*214 The total concentration can also be determined with matrix -matched
calibration, standard addition and spiking isotopic labled standard tosample.1'4116

The total concentration is obtained with the same approach used for free concentration using

of Equation 1.15:

Crotar = ﬁ Equation 1.15

Where K, Vs is the fiber constant in matrix blank, and n is the amount of analyte extracted by
the SPME fiber in equilibrium.

The total concentration can also be determined by spiking isotopic labeled standards in real
samples when equilibrium is reached between the analytes and DOM. The total concentration

of the non-labeled counterpart is calculated from the Equation 1.16:
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Crotar=C" ijME Equation 1.17
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Figure 1.5 Schematic representation of experimental setup for binding studies. Figure reprinted
from reference 113 with the permission of the publisher

Where Aspve and A*spme are the instrument responses (in peak area) of the non-labeled and
labeled analytes measured by the SPME device, C* is the concentration of the spiked labeled
standard, and Ciota IS the total concentration of the non-labeled counterpart. Ideally, the isotopic
labeled standard should be the same as the analyte. However, if no labeled standards are
available for all of the analytes under study, the total concentration can be obtained by
considering the partition coefficient (K) of the analyte between the SPME fiber and analyte,

and the response factor (RF) of the instrument (Equation 1.17).

AspmaXK _
Ceotar=C" — Equation 1.18
Aspmp*RF
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With both free and total concentrations, the binding percentage of the analyte is

calculated based on Equation 1.18.

total-Crree

c
PB% = x 100 Equation 1.19

total

The distribution coefficient of the analyte (Kpoc) can be calculated if the Ctree, Chotal

and DOC content are known by using Equation 1.19.45°%117

_ Ctotal-Cyree 1 .
Kpoc = Crree X o] Equation 1.20

1.5 Thesis objective

The presence of ingredients of personal care products in aquatic environment is a concern
among the public and researchers as these compounds may have an impact on aquatic life. This
has led to development various analytical methodologies not only for environmental
monitoring but also for partitioning studies in the aquatic environment. The measurement of
freely dissolved time weighted average concentration and partitioning coefficients between the
chemicals and environmental compartments are two important key parameters for relevant
toxicology studies. As a consequence, improvement of current analytical methods, particularly
for on-site sampling and measuring freely dissolved concentration in complex matrices is
paramount. There are some problems with the current methods which need to be addressed.
First,  preparation of aqueous standard solutions of hydrophobic compounds in vial for is
challenging due to loss of analytes on vial surfaces, limitations of sample volumes, and low

solubility in water. Second, there are no comprehensive method available that can be used for
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monitoring TWA concertation of chemical compounds with wide range of physical-chemical
properties. Third, the detection of highly bonded chemical in complex matrices in limited
sample volume is difficult due to low free concertation available. With these in mind, the main
objective of this thesis is to develop a dynamic generation of a standard aqueous solution
containing UV filters and biocides for development and evaluation of a comprehensive passive
sampling method based on thin film solid phase microextraction technique and binding
investigations studies between target analytes, humic acid, and sediment.

This thesis is divided into three main chapters. First, preparation of a dynamic flow through
aqueous standard generation of UV filters and biocides with a wide range of physical and
chemical properties in liquid and solid states, ranging from highly hydrophobic to highly
hydrophilic compounds (chapter 2). Secondly, time weighted average concentration
monitoring based on thin film solid phase microextraction is described in chapter 3. Thirdly,
partitioning of UV filters and biocides to different environmental compartments such as humic
acid and sediment is described in chapter 4. Conclusions of the research are summarized in

Chapter 5, in addition to suggestion for future directions.
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Chapter 2

Dynamic flow through system to calibrate thin film solid phase
micro-extraction devices for environmental monitoring of

personal care ingredients

2.1 Introduction

UV filters and biocides are two classes of compounds widely used as ingredients in an
extensive variety of personal care products (PCPs), and comprised of a wide range of
physical-chemical properties, ranging from high water solubility to extreme insolubility.*318
Large quantities of UV filters and biocides enter the environment through both direct and
indirect pathways such as recreational release (e.g., swimming) as well as effluent from
wastewater treatment plants (WWTP)®. Accordingly, public concern has been increasing
over the widespread consumption of PCPs, as their impact on the environment and human
health is not entirely known.?® As such, there is a current need for the development of
sampling and monitoring tools that would enable accurate collection of data to ensure the
safety of the environment. Typically, sampling involves automated or manual grab-sampling
from a specific field site. Samples should be stored and transferred in a manner that ensures
that sample integrity is maintained until extraction and analysis can be performed in the
laboratory. The entire process is time-consuming and costly, requiring a significant amount of

method development, and to incorporate quality assurance and quality control steps specific to
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each analyte included in the analysis.1®12122 Passive sampling devices could greatly improve
the assessment of levels of chemicals used in PCPs. As the concentrations of these compounds
in aquatic environments are typically found in trace and ultra-trace levels, suitable sample
preparation steps and sensitive analytical methods are required. In natural aquatic
environments such as lakes and rivers, the concentrations of aquatic contaminants may change
daily or even hourly; accordingly, long term monitoring is required in order to obtain a realistic
picture of the time-weighted average (TWA) concentrations of contaminants.'® A passive
sampling approach was found to be a more promising technique for measuring the
concentrations of a wide range of pollutants in environmental samples. However, in order to
validate long-term passive sampling applications to monitor organic pollutants in water, the
methods or equipment should first be tested and evaluated in the laboratory, and then applied
to the field.!?® However, preparation of aqueous standard solutions of hydrophobic compounds
in vial for evaluation of passive sampler devices is problematic due to loss of analytes on vial
surfaces, limitations of sample volumes, and low solubility in water.8124125 To address these
problems, dynamic preparation of aqueous standard solutions was introduced. Two
configurations based on syringe infusion and permeation methods have been developed to
date.®”% Syringe infusion has been replaced by the permeation method as the method of choice
due to the former method need for an expensive syringe pump that required periodic filling, as
well as subsequent addition of organic solvents to standards. The dialysis membrane, which is

supplied with a certain molecular weight cut-off, is the key component of the permeation-based
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system. It is simple, cheap, solvent-free, has a long lifetime, and allows for preparation of high
concentrations of target analytes.®®

ASG has been used for finding partitioning coefficients of PAHs between water and PDMS
coating, calibration of SPME devices and other sampling devices for on-site or in vivo
sampling, as well as for obtaining apparent distribution coefficients between SPME fibers and
blood matrix/buffer sample matrices. °7:99116.126 Data obtained from dynamic systems is more
accurate than data gathered with static systems, as the former avoids common limitations of
the latter such as analyte loss due to surface adhesion; in addition, dynamic systems allow fiber
uptake to be corrected. 1%’

Thin film solid phase microextraction has been introduced in thin film sheet and blade
configuration to overcome the low capacity limitation and also acceleration of the extraction
rate to shorten extraction time by increasing surface area-to-volume ratio "8, In blade
configuration, different types of particles including C18, PS-DVB, HLB are immobilized on a
thin stainless steel mount by spray methods for extraction wide range of analytes in different
matrixes.”® It has been widely used for determination of pharmaceuticals in wastewater
samples’® , quaternary ammonium compounds in water samples ’* phenolic compounds in
wine, berry and grape samples "2, and prohibited substances in urine.”

In this study, dynamic generation of aqueous standard containing UV filters and biocides with
a wide range of physical and chemical properties in liquid and solid states, ranging from highly

hydrophobic to highly hydrophilic compounds, was prepared and used for development of thin
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film solid phase microextraction method for the analytes. In Table 2.1 the physicochemical

properties of the UV fitters and biocides studied in this thesis are demonstrated.

2.2 Materials and methods

2.2.1 Chemical and materials

All chemicals and reagents utilized in this study were obtained at the highest available purity
(>99%) and used without further purification. The standards octyl methoxycinnamate (OMC),
benzophenone-1 (Ben-1), benzophenone-2 (Ben-2), benzophenone-3 (Ben-3), benzophenone-
4 (Ben-4), 2-phenylbenzimidazole-5-sulphonic acid (PBSA), octocrylene (OCR),
butylmethoxydibenzoylmethane (BM-DBM), triclosan (TCS), and triclocarban (TCC), as well
as HPLC-grade solvents acetonitrile (ACN), methanol, isopropyl alcohol (IPA), ethyl acetate,
formic acid (LC-MS grade), formic acid (reagent grade) sodium carbonate, sodium hydrogen
carbonate, and ammonium formate (HPLC grade) were obtained from Sigma (Oakville, ON,
Canada). Nanopure water was obtained from a Barnstead nanopure water purification system
with 18.2 MQcm resistivity. Oasis HLB (hydrophilic lipophilic balanced) polymeric reversed-
phase particles (30 um particle size) were obtained from Waters (ON, Canada), C18 (5 um
particle size) particles were supplied by Supelco. Easy modified polystyrene-divinylbenzene-
weak anion exchange (PS-DVB-WAX)) (Macherey-Nagel) particles were obtained from
VWR International (Mississauga, Canada). Polyacrylonitrile (PAN), obtained from Aldrich
(Oakville, ON, Canada), was dissolved in N, N-dimethylformamide (Sigma-Aldrich, Oakville,
ON, Canada) and used as glue for the immobilisation of functional particles to the SPME

blades. HLB and C18, PS-DVB-WAX particle coated blades were prepared as reported by
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Table 2.1 Physical-chemical properties of UV filters and biocide compounds

Water
Compound | Chemical structure Log P pka solubility
(mg/L)
o]
Ben 1 S 2.9° 7.53" 236°
HO = ~oH
OH O OH
Ben 2 _ 0T 2.1° 6.98" 399°
HO™ = OH
[@) OH
L a -0.7° .
Ben 4 o~ 0.37 250000
O=5=0
OH
N
PBSA Q-S/C[N\*@ 103" | -0.87° 23600
HO” ‘5 H
oH O
Ben 3 O O 3.8° 7.56° 68.6
~o
OH (JZJ
Ben 3_d5 |* : o, _ _ _
OCR s 6.42 0.001¢
\ o . - .
oY
i
oMC ﬁ’*fv *o"‘““[’“f“‘“ 5.8 - 0.003°
g ~
o] o]
BM-DBM | .. [ J " Tl | 45 | 974 0.008°
DAL
b b b
TCC Ry HJLH 4.9 12.77 0.0237
Cl OH
8.14° 107

TCS /@OCL 4.76
Cl Cl
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nd; no data
na; not applicable
& Experimental values, from database of physicochemical properties. Syracuse Research Corporation:

http://www.syrres.com/esc/physdemo.htm, accessed on Oct, 2015

b Software-calculated value, from SciFinder Scholar Database 2006:
ttp://www.cas.org/products/sfacad/

‘Unilever internal report (2013). UV —filters Partition coefficient (n-octanol/water): slow stirring
method and water solubility (column generator method)

destimated value, from database of Royal Society of Chemistry’s databases; Chemspider:

http://www.chemspider.com, accessed on Oct,2015

Mirnaghi et al.”® Dialysis membrane units of 100-500 Da and 500-1000 Da molecular weight
cut off (MWCO) were obtained from Spectrum Laboratories (Rancho Dominguez, CA).
Porous frit (0.5 um) were obtained from Swagelok (Ontario, Canada). PTFE permeation tubes
were obtained from Zeus (New Jersey, USA). The digital conductivity meter used for
measuring conductivity and total dissolved solid was obtained from VWR (ON, Canada).
Benchtop Orion 3 Star pH meter from Thermo Scientific ((NJ, U.S.) was used for measuring
the pH of the water samples and aqueous standard generation system. Individual stock
solutions were prepared either in methanol (Ben-1, Ben-2, Ben-3, Ben-4, TCS, TCC, OCR,
OMC and BM-DBM), or in pure water with the addition of a few drops of 2 M sodium

hydrogen carbonate (in the case of PBSA) at a 2 mgmL™ concentration. Mixed standard
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solutions were prepared at a 100 pug mL™? concentration and stored at 4 °C. Instrument

calibration standards were prepared daily in MeOH/H20 50/50 (v/v).

2.2.2 Instrumental analysis method (LC/MS/MS)
A Shimadzu (LC-10 AD) high-performance liquid chromatograph (HPLC) and an

Applied Biosystems API 4000 triple quadrupole mass spectrometer (equipped with
TurbolonSpray source) were used for separation and quantitative analysis of
analytes. The chromatographic column used was a Waters Symmetry Shield RP18
with dimensions of 2.1mm x 50 mm and 3.5 pum particle diameter. Sample volumes
of 20 pL of both standards and extracted analytes were injected into the LC-MS/MS
system using a HTC PAL autosampler from Leap Technologies (HTC Analytics,
NC). Two different chromatography methods were used for negative and positive
mode, respectively. In positive mode, mobile phase A consisted of ACN/H20
(50/50, v/v), with a 10 mM ammonium formate buffer with the pH adjusted to 3.2
with formic acid, and mobile phase B of isopropanol with 0.1% formic acid (v/v).
The applied chromatographic gradient was started at 10% of B and kept at this
composition for 2.2 min, then linearly increased to 50% of B within the next 2 min,
where it was held for an additional 2 min. Finally, within the next 1 min, the
gradient was returned to 10% of B and held for an additional 1 min at the same
composition (total cycle was 8.2 min). This method prevented -carry-over for
hydrophobic compounds.!?® In negative mode, the mobile phase consisted of

solvent A (water) and solvent B (acetonitrile, ACN), both containing 1 mM acetic
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acid (HOAc). The applied chromatographic gradient was started at 10% of B and
kept at this composition for 2.2 min, then linearly increased to 100% of B within the
next 2 min, where it was held for an additional 2 min. Finally, within the next 1
min, the gradient was returned to 10% of B and kept for an additional 1 min at the
same composition (total cycle was 8.2 min). The ionization efficiency was
improved by using acetic acid in negative mode, as acetate has a high basicity
function in the gas phase.!?® After each injection, the autosampler system was
cleaned by washing the syringe and injector port with two separate washing
solutions. Washing solvent A was composed of ACN/IPA 50/50 (v/v) and washing
solvent B was methanol. MS/MS analysis was performed in positive and negative
modes in a separate run under multiple reaction monitoring (MRM) conditions. A

summary of the MS/MS parameters is given in Table 2.2.

2.3 Aqueous standards generation (ASG)

To prepare a robust and reliable standard aqueous generation of UV filters and
biocides, a careful investigation was conducted in regards to the physicochemical
properties of each analyte, including solubility in water, physical state (liquid or
solid), polarity, and molecular weight. Figure 2.1. Shows a schematic diagram of
the standard aqueous solution generation system based on permeation. The system
consisted of a permeation chamber, mixing chamber and sampling chamber. An 18
L polypropylene reservoir was filled with water delivered by a Series 200 Perkin

Elmer pump (Shelton, Connecticut, USA) at a speed of 3 mLmin™t.
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Table 2.2 Mass spectrometry conditions for the analytes:

values

optimized

ionization source

Negative mode: ion source gas 1 (GS1) = +40, ion source gas 2 (GS2) = +40, curtain gas = +50, collision gas = 10,

spray ionization voltage = -4500 V, and temperature = 500-C.

Positive mode: Negative mode: ion source gas 1 (GS1) = +40, ion source gas 2 (GS2) = +60, curtain gas = +50,

collision gas = 10, spray ionization voltage = 5500 V, and temperature = 500°C.

*DP=Declustering potential, EP= entrance potential, CE=Collision energy, and CXP=Collision cell exit potential

lonization
Q1 mass Q3 mass
Compound *CE (V) *CXP (V) *DP (V) *FP (V) mode in
(amu) (amu)
ESI-MS/MS
TCS 287 35 -58 -58 -32 -32 Negative
Ben 2 245 109 -72 -72 -31 -31 Negative
TCC 315 162 -69 -69 -22 -22 Negative
Ben 4 307 227 -96 -96 -32 -32 Negative
PBSA 273 193 -84 -84 -36 -36 Negative
Ben 1 213 169 -85 -85 -29 -29 Negative
OCR 362 232 39 5 5 16 Positive
BM-DBM 311 135 55 8 8 24 Positive
BM-DBM 311 177 55 8 8 15 Positive
Ben 3 229 151 70 6 6 11 Positive
Ben 3-d5 234 151 73 10 10 11 Positive
Ben 3-d5 234 110 40 10 10 15 Positive
OoMC 291 161 37 4 4 11 Positive
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to the permeation chamber (capacity is about 1000mL). The key part of the ASG is
the permeation chamber, which consists of dialysis membranes, a permeation tube,
and a porous frit coated with epoxy glue. The permeation chamber had an inlet for
introduction of fresh water close to the bottom of the chamber, and an outlet (close
to the top) connected to the mixing chamber. The mixing chamber was used to
ensure that the resulting solution was homogeneous, and that the sampling chamber
can be used for SPME optimization, passive sampler evaluation, and binding
studies. The entirety of the system was covered with aluminum foil to prevent any

photodegradation of analytes.

2.3.1 Preparation of aqueous standards generation system

A permeation tube (PTFE) with 0.25 mm thickness was used for standard
generation of OCR and OMC (liquid state). Permeation tubes for OCR and OMC
were made by placing pure chemicals inside a 50 mm long (1/4 inch) tube capped
with 20 mm long solid PTFE plugs, and 6 mm (1/4 in.) Swagelok caps. Cellulose
acetate dialysis membranes with 500-1000 Da MWCO or MWCO 100-500Da were
used for TCS, TCC, BM-DBM, and Ben-1, Ben-2 and Ben-3, respectively. A
stainless steel porous frit (0.5um) coated with epoxy glue was used for Ben-4 and
PBSA. Dialysis membranes and the porous frit were partially filled with 100 mg of
each solid and 1 mL water, then tightly sealed, placed into a beaker (containing 300
mL of water), and sonicated for 30 min. The prepared membranes and porous filters

were then placed in the permeation chamber. The partially dissolved analytes (or
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saturated solution, in the case of solid compounds) were further diffused through
the membrane walls and transported via flowing water, first to the mixing chamber,

and then to the sampling chamber.

Permeation Mixing Sampling
Chamber Chamber Chamber

asannn ) \ [ [ l'
Float-A-Lyzer J-_;l T U

cououyg
Porous Frit
OCR omc
Permeation Tube } i
* 'JII J ~— ﬁ = =
Water wiat
C il [y il i ]

Figure 2.1 Schematic diagram of the aqueous standard generation (AGS) system

2.3.2 Determination of the analytes in ASG

The concentrations of the analytes in the aqueous standard generation system were
measured in two different ways. For low concentration and/or hydrophobic
compounds, 250 mL of water sample was collected in an amber bottle from
downstream of the sampling chamber, and the analytes were extracted using 50 mL
of ethyl acetate. Second and third sequential extractions were performed with fresh
ethyl acetate, and combined together. The collected extract was then evaporated to
dryness and reconstituted in 10.0 mL of MeOH/H20 (50/50, v/v). For high
concentration and/or hydrophilic analytes, 0.7 mL of the solution was taken from
the ASG, mixed with the same volume of methanol, and then injected directly to the

LC-MS-MS instrument.
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2.3.3 Quality assurance and quality control

The limits of detection and quantification of the instrument were defined as the
concentrations of working standards which provide signal-to-noise ratios of 3 and
10, respectively. In the calibration experiments, these were determined to be in the
range of 0.1-5.0 ngmL? and 0.5-15.0 ngmL?, for detection and quantification,
respectively. The extraction method detection limit and quantification limit were
determined by considering the extraction recovery and instrumental limit of
detection, which were in the range of 0.004-0.1 ngmL?® and 0.02-0.2 ngmL*
respectively. Extraction recoveries were determined in ultrapure water spiked with
1Ingml? concentration of the analytes and they were found to be in the ranges of
85+5% and 110+6%, with the exception of Ben-4 and PBSA. A laboratory blank,
consisted of ultrapure water, was analyzed, and Ben-1 and Ben-2 were found in

concentrations of 0.3 and 0.6 ngmL™, respectively.

2.4 Thin film solid phase microextraction procedure

TF-SPME method development comprised of selection of a suitable coating,
desorption solvent, desorption time, and preconditioning time. For selection of the
best extraction phase three different coating types were evaluated, namely, C18,
HLB and WAX-PS-DVB coated blades. Prior to extraction, the coatings were
preconditioned in MeOH/H20 (50/50, v/v) for 30 min. Conditioned coatings were
placed in the sampling chamber of the ASG, for an extraction time of 180 min.

Following extraction, to find the best solvent for desorption of the analytes, four
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desorption solvents were tested simultaneously. This step was performed in a 2 mL
amber vial containing 1.8 mL of desorption solvent using vortex agitation at 1500
rpm. The desorption step was followed with a second desorption to evaluate the
carryover in each extraction phase/desorption solvent pair. The amounts of
extracted analytes were determined in the LC-MS/MS method described above
using instrumental calibration solutions prepared in MeOH/H20 (50/50, v/v) in a
range of 0.1 to 100 ngmL™. A summary of the experimental conditions is given in
Table 2.3. Gloves were worn during sample preparation and separate solvents and
glassware were used. All glassware was sequentially rinsed three times each with

acetone, methanol, and ultrapure water before use.

Table 2.3 Summary of experimental conditions used throughout the evaluation of coatings and

desorption solvents

1) Preconditioning conditions 2) Rinsing conditions

Time 30 min Time 5 sec
Agitation 1500 rpm Agitation 1500 rpm
Solvent 50/50 (MeOH/H20) Solvent H20
Volume 1.8 mL Volume 1.8mL

3) Desorption conditions

Time 15-30 min

Agitation 1500 rpm

Volume 1.8 mL

Desorption solvent 50:25:25 (MeOH/ACN/IPA)
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2.5 Results and discussion

Before commencing preparation of the ASG, the chemistries of the chemical
compounds under study as well as of the membrane being used were examined. The
most important property of the membrane is its ability to control the rate of
permeation of the chemicals. The model that describes the mass transfer of
chemical species through the membrane is solution-diffusion, in which the chemical
species dissolve in the membrane, and then diffuse through due to the concentration
gradient. The permeation rate depends on the solubility of the material in the
membrane as well as the rate of diffusion through the membrane. The solution-

diffusion model can be described by first Fick’s law of diffusion, which states:

J = _% % Equation 2.1
Where Ji is the rate transfer of species i or flux (gcm2.s), dci/dx is the concentration gradient
of species i, and Dj is the diffusion coefficient (cm?s™). Fundamentally, diffusion is a slow
process. In solution-diffusion, the pore (free volume) consists of small spaces between
polymeric chains, which are caused by the thermal motion of the polymer molecule. The free
volume of the polymer appears and disappears at the same timescale as the species traverses

the membrane.®*° The driving force that produces the movement of permeate is the gradient in

its chemical potential. The flux of a chemical can be described by Equation 2.2:

= _Loom i
Ji= =~ 5 Equation 2.2

Where dui/dx is the chemical potential gradient of component i and L is a coefficient of

proportionality relating the chemical potential to the flux. Driving forces such as gradients in
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concentration, temperature, pressure, and electrical potential can be expressed as chemical
potential gradients.’® Competing against this gradient, however, are the resistance to
permeation across the membrane and the resistance in the interface adjacent to the interior and
exterior of the membrane. The overall mass resistance is the combination of the boundary layer
and membrane mass resistance. The flux in the boundary layer interface can be written as:
Ji=Kbi (Cib-Cio) Equation 2.3
Where kui is the mass transfer coefficient, and Cjo is the concentration of component i in the
fluid at the feed/membrane interface. The flux across the membrane can be written as:

Ji=Km (Cio-Cip) Equation 2.4
Where K is the mass transfer coefficient in the membrane. The total concentration drop is the
sum of concentration drop across the boundary layer and membrane. The mass resistance is

described as follow:

KLOU = ﬁ + Kibl Equation 2.5
When the boundary layer mass transfer is high, the mass resistance is small and the rate limiting
step will be the mass resistance in the membrane. When the mass transfer in the boundary layer
is low, the mass resistance becomes high, forms a large fraction of overall mass resistance.
Boundary layer thickness is dependent on the thickness of the membrane, fluid’s linear
velocity, kinematic viscosity, temperature, and the diffusion coefficient of the analyte in the
liquid. Increasing fluid’s linear velocity past the membrane surface reduces the boundary layer
thickness, which increases the mass transfer and depletes permeates in the bulk side if the

boundary layer on the outer interface is the rate-limiting step.
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Although, increasing linear velocity will simultaneously dilute the sample and decrease the
concentration in the ASG. Permeate accumulates at the membrane surface until a sufficient
gradient has formed to allow it to diffuse to the bulk solution; a steady state is then reached. In
this study, three different devices, namely dialysis membrane, permeation tube, and a porous
frit coated with epoxy glue, were used to produce a steady state concentration of a wide range
of chemicals. Other parameters may also contribute to the diffusion of analytes from the
membrane to the water system could be the diffusion coefficient in water, the diffusion
coefficient in the membrane, temperature, and time, concentration of species, membrane

surface area, membrane thickness, molecular charge, molecular size, and agitation.

2.5.1 Dialysis membrane

The simplest application of the solution-diffusion model is dialysis, as only concentration
gradients are involved. The solutes diffuse from a high concentration region to a low
concentration region across a semipermeable membrane. The application illustrates which
molecular weight cut off (MWCO) yields constant molecular permeation. As the dialysis
membrane is a spongy matrix of cross-linked polymers, the pore rating referred to as MWCO,
is a measure of the retention performance. The membrane MWCO is determined as the solute
size that is retained by the membrane at least 90%. The permeability of a solute is dependent
on molecular shape, degree of hydration, ionic charge, and polarity. When selecting an
MWCO, one should consider a feature that provides less fluctuation in analyte concentration.
In dialysis membranes, for instance, if the MWCO of the dialysis membrane is too small, this

may result in a low concentration of analytes. On the other hand, if the MWCO is too large,
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this may cause fluctuations in the concentration of the analytes. In this study, two dialysis
membranes with MWCO 100-500 and 500-1000 were used for hydrophilic and hydrophobic
compounds, respectively. Since the water solubility of hydrophilic analytes is high, the
concentration gradient on both sides of the membrane is high. The lowest MWCO membrane
was used to keep the permeability of the membrane low to create a low concentration in the
ASG. However, for hydrophobic analytes, a high MWCO membrane was used to improve the
permeability of these analytes. The concentration of the analytes in ASG can be increased by
adding more dialysis membranes to the permeation chamber. Special care was also taken to
maintain a stable room temperature (24+1 °C). Any change in temperature might change the

diffusion rate of the analytes and affect analyte concentrations inside the membrane.

2.5.2 Permeation tube

OCR and OMC are liquid hydrophobic compounds, and as such, their aqueous standards need
to be prepared in a different way. PTFE tubing was used, as described in the experimental
section. Fluorocarbon resin are chemically inert; since no chemical reaction and solubility
occurs in Teflon. Liquid analyte permeates by random molecular motion between plastic
molecules due to concentration gradient across the polymer. Permeation depends on
temperature, surface contact, plastic density, and thickness. An increase in temperature will

increase molecule activity of the material, and hence, permeation rate.

2.5.3 Porous frit coated epoxy glue

As with membranes for hydrophilic compounds, dialysis membranes with a

molecular weight cut off 100-500 were selected and tested in the permeation
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chamber. Initially, 200 mg of Ben-4 and PBSA (100 mg of each) were loaded in the
dialysis membrane and placed in the permeation chamber. Visual inspection
showed that the membrane had been disrupted after 24 hrs.  The high water
solubility of PBSA and Ben-4 decreases the chemical potential inside the
membrane, allowing water molecules to migrate across the membrane in order to
reach equilibrium. The dialysis membrane was replaced by a stainless steel porous
frit cup with a 0.5 pm porosity, selected to withstand against osmotic pressure.
After this change, the permeation rate was noted to significantly increase due to the
large microcavities in the porous frit. To address this, the porous frit was covered
with epoxy glue with approximately 0.2 mm thickness in order to restrict the
permeation rate. The transfer mechanism changed to solution-diffusion, since epoxy
has a hydrophilic structure that allows analytes to dissolve in and diffuse through
the glue. After reaching a steady state, the average concentrations of individual
analytes were 379, 138, 28, 459, 3.5, 118, 0.25, 0.08, 1.2, and 0.12 ngmL? for
PBSA, Ben 1, Ben 3, Ben 4, TCS, Ben 2, OCR, OMC, TCC, and BM-DBM,
respectively. As the solids (UV filters and biocides) and liquid (water) co-existed
inside of the membranes, the concentrations of the analytes remained constant if the
temperature and flow-rate of water were maintained constant. The observed change
in the concentrations of the eight UV filters and biocide compounds was less than

20% over a 3 month period (Figure 2.2).
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Figure 2.2 Variation of concentration-time for flow-through system

2.5.4 Thin-film solid phase microextraction

2.5.4.1 Selection of the coating and desorption solvent

45

In order to find the optimum SPME coating for the extraction of the analytes of interest, three
different extractive phases (i.e., WAX-PS-DVB, C18, and HLB) were prepared in blade format
and evaluated. Evaluations of coating and desorption solvent were performed simultaneously

by considering the extraction capability and observed carryover in each coating. After



extractions for 180 min in the ASG, first and second desorptions were performed with a range
of desorption solvents for 60 min. In this work, MeOH/ACN/IPA (50/25/25, viviv),
MeOH/ACN/H20 (40/40/20, viviv), ACN/H20 (50/50, v/v), and MeOH/H20 (80/20, v/v),
were studied to find the most appropriate desorption solvent. The results indicated that the
MeOH/ACN/IPA (50/25/25, viviv) gave the best recovery and the lowest carryover (less than
4%) in comparison with other desorption solvents. HLB and C18 extractive phases showed
enhanced extraction abilities for hydrophilic and hydrophobic compounds, respectively. The
WAX-PS-DVB coating was not considered for further studies, as the extraction efficacies for
most of the analytes were low and carryover was high in comparison with C18 and HLB
coatings. The obtained results for the coating and desorption solvent optimization experiments
are shown in Table 2.4-Table 2.13 Evaluation of various blades in terms of extraction amount and
carryover of Ben-3 After selection of the extraction phases and desorption solution the necessity
of preconditioning step of the extraction phases was evaluated in two experiments. In the first
experiment, prior to extraction the extraction phases were conditioned in MeOH/H20 (50/50,
v/v) for 30 min. In the second experiment, extraction was performed directly with dry coating
without preconditioning. The obtained results for extraction with HLB coated blades revealed
no significant difference in extraction efficiencies between conditioned and non-conditioned
coatings. Conversely, the extraction efficiencies of C18 coated blades were affected from
presence or absence of conditioning step revealing higher recoveries when conditioning step
is used. (Data not shown). Therefore, the C18 coating was preconditioned for 30 min in

MeOH/H20 (50/50, v/v) before extractions. Desorption time was also optimized, where 15
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and 30 min were found as optimum desorption times for HLB and C18 coatings, respectively

(Figure 2.3).

2.6 Conclusion and future directions

The flow-through aqueous standard generation described in this study was able to
generate constant concentrations of UV filters and biocides in water. The
concentration variation was less than 20% for three months. A porous frit coated by
epoxy glue (0.5um), dialysis membranes with 100-500 and 500-1000 Da MWCO
and PTFE permeation tube were used as a basic element for this purpose. The ASG
overcame problems with loss of analytes on the system surfaces, limited sample
volume and poor dissolution of highly hydrophobic analytes. The developed system
described in this study offers many advantages, including convenient, inexpensive,
solvent-free and long lifetime. This system can be used for SPME method
development, passive sampler evaluation and binding study with sediment and

humic substances.
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Table 2.4 Evaluation of various blades in terms of extraction amount and carryover of TCS

1st 2nd
Solvent
Coating desorption ng RSD % | desorption ng | Carryover %
type
A 195.1 4.3 30.7 13.6
B 243.1 9.3 42.6 14.9
HLB
C 54.0 1.6 37.7 41.1
D 98.5 12.5 60.9 38.2
A 211.2 11.8 7.5 3.4
B 133.7 12.3 1.6 1.2
C18
C 147.4 13.3 5.7 3.8
D 122.2 12.9 54 4.2
A 30.3 3.4 14.1 31.7
B 23.9 16.8 8.8 26.8
PS-DVB C 24.7 10.3 13.0 34.5
D 45.6 10.0 17.6 27.9

A: (50/25/25) MeOH/IPA/ACN

B: (40/40/20) MeOH/ACN/H20

C: (50/50) ACN/H,0

D: (80/20) MeOH/H,0
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Table 2.5 Evaluation of various blades in terms of extraction amount and carryover of Ben-2

1st 2nd
Solvent
Coating desorption ng RSD % | desorptionng | Carryover%
type
A 954.0 6.7 14.8 1.3
B 897.6 4.4 136.6 13.2
HLB
C 385.3 15 104.0 21.3
D 553.8 5.8 170.3 235
A 97.4 4.9 2.2 2.2
B 77.4 9.2 3.1 3.9
C18
C 64.0 8.8 1.0 1.6
D 445 2.8 1.2 2.7
A 124.2 8.5 9.0 6.7
B 119.9 11.3 12.3 9.3
PS-DVB C 146.1 11.5 20.0 12.1
D 72.0 1.7 54 6.9

A: (50/25/25) MeOH/IPA/ACN
B: (40/40/20) MeOH/ACN/H,0
C: (50/50) ACN/H,0

D: (80/20) MeOH/H.0
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Table 2.6 Evaluation of various blades in terms of extraction amount and carryover of TCC

1st 2nd
Solvent
Coating desorption ng RSD % desorption Carryover %
type
ng
A 44.4 4.5 20.7 31.8
B 46.0 5.8 20.9 31.3
HLB
C 6.8 12.7 4.7 40.9
D 10.1 11.7 13.9 57.8
A 40.4 134 0.4 1.0
B 19.8 12.3 0.2 1.5
C18
C 19.8 11.9 0.3 15
D 18.6 6.0 0.2 1.2
A 54 12.6 2.6 32.2
B 2.5 11.3 0.7 21.6
PS-DVB C 2.1 12.7 0.8 27.0
D 2.7 13.3 13 32.3

A: (50/25/25) MeOH/IPA/ACN
B: (40/40/20) MeOH/ACN/H,0
C: (50/50) ACN/H,0

D: (80/20) MeOH/H,0
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Table 2.7 Evaluation of various blades in terms of extraction amount and carryover of Ben-4

1st 2nd
Solvent
Coating desorption ng RSD % desorption Carryover %
type
ng
A 57.9 9.5 1.5 2.5
B 53.2 12.8 0.6 1.2
HLB
C 23.2 6.3 0.9 3.7
D 31.8 8.9 1.9 5.7
A 8.3 0.9 1.0 10.7
B 2.2 0.4 1.0 32.8
C18
C 2.2 8.1 0.6 21.9
D 3.0 12.8 2.0 39.3
A 19.2 8.5 3.3 14.6
B 28.7 11.4 2.3 7.4
PS-DVB C 22.9 6.8 1.9 7.8
D 27.2 10.8 1.1 4.0

A: (50/25/25) MeOH/IPA/ACN

B: (40/40/20) MeOH/ACN/H20

C: (50/50) ACN/H,0

D: (80/20) MeOH/H,0
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Table 2.8 Evaluation of various blades in terms of extraction amount and carryover of PBSA

1st 2nd
Solvent
Coating desorption ng RSD % desorption Carryover %
type
ng
A 12.6 8.1 0.5 3.8
B 11.8 9.2 0.6 4.8
HLB
C 6.7 5.1 0.9 11.8
D 7.8 7.2 19 19.6
A 6.8 5.2 0.9 11.7
B 5.3 3.7 1.3 19.7
C18
C 5.3 6.1 0.6 10.2
D 4.8 8.1 15 23.8
A 4.6 5.9 18 28.1
B 4.8 9.1 1.7 26.2
PS-DVB C 4.9 8.1 19 27.9
D 51 9.1 1.1 17.7

A: (50/25/25) MeOH/IPA/ACN

B: (40/40/20) MeOH/ACN/H20

C: (50/50) ACN/H,0

D: (80/20) MeOH/H,0
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Table 2.9 Evaluation of various blades in terms of extraction amount and carryover of Ben-1

1st 2nd
Solvent
Coating desorption ng RSD % | desorption ng | Carryover %
type
A 857.4 104 30.2 34
B 750.6 1.9 104.7 12.2
HLB
C 216.0 7.6 84.0 28.0
D 565.2 9.4 169.0 23.0
A 198.3 8.6 5.8 2.8
B 19.3 4.1 0.5 2.5
C18
C 110.3 9.3 2.2 2.0
D 124.2 8.9 15 1.2
A 131.2 1.7 12.8 8.9
B 111.9 11.6 15.7 12.3
PS-DVB C 102.5 10.2 22.3 17.9
D 86.8 4.5 9.3 9.7

A: (50/25/25) MeOH/IPAJACN
B: (40/40/20) MeOH/ACN/H,0
C: (50/50) ACN/H,0

D: (80/20) MeOH/H,0
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Table 2.10 Evaluation of various blades in terms of extraction amount and carryover of OCR

15t 2nd
Solvent
Coating desorption ng RSD % desorptionng | Carryover %
type
A 12.0 7.4 4.9 28.9
B 7.1 16.1 15.3 68.3
HLB
C 2.2 9.3 1.3 36.7
D 3.7 11.5 1.8 33.0
A 11.1 11.2 0.3 2.6
B 5.7 12.0 0.3 4.4
C18
C 6.2 10.3 11 15.0
D 3.4 13.2 1.3 27.3
A 4.6 12.9 1.7 26.7
B 1.7 0.7 0.6 27.0
PS-DVB C 0.9 3.0 0.6 40.8
D 2.0 3.5 0.0 1.8

A: (50/25/25) MeOH/IPA/ACN
B: (40/40/20) MeOH/ACN/H,0
C: (50/50) ACN/H,0

D: (80/20) MeOH/H,0
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Table 2.11 Evaluation of various blades in terms of extraction amount and carryover of BM-DBM

1st 2nd
Solvent
Coating desorptionng | RSD % | desorption ng Carryover %
type
A 2.8 10.0 0.1 4.0
B 2.0 10.1 2.1 52.0
HLB
C 0.6 1.7 0.8 57.9
D 0.8 55 1.7 68.4
A 7.9 4.7 0.3 3.6
B 5.9 7.9 0.7 10.1
C18
C 1.6 7.0 0.6 28.1
D 2.3 5.0 0.9 27.6
A 19 3.3 1.9 50.6
B 0.7 8.2 0.6 44 .4
PS-DVB C 0.6 10.0 0.7 53.3
D 0.9 12.5 0.4 30.7

A: (50/25/25) MeOH/IPA/ACN
B: (40/40/20) MeOH/ACN/H,0
C: (50/50) ACN/H,0

D: (80/20) MeOH/H,0
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Table 2.12 Evaluation of various blades in terms of extraction amount and carryover of OMC

1st 2nd
Solvent
Coating desorptionng | RSD % | desorption ng Carryover %
type
A 5.8 13.9 1.9 25.0
B 2.8 104 1.6 36.2
HLB
C 8.6 6.9 3.7 30.1
D 15 6.0 0.8 35.1
A 12.1 7.0 0.4 3.2
B 19 9.8 0.6 23.2
C18
C 7.6 1.7 45 5.9
D 2.5 7.9 0.2 8.2
A 10.1 8.3 19 16.0
B 7.6 7.1 0.8 9.2
PS-DVB C 0.6 2.0 0.3 31.2
D 15 7.3 0.1 3.4

A: (50/25/25) MeOH/IPAJACN
B: (40/40/20) MeOH/ACN/H,0
C: (50/50) ACN/H,0

D: (80/20) MeOH/H,0
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Table 2.13 Evaluation of various blades in terms of extraction amount and carryover of Ben-3

1st 2nd
Solvent
Coating desorption ng RSD % | desorption ng Carryover %
type
A 652.1 1.8 23.0 34
B 748.2 6.9 98.5 11.6
HLB
C 189.8 6.7 94.5 33.2
D 607.1 8.0 197.8 24.6
A 540.0 7.5 23.3 4.1
B 106.7 7.4 2.6 2.4
C18
C 311.4 2.1 7.2 2.3
D 279.6 55 10.6 3.6
A 61.4 7.6 16.8 21.5
B 57.9 4.2 10.2 15.0
PS-DVB C 32.7 7.3 16.5 33.5
D 52.3 7.5 11.4 17.9

A: (50/25/25) MeOH/IPA/ACN
B: (40/40/20) MeOH/ACN/H,0
C: (50/50) ACN/H,0

D: (80/20) MeOH/H,0
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Figure 2.3 Desorption time profile for analytes under study, extraction from ASG
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Chapter 3
Time weighted average concentration monitoring based on thin

film solid phase microextraction

3.1 Introduction

The environmental impact of biocides and UV filters has gained increasing interest as these
ingredients can be found in various products used in everyday life, such as personal care
products (PCPs), cleaning agents, paints, and coatings. 132133 They are used in large quantities
on a daily basis, and are continuously discharged into municipal wastewater treatment plants.
Eventually, these compounds are dispersed into the aquatic environment through wastewater
effluent discharges,®!3* where they can reach detectable and potentially harmful
concentrations.**>> Monitoring their presence at trace level concentrations is an ongoing
challenge for analytical chemists. Sampling is the first and most time-consuming step in the
entire analysis procedure, and can be achieved either through grab/spot sampling, or passive
sampling methods. However, the spot sampling method can only provide information
regarding the system at the time and point of sampling. Consequently, spot sampling may not
provide a realistic picture of aquatic-life continuous exposure to PCPs.?° When levels of
contaminants fluctuate within a body of water, traditionally collection of large numbers of
samples over a long period of time is needed to obtain a time weighted average (TWA) water
concentration, a process which is time consuming, laborious, and costly. 242> Conversely,

passive sampling methods, as an alternative option to the process described above, are now
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widely used for monitoring of TWA concentrations of environmental contaminants.?¢2” The
passive sampling approach is based on the free movement of analytes from sample matrix to
the extraction phase. Differences in the chemical potential of the analytes between two media
cause accumulation of the analytes under study into the extraction phase.2°° Passive sampling
eliminates power requirements, reduces analysis cost, and also prevents decomposition of the
analyte during storage and transportation.3! Several passive sampling methods are used for
monitoring of organic contaminants in water, including semi-permeable membrane devices
(SPMDs),**13¢ polar organic chemical integrative samplers (POCIS),*-3¢ Chemcatcher,?*3’
ceramic dosimeters,?’*® polymeric samplers,®4 diffusive gradients in thin film,*+ and
membrane enclosed sorptive coatings.*” Solid phase microextraction (SPME) was developed
as a solvent-free sample preparation technique that integrates sampling, extraction, and pre-
concentration in a single step.®® Due to these advantages, it has been widely used for on-site
sampling of a broad range of target analytes in different matrices.23A SPME retracted
device, in which the SPME fiber is retracted a certain distance into the needle housing during
the sampling, has been used for TWA sampling in air*3>14° and water®®-#’ for volatile and semi
volatile compounds. However, there are some limitations associated with this sampler as
hydrophobic compounds are lost along the diffusion path.*** Additionally, the low surface-to-
volume ratio of the SPME fiber may constrain the sampling time, as well as the sensitivity of
the method.'4? Moreover, the chemistry of the coating is mostly limited to PDMS, which is not
an appropriate coating for hydrophilic analytes, and does not act as a zero sink for volatile

compounds.3% 141 Thin film solid phase microextraction (TF-SPME) provides an increase in
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the surface area-to-volume ratio of the sampling device and has been introduced to overcome
the low-capacity limitations and low extraction rates of traditional SPME fibers.””-’8 TF-SPME
was applied for TWA sampling of polycyclic aromatic hydrocarbons (PAHS) in water, and the
kinetic calibration technique using an isotopically labelled standard was used for
quantitation.®®%> However, there are factors that limit the application of traditional Kinetic
calibration for multiple compound analysis, since preloading of a number of calibrants is a
complex process, and isotopically labelled counterparts may not always be available or
affordable for all target analytes. To address these limitations, Ouyang introduced a one-
calibrant kinetic calibration technique, where one isotopically labelled standard was used in
order to quantify multiple analytes of interest. 143

In this study, we propose two types of TF-SPME passive sampler, namely a retracted TF-
SPME device and an open bed configuration TF-SPME device. This proposal offers an
integrated approach for TWA determination of analytes, with a wide range of physical-
chemical properties, for on-site application. The proposed methods were investigated in a flow-
through aqueous standard generation system (ASG) which provides accurate calibration data
of the devices over a wide polarity range of PCP chemicals. The use of a flow-through system
allowed for the provision of an environmentally realistic calibration of hydrophobic
compounds without the samplers depleting the system. The samplers were then used in the

Grand River (ON, Canada) for on-site application.
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3.2 Experimental

3.2.1 Chemical and materials
All chemicals and reagents utilized in this study were described in 2.2.1. The internal standard
(IS) 2-hydroxy-4-methoxybenzophenone-2°,3°,4°,5°,6’-d5 (Ben-3-d5), was obtained from

CDN isotopes (Pointe-Claire, QC, Canada).

3.2.2 Instrumental analysis method (LC/MS/MS
The LC-MS/MS method was described in 2.2.2.

3.2.3 Aqueous standards generation system

The ASG system was described in 2.3. The system reached a constant value after an initial
induction period of 1 week for all compounds, and showed variations in concentrations of less
than 20% within three months period. Average concentrations of individual analytes were 377,
138, 28, 459, 118, 3.26, 0.35, 0.08, 1.26 and 0.12 ngmL* for PBSA, Ben 1, Ben 3, Ben 4, Ben

2, TCS, OCR, OMC, TCC and BM-DBM, respectively.??

3.2.4 Retracted thin film solid phase microextraction

The design of the retracted TF-SPME TWA sampler is illustrated in Figure 3.1. The sampler
consisted of a copper tube, caps, a Teflon rod assembly, a Teflon spacer (all made at the
Machine Shop at the University of Waterloo), and a thin film (HLB) coated blade made in the
laboratory. The copper tube was made from a copper rod that was drilled, creating a hole with
a 0.76 mm inner diameter and 10.0 mm length (diffusion path). To avoid the trapping of air
bubbles in the sampler, all parts of the sampler were assembled under ultrapure water.

Assembly of the sampler was conducted by first locating the Teflon spacer inside the copper
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tube, followed by insertion of the thin film on the Teflon holder inside the copper tube, and
finally, tightly screwing the cap to fix the blade in place. The sampler was then removed from

the ultrapure water basin and transferred to the sampling chamber.

3.2.5 Open bed thin film solid phase microextraction

Open bed TF-SPME coated with C18 (Figure 3.1) was evaluated for monitoring of hydrophobic
compounds with the one-calibrant kinetic calibration approach. The calibrant was first loaded
on the coating, then subsequently transferred to the sampling chamber of the ASG to
investigate isotropism between absorption and desorption. The ASG provides a steady state
free concentration of the analytes during the experiment. Extraction times ranged from 1 h to
250 h. Benzophenone-3 (Ben-3) and Benzophenone-3-d5 (Ben-3-d5) were used as analyte and

calibrant, respectively.

3.2.5.1 Loading of the calibrant on open bed TF-SPME

C18 was used as a coating in the TWA passive sampler in open bed configuration. The initial
loading of the calibrant (Ben-3-d5) was optimized and subsequently used for evaluation and
on-site sampling. The amount of calibrant (150ng) on the coating should be sufficient to be
detected by the instrument after sampling. Loading was performed by extraction from an
aqueous solution composed of 100 ng mL! of the calibrant in a 2 mL amber vial for 60 min at
800 rpm agitation. The amount of loaded calibrant was calculated after desorption and analysis
by the instrument, and quantified by external calibration. The relative standard deviation of the

loading procedure was less than 7%.
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3.2.6 Preparation of field samplers and on-site sampling procedures

On site sampling was performed with a retracted TF-SPME sampler and an open bed
C18 TF-SPME device. Three retracted devices with a 10 mm diffusion path were assembled
under ultrapure water in the laboratory, and the opening of the device was covered by copper
mesh in order to prevent biofouling from the sampling environment. The samplers were
transported to the sampling location in appropriate containers (Figure 3.3 a) to ensure that
individual passive sampling devices remained isolated from the environment, potential sources
of contamination and each other during storage, transport to the deployment site and return to
the laboratory following retrieval. Three open bed C18 TF-SPME devices were loaded with
calibrant and wrapped with aluminium foil, then transported in a cold box filled with dry ice
to the sampling location. Upon arrival, SPME devices were inserted individually into copper
bags (Figure 3.3 b) to secure them in the sampling environment. All samplers were then placed
in the plastic cage (Figure 3.3 ¢) and deployed at the sampling site. The sampling time selected
was based on the convection conditions of the river water and was 90 days for the retracted
devices, while the sampling time for the open bed configuration was set to 5 days. Once the
sampling time had elapsed, the samplers were retrieved and transferred into a desorption
solution, then transported to the laboratory where they were analyzed by LC-MS/MS. For
comparison, spot samples were collected concurrently and from the same location as the

passive sampling experiments.
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Figure 3.3 Thin-film passive samplers: (a) C18 thin-film sampler, (b) copper mesh, (c) samplers’ cage

Two different types of spot sampling approaches were used, namely grab sampling followed
by laboratory analysis and equilibrium on-site sampling with an open bed TF-SPME. Different
spot sampling methods were selected in order to provide adequate sensitivities necessary for
the analyses. Grab sampling in bottle was selected for determination of the non-polar analytes
with C18 TF-SPME and external calibration method. However On-site sampling using open
bed HLB TF-SPME with equilibrium extraction was used for polar analytes as better
sensitivity for determination can be obtained due to large sample volume. Two spot samples
were retrieved at the sampling location at the time of deployment and retrieval of the TWA
sampler. Samples were stored in amber glass bottles previously washed with acetone,
methanol, and ultrapure water, then transferred to the laboratory and stored at 4°C until
extraction. Spot samples were analyzed in triplicate in a 250 mL amber bottle by external

SPME calibration technique, using HLB TF-SPME as the extraction phase. It should be noted
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that loss of analyte onto the glassware was shown to be negligible. On-site equilibrium spot
sampling with open bed TF-SPME was performed every 10 days in parallel to retracted TF-
SPME TWA sampling. Three open bed TF-SPME devices were exposed directly into the river
at the sampling point for 10 days. After extraction, the devices were desorbed in MeOH/
ACN/IPA (50/25/25, v/viv) and desorption solvents were evaporated to dryness under N.. The
residues were reconstituted in 0.30 mL MeOH/H20 (50/50, v/v), which was equivalent to the
initial solvent composition in the chromatographic method, and subsequently analyzed by LC-
MS/MS. The quantification of analytes in the samples was performed using the equilibrium
method. Equilibrium sampling not only provides high sensitivity for detection of analytes, it

also avoids the need for transportation of samples to the laboratory.

3.2.7 Blank samples

Two blank samples were prepared and considered in all steps, including preparation,
assembling, transportation, storage, deployment, and retrieval (Standard 1SO-5667). The
procedural blank sampler was used to evaluate if any possible contamination occurred during
preparation, assembling, loading of the calibrant, storage, transportation, processing, and
analysis. Field blank was exposed to ambient air during deployment and retrieval of samplers.

Both blank sample were transferred to the laboratory and stored at -20 °C until processing.

3.3 Results and discussion
3.3.1 Thin film SPME passive samplers
The main objective of this study was to identify and evaluate TF-SPME approaches for the

TWA determination of PCP compounds which possess a wide range of polarity. In preliminary
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evaluations, it has been found that relatively polar analytes such as Ben-1, Ben-2, Ben-3, Ben-
4 and PBSA can reach equilibrium in a short time if they are exposed directly to the sampling
location (open bed configuration). Thus the retracted device, in which the coating is placed in
a tube with a well-defined path length with analytes diffusing through the narrow opening to
the coating, was selected. This geometry allows longer equilibration time in extraction which
means longer TWA sampling is possible and use of a simple diffusion based calibration
approach (see the next section for details). According to the results in Table 2.4 to Table 2.13, it
can be concluded that HLB coating has higher affinity for the polar compounds compared to
the C18 extraction phase. Thus taking into account the necessity of high sensitivity of the final
method and considering the fact that the high affinity coatings can provide a longer time to
reach equilibrium, HLB was selected as the coating for retracted TF-SPME samplers.

For non-polar compounds retracted devices may not provide reasonable TWA concentrations
as the measurements may suffer from non-specific secondary interactions of the analytes
within the diffusion path of the sampler. Thus for the non-polar compounds in this study (OCR,
OMC, TCC, TCS and BM-DBM) an open bed geometry was selected which can be easily
calibrated with a kinetic calibration approach. It was found that the C18 coated TF-SPME
provided better desorption of the calibrant from the sampler to the solution than the HLB
coated TF-SPME sampler which makes C18 coating a more suitable extraction phase for
kinetic calibration and therefore was selected for the open bed TF-SPME device.
Consequently, to cover a wide range of compounds two different TF-SPME passive samplers

have been selected. Retracted HLB coated TF-SPME with diffusion based calibration approach
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was used for relatively polar compounds (log P < 4) and open bed C18 coated TF-SPME with
kinetic calibration was employed for relatively non-polar compounds log P > 4. The key

characteristics of the two approaches are described in the following sections.

3.3.2 Retracted TF-SPME TWA sampler

To perform TWA sampling with retracted TF-SPME, three basic prerequisites have to be
met.?42144 First, the coating of the TWA sampling device should act as a zero sink for all of the
analytes - the mass uptake rate should not be influenced by the amount of analyte already
sorbed. A zero sink test was performed by continuous and intermittent exposure of the thin
film in the ASG for the same extraction time.*3° A t-test was conducted to compare the results
obtained for the different sampling regimes, indicating that there was no statistically significant
difference between mass amounts adsorbed for intermittent and continuous exposure. Thus, it
could be concluded that the HLB coating behaved as a zero sink for all of the target analytes
due to its strong affinity towards the analytes under study, and the large capacity of the coating.
The second requirement is that the passive sampler should respond proportionally to changes
of analyte concentrations at the face of the device. The capability to integrate high peak
concentrations is an important function of any passive sampler. This function is directly related
to the response time of the sampler, where the response time is the mean dwelling time of an
analyte in the diffusion zone of the sampler.'? For the thin film retracted device with a
diffusion path length of 10.0 mm, the response time for the analytes is 4-10 h. Nevertheless,
response time is negligible in comparison to sampling time, which could be as long as 90 days.

The response time can be changed by designing a passive sampler with a shorter or longer
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diffusion path. The third condition is that the bulk concentration (Cpuk) of analytes must be
equal to the concentration at the face of the device (Couik=Ctace). The overall mass-transfer
resistance for transportation of analyte from the bulk of the samples to the collecting medium
of passive samplers should be limited to the diffusion path of the sampler. To confirm the third
condition, a face velocity effect test was carried out in a well-agitated sampling chamber (800
rpm, linear flow rate was ~50 cm sec™?) and in a mixing chamber where the linear velocity was
low (0.15 cm sec™). The sampling time was 30 days, and each measurement was performed in
triplicate. The obtained results showed that there was no significant difference between
accumulated masses in the samplers for both conditions. This is a desired feature of the sampler
for on-site applications, where convection conditions are difficult to measure and calibrate.
3.3.2.1. Calibration of retracted TF-SPME passive sampler

Laboratory calibration of the TWA sampler was performed by exposing nine samplers in the
ASG simultaneously for different time intervals. Since the diffusion of analytes in stagnant
water between the thin film and the opening of the sampler is controlled by
mass-transfer, the diffusion is assumed to follow Fick’s first law under a steady state condition,

and the mass uptake can be calibrated by use of Fick’s first law of diffusion (Equation 3.1).

= :—lft Equation 3.1
Where C is the TWA concentration, n is the amount of analyte extracted, Z is the diffusion
path length, A is the cross-sectional area of the opening, D is the diffusion coefficient, and t is
sampling time. The diffusion coefficients of the uncharged organic molecules and charged

organic molecules in water can be calculated with the empirical Equation 3.8 and Equation
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3.9. The ratio of theoretical sampling rate (R) to analyte diffusion coefficient (D) depends on
the geometric configuration of the sampler only, i.e. (R/D) = A/Z. The ratio of theoretical
sampling rate to the experimental sampling rate (SR) should be equal to 1 which verifies that
the sampler can be calibrated by diffusion based calibration. SR values of each compound can
be determined experimentally with a sampler with known diffusion path. For this purpose,
samplers with three different diffusion paths were exposed in the sampling chamber with
known concentrations of analytes for a defined time. The sampling rate could then be

calculated with Equation 3.2:

SR = % Equation 3.2

Table 3.1 summarizes the experimental results for (RZ)/(AD) at 5.0, 10.0, and 15.0 mm
diffusion path lengths. The obtained results show that the values of (RZ)/ (AD) for all analytes
are close to 1. This indicates the zero sink behavior of the HLB coating for the target analytes.
Figure 3.4-Figure 3.8 demonstrate good correlations between the theoretical and experimental
data, as well as good linear relationships between mass uptake and sampling times of up to 70
days. According to the trends observed for the amount of analytes extracted, sampling time
can potentially be further extended, because the thin film coating has a sufficiently large
capacity. The experimental results indicated that retracted TF-SPME passive sampling by HLB
coating works very well for TWA sampling of hydrophilic compounds in water. The retracted
TF-SPME device was shown to meet all the required criteria for successful performance as a
TWA sampler, i.e. zero sink behaviour, fast response, and independence from face velocity.
The disadvantage of this sampler is its low sampling rate; accordingly, it should be ensured
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that sampling time is sufficiently long to enable measurement of TWA concentrations in real

environmental application.

Table 3.1 Comparison of experimental values of (RZ)/ (AD) (n=3)

(RZ)/ (AD)
Z=0.5cm Z=1lcm Z=15cm
Ben 2 0.98+0.11 0.92+0.13 1.120.12
Ben 4 0.96:0.16 0.88+0.18 0.98+0.15
PBSA 1.1x0.15 0.96+0.15 0.89:0.16
Ben 1 0.890.15 0.910.18 0.93+0.20
Ben3 0.99+0.19 0.92+0.14 0.97x0.21

3.3.3 Open bed TF-SPME passive sampler

In the retracted device described in the previous section the boundary layer thickness is
constant (diffusion path) and it is not affected by convection condition; therefore, the
calibration is straightforward and follows Fick’s law. In open bed configuration, however,
since the sampler is directly exposed into the sampling location, the boundary layer is strongly
dependent on the convection conditions, thus a calibrant is necessary for adequate calibration.
The application of a kinetic calibration process was assessed in the ASG. This included the

evaluation of the symmetry of adsorption and desorption of the analytes as well as an
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investigation into the possibility to use a single calibrant for all tested compounds. The zero
sink test was performed for C18 coating and analytes (Ben-3, OCR, OMC, TCC, TCS and BM-

DBM). The results showed that C18 coating behaved as a zero sink for all of the analytes.

3.3.3.1 Symmetry of desorption and adsorption verification

To ensure the applicability of the method, the existence of isotropic behaviour of adsorption
of the analyte and desorption of the calibrant should be verified. This experiment involved the
simultaneous determination of the desorption time profile of Ben-3-d5 as a calibrant, and the
extraction time profile of Ben-3. Pre-loaded C18 thin film blades were exposed in the sampling

chamber of the ASG for different sampling times in triplicate at a linear velocity of 50 cm sec
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Figure 3.4 TWA concentration of Ben-1 using the retracted TF SPME sampler (diffusion path: 10

mm and analyte concentration in the ASG: 138 ng mL™?)
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Figure 3.5 TWA concentration of Ben-2 using retracted TF-SPME (diffusion path: 10 mm and
analyte concentration in the ASG:118 ng mL™?)
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Figure 3.6 TWA concentration of Ben-3 using retracted TF-SPME (diffusion path: 10 mm
and analyte concentration in the ASG: 28 ng mL™)
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Figure 3.7 TWA concentration of Ben-4 using retracted TF-SPME (diffusion path: 10 mm and
analyte concentration in the ASG: 459 ng mL-1)
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Figure 3.8 TWA concentration of PBSA using retracted TF-SPME (diffusion path: 10 mm and
analyte concentration in the ASG: 377 ng mL-1)
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After each specified extraction time, the thin film blades were removed from the solution and
desorbed in the selected desorption solvent. Figure 3.9 (A) presents the isotropy of the
adsorption and desorption processes. The desorption process of the pre-loaded C18 thin film

blades can be described by the Equation 3.3:

q& = exp(—a't) Equation 3.3
0

Where qo is the amount of loaded calibrant on the extraction phase, Q is the amount of calibrant
remaining in the extraction phase after exposure to the sample matrix, a’ is the desorption rate

constant of the preloaded calibrant and t is sampling time. The kinetics of the absorption

process for the TF-SPME can be defined using the Equation 3.4:

nl =1—exp(— at) Equation 3.4

e

Where n is the amount of extracted analyte at sampling time t, ne is the amount of analyte
extracted onto the coating at equilibrium and a is the absorption rate constant of the analytes.

The sums of Q/qo and n/ne at any time were close to 1, demonstrating the isotropy of the

method (Equation 3.5).

S 2_ 1 Equation 3.5
Ne do
The linearized absorption and desorption time constant profiles can be obtained with
In (1 - n/ne) or In (Q/qo) as the y-axis, where the regression slope is —a, based on Equation 3.3

and Equation 3.4. The obtained data exhibited a good linear relationship between

In (1 - n/ne) or In (Q/go) and time (R >0.99), demonstrating that Equation 3.3 and Equation 3.4
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accurately describe the kinetics of desorption and absorption of the C18 coating towards UV

filters and biocides (Figure 3.9 B, C). Where a is the adsorption rate constant, and a’ is the

desorption rate constant. The rate constant a is described by Equation 3.6:
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[=4] (=] = ]

=
i

nfne or (Qqa)

5000 10000
Time (min)

0 C
A B o
-1
-2
4
_4
A& Desorption T g
W Extraction ?: g 5
i £
= y=-0.0007x +0.0151 y=-0.0007x- 0.3235
H 1o
210 R:=099 a0 R*=0.9951
& -12 -12
15000 20000 0 5000 10000 15000 i} 5000 10000 15000
Time (min) Time (min)

Figure 3.9 The isotropy of absorption and desorption of Ben-3 and Ben-3-d5 (A) Extraction time

DA
a=
V&K

profile of Ben-3 (B) and desorption time profile of Ben-3-d5 (C)

Equation 3.6

Where K is the distribution coefficient of the analyte between the C18 coating and the sample

matrix, A is the surface area, VT is the volume of the coating, Ds is the diffusion coefficient of

the analyte in the sample matrix; and Js is the thickness of the boundary layer, which is mainly

affected by the agitation. Desorption of the calibrant follows Equation 3.7.

[

D'sA

a =
V8 K/

Equation 3.7
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Where D’s is the diffusion coefficient of the calibrant in water, and K’ is the distribution
coefficient of the calibrant between the C18 coating and sample matrix. Since the thickness of
the diffusion layer, the surface area, and the volume of the coating are the same for both the
extraction of the target analytes (8s) and desorption of the calibrant (8's), then the relationship
between the rates constantsa and a’ can be shown by Equation 3.10. The distribution
coefficients of the analytes and calibrant between the C18 coating and water can be determined
experimentally. The diffusion coefficients for uncharged and charged organic molecules are

calculated with the Equation 3.8 and Equation 3.9:

1326x10™% .
w= W Equation 3.8
1 1
RT [ o7 ta— .
D= E(nl L ) Equation 3.9
x‘fxi’

Where D is the liquid-phase diffusion coefficient at infinite dilution, cm?s™*; R is the universal
gas constant, 8.314 J (mol-K)?; T is the absolute temperature, K (273 + <C); n+ is cation
valence and n— anion valence; F is Faraday’s constant, 96,500 Ceq-1; Ao+ = limiting positive
ionic conductance, cm?-seq* and Ao— limiting negative ionic conductance, cm?-seq™. Limiting
ionic conductance of Ben-4 and PBSA were obtained by the conductivity method, and

measured at 30 and 25 cm?-seq?, respectively.'#®

3.3.3.2 One-calibrant kinetic calibration

Verification of the one calibrant kinetic calibration approach for measuring the TWA

concentration of the hydrophobic analytes (OCR, OMC, BM-DBM, TCC, and TCS) was
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performed in the ASG. Ben-3-d5 was selected as the calibrant and absorption rates related to

the analytes were calculated with the use of Equation 3.10:

a _ DsK

a’  D'sKk’

Equation 3.10

Where Ds' is the diffusion coefficient of the calibrant in pure water, and K’ is the distribution
coefficient of the calibrant between the C18 coating and sample matrix, K is the distribution
coefficient of the analyte between the C18 coating and the sample matrix and Ds is the
diffusion coefficient of the analyte in the sample matrix. Equation 3.10 can be used to specify
the relationships that exist between the desorption rate constant of the calibrant and the
absorption rate constants of different compounds; accordingly, all extracted analytes can be
quantified with a single pre-loaded calibrant. The partition coefficients of the analytes (K) and
the calibrant (K’) were determined by equilibrium extraction of TF-SPME in the ASG
(Table 3.2). The partition coefficient of Ben-3 was used for the calibrant Ben-3-d5, as both
compounds display the same retention time in the chromatographic separation on the C18
column, which indicates the similar physical-chemical properties between Ben-3-d5 and Ben-
3. To investigate the validity of Equation 3.10 for determination of TWA concentrations of
other analytes, three C18 TF-SPME devices were loaded with the calibrant and exposed in the
sampling chamber at 800 rpm for 15 hrs, where the kinetics of uptake is still in the linear
portion of the extraction time profile, and the obtained concentrations can be assumed to be
TWA concentrations. The concentration of the analytes in the matrix sample in the kinetic

portion of the extraction time profile can be obtained with the Equation 3.11:
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n -
Cs = KVg[1-exp(-at)] Equation 3.11

Since a=a’, then Equation 3.11can be rewritten as the Equation 3.12:

C. = n
s KVf[l—exp(q%)t]

Equation 3.12

Where Cs, K and Vs are the concentration of the analyte in the sample matrix, distribution
coefficient between the coating and analyte and volume of the coating respectively. Equation
3.12 demonstrates that the open bed samplers can be deployed with a pre-loaded calibrant into
the sample medium, and retrieved after the sampling period has elapsed. The concentration or
TWA concentration of the target analyte can then be calculated, since n and Q can be
determined, and K, Vs, and qo are already known. Liquid-liquid extraction with ethyl acetate
was used to measure the concentrations of the analytes in the ASG as a confirmatory approach.
The quantitative results are shown in Table 3.2. It is clear that one-calibrant kinetic calibration
is able to quantify TWA concentrations of other analytes in cases where their deuterated

counterparts are either not available or too expensive.

3.3.4 Determination of distribution coefficient

The extraction time profiles of the hydrophobic analytes (TCS, TCC, OMS, OCR and BM-
DBM) using TF-SPME C18 coating were investigated in the ASG. TF-SPME coated samplers
were placed in the sampling chamber at 800 rpm from 30-7230 min in triplicate to determine
the equilibrium time. Equilibrium time was defined as the time when the extracted amount is
statistically constant. The distribution coefficient was obtained based on n = KgViCy

Equation 3.13,
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n = K VG Equation 3.13

When the amount of extracted analyte in equilibrium and initial concentration are known. The
volume of the thin film blade coatings was calculated based on the length (I = 20 mm) and
thickness (b = 200 um) of the coating, and the width (w = 2.5 mm) and depth (d = 0.7 mm) of

the blades, using the .14
Ve = 2[Ib(w + 2b)] + 2[Ib(d + 2b)] + [b(d+2b)(w+2b)] Equation 3.14
3.3.5 Limit of detection

3.3.5.1 Limit of detection of the TWA samplers

KfsVfCOVsKfsVf+Vs
Equation 3.15 and can be simplified to n=KfsV¢Cq
Equation 3.13 when Vs>>KfsVf in ASG

KfsViCoVs .
n=—s1x0°s Equation 3.15
K VetV q

Where n, Vs,KisVy, and Co  are the amount of extracted analyte, volume of sample, fiber
constant and initial concentration. Equation 3.15 was used for calculation of the LOD of the
passive sampler when n (absolute detection limit of the instrument) and fiber constant were
known. The absolute instrumental detection limit was obtained by multiplying the known
instrumental detection limit and desorption solvent volume. For the retracted device, equation
1 was used for calculating the limit of detection when sampling time, diffusion path, and
absolute instrumental detection limit were known. The sampling time and diffusion path were

90 days and 10.0 mm, respectively.
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Table 3.2 Values of distribution coefficient (K), diffusion coefficient (Ds, cm?s™), absorption rate (a)

and TWA concentrations of analytes in ASG (ng L) (Meant Standard Deviation; n =3)

Analytes Dsx10% KP a x10% Crwa Casc
OCR 0.408 68000+4760 | 0.434+0.039 250+30 240+20
OoMC 0.458 11800+590 2.81+0.14 80x10 8016
BM-DBM 0.460 118000+9440 | 0.244+0.030 120+20 120+10
TCS 0.358 20000+1000 1.25+0.11 3200400 3300£300
TCC 0.536 14000840 2.75+0.31 1200+£150 1300+100
Ben-3-d5 0.508 5600+168 6.55+0.52 | 28000+350 | 28000220
a: Calculated

b: Determined

3.3.5.2 Limit of detection of the grab samplers

Two different grab sampling techniques were used for both passive sampling techniques.
Spot sampling by direct exposure of TF-SPME for 10 days at sampling site with equilibrium
method was selected for hydrophilic analytes, while bottle sampling with external calibration
was used for hydrophobic analytes. The limit of detection of the on-site sampling was

calculated when the absolute limit of detection and known fiber constant using Equation 3.13.
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Table 3.3 Limits of detection of the TWA sampler, grab samplers, and instrument

LOD of TWA samplers and grab samplers (ng L?)

Ben-1 Ben-4 PBSA Ben-2 Ben-3
Thin film retracted
) 630 799 160 131 499
device
On-site equilibrium
) 11 247 106 0.53 1.1
sampling
Instrument 500 2500 500 100 1000
LOD of TWA samplers and grab samplers (ngL™)
OCR Ben-3 OMC TCS TCC BM-DBM
Open bed TWA
0.14 0.56 0.04 0.23 0.07 0.01
sampler
External calibration 20 7.5 20 10 1.0 3.0
Instrument 1000 1000 500 100 1 160

3.3.6 On-site water sampling with TWA samplers

The two TWA samplers were developed and validated in the laboratory, and subsequently used

for an on-site investigation. The downstream of the Doon (Kitchener) municipal wastewater

treatment plant was selected for deployment of the devices. The sampling time for retracted

TF-SPME TWA samplers was set as 90 days. Sampling time was selected based on levels of

concentration found for these analytes in surface water in primarily investigation, as well as

the detection limit of the LC-MS/MS instrument. In addition to TWA sampling, spot sampling

was performed every month using open bed TF-SPME and nine samplers were deployed from

5to 15 days, with results showing the coating reached equilibrium after 10 days. Spot sampling




was carried out by direct exposure of three HLB coated TF-SPME samplers for 10 days
sampling time, and equilibrium concentrations were calculated with Equation 3.16:

Co = % Equation 3.16

Where Cy is the equilibrium concentration, fc is the fiber constant, which is the product of the
partition coefficient of the analytes and the active surface area of the solid coating, and n is the
amount of extracted analyte. Average concentrations and relative standard deviations (RSD)
of spot sampling and TWA sampling results are shown in Table 3.4. The TWA concentrations
of the analytes were calculated with the use of Equation 3.1. The results obtained by the two
methods are similar. Ben-1, Ben-3, Ben-4, and PBSA were detected in spot sampling, while
only PBSA and Ben-4 were detected in TWA sampling. This is due to the low sampling rate
of the device and the low concentrations of Ben-1 and Ben-3. In addition, procedural and field
blank samples related to these samples were analyzed, and none of the analytes under the study
were detected. For the in-field trial for the open bed TF-SPME TWA samplers, nine thin film
samplers were loaded with the calibrant and transported to the sampling location on dry ice.
Upon arrival, samplers were placed into individual copper cages to prevent biofouling, then
subsequently placed in plastic cages before deployment. Three of the samplers were retrieved
after 2, 5, and 10 days. Analysis showed that 50% of the calibrant was lost within 5 days of
sampling, which was determined to be the optimum time for measuring TWA concentrations.
TCS, OCR, and Ben-3 were detected and quantified by Equation 3.12, with results shown in
Table 3.4. In addition to TWA sampling with open bed TF-SPME, spot sampling using a grab

sampling approach was investigated for determination of the concentration of analytes over
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the TWA sampling time. Three spot samples were collected in 1 L amber bottles at different
days throughout the sampling period, and transported to the laboratory for analysis. The
samples were analyzed in triplicate by external calibration TF-SPME. Moreover, procedural
and field blank samples were analyzed, and none of the analytes under study were detected.
The data shows good agreement between the TWA passive sampling methods and relevant
spot sampling checks made. The field study showed that one-calibrant kinetic calibration was
perfectly suitable for quantitation of hydrophobic compounds in river waters. The
concentrations that were found by the developed passive samplers are consistent with typical
concentrations reported in the literature.*1914/-152 The field study showed that the one-calibrant
kinetic calibration is perfectly suitable for quantitation of hydrophobic compounds in river
waters. The concentrations that were found by the developed passive samplers are consistent

with typical concentrations reported in the literature,11%147-152

3.4 Conclusions and future directions

This study demonstrated the feasibility of TWA concentration measurement with two different
passive sampling methods, namely, open bed TF-SPME and retracted TF-SPME. The
combination of both developed methods offers an integrated approach for TWA determination
of analytes with wide range of physical-chemical properties for on-site applications. Retracted
TF-SPME devices using HLB sorbent offers a promising passive sampling method to monitor
hydrophilic analytes in water without calibrating or controlling the convection condition. The

implementation of this sampler is easy compared to other passive sampling methods such as
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Table 3.4 Field sampling results of retracted TF-SPME and open bed TF-SPME TWA samplers in
Grand River, ON

Concentration (ngL™?)
Open bed TF-SPME
Ben-1 Ben-3 Ben-4 PBSA Ben- 2
(Spot sampling)
(RSD, %) (RSD, %) (RSD, %) (RSD, %)
June (n=3) 5.2(7) 23 (12) 4529.0 (12) 2379 (20)
<LOD®
10 Days
July (n=3) 5.7 (13) 17 (11) 6058.1 (11) 4060 (12)
<LOD®
10 Days
August (n=3) 6.4 (8) 19 (6) 6604.8 (15) 4982 (11)
<LOD®
10 Days
Ave 5.6 20.0 5730.6 3807.8 <LOD"
Retracted TF-SPME
<LOD? <LOD? 5420.4 (15) 4009.7(12) <LOD?
TWA Sampler (n=3)
Procedural blank <LOD¢ <LOD¢ <LOD¢ <LOD¢ <LOD*¢
Field blank <LOD¢ <LOD¢ <LOD¢ <LOD¢ <LOD¢
One-calibrant kinetic Concentration (ngL™?)
calibration OCR (RSD, %) | TCS (RSD, %) | Ben-3 (RSD, %) omMC TCC BM-DBM
Open bed TF-SPME
90.5 (9) 36.5 (5) 27.4 (19) <LOoD¢ <LOD¢ <LOD¢
TWA sampler (n=3)
Grab sampling (n=6)
129.5 (15) 50.5 (15) 28.4 (10) <LOD¢® <LOD¢® <LOD¢®
(spot sampling)
Procedural blank <LOD¢ <LOD¢ <LOD¢ <LOD® <LOD¢ <LOD¢
Field blank <LOD¢ <LOD¢ <LOD¢ <LOD¢ <LOD¢ <LOD¢
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LOD?is the limit of detection of the retracted TF-SPME device

LOD® is the limit of detection of equilibrium on-site sampling

LOD®¢ is the limit of detection of the instrument

LOD¢ is the limit of detection of the open bed TWA sampler

LOD¢ is the limit of detection of the external calibration

polar organic chemical integrative sampler (POCIS), does not required calibration in the
laboratory or field. However the sampling rate in the sampler was very low and required a long
sampling time which could be increased by selecting a shorter diffusion path. Open bed
configuration using one-calibrant with C18 sorbent showed its capability for measuring the
TWA concentration of hydrophobic compounds, where their isotopic labelled standards are
either not available or affordable. The limitation of this sampler is its dependency on the
convection conditions which effects the desorption rate of the calibrant and it cannot be used
for long term monitoring where the convection conditions are high. In addition to that, a
predetermined K value was necessary for this approach. This method potentially could be
applied to TWA measurement of other personal care ingredients by using different calibrants
to cover a wide range of compounds. The proposed method focused on measurement of the

free concentration of analytes.
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Chapter 4
Partitioning of UV filters and biocides to different environmental

compartments

4.1 Introduction

UV filters and biocides are used as ingredients in an extensive variety of personal care products
with a wide range of physical-chemical properties.?4®1%3-1% Due to their widespread and
extensive use, their concentrations in aquatic environments are increasing to detectable
levels.>1321%5 Previous studies have shown that hydrophobic organic chemicals (HOCs)
interact with natural sorbents and dissolved organic matter (DOM) as environmental
counterparts. In environmental matrices such as surface water, runoff effluents, and soil or
sediment porewater, HOCSs are distributed between the sorbent phases and water. These
interactions decrease the freely dissolved concentration (Csree) and affects the ecotoxicological
effects, biodegradation and bioavailability of contaminant.’****° Therefore, accurate
determination of distribution coefficients between HOCSs and dissolved organic matter and
sediments are necessary to quantify the strength of affinity and bioavailability of HOCSs. This
will help to determine the potential impact of HOCSs concentrations on the
environment. 124160161 The determination of distribution coefficient of dissolved organic carbon
(DOC) is complicated, because the sorbent is dissolved in the aqueous phase, and a classical
separation of the two phases without disturbing the equilibrium is difficult to achieve.!®?

Therefore, sorption behavior of hydrophobic substances to DOC is often studied by measuring
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the free concentration without active separation of the two phases. Several methods have been
proposed for measuring free concentrations, including equilibrium dialysis,**4water
solubility enhancement,516¢ complexation—flocculation,*® liquid-liquid partitioning,*®’
reversed-phase separation,’®® liquid-liquid extraction'® and fluorescence quenching.1™
Negligible solid phase microextractionc(nd-SPME) has been used for measuring free
concentrations of organic contaminants in humic acid and sediment,445558.106.117.171-176
Equilibrium and pre-equilibrium extraction techniques were used for measuring Ctree
concentration>>2>175177 Thin film solid phase microextraction (TF-SPME), while maintaining
the major advantages of SPME also shorten the extraction time without scarifying method’s
sensitivity, as it can provide larger surface-to-volume ratio.”*1%017® The objective of the
currently presented work was binding investigations of UV filters and biocides to humic acid
and sediment using thin film solid phase microextraction. Equilibrium extraction method was
used to determine Csree cOncentration of the analytes in both matrixes. The sorbed concertation
was obtained by traditional liquid extraction method. Eventually, distribution coefficients of

DOC (Kpoc) and sediment (Kq) of the target analytes were calculated.

4.2 Experimental

4.2.1 Chemical and material

All chemicals and reagents utilized in this study were described in 2.2.1. Humic Acid sodium

salt was obtained from Sigma Aldrich (Oakville, ON, Canada).

4.2.2 Instrumental analysis method (LC/MS/MS

The LC-MS/MS method was described in 2.2.2.
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4.2.3 Preparation of humic acid solution

500 mg of HA sodium salt was dissolved in 1000 mL of ultrapure water and left to stir
overnight. The solution was first filtered by 5 um cellulose nitrate, then further filtered with
the use of a 0.25 um cellulose nitrate filter. The concentration of total organic carbon (TOC)

was 150 mgL* measured with a Shimadzu CHNO Analyzer.

4.2.4 Matrix free calibration media

It is very important to match the conditions of matrix-free media close to those of
environmental water samples in terms of pH and ionic strength. In order to have an idea about
the average pH, total dissolved solids (TDS), and ionic strengths of typical surface water,
various samples were collected from different locations. The obtained results are shown in
Table 4.1 in accordance with the values obtained for the collected environmental samples, the
pH of the water samples was set at pH= 7.5 with 5 mM sodium carbonate-bicarbonate buffer
(pH was adjusted by formic acid), producing a conductivity of 850 uS/cm, and TDS of 550
ppm. These values are in the range of typical surface waters. For further studies, the pH and

ionic strength of water in the ASG were kept constant at these values.

4.2.5 Aqueous standards generation system

The ASG system was described in 2.3. Average concentrations of individual analytes were
296, 15, 12, 288, 30, 4.1, 0.21, 0.085, 1.1 and 0.95 ngmL™ for PBSA, Ben 1, Ben 3, Ben 4,
Ben 2, TCS, OCR, OMC, TCC and BM-DBM, respectively For binding investigation in
presence of humic acid, the humic acid stock solution was continuously added to the mixing

chamber with the flow rate of 0.2mLmin to adjust the DOC equal to 10mgL™.
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Table 4.1 Typical pH, TDS and conductivity of surface waters sample

Sample oH Conductivity TDS
(1S/cm) (ppm)
Laurel Creek 8.1 774 480
GR1 7.4 470 270
RW1 7.5 410 310
RW2 7.8 391 280
RW3 7.9 387 300
Tap water 8.0 740 490
carbonate buffer 5 mM 7.5 850 550

4.2.6 Sorption kinetic on humic acid

Measurement of the sorption kinetic of UV filters and biocides on HA was performed in a 1000
mL amber bottle containing 1.0 ngmL™ of the target analytes and 10 mgL™? of TOC. pre-
equilibrium SPME was used for extraction of analytes so as to meet negligible extraction
conditions,*®117” while ensuring that the extraction was still in the dynamic range. However, the
LC-signal intensities reflected the free concentration of the analytes as a function of the DOC
sorption time. First, 1 ngmL™ of mixture standard was prepared in 930 mL ultrapure water in
the amber bottle and stirred for 10 min, and then 70 mL of HA solution was added to adjust
the TOC concentration to 10 mgLt. Vigorous mixing of HA with the standard solution was

applied for 5, 10, 15, 20, 30 and 60 min. Extraction times were set as 2 min for all cases.

4.2.7 Extraction time profiles in humic acid free and humic acid solution

Extraction time profiles were investigated by C18 and HLB TF-SPME in humic acid free and

humic acid solutions, with extraction times ranging from 30 to 7230 min in the sampling
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chamber, agitation set at 800 rpm, and all extractions conducted in triplicate. A stock humic
acid solution was introduced to the mixing chamber of the system to adjust the total organic
compounds (TOC) to 10mgL™. After each extraction, desorption was performed in a 2 mL
amber vial containing 1.8 mL of desorption solvent using (MeOH/ACN/IPA 50/25/25, viviv))
vortex agitation at 1500 rpm. The collected extract was evaporated to dryness and reconstituted
in 0.3 mL of MeOH/H20 (50/50 v/v). The general experimental conditions are given in
Table 2.3. A calibration curve was constructed from 1-100 ngmL™ of analytes prepared in
MeOH/H20 (50/50) to calculate the amount of extracted analytes. C18 was used for extraction
of OCR, OMC, BM-DBM, TCC, TCS and Ben-3, and HLB was used for extraction of Ben-1,

Ben-2, Ben-4, and PBSA.

4.2.8 Blade constant and Cxee measurement

The sorbent to water partition coefficients is an essential parameter for measuring the Ctree
concentration of chemicals in complex matrix such as sediment and humic acid. After
equilibrium extraction in matrix free media in ASG with selected coatings desorption was
performed in a 2 mL amber vial containing 1.8 mL of desorption solvent using
(MeOH/ACN/IPA 50/25/25, viviv)) vortex agitation at 1500 rpm. The amounts of extracted
analytes were determined in the LC-MS/MS method described above using instrumental

calibration solutions prepared in MeOH/H20 (50/50, v/v) in a range of 0.1 to 100 ngmL™.

4.2.9 Sediment collection

The sediment sample was collected from Staverton (Northamptonshire, UK) from the surface

sediment (10 cm). The sediment was brown, and the texture was loamy. The sample was
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collected by grab sampler, passed through a 2 mm sieve, and transferred to a plastic container
for transport to the laboratory. The total organic matter was 1.6% (w/w %), and the cation
exchange capacity at sodium saturation at pH=7 was 6.2 meq/100g. Sediment particle size
distribution was 87% (w/w %) from 2-0.05mm, 7% (w/w %) for 0.05-0.002mm, and 6% (w/w
%) for less than 0.002 mm. Sediment was extracted through application of the Soxhlet method,

using a mixture of methanol and ethyl acetate, then analyzed; no target analytes were detected.

4.2.10 Sorption kinetics on sediment

The sorption kinetic was investigated in the batch mode in which the sampling chamber
(500 mL) was equilibrated for 24 h with the standard solution in flow through system to
eliminated losses of the analytes on the surface. Then 5.0 grams (dry weight equivalent)
sediment were added to the sampling chamber while the inlet and outlet were blocked initially
with the septum and it was transferred to the mechanical shaker. The sorption Kinetics was
investigated in mechanical shaker at 250 rpm for 0.5, 1, 5, 10, and 24 hrs. The supernatant
was separated from sediment through the 0.45um cellulose acetate filter and transferred to a

250 mL amber bottle according to procedure described in 2.3.2.

4.2.11 TF-SPME extraction time profile in sediment

Extraction time profiles were investigated in aqueous standard solution containing sediment in
sampling chamber bottle (500mL) with C18 and HLB coating. The glass bottle was pre-
equilibrated for 24 hrs in ASG to eliminate surface adsorption. 5.0 gram (dry weight
equivalent) of sediment was added to the aqueous standard solution. Further, C18 and HLB

coated blade was added to the three separate glass bottles. The bottles were agitated in 250 rpm
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on mechanical shaker and blades were retrieved after 1, 3, 5, 10, 23, 49, 63 hrs. After
extraction, the devices were desorbed in MeOH/ACN/IPA (50/25/25, viviv) and desorption
solvents were evaporated to dryness under N.. The residues were reconstituted in 0.30 mL
MeOH/H20 (50/50, v/v), which was equivalent to the initial solvent composition in the
chromatographic method, and subsequently analyzed by LC-MS/MS. The amounts of

extracted analytes were determined by the LC-MS/MS method.

4.2.12 Adsorption isotherm experiment

The concentration of the analytes in the ASG was changed by adding intermittent flow of water
(3, 7, 17, 37 mLmin?) to the mixing chamber to create different concentrations. In each
concentration 5.0 grams (dry weight equivalent) of sediment was placed in the sampling
chamber (500 mL) and agitated at 250 rpm on the mechanical shaker for 5 hrs to reach an
equilibrium. Upon equilibrium, the sediment sample was separated from the supernatant
through the 0.45um cellulose acetate filter and transferred to an amber bottle, then 50 mL of
MeOH/EtOAc (50/50 v/v) solvent was added, followed by 60 min of ultrasonic irradiation at
60°C in a water bath. The sediment was extracted with the same solvent two more times. The
extracts were combined and evaporated to dryness under a nitrogen stream. A 10 ml volume
of methanol was added to the bottle and sonicated for 2 min to re-dissolve the extract, then
transferred to a 20 ml amber vial and evaporated to dryness and reconstituted in 1.5 mL
MeOH/H20 (50/50, v/v). After filtration, the total concentrations of the analytes in supernatant
was measured by LLE using EtOAc. The concentration of the Ben-4 and PBSA was measured

from the subtraction of initial concentration in the aqueous solution and concentration on the
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sediment. An aliquot of the supernatant was removed for measuring DOC level by combustion

at 720 °C on Shimadzu CHNO analyzer after acid digestion which was 5 mgL™.

4.3 Results and discussion

4.3.1 Kinetics of sorption in humic acid

As described above, the kinetics of sorption between humic substances and target analytes was
investigated with application of the short term SPME procedure. The results (Figure 4.1-
Figure 4.2) indicated that sorption equilibrium times for Ben-1, Ben-2, Ben-3, Ben-4, PBSA,
and TCS were all less than 5 min. The main interactions occurring between the analytes and
HA were hydrogen bonding and van der Waals interactions. Total sorption equilibrium occurs
within 10 min for the OCR, TCC, OMC, and BM-DBM. The kinetics of sorption of
hydrophobic compounds with HA is very low, because the hydrophobic part of HA is in its

interior part, and rearrangement is necessary for interaction.'”®

4.3.2 Thin film solid phase microextraction

4.3.2.1 Extraction time profile

Extraction time profiles were investigated in humic acid free and humic acid solutions in ASG.
TF-SPME were placed in a sampling chamber at 800 rpm from 30-9660 min in triplicate.
Equilibrium time was defined as the time when the extracted amount is statistically constant.
Normalized extraction time profiles for all analytes are shown in Figure 4.1-Figure 4.10. For
hydrophobic compounds, TCS, TCC, OMC, OCR, BD-BDM, the kinetic of extraction in the

presence of HA showed an enhancement effect, resulting in shorter equilibrium times, which
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Figure 4.1 Sorption kinetics of Ben-1, Ben-2, Ben-3, Ben-4, PBSA and TCS on a dissolved humic
acid, red line and violet line are upper limit and lower limit respectively (£SD)
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Figure 4.2 Sorption kinetics of OMC, OCR, TCC and BM-DBM on dissolved humic acid

is in accordance to previous research in the literature.>”*’” This phenomenon can be explained
by local depletion of the analytes from the matrix in the boundary layer due to adsorption by
the coating. The diffusion of bound chemicals is faster than free chemicals within the boundary
layer, 4457.162.177.180181 I contrast, Alam et al., have shown using mathematical modelling that

the increase in uptake of extraction in the presence of matrix is dependent on the equilibrium
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dissociation constant (Kp) between the matrix component and the analytes 82, The reaction

between the matrix component and analytes can be expressed by Equation 4.1:

A+B2 AB Equation 4.1
Where A is the freely dissolved analyte, B is the binding matrix component, and AB is the
bound species. The rate of dissociation constant (Kp) determines the strength of interaction
between the matrix and analyte. This affects the rate of analyte release from the matrix, as

defined by the Equation 4.2:

=t _ Cals .
Kp = K= Car Equation 4.2

Where kr and ks are the rate of dissociation and the rate of association, respectively, and Ca,
Cs, and Cag are the molar concentrations of the freely dissolved analyte, matrix component,
and bound matrix, respectively. It was shown that significant enhancement was observed by
increasing the Kp value from 10 to 10°. As explained previously, when the affinity between
the matrix and analytes is very high, the amount of free analytes is decreased, and the coating
requires less analytes to reach equilibrium. In addition, the concentration gradient is at a shorter
distance from the coating, and therefore, the equilibrium time is shorter. Our results strongly
support the extraction process is controlled by diffusion within the boundary layer and the
extraction should be performed under equilibrium conditions to prevent overestimation of free

concentrations in non-equilibrium extraction conditions.
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4.3.2.2 Determination of partition coefficients

The amount of extracted analytes by TF-SPME in equilibrium is directly proportional to their
free concentrations in the sample. The relationship between the free concentration and amount

of analyte extracted can be expressed by using Equation 4.3:

Cr=— Equation 4.3
Where Cs is the free concentration of the analyte in the sample, n is the amount of extracted
analyte by extraction phase, and fc is the blade constant, which is a product of Kss (partition
coefficient between the extraction phase and the analytes) and the volume of the extraction
phase for liquid coatings or active surface for solid coatings. TF-SPME can extract negligible
amounts of analytes in equilibrium if Vs>100xfc, which means that the equilibrium between
the matrix and analytes remains undisturbed for biding investigation studies. The ASG system
can provide large volumes of samples in order to meet the main requirements of the binding
study by TF-SPME. Single-point calibration was used to obtain blade constants by using C18
and HLB TF-SPME for related analytes in matrix free media. The experiment was performed

in triplicate, with the obtained results indicating low inter-thin film variability.'83

4.3.3 Determination of free concentration

When SPME is used for binding studies between the matrix component and analytes, three
basic conditions need to be met: (i) equilibrium between the matrix and analyte must be
established; (ii) SPME should extract a negligible amount of the analyte to prevent equilibrium
disturbances between matrix and analyte; (iii) the matrix should not have an effect on the

kinetic of uptake if the extraction is supposed to be performed in the kinetic regime. Based on
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the sorption kinetic study of HA and target analytes, the minimum contact time for establishing
equilibrium between the analytes and HA was are 10 min. So, HA was added to the mixing
chamber before the analytes reached the sampling chamber for extraction. Based on the flow
rate of the system and the geometry of the vessel, the hydraulic retention time of HA was
approximately 392 min when the analytes reached the sampling chamber. The depletion of free
concentration of the analytes in the presence of the matrix was less than 4% by considering the
humic acid binding (HAB). The uptake of the kinetic for hydrophobic analytes was affected in
the presence of HA. Consequently, SPME extraction for determination of free concentration
was performed in equilibrium to prevent from any overestimation in free concentration. The
free concentration of the anlaytes in matrix were obtained by Eq-SPME using Equation 4.3,
where the blade constant between the analytes and coating in water and amount of extracted

analytes in matrix were known.
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Figure 4.3 Normalized extraction time profiles for OCR in the ultrapure water and HA solution.
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Figure 4.5 Normalized extraction time profiles for OMC in the ultrapure water and HA solution
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Figure 4.6 Normalized extraction time profiles for TCC in the ultrapure water and HA solution
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Figure 4.7 Normalized extraction time profiles for TCS in the ultrapure water and HA solution
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Figure 4.8 Normalized extraction time profiles for PBSA in the ultrapure water and HA solution
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Figure 4.9 Normalized extraction time profiles for Ben-1 in the ultrapure water and HA solution
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Figure 4.10 Normalized extraction time profiles for Ben-3 in the ultrapure water and HA solution
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Figure 4.11 Normalized extraction time profiles for Ben-4 in the ultrapure water and HA solution
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Figure 4.12 Normalized extraction time profiles for Ben-2 in the ultrapure water and HA solution
4.3.4 Determination of total concentration
In DOC containing aqueous sample, the total concentration of the analytes were obtained by
single point matrix matched calibration in humic acid solution and traditional liquid-liquid
extraction method. The total concentration of the analytes in humic acid solution was obtained

based on the Equation 4.4:

ne

Equation 4.4

Ceotal = KoV sa
Where ne is the amount of extracted in equilibrium in humic acid solution and Ks, is the
distribution coefficient between the analytes coatings in humic acid solution and Vr and S, are

the volume and surface active of the coating. Two-tailed paired t tests (0=0.05) showed that

for the all analytes, there was no significant difference between the two methods. (Table 4.2).
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Table 4.2 Concentration (ngL™?) of UV filters and biocides in HA solution measured by SPME and
LLE, (Mean, Standard Deviation; n =3)

Compounds Ctree Crotal-LLE Cotal-sPME
TCS 1440+60 4100£120 4200+176
TCC 25145 1100440 120060
OCR 3542 210£20 230+7
OoMC 13+0.4 85+2 90+5

BM-DBM 1.6+-0.1 95+3 88+5
Ben-1 103504500 15000+500 14000+1000
Ben-2 24000+1000 30000+1000 320002000
Ben-3 6500+300 13000+600 12000+720
Ben-4 260000422000 | 288000+15000 | 260000+£25000
PBSA 266000+13000 | 296000+9000 | 265000+11000

4.3.5 Estimation of distribution coefficient (Kpoc)

A new guideline of the U.S. Environmental protection Agency recommends that the
partitioning coefficient Kpoc is considered so as to account for bioavailability when the
toxicity effect is estimated from total concentrations.>® Kpoc can be obtained according to the

using Equation 4.5:

(Ctotal_cfree)

C/ree [DOC] Equation 4.5

KD0C=
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Free and total concentrations, as well as DOC concentration, are necessary to estimate the
partition coefficients of analytes on dissolved organic carbon. The binding of analytes to HA

can be calculated from the using Equation 4.6:

HAB% = M X 100 Equation 4.6

total

Since some of the under studied analytes have a phenolic and sulfonic functional groupneutral
compounds and anions are present simultaneously, under experimental conditions (Table 2.1).
In such cases, the acid dissociation constant (Ka) should be considered for calculation of
partition coefficients of natural molecules. The fraction of non-dissociated analytes was
calculated using Equation 4.7 in pH=7.5 and the obtained partition coefficients corrected by

considering the fraction of neutral species that interact with DOC.

1
"~ 1+10(Pka—pH)

ayy =1 Equation 4.7
The free concentration of the analyte in presence of HA was measured using Eq-SPME
technique. The reduction of free fraction of the analytes was observed for all of the analytes,
however the reduction was different for all of them. The partition coefficients (Kpoc) were
calculated by using the Equation 4.5 when the free concentration, total concentration and DOC
concentration were known. The results, which are summarized in Table 4.4 indicated that higher
binding values are belong to hydrophobic compounds; TCC, TCC, OCR, OMC, and BM-
DBM. The main mechanisms for OMC, TCS, TCC, OCR and BM-DBM would be non-specific

hydrophobic bonding with aliphatic and aromatic moieties in HA and hydrogen bonding with

the phenolic moieties of HA 165184185 There are two kinds of hydrophobic sites for HA. First
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is interior hydrophobic sites which have a strong affinities at pH below 5 for hydrophobic
compounds. At pH>5 the interior hydrophobic sites of HA would be destroyed due to
conformational HA changes. Second is surface hydrophobic site which are where hydrophobic
moieties such as the poly (methylene) groups are exposed to water but keep their capacity to
bind nonpolar chemical compounds.'8 On the other hand, association of hydrophilic analytes;
Ben-1, Ben-2, Ben-3, Ben-4 and PBSA, with HA were low. These observations imply that
these low interactions with HA were due to electrostatic repulsion between the deprotonated
analytes and the negatively charged of HA in the working condition (pH=7.5). A greater
portion of acidic functionalities in HA dissociate and ionize and thereby making their surfaces
more negatively charged and decreasing the H-bonding with the analytes. Our results show
that hydrophobicity is not the only property that can describe distribution coefficients of
analytes under study; other factors, such as polarity, aromaticity, electrostatic charge, may play
a significant role.'®’ Data obtained from this binding studies strongly supports the association
of hydrophobic analytes with HA, which in turn affects the bioavailability, fate, and transport
of these compounds in aquatic environments. In this case, the distribution and total mass of a
pollutant in an environments depends on humic material-hydrophobic pollutant binding.
However, it is important to note that the Aldrich HA might behave differently from natural

humic substances.
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4.3.6 Sorption on sediment

4.3.6.1 Kinetic of sorption

The kinetic of sorption was investigated in mechanical shaker at 250 rpm by measuring the
analytes concentration in aqueous solution and the results are presented in Table 4.3. The
equilibrium time for hydrophilic analytes (Ben-1, Ben-2, Ben-3, Ben-4, and PBSA) was quick.
The rapid equilibrium times for these compounds can be interpreted to be due to physical
adsorption mechanisms via hydrogen bonding and van der Waals interactions with the organic
carbon content (OC) in the sediment. Ben-4 and PBSA were totally anionic, and the
electrostatic repulsion between Ben-4 and PBSA with the OC or sediment surface, which
carries a total negative charge (62meq/kg),'® was predominant. Ben-1, Ben-2, and Ben-3 were
in natural and ionic forms, and also reached equilibrium within 1.5 hrs. The main interactions
taking place were hydrogen bonding and van der Waals interactions with DOC and mineral
surfaces of the sediment. When sediment is fully hydrated, adsorption of the organic molecule
by sediment becomes comparatively insignificant compared to the uptake by partitioning into
dissolved organic matter; water is preferentially adsorbed by oxygen in the surface of sediment,
a hydrogen bonding phenomenon known as the “solvent effect”. In such cases, the mechanism
of sorption is likely hydrogen-bond formations between the sorbate phenolic hydroxyl groups
and the hydrogen bonding sites on the sediment organic matter.18%1% Conversely, equilibrium
times for hydrophobic compounds (TCS, TCC, OCR, OMC and BM-DBM) were 5 hrs.
Compounds with high octanol-water coefficients were found to show slower sorption.

Hydrophobic compounds do not have a tendency to to interact with sediment minerals (e.g.,
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clays and metal oxides) due to polar and charged nature of these minerals. Based on many
studies that have revealed that HOCSs sorption is strongly connected to the organic carbon
content of the sediment, their association can be concluded to occur primarily with sediment

organic matter via hydrophobic partitioning.*#*1%2

Table 4.3 Concentrations of UV filters and biocides in the aqueous phase (ngL™) at different time

intervals from the onset of equilibration for the sediment

Time (h)

Compoun Lo S 10 24
TCS 351 645 655 660
TCC 61 162 165 170
OCR 30 57 61 55
OoMC 16 28 30 26

BM-DBM 12 26 28 30
Ben-1 14000 13000 15000 13000
Ben-2 19000 18000 17000 20000
Ben-3 10000 11000 12000 13000
Ben-4 569000 560000 555000 570000
PBSA 455000 440000 460000 438000

4.3.6.2 Uptake kinetic in sediment-water

The uptake kinetics of analytes in water containing sediment samples under agitated conditions
are shown in Figure 4.13 and Figure 4.14. In general, an apparent equilibrium was reached within

24 hr for all analytes with selected coatings. Eq-SPME was used in order to measure the free
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concentration of the analytes in the suspension solution by knowing pre-determined blade

constant in the same volume in nondepletive SPME condition.
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Figure 4.13 Uptake kinetics of Ben-1, Ben-2, Ben-4 and PBSA from sediment
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Figure 4.14 Uptake kinetics of OCR, OMC, TCC, TCS, BM-DBM and Ben-3 from sediment

4.3.6.3 Estimation of Kg, Koc and Kpoc in sediment
The adsorption isotherms were investigated in a relatively small concentration range and they

were fitted to a linear relationship to estimated Kg using TF-SPME. The good linear

relationship is due to use of small concentration range.
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Figure 4.15 Sorption isotherms of OCR and BM-DBM in sediments measured using liquid-liquid
extraction (LLE)
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Figure 4.16 Sorption isotherms of OMC and TCS in sediments measured using liquid-liquid
extraction (LLE)
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Figure 4.17 Sorption isotherms of TCC and Ben-3 in sediments measured using liquid-liquid
extraction (LLE)
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Figure 4.18 Sorption isotherms of Ben-2 and Ben-1 in sediments measured using liquid-liquid
extraction (LLE)
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Figure 4.19 Sorption isotherms of Ben-4 and PBSA in sediments measured using liquid-liquid
extraction (LLE)
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Sorption coefficient (Kq) of the analytes in the sediment at equilibrium was determined by
measuring aqueous concentration (Cw-spve) and sediment concentration (Cs) according to using

Equation 4.8:

C
Kd = 2
Cw-SPME

Equation 4.8

Cw-spve and Cs are obtained by SPME and liquid extraction method on aqueous and sediment
phases. The Kq values of the analytes are illustrated in Table 4.4 were in the range of 0.06-1600
Lkg™. The data implied that the sorption coefficients of analytes on the sediment increased as
the hydrophobicity of the analytes increased.>® Hydrophobic analytes sorbed primarily due to
hydrophobic interactions with insoluble (humin) and soluble (humic and fulvic acids) fractions
of sorbent organic matter through hydrophobic bonding on the surface or in internal voids of a
molecular sieve-type structural arrangement.!®® This types of bonding is attributed to van der
Waals forces and thermodynamic gradient which drives hydrophobic compounds with low
solubility out of solution, because the interaction of these analytes with organic matter in
sediment is favourable energetically. However, Kg values for hydrophilic analytes
(Ben-1, Ben-2, Ben-3, Ben-4 and PBSA) are low as they are present in both anionic and/or
molecular forms in the experimental pH=7.5, hence electrostatic interactions occurring
between silt/clay and the ionic forms of the analytes. A similar phenomenon was observed for
diclofenac and ketoprofen in other research.!®#1% Sorption mechanisms of less hydrophobic
and ionisable analytes containing polar functional groups may in addition to hydrophobic
partitioning into sorbent organic matter, include hydrogen bond formations and charge

transfers. 16819617
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The partition coefficient (Kq) values was normalized on organic carbon content (OC) of the

sediment according to using Equation 4.9:

Koc = I:—Cd Equation 4.9

Where KOC was the sediment OC normalized partition coefficient and fc is the organic carbon
fraction in the sediment. The KOC were plotted against the octanol water partitioning
coefficient (log KOW) values, and good correlation was obtained, as shown in Figure 4.20.

It was observed that the DOC or fine particles are present in the supernatant phase after
centrifuging which caused overestimation of the partitioning coefficient by conventional
extraction method on aqueous phase.**® However, the SPME was used to measure Cfree of
the analytes in aqueous solution and improved the estimation of Kd and further KOC ¢ The

KDOC was calculated further by measuring the CW-LLE and CW-SPME using Equation 4.10:

_ Cw-LLE-Cw-SPME :
Kboc ==, oomz [DOC] Equation 4.10

Where [DOC] is the level of DOC. The partition coefficient between analytes and dissolved
organic carbon (Kpoc) is a valuable factor for predicting toxicity and bioaccumulation abilities
of hydrophobic organic compounds in sediments or soils. U.S. EPA recommended to use Kpoc
data in relating chemical concentrations to toxicity to benthic organisms in its sediment quality

guidelines.
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Table 4.4 Sediment-water partition coefficient (Kd), organic-carbon normalized

partition coefficient (Koc) and dissolved organic carbon partition coefficient (Kpoc) and Aldrich

humic acid partition coefficient (Kpoc) and binding percent

Sediment Aldrich Humic acid
Ka (LKg™) Log Koc Log Kpoc Kboc HAB%
TCS 700+35 4.6420.23 5.2140.31 5.2120.15 652
TCC 1000£60 4.79+0.28 5.38+0.43 5.5620.11 78+2
OCR 150060 4.97+0.19 5.7840.52 5.61£0.67 83+10
OMC 100080 4.79+0.38 5.6240.33 5.72457 8418
BM-DBM 1600144 4.99+0.45 6.02+0.48 6.72+0.41 9816
Ben-1 606 3.57+0.35 4.9+0.34 4.55+0.40 3313
Ben-2 2441 3.170.21 4.35:0.35 3.7120.33 202
Ben-3 10048 3.79+0.31 3.9240.16 4.83:0.15 50+2
Ben-4 0.060.005 0.57+0.05 3.7240.18 3.770.31 540.4
PBSA 0.1240.009 0.87+0.06 4.31%0.32 4.12+0.45 1041
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Figure 4.20 Partitioning coefficients normalized on organic carbon content (log Koc) versus octanol

water partitioning coefficients (log Kow)

4.4 Conclusions and future direction

Laboratory sorption experiments were conducted for UV filters and biocides, of relatively high
potential ecological risk and high consumption, dissolved humic acid and sediments as
environmental counterpart using negligible depletion thin film solid phase microextraction to
measure free concentration in solution and suspension. The results of partitioning coefficient
suggest that hydrophobic compounds exhibit relatively higher partition on humic acid and
sediment, whereas hydrophilic analytes did not bond strongly with solid phase and liquid

phase. The high partitioning coefficients of hydrophobic analytes on sediment and dissolved
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humic acid are attributed of their high octanol-water coefficients and organic carbon content
in both cases which happen via hydrophobic partitioning. This high partitioning has several
implications on the fate, transport, and ecotoxicological effects by these compounds. The fact
that sorbed compounds to DOC implies that in natural surface streams DOC may act as an
effective carrier in surface runoff or stream- flow for them and thus enable to move over
relatively long distances. Low partitioning of hydrophilic analytes implies that these analyte
don’t interact significantly due to electrostatic repulsion between the deprotonated analytes
and the negatively charged of HA and sediment and organic carbon and hindrance of forming
hydrogen bonds in the working condition (pH=7.5). The presented aspects of low partition of
selected influence the concentration of micropollutants flowing into the reservoir, which has a

negative impact on drinking water quality.
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Chapter 5

Summary and future prospective

5.1 Summary

Time weighted average (TWA) concentrations of organic contaminants provide a more
realistic picture of the exposure of organisms to contaminants than concentrations determined
by one or few grab samples. For this reason, the development of on-site sampling tools that
enable the collection of precise and accurate data are an important step towards ensuring the
safety of the environment and human health. Solid phase microextraction (SPME) was
developed as a solvent-free sample preparation technique that integrates sampling, extraction,
and pre-concentration in a single step. SPME has been broadly applied in on-site sampling for
determination of TWA concentrations of hydrophobic organic contaminants in surface water.
In addition, SPME has been used to measure free concentrations of chemical substances in
complex matrices such as blood, plasma, and humic acid solution. Thin film solid phase
microextraction (TF-SPME) has been introduced to overcome the relative low capacity,
sensitivity, and extraction rate of traditional SPME fibers by increasing surface area-to-volume
ratio. In this thesis, a dynamic gaseous standard generation (ASG) system was created to
provide accurate calibration data of passive sampling devices over a wide polarity range of
PCP chemicals. Use of the flow-through system meant it was possible to provide an
environmentally realistic calibration of hydrophobic compounds without depleting the system,

and to investigate the partitioning of PCP chemicals onto humic acid and sediment. ASG also
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addresses issues related to preparation of aqueous standards of hydrophobic compounds in-
vial, such as partial precipitation, analyte loss due to adhesion to surfaces, low solubility in
water and limited sample volume. The introduction of the thin film retracted device using HLB
as a sorbent showed the potential application of TF-SPME for monitoring of hydrophilic
compounds in aquatic environments. Moreover, the thin film open bed configuration using the
one-calibrant kinetic calibration technique was successfully applied for TWA measurement of
multiple compounds in water when isotopic counterparts are either not available or affordable.
The obtained results show that the combination of the TF-SPME technique with diffusion-
based and kinetic calibrations is a successful quantitative technique for on-site sampling of
wide range of chemicals substances in surface water. This is helpful in cases where the
composition of the sample matrix is complex, and/or the convection conditions of the sample
matrix are variable or uncontrolled. Additionally, TF-SPME was used for a binding
investigation of UV filters and biocides in environmental counterparts. The association of the
chemicals with the dissolved organic matter decrease the free concentrations of analytes,
consequently affecting transport, and the overall fate of the chemical in aquatic environment.
Free concentrations of analytes were measured in the presence of Aldrich humic acid by
negligible depletion solid phase microextraction (nd-SPME) in the ASG with the use of
equilibrium extraction, while total concentrations were measured with the use of liquid-liquid
extraction and single point matrix match calibration. Extraction time profile comparisons
between the ultrapure water and humic acid solutions show that the uptake kinetics is increased

in the presence of matrix for highly bonded analytes. This observed effect can be explained by
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desorption of analytes from the matrix into the boundary layer, where the transport of analytes
to the fiber coating occurs only by diffusion. Another explanation would be that the
concentration of free analytes is decreased in the presence of the matrix; as such, the coating
require less analyte to reach equilibrium when the affinity between matrix and analytes is very
high. Therefore, the concentration gradient is in a shorter distance to the coating, and
equilibrium time would be shorter. Binding and distribution coefficients (Kpoc) between
analytes and the dissolved organic carbon (DOC) were calculated. The quantitative
determination of analytes within the humic acid solution, as shown in Chapter 4, clearly
demonstrates the potential of application of nd-SPME using thin film technology coupled to
LC-MS/MS when free concentrations decrease significantly due to humic acid binding.
Partition coefficients (Kq) of the UV filters and biocides were also investigated on the sediment
as another environmental counterpart. Batch sorption experiment using TF-SPME and
conventional solvent extraction method were used for measuring the concentration of the
analytes in agueous phase and sediment phase and consequently the partition coefficient were
calculated. The results of partitioning coefficient indicated that hydrophobic compounds show
relatively higher sorption, however the hydrophilic analytes show an opposite trend. The
results of this part suggest that sorption mechanism of the analytes to the sediment is happen

via hydrophobic partitioning into sediment organic matter.
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5.2 Future perspective

5.2.1 Aqueous standard generation system

Although the developed ASG was mainly focus on UV filter and biocides in this thesis, it can
be used for different class of personal care products ingredients. Future step of this thesis,
currently in progress in our laboratory, involves the creation of ASG for long chain cationic
surfactants. The goal of these applications is to address the surface adsorption issue and
generating steady state concentration in water. Cationic surfactants were loaded on the HLB
particle by extraction from an aqueous standard (50 ppm) and then the particles were
transferred to the permeation chamber. The primarily results so far show that the system is able

to provide steady state concentration for 2 months with less than 20% variation.

5.2.2 One-calibrant kinetic calibration

Measuring free concentration of hydrophobic compounds in sediment, soil and humic acid is
important because freely dissolved concentration is bioavailable which controls diffusive mass
transfer phenomena such as evaporation, sorption, and uptake into macro- and microorganism.
Solid phase microextraction is an equilibrium based extraction technique which can measure
the free concentration of hydrophobic compounds in such a complex matrix by performing
extraction in equilibrium time and knowing fiber constant in matrix free media. However, the
equilibrium time may takes weeks or months for highly hydrophobic compounds. In order to
overcome this problem, kinetic calibration can be used to find the free concentration by
performing extraction in a shorter time. One-calibrant kinetic calibration techniques which was
used in this thesis showed its capability for measuring the TWA concentration of multiple
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compounds in water sample. This idea can be used for measuring the free concentration of
hydrophobic compounds in sediment-water and humic acid-water. Kinetic calibration may
extract lower amount of analytes in comparing to equilibrium based extraction, but using thin
film solid phase microextraction and high sensitive mass spectrometer will overcome these

limitations.

5.2.3 Binding investigation

Evaluation fate, transport, bioavailability and toxicity of organic contaminants in natural
systems needs knowledge of their distribution between the solid and aqueous phases. The
developed ASG and TF-SPME methodology in this thesis have opened up new possibilities
for SPME application in combination with very powerful mass spectrometers in binding
investigation of other new emerging contaminants such as pharmaceuticals and other
ingredients of personal care products in soil, sediment and dissolved organic matter. In

addition, this technique can be used for analysis of field-contaminated sediment.
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