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Abstract

Since being introduced 989 ®lid phase microextractio(SPME) techniques have
continually evolved from withirthe analytical chemistrgommunity duen large partto their
clean, porable and easy to handle desitjns no surprise then that these devices lend themselves
well to onsite sampling approaches making their use in conjunction with field portable
instrumentation a growing trendlowever,as with any emerging analytical methodology, it is
important that these entirely @ite approaches are developed such that telyed comparably
reliable and sensitiveesultsto accepted techniques. As such, presented hemiious novel
morphologies and analytical methodologies based on the principles of solid phase microextraction
were developed and validated as a means fwave the reliability and sensitivity ain-site
environmental analysis.

As an opening project portablein-vial standard analyte generator capabldalivering
a highly reproduciblgaseous headspace is proposed. The vial is comprisesliobaediffusion
pump fluid spiked witheappropriate calibratior derivatizationcompound, such as modified
McReynolds probes (benzenep@ntanone, pyridine,-ditropropane, Jpentanol,and roctane)
or pentafluorophenyhydrazine (PFPHYespectively The spiled silicone oil ishen mixed with
polystyrene/divinylbenzen (PS/DVB) particles and enclosed in ariD headspace vialsing
the McReynolds calibration mixturéeadspace concentrations wéoend to be substantially
decreasein comparison to por hydrocarbon pump oil based vials hence, the amount of standard
loaded onto SPMHibers was at most, half that of the previous vial desigppropriately,
depletion for allcompounds after 208 successmdractiors was shown to be less than 3.5%
Smaller propdions of standards being used at each extraction resulted in a vial that depleted
slower while remaining statistically repeatable over a wider number of runs. Indeed,fiaund
thatthis depletion could be predicted using a theoretical, rhatance mdel. At a 95% level of
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confidence, the ANOVA test demonstrated that prepaiadd were statistically identical, with no
significantintra- or inter-batch variations. Storagsability in varying conditions such as light
exposure and temperatunas alsovalidated over 10 weeks for vials prepared tith reactive
and unstablepentafluoropheyl hydrazine in addition to thiglcReynolds probed.o demonstrate
amenability for orsite environmentahpplications a battery operated vial oven was constructed
andemployed in tandem with portable GC/MS instrumentation for th&iterPFPH derivatization
and quantitation of formaldehyde from car exhaust. By using a combination of SifviEand
needl e tr ap theeconceatmton df tNirDadehydean aerosol particlesould be
determined and differentiated from the free gaseous concentration. Following these validatory
experiments, varying standard headspgenerating mixtures were continuously useevaluate
the portable GC/MS instrument while prdivig a means for esite quality control.

As the main accomplishmeat thisthesisa durable, high surface area, and easy to handle
thin film microextraction (TFME) devicés proposed The membrane is comprised of poly
divinylbenzene resin particles sespled in digh-densitypolydimethylsiloxane gluspread onto
a carbon mesh support. This novel design was shown to exhibit a substantially lesser amount of
siloxane bleed during thenal desorption while providin@g statistically similar extraction
efficiency towards a broad spectrum ebmpounds when compared to an unsupported
DVB/PDMS membrane of similar size that had been preparedfertier methodsAt a 95%
level of confidence, the ANOVA test demonstrated thase membranesgere also statistically
similar, with no significanintra- or inter-batch variationsln an initial validation, rembranes cut
to 4 cm long, 4.85 mm widendcoated30-4 0 e m t hi cwere §hpvenrto estract 2.9,

19.8, 18.5, 18,4, 26.8, and 23.7 times the amount efliziorophenol 2,4 &richlorophenol,



phorateD10, fonofos,chlorpyrifog and parathion respectively, from a 10 ppb aqueous solution
than a comparabl e ©6ffverem DVB/ PDMS SPME

Following these initial developmentghese carbon mestsupported DVB/PDMS
menbranes were establishedraghly sensitiveaccurateandgreen alternative tolassical liquid
liquid extraction(LLE) for the determination of 23 multlass pesticides from surface water
samplesThis signalimprovement wasade evidenby method limitsofdetet i ons ( MLODOG s)
the low ng L™ range for most of theesticides studied while only requigirB0 mL of sample.
Furthermore, these MLODOGs wer e s hachevedtusiingbe at
an EPA certified, LLE method performedaat accredited analytical laboratory participating in the
study. Moreover, the method accuracy waalidated throughdoubleblind split analyses of 18
surface water samples. Goadreement between the two methods was achievedaattiracy
values between (0f130% for the majority of analytesested This methodology was further
explored orsite with the design and degiment of a portable TFME samplicgseto be usedn
conjunction with the portable GC/MS instrumatimn Although the chosen pesticides wéound
to be moreor-lessabsent from thel riparian sampling locatia a wide variety of untargeted
compounds could still be detected and identified using the portable FTEGAEM S method As
such theon-site methodepeatability was stilldeemedaccapp | e wi t h %RSDb6s f or
compounds around 20% (n=5). Moreover, by use of a BTEX standard headspace generating vial
the portable GC/MS was shown to remain stable over the enti@nth sampling period.

Furthering the development of carbon mesipported TFMEa highly sensitive HLB
PDMS thin film microextraction device for the balanced determination of VOC compounds of
varying polaritywas preparedin addition to exhibiting a 50fold increasen sensitivitywhen

compared to a 65m DVB/PDMS SRME fiber, these membranes extractggproximatelydouble



the amount of McReynolds prabeersusa mae comparable DVB/PDMS FBPME device of
identical size. Intemembrane extraction efficiencies for these compounds were detenmibed
reproducibleat 936 confidence for all 4 of the coating chemistries tested including the
DVB/PDMS membranes, and those prepared with 3 different HLB compositions. Further method
reliability was established by confirming that, once extracted, the McReynolds standards were
stable on the HLB/PDMS membranes stored in the thermal desorption tubes on the autosampler
rack for at least 120 hours for 5 of the 6 standards and only 24 hours for pyridine at 95%
confidence. Finally, a reavorld proof of concept application determininglarination by
products from a privatbot tubwas performed, successfully identifyingcBloroethylamine 3
chloro-1-propanaminganddichloroacetonitrilevi t h %9RSD6s | ess t han 10 %.
Finally, as a side project, the goal of pushingsda sampler design tibs fullest was
explored by means of the constructaira selfsealing coated bostampler for the analysis of deep
ocean environments via divers and ROV submersifilaese samplers empldyLB particles
which have been coated onto recessed stainleddsies by use of polyacrylonitrile (PAN) glue.
6 coated bolts are then arged into a seléealing, polytetrafluoroethylene (PFTIE)died sampler
designed to preserve extracted compounds for extended periods. To verify this stability, 3 samplers
were deloyed onsite at a wastgvater treatment facility outflow pipe via kayak. Reampling,
thesamplersvere stored using 3 storage conditiomdudingA: immediate desorption, B days
at 23°C), C: 12 days at 2% and D: 12days in a80°C freezer. Al boltstested were statistically
indistinguishable when analyzed usipgncipal component analysis (PCAurthermore, 10
randomly selected, volatildeatures were also demonstratied give a statistically identical
response at a 95% level of confideneceng the ANOVA test. Finally, in a cuttingedge

applicationthese samplers were tailored for usaeROV submersible and employed for the on
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site sampling ohydrothermal vents at Bcations along the Pacific Rim witB corresponding

control extradbns also performed from ambient waters away from these seciigthat significant

features could bdifferentiat@l. Separation and analysis of all samples were performed asing
HPLCequippedorbit r ap mass spectromet er eteatwes dollddbas of

determined from the vents by usenadiltivariate statistical analysis
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1.1 Challenges in the sampling and analysis edimenvironments

Among the different istca@&lpspiovedvedt he d¢dmp
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1.2 Solid Phase Mioextraction (SPME) techniques for-site sample preparation
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SPME fibers, although not as repeatable or se
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when dbouidmpdei t anal yses were performed.

1.2.1 Fundamentals of solid phase microextraction
Much like what is observed with any other phase partitioning interface, microextraction

methods are governed by a standard thermodynamic equilibrium between the analyte



concerration in the sorbent phase;, @nd that in the samples,Gas dictatd by a distribution

constant k giving rise toEq. 1.1 °:

v — Eq.1.1
Furthermore, by performing simple algebraic rearrangement and knowing that the sum of
the analyte extracted and that which remains in the sample at equilibrium has to equalittte am
initially in the system, we can generate. EQ where n is the amount of analyte extractegdisC
the initial concentration of the sampless IS thefiber-sample distribution coefficient, Vs the

volume of the sample and i¢ thefiber volume®1011

€ 02— Eq.1.2

Favorably when sampling of ambient air is performedsie, it can generally be assumed that
the sample volume is infinite €&¥>>Vs) such that the sample volunean be factored out and
eliminated from Eql.2 giving rise to the much simpler Eg.3: >1011

€ 00 w © 0 — Eq.1.3
This simplified expression gives rise to one of the major advantages of using SPME for the
atmospheric analysis of VOCs. In this way, the concentration of a given analyte may be calculated
using a known kK at a given temperature as long as equilibrium has bebareved. Hence
equilibrium calibration acts as a calibration cufkee method for the determination of
VOCs in gaseous samples. It is worth noting, however, that one would still need a spiked analyte
amount versus response curve for the analyticaims&nt employed (for GC analysis this can be
generated by performing liquid injection of a known amount of standard). Typically, SPME
extractions are described by being in either the equilibrium oregquéibrium regime.
Furthermore, when less than 50%lod equilibrium amount has been extracted, the extraction can
still be considered as a zero sink where the kinetics of analyte uptake remaifffiéawhen
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in this linear regime, the rate of analyte uptake &nd therefore the sensitivity is dictated purely

by kinetics which are in turn controlled by the surface area A, of the coating, the thickness of the
stagnant, boundary layér) of matrix surrounding the coating, the static diffusion consiauf
the analyte in this air and finally the analyte concentration in the sample. These values give rise to

Eq.14: 51011

— 0 — Eq 14

A wide variety of factors can greatly affect the values of both the boundary layer thickness
and the distribution coefficient regardless of the SPME mode being performed. With air sampling,
the two most important factors would have toleedir temperature, which alters both values, and
the linear velocity of the sample (air flow rate) which shrinks the boundary layer thus resulting in
faster extraction kinetics. Whehe temperatures increased, the analyteependant diffusion
coefficiert also increases thus enhancing the extraction kinetics; however, the opposite may be
said about the distribution constamieaningless analyte will be sorbed at equilibriupi®*
Furthermore, a similar phenomenon is se&th regard to the molecular weight of the analyte.
Generally speaking as molecular weight increases, the partial pressure of the analyte in air drops.
That combined with an increasing similarity in structure to that of the polymeric coating results in
anincrease in thdiber constant, k. However, larger molecules also have a much lower static
diffusion coefficient meaning that the kinetics will also decrease. These relationships can give rise
to a number of difficulties when trying tptimize a microexraction method as compromises must
be made between sampling kinetics and equilibrium sensitivity. Depending on the experimental
goal and target analyte(s), the analyst will need to properly select an appropriate sorbent coating

and, if possible, controhte sample temperature and flow rate. Although these relationships may



not necessarily limit SPME application, they do most certainly require a reasonable understanding
of the fundamentals that govern them in order to use microextraction to its fullest.

1.2.2 Selection and characteristics of commercial, GC amel&®ME sorbent coatings

As previously alllded to there are currently a wide variety of SPME sorbents available for
gaseous sampling (Tablell Generally speaking, polymeric sorbents hawnsecreased use in
the extraction of organic analytes from otherwise complex sample matrices. Much like liquid
liquid extraction, a polymeric material can be chosen to more closely match the structure and
polarity of the analyte of interest so as to ilms® the affinity osaidanalyte for the coatingA
quick search of the Web of Science Publications statistics indicateshthaD@® pm thick
polydimethylsiloxane (PDMSgxtraction phaséas been, by far, the most widely used SPME
extraction phasworldwide The nonplar structure of PDMS makeshighly appropriatdor the
extraction of sinlarly nonpolar organic analyté$.Furthermoreasthe molecular weight of a
given compound andits boiling poirt increases, the kinetics of exttian decrease
concurrently?'13Hence the use of &ihner,7 um, PDMS coating is regarded preferential for
SVOCs as it is more likely for equilibrium to be achieved with shorter sampling times, allowing
for the ability to perform a simpler equilibriutrasel calibration technique!*However pure
PDMS coatings are not without their downsides. $tarterstheir nonpolar nature makes them
inappropriate for the sampling of more polar analytes such as short chainsakoeticarbonyl
compoumls.'® For theseanalytesthe choice of a more polar, PEG coatinguid be ideaf*®

Much like PDMS, PEG coatings are prepared by eliogeng of a relatively low molecular

weightprepolymetthat gives a liquidike sorbent where absorption is the predominant extraction
mechaism. As such, these sorbents exhibit linear analyte uptake witkasiog analyte

concentrationHowever, exposing these sorbents to exceedingly high levels eafiigity VOCs



(mid to high ppm level) can eventually cause the sorbents to swell arid difea the solid
support. Despite their ease of use, these absorptive liquid coatings just do not offer the sensitivity
and sorbent strength demonstratgdolid sorbent particle$' 2°

The use of solid sorbent particles suspended in PDMS has been shown to vastly increase
the sensitivity of SPME techniques, while their bipolar nature reduces analyte selectivity resulting
in much mee multipurpose coating§ ?° This strength stems from the general porosity of the
sorbent.The poly@ivinylbenzeng (DVB) particlesused in commercial SPME fibproduction
for instance, are normally neidered to be mesoporous {200 A pore diametgrwith a porosity
of 1.54 mL g'.°> As such, these midtrength particles have found a particular niche for the analysis
of atmospheric SVOC compnds such aspolychlorinated dibenzodioxins RCDD3) and
polycyclic aromatichydrocarbons(PAHG®), which can becommonly found in fly ash fro
industrial smokestacks, for exampfdt is worth noting that DVE?PDMS fibers will still extract
any analyte that has been classicahialyedusing PDMS aloné® Furthermorebecause of their
bipolar natwe, thesefibers can also be applied for the sampling of carbonyls and other polar
compounds. Although DVB/PDMS will also extract highly volatile compounds, tffibses
prepared with the microporous-28 A pore diameter)Carboxen(Car), activated carbgparticles
have been proven to be much more seresitivthis applicatior?”:18

Indeed, the Car/PDMSiber is currently the strongest SPME sorbent commercially
available for environmental air analysis. As such, thidmas are the best choice when a given
analystonly wishes to target the most volatile pollutants suclBBEX from car exhaust or
trihalomethaneTHM&) emitted from chlorinated wate'® However, the strength of the
Carboxen sorbent has also been shown to have a considerable downsidé/gsemdibss volatile

components are extracted it can prove very difficult, if not impossible, to thermally desorb them



from the carbon particle. Hence, to account for this limitation the multifunctional DVB/Car/PDMS
fiber was developed.

Commonlyreferred o as t h dibep BV8/Cat/RDMS dedices are prepared such
that the stronger Carboxen sorbent is atcéreer of thefiber, proteced within the DVB/PDMS
layer> This arrangement allows the higkefinity SVOC compounds to leapped by the weaker
DVB sorbent well before it ever reaches the activated carbon@ieeof thefiber. Furthermore,
any volatile component which would typically be weakly extracted by DVB can permeate through
the overcoating and instead be adsorygdarboxen. Hence, the sandwitdber is particularly
useful wherbroadspectrumuntargeed analysis is performé&?° Such a coating would be very
useful in applications where an analyst wishes teesta range of cgmounds in a givesample
in a single analytical run.

In terms of physical characteristics, all the currently available SPME architectures, the
fiber-based geometry is by far the most popular configuration worldwide. Before usdijlibese
are typically paced within a plungeoperatediber holder as shown iRigure 11. This assembly
is used to move the delicdtber coating (A) in and out of the protective stainless steel needle (B).
As such, it is always important to keep the sorbent coating withdmaterthe needle unless
sampling or desorption in a GC injector is being performed. Furthermorfihehshould always
be kept deep inside the protective needle arg/the assembly is pushed throagbarrier such as
the septum of a GC inlet, only exjog thefiber for thermal desorption after the septum has been
pierced. Although this clarification may seem obvious, it represents one of the most common errors
performed by first time SPME users.

Commercial SPMHibers for GC applications are generaRycm long and possess a

coating thicknessf anywhere between 7 and 106 |imae commonly between 60 and 100 pm).



Using a 65 m thick DVB/PDMSfiber on a 0.120 mm diameter fused silica core as an example,

we obtan a sorbent volume of 0.880 mirnd a cylimrical surface area of 15.6 MnThese factors

become exceedingly important in determining the sensitivity of a given SPME technique

depending on whether the extraction is in the equilibrium regime or kinetic regime, respectively.

Table 11 Analyte depadant selection of SPME polymeric sorbents for GC amenable sampling

Sorbent material | Analyte Example Extraction Comments Refs
(coating thickness) Properties  Analyte(s) Mode
PDMS Non-polar, BTEX (mid, Absorpton Most commonly used, 52
(100 pm) _ high e
hlghly concentration) poor sensitivity
volatile
PDMS Non-polar, PCBO& s, Absorption Faster equilibrium, 514
(7 um) semi (high conc.) lowest sensitivity
volatile
PEG Polar, Alcohols, Absorption More common for 515
(60 um) broad carbonyls agueous sampling
volatility
DVB/PDMS Bipolar PCBOs, Adsorption Best f or SV >
(65 um) semi
volatile
Car/PDMS Bipolar THMO s, Adsorption Strongessorbent, tough >1718
(75 um) Highly (trace to desorb S
volatile concentrations)
DVB/Car/PDMS | Bipolar, Untargeted, Adsorption Multipurpose 5.19,20
(50 um/30 pm) | broad broad range
volatility screening

Abbreviations: 1: PDMSpolydimethylsiloxane, 2: PEQ@oly(ethylene glycq)

3: DVB- divinylbenzene, 4: CaCarboxen, 5 BTEXbenzene, toluene, ethylbenzene, xylene
6 : P-®md sy chl orinated biphenyl s, 7 PAHO s
8; PCpPDdéychlorinated di-biealomethdneso xi n s, 9;

p ol
THM



1.3 Onsite @alibration using SPME

Although calibration is not required for performing untargeted, qualitative, screening
analyses of atmospheric air, choosing the proper calibration method becomes imperative if one
wishes to perform quantitation. Furthema, for onsite sampling, it becomes increasingly
difficult, or impossible, to control the environmental conditions such as air, temperatdre
velocity. In these cases, it is always necessary to measure these values such that they can be
replicated bak in the lab if classical calibration approaches are to be used. Furthermore, many
important constants such as thiger/sample distribution coefficient and the analyte static air
diffusion coefficient are dependent on these vat&s! Moreover, extraction time anfiber
desorption time must baptimized prior to going orsite so as to ensure the best analytical signal
possible>?! SPME techniques can be calibrated using many classical appsoancluding
external calibration, internal calibratiomnd internal standardiation?* However, with the
exception of external calibration, none of these methods can be usedsite air monitoring.
Interestingly enough, recent advancements in standard gas/headspace generation have made it
increasingly esy to perform targeted quantitation of atmospheric pollutants using external
calibrants>?3As previously discussed, equilibriubased calibration can be very easily performed
for any target analyte that achieves equilibrium in a reasonablé%ifmvever, this may prove
impractical for large PAHs and other heavy analytes that may requireeaseaf an hour to reach
equilibrium. For theseompoundsit would inde@ be preferential to use one thie available
diffusion or kinetiebased calibration methods.

1.3.1 Interface Model Based on Diffusive Laws

The interface model is an example of a diffusi@sed calibration technigEigure 11).

This method relies on careful regulation of the boundary layer thickness so as to control the
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extraction kinetics. As such, it is important that the extraction mode remains in the zero sink, linear
regime of the equilibrium profile and that both the air tenpeeaand velocity are constant and
known>1922Fyrthermore, the diffusion coefficient of the target analyte at the given temperature
must beknownor derived empirically. If these three values are known, the interface model can be
empbyed using=qg. 1.5, where Gis the sample concentration, n is the absolute amount of analyte
extracted, Bis the geometric factor of@ylinder which has a value of 3,sis the sample diffusion
coefficient, A is the surface area of the coating, t isstmapling time and d is the boundary layer
thickness with is itself described by E4.6. Equationl.6 further shows that the boundary layer
thickness is determined by dividing tfiber diameter, d, byhe Reynoldsxumber, Re, and the

Schmidt number, S@.hese constants are further describedys 1.7 and1.8 respectively with

O representing the linear velocity of the sampled air and v signifying kinematic viscosity of the

matrix. >%2
5 — Eq.15
T B e Eq.16
YQ ¢— Eq.1.7
YO — Eq.1.8

Fortunately, what the interface modal lacks inmeatatical simplicity is mitigated by a
simplified analytical process that even allows the user to perform quantitation of an untargeted
compound after it has been identified. This is because, much like equilibrium calibration, diffusive
techniques remainatibration curvefree such that if a nanogram versus response relationship is
known for the compound, and the prerequisite factors have been measured, quantitation may still

be performed.
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Figure 11 Schematic representation of the interface model ofl blase microextractiowith a porous
fiber coating highlighting the presence and importance of the gas flowdeptneént boundary layer
thickness d. As reproducedth permissiorfrom Ref.[23] Figure 5, p. 190.

1.3.2 Kinetic alibrationtechniques

Kinetic calibration can be performed in one of two ways. The first of these involves pre
loading a known amount of a deuteratethlogof the target compound onto tfiber prior to
performing an analytical extraction. Then, when fiber is exposed to theample matrix, this
deuterated analogue will desorb from ftheer in an inverse pattern to that of the corresponding
uptake of the tamf analyte as described by Eg9 where q is the initial amount of standard
loaded, g is the amount of standard renmgjrafter the extractiome is the amount of analyte that

would be extracted at equilibrium and n is the actuaarmof analyte extracted*? This equation
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can be furtherearranged to generate EQ10thus calculating the concentration of the target

analyte 522
— — P Eq.19

0 —_— Eqg.1.10

Despite the ease of use of .EQ10, the method is rather imgetical overall when actually
employed. Firstly, it requires a standard be preloaded onfitbrebefore the extraction; hence,
it is inappropriate for untargeted analysis. Secondly, deuterated standards are exceedingly
expensive and their availabilitg limited to a select list of compounds.

To avoid this limitation, standasflee kinetic calibration may be usadtead???4In this
method two separate extractions with timesnd t, in the linear regime are ed to estimate the
amount of analyte that would be extracted at equilibriognby comparing the actual extracted

amounts, nandn, giving rise to Eq1.11; >2224

N

—11p — 11p — Eq 111

Solving for ne in this expression is exceedingly complex; however, Ouyang ethal. w
originally conceptualied Eq. 1.11 have suggested a simpler way to solve it. By arranging it into
Eqg. 1.12 with the addition of the surrogate constant Y, it is possible to then use an Excel table to
determinene. With all other variables known from the experiment, one can prepare a table of
estimated values for substituting them into the E.12 o solve for Y. At whatever point Y is
found to be zero will indicate the true value fer* Alternativelyit could be possible to just use
Excel 6s goal s e e knewhem I & equal to 0. Furthedrere, ®nmtgnas heen
calculated it just needs to be substituted back into E to calculate the sample

concentratiory?2:24
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& Ig—fpfl ip gré I 1p ;Q EqQ.1.12

Indeed, the use of standdrde kinetic calibratiomemains relatively underutilized in the
literature Not only is no deuterated standard required, tiseam additional benefit that the only
required constant is thigber sample partitioning coefficient which can always be calculated
experimentally if it is not already available in the literatulewever, as previously mentioned
this technique is limité by the requirement of ensuring the ratewohlye uptake remains in the
linear, zeresink regime of the extraction profile and requires twice the number of experiments to
establish pand n at &t and ¢ respectively.lt is important to also note thabesecalibraton
techniques nobnly apply to the standariber-basedmorphology of SPME but can indeed be
utilized with various other configurations.
1.4 SPME samplers for varying environmental matrices

Beyond the standard fiber morphology, SPME tetdgies have continued to develop and
change to address specific challenges imposed by the varying samples and locations targeted in
the environment. When one considers environmental pollution and their related sampling matrices,
the vastness of potentigblications can initially appear daunting. Coming from all three of the
earthly phases of matter, most pollution studies can be categorized as either air, water, or soil
based, with further subcategorizations possible beyond that initial classificatibaugth by no
means the panacea of sample prep, various SPAMEd solutions to address each of these
categories have been explored in recent years. Technologies such as needle trap devices (NTDs)
for air sampling, cold fiber SPME for determination of smhtaminants, and GTFME for the

ultrartrace detection of pollutants in surface wattasd metropolitan &f are just a select few of

such specialized morphologi&?® Like any techniqughowever thesesamplers still require
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routine quality control and an initial validation. As such, the repeatable delivery of standards
tailored for SPMEbased extractions that can be performeditais also necessary.

1.4.1Needle trap devices for air analysis

Gaseos air samples lend themselves well to being sampled directly with standard SPME
fibers, as the diffusion coefficients of most
to allow for appreciable levels of extraction within short periods of ti#hé'However, issues can
arise once the analyst wishes to target organic compounds that aseimmlolatile (SVOC) in
nature, as SVOCs have a tendency to bind to airborne paeiconédter or aerosaype particles,
making them unavailable to SPME fibers which, as previously described, are only sensitive to the
free analyte fractior3?33Furthermore,hie characterization of the environmental fate of a given
compound, i.e., the percentage of a given compound that is particalatd, can yield additional
information regarding the system under st&ef?. With this application in mind, further
developments in needle trap devices have been an ongodwpvorto further assist in the
charactedationof environmental air.

As ealdl ud,h e nper iomharty advantages of these so

ability to act as a nfialntderpaand cturloahpg sbrdatbl ntdhr gy o
mol ecul es in a given gaseous sampl encalnltowvaitn go nt
As with most filtration sampkingcmedthe®dat egaan

sampltealgni que anedbff wvmact ioawrs Byrbents which hav
of a bl uni?23Pli#pi nnee ewlil teh what i s expeadteidonwi t
technol ogy, calibration with NTD met hodol ogi e

directly related totilpéieadmplyet be@BiyveoOhlimat eanr

0 - Eqll 3
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Figure 12: 22 gaugeextended tip nedle trap with appropriate PEfaps
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Figure 1.3 Schematic of 19 gauge blunt tip NTD used with Tridgoportable GC/MS instrumentation
(Courtesy: Torion Technologies of Perkin Elmer Inc. American Fork UT)
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When combined with convéonal open bed SPME devices which are themselves only
sensitive to the free analyte fraction, it becomes possible to determine the particulate bound
fraction of a given analyte by subtracting the free concentration determinad SME fiber
from the toal concentration determined via NTD. In an interesting exploration of this principle,
Cheng et al. combined the use of 100 um PDMS SPME fibers with a DVB packed NTD to
determine the effectiveness of repellents emitted via mosquito'taitg] inthe following work,
from electroniovaporizationmosquito mats? Particularly in the mosquito mat study, a cleantl
could be seen, with the 100 to 120 mesh DVB NTD extracting a much greater amousenhithe
volatile repellants than that extracted by the PDMS SPME dé&igowever, despite this novel
advancement, this aforementioned study failefdity explore the advantages of the approach by
calibrating and comparing the free and particulate bound concentrations of the extracted analytes
under study. Conversely, Rey&arces et al. better explored this advantage by comparing the free
vs. total evels of alphainene emissions from a pine branchsite, which were found to be 3.3
and 7.8 ng mL?, respectively, using an SPME and N-EDabled portable GOMS instrument®
This vast concentration difference islie expected, as the mblatility alphapinene, with a
boiling point of 155°C, would much prefer to remain in the particubtaind fraction at 23C.

In addition tothese novelree versus total studies, NTD technologies have also been used
on their ow for the simple quantification of total pollutantsimvironmentahir. In terms of more
recent examples, NTDs employing a novel silica aerogel have also been used for the quantification
of formaldehyde fronindoorand outdoor aif® and chlorobenzenes from a standard air safiple.

A bondesilC18 packed NTD was applied to develop a quantitative and fully automated headspace
method for the determination of nine mukisidue musks from real wastewater treatment facility

samples? A high-resolutionqualitative comparison of different marine diesel fuel emissions was
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accomplished by use of a-ted PDMS, Carbopack B, and Carbox&00 NTD, introduced into

a unigue GAREMPI/SP{TOFMS,which is a form of NTBGC enabled photoionization tircd-

flight mass spectrometff.A Silica composite carbon nanotube sorbent was applied to both SPME
fibers and NTDs and compared in terms of MLODs vs DVB/PDMS analogues forltimiatory
determination of perchloroethyleneair** Finally, an entirely nevapproachusingsmaller NTDs
topreconcentrate | arge volume air samples, such
while incorporating the use of a hapdrtable thermal desorption moddfeThis module
essentially transfers analytesr om 3. 50 s o r I®-gaude NTDy Whécls carotineh be a
directly introduced to a standard GC injector. This methodology may have great implications in
tems of future orsite analytical approaches; to date, it has already been coupled to portable GC
MS instrumentation and to the much more sensitiveTE®IE samplers.

1.4.2The thin film microextraction morphology of SPME

Due to their inherent larger sizebe use of high volume, high surface areaSHME
samples has been shown to drastically decrease the limits of quantitation approachable for
environmental applications®In essence, these TFME devices are thin sheets of extraction phase
ranging in the 106s t o 1ldvihgferavadtlylangersurfacarea er s |
to performextraction In particular when extractions are performed in the-pggiilibriumregime
of the extraction time profile, such as the norm foisda samplings, thmcrease irsurface area
of the sorbentirectly correlatego an increase ithe amounbf analyteextracted per unit time
(Eq. 1.4).>%%1 Furthermore, if equilibrium is sought aftehe addedncrease intotal sorbent
volumewill also directly correlate to thhamount extracted (EG.2, Eq.1.3). Finally, so long as

the extraction phasthicknessdenoted as (a) in Eqg.1.14, is kept constant between polymeric
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similar SPME deviceshe equilibrium timeteq, will remain unaffectedAll these factors combined

result in TFSPME or TFME for shorfheinga much more sensitive SPME morphology.
g = 3K (b- a)/ D, Eq.1.14

Being an extension of solid phase microextraction, TFME shares many congruencies with
traditional SPMHibers. A PDMS polymeric coating remains a popular choice for the development
of thin film membraned®*® Also, much like SPME fibers, many combined coatings such as
CAR/PDMS, and DVB/PDMS can be applied to construct thin film membr&rigs’ It is
important to note that when these combined phases are prepared, the PDMS serves as a glue to
hold the solidCarboxen or DVB particke in place. Furthermore, the fundamental sorptive
mechanisms which govern fiber based SPME extractions still apply to the thin film membranes
morphology. Consequently, the mathematical relationships used to calibrate traditional SPME
hold true for TFME wilh a few exceptions. Such exceptions would include calibration techniques
that employ fiber geomet®y:*® However, like any technique, the introductidnT&ME has not
been without itschallenges;particularly their large size has made them difficultdicectly
introduceinto a GC thermal desorption.
1.4.2.1 Coupling of TFME with GC émmal desorption systems

One of the initial chall enges of GC based
met hod to desorb thin film membranes onto the
desorption methods empysyedol hvaopveltdehmembgansn
in a standard split/splitless | iquid nitroj eacnt i
i niltyi alG @il rejde ¢ ©oMs pao rrte c emits etxeaanpr ieq U ee envta sa lu.s e d
in order xeon despercegwaic ent f abmoss i*Afs @ampleas r act

t hpepu P®OMS me mbaraeaoeé | ed up and pl aceldi quwisd dienjod c
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' iner. Thi snahiupébhygwals i nhena GC injector that
°C and then i mmedCGfaotre |xye nhoeeastterddig eorh Bdie§sha repsteiaa rc h
were able to demonstctcrnat ¢ i gfe@mre stntad | sreclaancdtl ¢d SV
with |l inear calibrations i n raenldata rvoeudnyd cohneea po I
met hod suffers fromFisrosnel ymajiotr wounid abeée omnspo
VVOCors WwWOGbscempgbdunds would not reconstaintdut e a
would exhibit very broad desorption peaks and
desorption method. Secondly, the resbébacabses
othigempeoaidaei on of the PDM®Speximngctai ciGrC p mga :
such a higihs-agmipeedtfurem any col umn mamuwfsaect ur
oxidation of t hpehaiod ,uandndiisbasot af | O dh@a yniemd r an e

A more practical met hod to desorb such a
desor ptmooum twerdi to4MiSo sy Bheé e &G c hr é np epcatbii ved a taingn s
etaland Riazet Kap.may &S&EREtLh er mal deismrodtiingn i wnn ietc
systemCI(IDU t bppeHEBG0 GEHMSE ppandPRiatutt amptloer
faci méembht ane dSehsoomnptiinond-elgthw e tosmmerci ally av
functionsgbyiogtmet oghbhdyo hleadteod saf el y and shar |
anal ytebés from the TFMEThembsgséeéemswaltheGly ct
TFME membranes into the TDUf onbldowed phby ggisalgi um
t o aovxoiiddati on of t he-ceoXdturmald ttihon hpeh aCsleS arr y@@ e n
liquid ni50r A€CEO 0AECA. t he TD&niapphepr hate edF MB
temper attQWr@0WmO¥i ng anal YEMdBe mbhroath e hteooflt ed CI

where they arecooreensadedngrpoe t &i najoegti o
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facilitate,tshhearCQl SGG sp et ahkesmp fe Iraapsplor roescahtiendg t207 5 A (

anal yt 6€ toffutfa.

Maximum 2 cm height
of TDU heating Coil

‘e

Glass bead to hold
Membrane in place

Figure 1.4 Coupling of TFME devices to benchtop GC/MS instrumentation using a GERSTELCTSU
desorption systems showing) insertion of a DVB/PDMS carbon mesh suppomeeimbrandgn a TDU
tube and, B sctematic of the TDUCIS4 injection systen{acquired from Gerstel website)

1.4.2.2Prior methodologies for the preparation of thin film membranes

In terms of TFMEfabrication the firstand simplestnembranes were prepared by simply
cutting appropriatelyised devices out of 12@m or 254 pum thick sheets pure PDMS'6:49:50
Although simplethese devices were shown to perform much better than comparative pure PDMS
fibers*® and PDMS sorptive stir baP$ However the lack of sorbent particles made such
morphologies impractical for pushing down detection limits much more than particle loaded
SPME membranes. As suchhouse polymerization methods were required to make polymer

loaded TFME membran&&*’
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Initially, Jianget al. explored he fabricéion of suppodless, PDMSnembrane$y using
Slygard 184 (Dow Corning Co.) PDM8e-polymer mixture?® The compaents of this kit were
mixed ata 10/100 w/w catalyst/PDMS base ratio and then spread amia-stick sheefleflon
using a Elometer 4340ar coagrto prepare TFME membranes approximately 60/ r0 um?>!

The spread prpolymermixturewas tlen heated under vacuum at ®Dfor 5 hoursandthen at
120°C for 3 hoursas to crosslink the PDMSTo further improve these membrane Jiang then
began evaluating the addition 6b3um DVB particles by mixing 10:100, 20:100, and 30:100 w:w
DVB:PDMS fractons for comparison. From this study, an optimum mixture was then determined
to be 20:100 w:w DVE’DMS (16.67% DVB), which gave the highest signal without
compromising the physical characteristics of the membfaiédembraneprepaed using pure
PDMS and the optimized DVB/PDMS mixture were then qualitative compared to a commercial
DVB/PDMS SPME fiber for the extraction of alkybenzene compounds imir with,
unsurprisingly, the DVB/PDMS TFME membrane giving the highest signal forctiosen
analytes. Finally, as a proof of concept, these DVB/PDMS TFME membnaass then
successfullyapplied for the quantitation dfenzene and naphthalene emitted from car exhaust
within Waterloocity streets®

Moving in a slightly different direction Ria{ermaniet al.explored the use oilferglass
fabric as a solid support for the TFME deviéd.o accomplish thisundisclosed proportions of
DVB/PDMS and CAR/PDMS were prepared in a dichloromethane slAftgr mixing, the
catalystwas added to initiate the crekisking reaction of the PDMS and approximately 1.5 mL
of this slurry washen deposited onto a psdanized sheet of fiberglass fabrvhich had been
affixed to a spin coating wafer. The sgt was then spun at 10Q@50 rpm for 340 s evenly

distributing the mixture throughout the fiberglass fabric which was then placed into a vacuum oven
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at 80°C for 2 hours to complete the polymeriion. Final membranes were then cut in a heuse
like shape with dimension 2 cm x 2 cm with a 1 cm pBalein partto their sizethese membranes
were demonstrated to exhibit supesdnsitivity with equilibrium extraction amounts-360 x
greater than therespective fiber counterparts. However, it was unfortunate that there was no
discussion in terms of possible siloxane background ancethed signahoise ratio regarding
these membraes.
1.5 SPME use ongrtable GEMS instrumentation

SPMEbasedechniques ultimately lend themselves well to the performance of entirely on
site environmental analyses. However, in order to accomplish such a feat, appropriate field
portable instrumentation must also be available, as well as be apdraable as SPMEamplers.
For adequate performance during in situ analysis, a field instrument must be compact and
lightweight, with low power consumption so as to allow for battery operadithiThe instrument
and accompanying SPME device should also be durable enough to withstand both trarsportat
and the operating environmefitAn additional caveat is that many-site endusers are likely to
be nontechnical in nature; hence, the entirety of thalital process should be easy to perform.
Such simplicity is essential in security applications, where the user is unlikely to have any formal
training in analytical chemistri#:>*

Early portable instrumentuch as the vehicle portable, SRI developedFRHZ and GG
PID instruments have been in use for over 15 y&ahithough older compared to more recently
develogd portable GEMS instruments, these SRI systems highlight some of the earliest
developments towards completely-site SPMEapproachesnd were able to achieve detection
limits for BTEX in air ranging from 43 ppb with %RSDs below 5%, using standard 65 pm

DVB/PDMS coatings? Despite a high degree of quantitative reliability, the SRI GC instruments
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are rot without limitations. Without a mass spectrometer, it can be difficult to confidently
determine the identity of unknown compounds from a given sample by use of GC retention indices
(RTI) alone. Besides, the SRI GCs are also quite large, susceptiblestanmoand can only be
considered portable if onf@ndcarbr when operated out of the back of a vehitle.

However, recent technological advancements have allowed for the development of low
power, miniaturized masmalyers which have been successfully coupled with high speed, low
thermal mass gas chromatography (GC) systéniBy miniaturizing the massnalyer, the size
and power consumption of the MS vacuum system can also be minimized. Maintaining an
acceptable degree of quantitative abjlithese systems are now capable of separating and
identifying a large degree of unknown chemical compounds while operating solely on battery
power®® When ruggedized and combined with field portable SPME devices, such portable gas
chromatographynassspectroscopy (G®IS) systems are able to meet all of the aforementioned
gualifications, enabling their suitability for true in situ chemhi@nalysis.

A fairly comprehensive review entailing various current miniature mass analyzers covering
a broad range of sample introduction interfaces was just recently published iY Pligever,
onsite instrumentation is a continuingly adeang field, especiallyin terms of recent
environmental approaches. In terms of solid sample analysssuch application utilized a 100
um PDMS fiber for the orsite determination of PCBs froswil.>® However, without coldiber
techniques, an inorganic modifier consisting of KM@@d HSQs needed to be added to release
analytes from the soil matrix. Furthermore, in order to facilitate quantitative results, Zhang et al.
utilized EPA metlod 8082, which compares the mass spectral peak areas of the unknown PCBs
found in soil to that of certified Arochlor standards. Although the portable SBMIES

methodology was found to not impart the same repeatability as that achietrezcbynparable
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benchtop methodology, it still served as a good sgumantitative means to quickly identify PEB
contaminated soff In line with the forensic capabilities that many portable GC/MS instruments
were initially designed forVisotin et al. were able to employ such instrumentation with a 65 pum
DVB/PDMS SPME fiber to accurately identify 38 okth9 ignitable liquid residues in simulated
arson samples in firefighting studi®sAlthoughonly qualitative in nature, such studies represent
how approachable such methods may be tetachnical eneisers.
1.6 Thesisobjective

Thegeneral objective of thiesisis to further develop, validate and apply various novel
SPMEbased samplers for the conduction of entirehsid@ environmental analysis. prarticulag
devices were designed to improve the sensitivity and reliability aftaple GGMS
instrumentation for oisite environmental applications

The first goal was to develop an improved manner for the repeatable delivery of quality
control standards as to ensure the reliable operation of a portabMSGi@strument. To
accomplis thisrequirementa novel standard gas generating vial which comprised of a-multi
componensorbent was developed and validated to be portable while giving repeatable extractions
of volatile McReynolds standardeven after hundreds of uses. These wase thenfurther
validated for thelelivery of a pentaflurorphenfilydrazine (PFPH) derivatization agent for the on
fiber derivatization of aldehydes. This PFPH vial was then appliesiterwith SPME, NTD and
the portable GC/MS instrument for the-site derivatization and determination of free and total
formaldehyde concentration from car exhaust.

The primary goal of théhesiswas the development, validation, and application of an
improved TFME membrane for the determination of anthropogenic pollitastsface waters.

As sucha novel carbon mesh supported$PME device comprising of a PDMS glue and various
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sorbent particlearepresented herein. Thesembranes were demonstratedastly decrease the
background siloxane bleegkhibited in the praeus TFME designs whilgiving comparable
extraction efficiencies. Furthermore, coupling these membranes with por@GGIMS
instrumentabn was shown to givenethod limits of quantitatiof ML O Qféramulti-residue
pesticides, similar to that observedwiionventional sample preparation used in conjunction with
traditional benchtop GC/MS instrumentation.

As a final side projecthe concept of designing novel SPME devices for the sampfing
extreme environments was taken to its fullest by the develatpoiex selfsealing, coated bolt
SPME device. Thesself-sealingsampers were shown to stabilize and maintain extracted analytes
on their coated surface in ambient conditions allowing for unprotected transportation to and from
distant, and harsh envirommts. Furthermore, to attest to their robustness, tewsglersvere
successfully applied for thairectsampling of deep oceanic hydrothermal ventsavdabmersible
remotely operable vehicle (RQMIthoughthese HPLC based samplers mptthe primarfocus
of thisthesis thework remains a prime example of just how useful proper sampler design can be

in addressing unique requirements imposed by varying natural sampling environments.
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Chapter 2 Development and validation of a field portal# standard gas generation system
for the on-site delivery of standard analyte compounds

Preamble

The materials in this chapter habeen published as research article: Jonathan Gr&etyan
Augusto GomeRios, Janusz PawliszynDevelopment of a standardas generating vial
comprised of asilicone oili polystyrene/divinylbenzene composite sorbentChrom, A2015

1410, pp 18 Materials forall sections of this current Chaptare reprinted from thisesearch
article with the permission fronthe Journal b Chromatography A ofElsevier Publishing.
Copyright for this work remains the property of Elsevier publications and any further request for
reeuse of this information should be requested directly from themOl:(

https://doi.org/10.1016/j.chroma.2015.07.063

2.1 Introduction

Since its introduction in 1989, solid phase microextraction (SPME) has been well accepted
by the analytical abmistrycommunitydue to its miniaturized format, ability for high throughput
analysis, minimal need for organ&olvent>®!! and combination of a@npling and sample
preparation into one easy to perform step, whigdrevealed SPME to be an ideal technique for
on-site chemical analysf§'®3 One issue presentgubwever is that environmental factors such as
temperature, and air/water velocity davery difficult to control. Since SPME is an equilibrium
based extraction technique driven by diffusion, uncontrollable temperaamctfuid velocities
can have a major impact on the amourdumdlyte extractedsaethe distribution constant4<and
the diffusionrate across the fiber boundary layer are, respectively, depesmiémtse factors”
% These effects render many classical SRilEbration techniques, such as equilibrium extraction
and inlab external calibration, impctical for onsite analysi$’'® To address these issues,

diffusion-basedcalibration methods such as timerfacemodel have been proposed, allowing
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SPME calibration tobe performed while accounting for measured flwudlocity and
temperatur&??>5®Nonetheless, these techniques are susceptible to fluctuations in these factors and
do not account for makr effects in complex samplebk such scenarios, it may be prefetial to
perform a kinetic type calibration, where an internal standatdaded onto the fiber prior to
performing an extraction from treample matrix%236489 Desorption of this standard will then
occuras sampling takes place. The use of internal standards alsotheragi/antage of correcting
for potential sigal drifts incurred byield portable GEMS instrument<°®

In order to effectively perform such calibrations-gsite, onemust be able to deliver
standardo the fiber in a highly repducible manner with a portable standard source. It is also
essentiathat the amout of standard loaded is representative of the anadyteentration founah
the sampling environment.Previousefforts by Kozielet al. were able to demonstrate that a
stadardgan f VOCOGs c oul ab lyelacmenes stamdareldistaenes of PTFE
permeation tubes that were then placed interartosed gseous flow througbystem’2 Although
this systenwas foundo be appropriate for SPME and needle trap sampling it is inapprojarate
onsite use due to sizé&/anget al. demonstrated that even when extremely short extraction times
were used, a very large amount of standard are extracted offitwethié headspee extraction of
pure standard spikl into a vial was performéd Such quick extraction times are also difficualt
perform repeatedly whermanual injection is used osite. $iking standards into a
polydimethylsiloxane (PDMS) membraneT@nax particles was also shown to generate too great
of a headspaceoncentration to be usefut was subsequently found thet appropriate standard
gas generating vial could be produced dpiking a few milligrams ofthe standardinto a
hydrocarborbasedultra-low volatility mechanical pumyil 6”7 Furthermore Xiest al.were also

able to demonstrate that an e&syise multiplestandard gas generating systemald beprepared
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by spiking nanditers of pure standal onto a solid PDMS powdé? These PDMSased vials
were shown to exhibacceptable intraial repeadbility, as demonstrated by percent relative
standard deviations % RSD6s) of about 4.5% after 114 head
30 scondsusing a 100um PDMS fiber However, PDMSvials were still found t@enerate too
high of a headspaasoncentration for trace applicatiorss severahundreds of nanogranos
standards were still extracted. Additionally, where such sguahtities, in the napliters, of the
more volatile standards wespiked, it would be very difficult to produce multiple vials in a
reproducible manner. Concurrently, another design was propmsé&bmezRios et al, who
addressed these major shortcomibgsspiking a couple fomicroliters of pure standard into a
hydrocarbon pumgil solution, which was then mixed with PS/D\frticles to produce a highly
reusable and durable standard gaserating viaf® In this study, it was demonstrated that these
vials were highly repeatable, skimg that intrav i a | R S1Bs8 than ¢ dor all McReynolds
probeg® after 160 extractionwere performed for 1 min, ugjnthe strongl sorbing, 50/30 m
DVB/CAR/PDMS SPME fiber Furthermore, it was demonstrated that diffengats prepared
from the same batch of pump oil were statisticalBntical @ a 95% level of confidencé

In thischapter a significant enhancement of the previousdéadgas generation system
was achieved by usingsdliconebased, ultrdow volatility diffusion pump fluid. Similar to the
previous desigrthe oil was first spiked with pure standards and then mixedR8IDVB resin
particles®® The use osiliconeoil in combinationwith the PS/DVB particles proved to better retain
the standard€Consequently, a lower headspace concentration of the stamdsuabtained, and a
smaller fraction of the analytes was remoped extraction. Hence, a lesser extraction of standard

resulted in avial that depleted slower, giving a standard gas generating vialréhetined
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repeatable over a greater number of extractions. Additionally, better precision of the amount
loaded was obtained whésnger loading times were used.
2.2 Materiab, instrumentation, and experimental methods

2.2.1Materials and reagents

Benzene, entanone, pyridine,-ditropropane, Pentanol and n-octane standards, as
well as the styrene/divinyloenzene(PS/DVB) particles (Amberlite® A were purchased
from Sigma Aldrich (Mississauga, ON, Canada). Varigeneralpurposemechanical pump oil
was supplied by Varian Vacuum Technologies (Lexington, MA). KJLCsilzbne pump fluid
(tetramethyl tetrapheiyrisiloxane) was ordered from Kurt J. Lesker Company (Toronto, ON,
Canada). 20 mL screw top vials and caps with 20 mm FSiliiehe septa were purchased from
Canada Life Sciences (Peterborough, ON, Canada). 40 mL screwtop vials and caps with 22 mm
PTFEAiliconesepta and 15 mL screw top vials with PTFE Mininert® valves were purchased from
Sigmd Aldrich. HPLC grade methanol was obtained from Caledon Laboratories Ltd.
(Georgetown, ON, Canada). Ngnwe water was obtained using a Barnstead/Thermodyne
NANO-pure ultrapure water system (Dubuque, 1A, USA). Uhigh purity helium was supplied
by Praxair (Kitchener, ON, Canadd@he Drierite desiccant was purchased from W. A. Hammond
DRIERITE Co. (Xenia, OH, USA). Hamilton brand, 10 pL microsyringes were purdhfase
Sigmd Aldrich. FlexFoil® gas sampling bags were supplied by SKC (Eighty Four, PA, United
States). The vial heater block was constructed by the University of Waterloo electronics shop
(Waterloo, ON, Canada). 65 um divinylbenzene/polydimethylsiloXané3/PDMS) and 50/30
pm divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS,) SPME fiber assemblies

were provided by Signi@ldrich.
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2.2.2 Instrumental analysis method (GC/FID and GC/MS)

An Agilent 6890 GG5973 quadrupole mass spectrometer (Adgil@echnologies,
Mississauga, ON, Canada) was used in this study. Chromatographic separations were performed
usingan SLBTM-5MB (30 m x 0.25 mm x 0.25 um) fused silica column from Sigidrich
with a helium flow rate of 1 mL mih The column temperatuseas initially held at 40C for 1
min, gradually ncreased to 50 °C at a rate diGmin?, then to 70C at a rate of 6C min?, and
then held for 0.47 min. An injector temperature260 °C was used to desorb the DVB/PDMS
fibers. Calibration wagperfamed using liquid injection at the same split ratio to genesate
nanogramsnjected versus instrument response relationshipe. During analysis, the transfer
line, quadrupole and ion souraeere set at 280C, 150°C and 230°C, respectively. lonizatio
wasachieved using electron impact ionization mode. Full scan r@i@50 m/z) was used for
all compounds, and quantitation washieved using extracted ion chromatograms.

Chromatographic separations on the Acme 6106FEZ(YoungLin, South Korea) wer
performed usingn RTX-WAX (30 m x 0.25 mm x 0.fum) fused silica column from Restek with
a helium flow rate of 1.3 mL mih The column temperature wiatially held at 45°C for 1.5 min
and then raised to 14% at a rate ofl2 °C min, then raisedo 180°C at a rate of 33C min'
and heldhere for 30 s. Desorption of the DVB/PDMS and DVB/CAR/PDfit®rs were carried
out for 1 min at a temperature of 2680 with a split setting of 3:1. Calibration was performed
using liquid injectionat the samedit ratio. The flame ionization detector (FID) was halda
constant temperature of 30Q with a fuel mixture consistingf 30 mL min! of hydrogen, 300

mL min of air and 30 mlmin™ of helium.
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2.2.3Development and preparation of the headspaceatds

2.2.3.1Cleaning of the PS/DVB patrticles

As discussed by Gomdzios et al., care must be taken to properly clean the PS/DVB
particles in order to remove naphthalene, styrene, hydrocarbon, and phthalate intpativiese
reported present in suchaterials byDaignaultet al.”*">To accomplish this, approximately 200
mL of PS/DVB patrticles were placed into a 1 L beaker and manually agitated with 600 mL of
Nancpure water for 2 minutes, then immediately dwed. This procedure was repeated 3
additional times. Next, the particles were mixed with 600 mL of Naure water and heated
gently to 5°Cfor 30 minutes, then decanted a total of 4 times. Following this, the same procedure
was repeated, except 400 mL.HPLC-grade methanol were used instead.

After cleaning, the PS/DVB patrticles were then placeamaluminumfoil coveredPetri
dishes and placdd a vacuum oven at 6C for 24 hours, under nitrogen. This is an essential step
taken to remove any remmang methanol and impurities from the particles. It is important to note
that excessive heating should be avoided as to prevent the decomposition of tieTiesin.
particles were then remov&mm the oven and placed in a desiccator under constant nitrogen flow
for at least 48 hours.
2.2.3.2Spiking of the pump oil solution

In order to remove any potential impurities, approximately 150 mL ohykeocarbon
based andsiliconeoil pump oil sdutions were placed into 2 separate 400 mL beakers with stir
bars. The oil was then heated to 220and agitated at a rate of 120 rpm under constant nitrogen
flow for 24 hours®”-"> After cooling, approximately 32 g of hydrocarbon oil and 40 gilidone
pump oil were placed into 40 mL headspace vials Wi&inch stir barsand cpped with

PTFESAiliconesepta. The pure standards were then spiked into the oils through the septa using a
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10 eL microsyringe. For the oil comparison st
the stock oil solutions. For the intelal reproducibility and storage stad i t y st udi es,
benzene,p8neanomhe2i t4r cdr woganmne, 3 ¢e-phentandl,apdy r i di r
6 eL of octane siicere®i Ispi kerd time ovitdle depl eti on
e L efend anonenitrogdo pealn eof 2L 5 €L o fp epnytrandaln,e,a n7d 55
octane were spiked into the stoskicone oil. Once the standards were added, the vials were
vortexed for 2 minutes, followed by replacement of the punctured septa to avoid loss of volatile
analtes. These vials were then sealed with Par&fdmd mixed at 1500 rpm for 48urs.
2.2.3.3 Preparation of the standard gas generating vials

1.500 £0.005 g of the previously cleaned PS/DVB particles were accurately weighed into
either 20 mL or 15 mL frexspace vials to be used with the PTFE septa and Mininert caps,
respectively. Then3.000 +0.010 g of lhe hydrocarbon oil, or 3.690&010 g of thesiliconeoil
were accurately weighed into the vials. Given their different densities, these oil masses wer
chosen to ensure the same volume of oil was added to each vial, and, consetingestiyne
headspace volume wabtained. Additionally, adding the same volume of each oil also ensured
that the same amount of the standards were present in each vahfmareson. Once the oil had
been added, the vials were immediately capped and then sealed with PafEiiémials were
then allowed to equilibrate for at least 72 hours before being used. The vials were then labeled
with a 3 character code with each awier representing the pump oil used, the batch number, and
vial number from a given batch, respectivedyg(vial S-1-3 would be the third vial prepared from

the first batch osiliconeoil based vials from a given set).
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Table 2.1 Preparatioparamegrsof PS/DVB standard gas generating vials

Varian Silicone

Parameters oil oil
Density (g/mL) 0.87 1.07
Mass of oil to fill each 40 mL vial (g) 32.483 39.980
Volumeof standard spiked into each 40 mL vial (uL) 2.0 2.0

Mass of spiked oil placed into&@agas generating vial (g) 3.000 3.690
Volumeof oil placed into each std gas generating vial (mL)| 3.45 3.45
Volumeof McReynolds placed into each vial (uL) 0.185 0.185

2.2.4Comparison of the different pump oil matrices

To determine the superior purop matrix, 4 standard gas generating vials were prepared
using the Varian® general purpose mechanical pump oil (hydrocarbon o#)litb@ediffusion
pump oil, a hydrocarbon ®iPS/DVB mixture, and ailiconeoili PS/DVB composite mixture. In
order tomaintain a consistent headspace volume with thé€8IDVB composite vials, standard
pump oil vials were prepared by placing 6 mL of the spiked oil solutions into an empty 20 mL
headspace viallhe Jals were then heated to 3C in a Gerstel agitator uniExtractions were
performed foi30 s using a 6am DVB/PDMS Stableflexfiber. Automated SPME injections were
performed using a CTC ComBiAL system (Zwingen, Switzerland) installed on the Agilent 6890
GC and 5978 MS. Replicate extractions were randomitedninimize the effects of any potential

signal drift of the mass analyzer.

2.2.5Evaluation of intreébatch and intebatch vial reproducibility

To verify the intra and interbatch reproducibility of the gas generating system, 2 vials

from 3 differentbatchesvererandomly selected and placed into an agitated water bath°at. 35
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Extractions were performed for 1 min using a 65 um DVB/PDé#®leflexfiber. Manual SPME
injections were carried out on a Youhm Acme 6100 GEFID. GC runtimes were 11 mimith
complete separation of the analytes occurring in less than 9 min. Extractions were randomized to
account for potential signal drift effects.

2.2.6Determination ofong-termvial storage stability

Long-term storage stability of the standard gas gatieg vials was evaluated by storing
vials from batch one (vials-&X) under 3 different sets of conditions. For the duration of the
experiment, vials 8-3 and S1-4 were stored at ambient temperature on a bench top with exposure
to light, vials S1-5 and S1-7 were stored at ambient temperature in a dark cupboard, while vials
S-1-6 and S1-8 were stored in a dark refrigerator kept belowCs These vials werprepared
using resealable Mininert® valves as to minimize potential sample losses from pdirsepta
after use and prolonged storagé> Analysis of the vials was performémmediately after the
initial 72 h equilibration, and then after 1, 3, 6, and 10 weeks of storage. The vials were held in an
agitated water bath adjusted to°8&Water temperature was monitored throughout the experiment
and allowed to fluctuate withinGt2 °C. Extractions were performed for 1 min using a 65 pm
DVB/PDMS stableflexfiber. Manual SPME injections were performed on a YeuimgAcme
6100 GCFID. Quality control analyses were also performed to detect anyviretek drift that
may have occurreduring the experiment. Additionally, replicate extractions were randomized to
minimize the effects of any potential signal drift.

2.2.7Assessment and modeling of the vial depletion rate

To model the vial depletion rate, 208 successive 1 min extractenresmade from a single,
resealable Mininert® capped standard gas generating vial using a 50/30 pum DVB/CAR/PDMS

stableflexfiber. The vial temperature was precisely maintained &C36sing a vial block heater
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developedn-houseby the University of Watdwo electronics shop. Manual SPME injections were
performed on a Youngin Acme 6100 GEGFID. GC runtimes were 11 min, with complete
separation of the analytes occurring in less than 9 min. With the exception of the first 15
extractions, only 1 out of every extractions was injected onto the instrument for analysis.
Additionally, 28 quality control analyses were also performed throughout the experiment to
identify and correct for signal drift while performing the mial#ly experiment. To obtain a reliable
determination of the initial amount extracted from the gas generating vial, the first 15 extractions
from the vial were analyzed. Additionally, these first 15 analyses made it possible to estimate the
percent RSD associated with the method while using ¢la¢éeh block assembly. Attaining low
RSD values was essential to confidently detect a depletion of 3.5% or less.

2.3Results and discussion

2.3.1 Comparison of the different pump oil matrices

Selection of the optimum pump oil matrix is crucial n@ximize the longevity and
reproducibility of the standard gas generating vial. This reproducibility is especially important in
guality control applications, such as instrumental signal drift checks duringdayltnalyses.

For this purpose, 4 standard gas gatieg vials, prepared usirgdrocarborbasedmechanical
pump oil, silicone diffusion pump oil, a hydrocarbon 6PS/DVB mixture, and asilicond
PS/DVB mixture, were compared.

As can be seen frofigure 2.1results demonstrated that vigieeparedusing asilicone
oili PS/DVB composite as a matrix generated substantially lower headspace concentrations,
indicating a higher affinity for the calibration compounds, and therefore, lower Henry constants.
When compared to the hydrocarboni BIE/DVB vial, the relate amounts extracted from the

silicone oili PS/DVB vials were found to continually decrease in accordance to compound
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volatility by factors of 24 times for benzene and octane, respectively. Where experimental RSD
values did not exceed 3% when comparedht aforementioned variations, the difference in
amount extracted was accepted to be statistically valid without furtheth@gigiesting. As the
same amount of standard and headspace was present in each dP8&ANB vials, it could be
determined tht the use ofsilicone oil greatly assisted in the retention of the McReynolds

compounds fostandardyas generation.
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Figure 2.1Nanograms of McReynolds extracted per milligram of analyte spikedthietetandardgas
generating vials prepared using dint retention media after 1 min extractions were perfoah&&\C
with a DVB/PDMS fiber.

To further support the involvement of oil in standard retention, vials prepared using only
hydrocarbon osiliconeoil as the retention media were also compared. It is important to note that
6 mL of oilwasused to keep a conssit headspace volunoéthe oill PS/DVB analogs. However,
because the same spiked oil solutions were used to prepare-tindyailals and those prepared
with PS/DVB, and more oil had to be used in theooily vials to keep a consistent volume, there

wasa larger concentration of analyte available in theonlly vials. As such the results shown in
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Figure 2.1lwerenormalized by dividing the amount of standard extracted during analysis by the
total amount of analyte present in the vial. As the compositesart mat ri x wi |l |l obe
this method of normalization is valid such that we can assure with certainty that differences among
the systems tested are due t o ttHesmidsystem/|rathere 6 s af
than differences ithe amount of standard present or the headspace volume.

Generally, with the exception of benzene and octane, the amounts of standard extracted
from silicond oil based vials were substantially lower. Such a trend seems to relate with the
polarity of the aalytes spiked onto the oil and the afynof the oil for the analytes as indicated
by log P values of 2.22 and 5.01 for benzene and octane, respectively. Thgs#ananalytes
would, thereforegxhibit a greater affinity to the hydrocarbon oil, fégg in a lower headspace
concentration. Despite this result, ths#licone oili PS/DVB vials provided much lower
concentrations of benzene and octane when compared to any of the other vial configurations,
suggesting that there exists a synergistic effetstéen theiliconeoil and the PS/DVB resin with
regards to analyte retention.

Since a lesser fraction tfe standards extracted each time, it could be hypothesized that
the silicone oili PS/DVB based standard gas generating vials would produce arepe@able
headspace caentration after many successive extractions had been performed. This repeatability
could also be achieved by using shorter extraction times. However, by decreasing extraction time,
precision would also decrease, as any variabditgerienced during the experimental method
would become increasingly significant. Additionally, being able to generate a less concentrated
headspace would also be advantageous in applications that require a much smaller amount of
standard. Such applicatisrcould include quality control and tuning of contemporary mass

spectrometry instruments where picograms of analyte would be sufficient.
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2.3.2 Evaluation of intrdbatch and intebatch vial reproducibility

In a previous study, Gomdzios and collaboraterdemonstrated that different vials
prepared using the same spiked hydrocarbon poimgolution were statistically identic&t.
Consequently, intrdatch reproducibility was also addressed for the current study, with the
additional challenge of also verifying @rtbatch reproducibility. This additional task proved to be
less challenging, as preparing spikesiiitone oil was an easier undertaking, given the higher
affinity toward the compounds. By evaluating 2 vials randomly selected from each of the 3
differert batches, these claims were demonstrated herein.

As presented ifrigure 2.2 good agreement between vials chosen from the same batch and
different batches was obtaindturthermoreas can be observed in TaBl@, ANOVA confirmed
that the 6 vials analyd were statistically identical with regards todadlthe McReynolds probes
(Fvia < Ferit at 95% confidence). These results were attained with-vieépercent RSD < 4% for

every standard analyzed.
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Figure 2.2nter-vial reproducibility of McReynoldstandard gas generating vials when 1 min extractions
were performed at 3& with a DVB/PDMS fiber fronsiliconeoili PS/DVBbased standard gas generating
vials.
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Table 2.2ANOVA testing of interbatch reproducibility of theiliconeoil-PS/DVB vials

Compounds | Benzene 2-Pentanone 1-Nitropropane Pyridine 1-Pentanol Octane
Fuial 0.85 0.28 0.30 0.72 0.11 0.29
Fcrit 3.11
% RSD 3.4 3.5 3.3 3.8 3.7 3.4
2-factor ANOVA test of the first factor, inter-vial
Fvial 1.37
Fcrit 2.34

It is important to highlight that the method used to introduce the standard isibdbee
oil is critical in order to attain intdvatch reproducibility. Through preliminary experimentation
(data not shown), it veafound that if standards were introduced to the oil by use of a disposable
pipette, only intrebatch reproducibility could be achieved, as the repeatable release of standard
could not be performed into the total volume of oil. Instéfaeintroductionof the standard into
the oil by use of a micrsyringe through @FTE septum was found to be preferential, thus
preventing analyte evaporation while achieving a more precise delivery of the standard.
Additionally, the Hamilton syringes used are stated t@ @i accuracy of +1% of the nominal
volume used (i.e. Hamilton, Syringe Care and Use Guide). Achieving reproducibility of the
batches of vials is very important in medib or commercial applications where different analysts
may want to compare resultdabed using the sammaethodor evaluate instrumental response
throughout multiple analyses.

2.3.3 Determination ofong-termvial storage stability

Another important feature for a successfuvial standard gagenerating system is the
ability to conficently store vials for @rolongedperiod of time. In order to do so, determination of
which conditions may result in premature degradation of the vial is a critical step in the
development of a reliable system. In view of thigl stability, under a vaety of storage
conditions, was examindadr a period of 10 weeks. As smaller, 15 mL Minined@&pped vials
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were used, a smaller headspace was available, resulting in éessents ofanalyte being
extracted than from mixtures prepaseith standard 20 mheadspace vials.

It was demonstrated that benzene, the most volatile probe analypedia®one, -1
nitropropane, and-fpentanol were shown texhibit nodetectable loss regardless of the chosen
storage methodver the 10wveek period. This observation wesnfirmed in Table 3B by use of
ANOVA at 95% confidenceA visual representation of the stability associated with thesdts
is fully graphed in Appendix A.

Table 23 ANOVA testing at 95% confidence demonstratirttgweekvial stability ofsiliconeoil-
PS/DVB vials

Compounds| Benzene 2-Pentanone 1-Nitropropane Pyridine 1-Pentanol  Octane*
Fvis RT,L 1.40 1.53 2.53 5.38 2.20 0.02
14 RT,L 1.82 1.48 3.08 4.82 2.71 0.66
FusRT,D 1.46 3.27 2.74 3.41 2.97 0.80
F17RT,D 0.28 0.30 0.52 0.34 0.78 13.8
FvieF,D 0.57 0.22 0.53 0.20 0.09 1.53
FisF,D 0.91 1.29 0.87 2.07 1.46 0.35
Ferit 3.48 5.14

RT = room temperature, L = light exposure, D = storage in dark, F = storage in fridge
* Weeks 0, 1 and 10 eve useddr ANOVA calculations of octane

Unlike the other standards, vials stored with exposure toweghe shown to incur losses
for pyridine. This divergence wasbservable as eontinually decreasingxtraction efficiency
from vials S1-3 and $1-4 which is shown iPAppendix BAIlthough this decline was observed to
be slight, it was still significant at a 95% level of confidence. Pyridine has long been ksavn
particularly sticky, surface active compound; howeaérjef review of the literature dinot yield
any details regarding pyridinmstability when exposed to lighErom this result, it can be
corcluded that future standard gas generating vials would bendigibg placed in amber colored
vials. Additionally, further benefitnay be attaing by storing vials inside a dark cupboard when

notin use.
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Conversely, the variations observed for the octane resultsaditbllow any definable
trend. Values for weeks 3 and 6, whadn be viewed il\ppendix Bwere seen to be significantly
higher tharnthose observed initially and at weeks 1 and 10. It is possible thatatiegion may
have been due to an undetected instrumental or temperature fluctuation when performing the
experiments. For thiseason, ANOVA testing for octane was only performedifeeks0, 1, and
10, as can be seen in Tabl8 @/ith the exception of vial-7, the reduced ANOVA demonstrated
that the amounts of octarextracted initially and at the latest time period of the study were
statistically similar.

It was observed that vilstored in refrigeration exhibitedstightly smaller headspace
concentr at i on)thanthose siocet at e tgmPetafufd. Given that these vials were
immediately moved into the refrigerator for the initial 72 h equilibration, after mixingatieles
with the spikedsiliconeoil solution, it could be hypothesized that due to the quick st@iigsy
temperatures a small portion of the octane standard tnéylet condensed into the smaller pores
of the P$DVB particles® However, further experientation would be needed to gapt this
assumption. Thus, aiming to prevent int@l differencesdue to initial storage conditions, it
would be preferential to allow thsliconeoil mixture to equilibrate with the R®VB patrticles
for at least 72 h at room temperature before placing them in the refrigerator.

2.34 Assessment and modeling of the vial depletion rate

As previously mentioned, intnaal reproducibility and longevity are paramount in
producing a practical standard gasnerating vial. Ideally, less than 5% depletion should be
observed in order to consider the vial reusable. Once this criterion has been exceeded, a switch
would have to be made to an identical vial, or corrections would have to be made for vial depletion

using a theoretical model in order to continue generating a statistically similar signal.
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As can be seein Figures 2.3 and 2.4jal depletion was shown to be well below 5%, even
after 208 extractions had been performed. More specifically, as showblaZT4 experimental
depletion was found to be 2.4%, 3.3%, 2.1%, 2.7%, 3.0%, and 1.5% for benpema2one, -1
nitropropane, pyridine, -pentanol, and octane, respectively. Collectively, the mass fractions
removed for benzene;f@ntanone, and-ditropropane were calculated to be 2.426{%, and
2.2%, and 1.9%, 1.5% and 1.0% for pyridinggehtanoland octane, respectively. These first 3
values were in very good agreement with the experimental depletion determined by linear
regression of the data. Hewer, the experimental depletion was found to differ from the mass
fraction by 34.5%, 66.4%, and 41.7% for the other 3 compounds, respectively. This much
deviation was not unexpected due to the relatively small depletion observed in comparison to the
methal percent RSD values, which were found to be 2.1% or less. What was surprising was how
closely results for the first 3 analytes were found to concur in the meantime. The disparity observed
with the 3 least volatile standards may indicate that these comipaware not given adequate time
to reequilibrate with the vial headspace between successive extractions. This would likely not
occur inreaklworld vial applications, as 2 out of every 3 extractions were dumped onto a dummy
column; as such, the vial waslpmllowed to reequilibrate for 5 min between each extraction, as
opposed to a full GC rutime. Additionally, this process would have a cumulative effect and likely

only occur significantly if multiple, proximate extractions are performed.
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Table 2.4Vial depletion from asiliconeoil-PS/DVB vial based on experimental regression trend and total

mass fraction extracted

Compound Benzene 2-Pentanone 1-Nitropropane Pyridine 1-Pentanol Octane
Experimental depletion trend
Starting mass (ng) 20.5 29.7 581 20.6 415 15.1
Final mass (ng) 20.0 28.7 56.9 20.0 40.2 14.8
Amount remaining (%) 97.6 96.7 97.9 97.3 97.0 98.5
Amount removed (%) 2.4 3.3 2.1 2.7 3.0 15
RSD of first 15 runs (%) 1.2 1.7 1.6 1.6 15 2.1
Theoretical (mass fraction)
Initial mass pevial (ng) 178185 223713 553321 225930 564826 324804
Total mass extracted (ng) 4257 6148 12106 4272 8595 3142
Mass remaining in vial (ng) 173927 217564 541215 221658 556231 321662
Amount remaining (%) 97.6 97.3 97.8 98.1 98.5 99.0
Amount removed (%) 24 2.7 2.2 1.9 15 1.0
Difference between models (%) 1.1 -19.0 4.4 -34.5 -66.4 -41.7
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Figure 2.3vial depletion trend for benzenep2ntanoneandoctane after 208 extractions performed at 35
LC for 1 min using a DVB/CAR/PDMS fiber fromsaliconeoili PS/DVB based standard gas generating

vial.
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Figure 2.4vial depletion trend for-hitropropane, pyridineand1-pentanol after 208 extractions performed
at 351C for 1 min using a DVB/CAR/PDMSilder from asilicone oili PS/DVB based standard gas
generating vial.

Additional experimentation confirmed that 5 min was found to provide adequate recovery
time after a few successive extractions. This additional study showed that there was no significant
difference between recovery times 6f1® min for octane, thenost strongly retained standard
However, as aforementioned, it is possible that a cumulative effect may have been present if the
vial was continuously not allowed to return to equilibrium bef@another extraction was
performed. This effect would grow in significance when a large multitude of unrelenting
extractionswere performed, as was done in the depletion study. With this in mind, it would be
more prudent to allow at least 10 min for alvia re-equilibrate between each successive
extraction, which is in agreement with standard GC runtimes.

Although very little depletion was observemhrrectionwas still undertaken by using the
experimentally determined depletion rai® well as a newlproposed equation that models the
depletionbased on the mass fraction extracted at each extraction. Idealbgst correction model

is one that would generate continuousipeatable results, which would be represented as a
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hypotheticalzero slope lines shown irFigure 2.5As expected, the corrections massng the
regression equation generated from the experimeattabf depletion gave near zero slope results.
However, this correction method would prove to be impractical for common Tiss.
imprecticality stems from the fact that the amount extrgcied therefore depletion rate would
change anytime a different fiber coating, extraction time xtnaetion temperature were used
Instead, it would be far more practical to perform corrections as#dte mass fraction remaining
in the vial after each extraction.

To perform this mss fraction correction, EG.1 was formulated, wherea¥is the adjusted
or corrected amount,s the actual amount extracted at tHeertraction giis the averag amount
extracted over n runs, n is the number of extractions from the vial, amlthe initial, absolute
amount of standard present in the vial. To employ Equ&tibran analyst would need record of
the amount of analyte (in ng or moles) that hadaaly been extracted from a given vial, and
knowledge of the initial amount (in ng or moles) of standard that had been initially spiked into the
vial.

W @ o € L Eqg. 21

Although performing corrections based on the absolute fnastson extracted is not as
exact as regression modelifigure 2.5clearly demonstrates that a distinct effiscstill attained
whencompared to the steeper slope of the uncorrected depletiohhiastean be further supported
by the close agreement betwebe equatiorcorrected average nanograms extracted and initial
extraction amounts, as presented in Tab&The significance of sucmodeling is small when
correcting for theseminuscule 3% depletions as signified by the meager 0.2% RSD
improvements. Howevelf, thousands of extractis were to be performed, Eg. 2duld beused

to relate these older valsito a new vial from an identichatch
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Table 2.5Statisticaldata for depletion models and adjustment after 208 extractions

First 15 Unadjusted Experimental trend Mass fraction
Compounds extractions (initial) trend adjusted equation adjusted
Avg SD %RSD Avg SD %RSD Avg SD %RSD Avg SD %RSD

Benzene 205 025 12 202 030 15 205 026 13 205 026 13

2-Pentanone | 29.7 051 1.7 292 057 19 297 0.47 16 296 047 1.6
1-Nitropropane | 581 094 16 576 10 17 581 091 16 581 092 1.6

Pyridine 206 033 16 203 039 19 206 035 1.7 205 035 1.7
1-Pentanol 415 063 15 409 075 18 414 063 15 412 066 1.6
Octane 151 031 21 150 037 25 151 037 24 150 037 25
Avg = Average  SD = Standard deviatio®RSD = percent relative standard deviation
a7 Vial depletion correction for benzene 300 Vial depletion correction for 2-pentanone
0.6 258
EM.S e e e e e e e e e e ?295 S e
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Figure 2.5Adjusted depletion curves for silicone oili PS/DVB based standard gas generating vial
corrected by experimental depletion trend and theordimpahtion2.1 of the masgraction extracted.
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2.4 Conclusion and future directions

A siliconeoil based PD/DVB standard gas generating vial for performing instrument
guality control and either internal standardization or standard addition by SPME is proposed within
this study. Many benefits of developitigese vials withsilicone oil were demonstrated herein:
they were shown to load much less analyte onto to the fiber than previous vial d&sigussess
a great degree of both intbetch and intebatch vial reproducibility, to be stable under a wide
varietyof storage conditions, and to deplete very slowly in a predictable fashion.

Results from the vial stability experiments indicate that amber vials should be uteal for
preparationof the standards and that vials should be allowed to equilibrate forat2dom
temperature, prior to refrigeration in order to ensure maximum vial lifetime. Notably, the vials
have been found to deliver a very repeatable amount of standard, as vial depletion was found to be
less than 3.5% even after 208 extractions had pediormed, as long dseadspacé brought
back to equilibria. Additionally, for applications that may require repeatable results after hundreds
of extractions, it was shown that vial depletion could be corrected for by using the mass fraction
removed fronthe vial.

In extension to quality control applications, these vials can be further used to perform on
fiber standard addition, internal standardizatiand derivatization. These applications will be
especially prominent for esite applicationg® particularly when combined withoptable GEMS
instrumentation. Additionally, such vials would prove very useful for calibration of headspace
analysis, instrumentation, sorbent traps, needle ,ffapad many other techniques, as the

production of standanchixtures would be readily achievable.
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Chapter 3 Solid Phase Microextraction OnFiber Derivatization Using a Stable, Portable,
and Reusable Pentafluorophenyl Hydrazine Standard Gas Generating Vial

Preamble

The majority of the materials in this chapter @&een published asesearch article: Justen Poole,
Jonathan Grandy;erman Augusto GomeRios, Emanuela Gionfridddanusz Pawliszyr§olid
Phase Microextraction ORiber Derivatization Using a Stable, Portable, and Reusable
Pentafluorophenyl Hydrazirfstandard Gas Generatiwal; Anal. Chem.2016 88(13) pp6859%
6866.Materials for all sections of this current Chaptsith the exceptioof Sections3.2.8 and
3.3.6,are reprinted from this research article with tleenpission ofAnalytical Chemistryof the
American Society of Chemistry (ACSLopyright for this work remains the property ACS
publications and any further request foruse of this information should be requested directly

from them(DOI: 10.1021/acs.analchem.6b01449

3.1 Introduction

Due to the broad range of organic compounds present in environmental and anthropogenic sample
matrices, targeted analysis can be a difficult and often laborious task, requiring extensive and
selective sample preparation. As a result, performing analysigarticular class of compounds

(e.g., aldehydes) requires the selection of an appropriate analytical method. Such targeted methods
often consist of one or more anabggecific steps that may impact different stages of the analytical
process. Examplasaclude the selective extraction of analytes by use of selective sorbents (e.g.,
moleculaly imprinted polymersy "8 or through derivatization. Derivatization is of specific
interest, as it can aid in improving both chromatographic separation and detector sensitivity of a
givenanalytewhile proving essatial in the gas chromatogragl®C) analysis of compounds with

poor thermal stability. Additionally, derivatization affords the opportunity for functionalities to be
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attached to certain analytes, such as halogens, which can then be targeted during instrumental
analysis. The attachment of such functionalities then alfmwvthe use of analytical instruments
such as electron capture detectors (ECDs), which have been demonstrated to have remarkably low
limits of detection. Additionally, selected ion monitoring mass spectrometry (SIM) for ions related
to the derivatizatiomeagent can also be employed, facilitating accelerated data processing.
Aldehydes and other carbonyl compounds are of particular environmental interest when
considering their wide range of biogeand anthropogenic sourc€$°Derivatization otcarbonyl
compounds can be accomplished in a variety of ways, and though not an exhaustive list, some
applicatons include the following: (a) microfluidic chips, where a derivatization agent solution
and an air sample are mixed inmacroreacto-® (b) impingers, which operate on the same
general principle, effectively scrubbing the sample gas of analyte by passing it through a solution
containing a derivatization reagent; (@) the use of corentional solid phase extractigSPE),
where a sorbent has been preloaded/impregnated with a derivatization reagent prior to
sampling’®® As an alternative, solid phase microextractiSPME) can be applied toward
derivatization through a process known adibar derivatization, where the derivatizing agent is
loaded onto the solid phase microextraction (SPME) fiber prior to, or aftevanige extraction.
As SPME combines both sampling and sample preparation into a miniaturized, -f@gent
format, it lends itself to greener sampling opportunities and, when coupled to portable
instrumentationyapid onsite sample analyst48%In order to fulfill the growing demand for
instrument portability and esite analysis, it is imperative that techniques and methods that can
be easily taken into the field are continuously developed in order to facilitate comprehensive and
guantitative orsite sampling and analysis. Though-fdrer derivatization for the samph of

carbonyl compounds is well documentedha literature’}-8¢°° as well as its various applications
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organometallic compound8! chlorophenols inwateri%? primary amines in
sewage® and pharmaceuticals imeat product$®* these methodiave not been particularly
portable. Specifically, the absence of a portable and reusable datieatizgent standard, which
is required to load the fiber with an appropriate derivatization reagent prior to sampling, has
impeded both the automation and the portability of such methods.

To address this need, a portable pentafluorophenyl hydrazine JREtdard headspace
(HS) generating vial has been developed on the basis of the standard analyte generators previously
described by GomeRios et al?® and Grandyet al® The aforementioned vials operate on the
principle of thermodynamic equilibrium leten an analytepiked composite sorbent, comprised
of polystyrenedivinylbenzene (PS/DVB) resin particles asiliconeoil, and an enclosed gaseous
headspace resulting in a reproducible headspace concentration of the spiked analyte. These vials
have demostrated remarkable reusability owing to the high affinity of the analyte for the
composite sorbent causing negligible depletion of analyte from the vial after extraction, while also
providing reproducible SPME fiber loadjs (n > 200). These vials dded for applications such
as quality control and esite/in-lab calibration though their ability to store reactive molecules was
not investigated. The presented development of a gas generating vials application toward the
storage of a highly reactive deriizgtion reagent, PFPH, demonstrates the first stable, portable,
and reusde headspace standard of suaha@ecule.

In this work, the PFPH generating vial was successfully coupled to a portakite adal
ion trap mass spectrometer (TMS), such thasite onfiber derivatization was used to quantify
formaldehyde from car exhaust. In addition, the vial was coupled with @itmensional gas
chromatography (GCxGC) timaf-flight mass spectrometéf OF/MS) using SPME and applied

toward the monitoring of na spoilage over time targeting aldehydes as markers of tissue
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decompositiort®® With this development, the standard gas generating vial will certia@gin to
see expanded use in applications forsda and iAlab calibration, QC, and storage of othiessv
unstable gaseous standards.

3.2 Materials, instrumentation, and experimental methods

3.2.1Materials and Reagents

Butanal, pentanal, hexanal, hemh octanal, nonanal, benzene, toluene, ethylbenzene, and
xylene, along with PFPH and the 37 wt % formaldehyde solution used, were all purchased from
SigmaAldrich  (Mississauga, ON, Canada). Nanopure watewas obtained using a
Barnstead/Thermodyne genéngt system (Dubuque, IA, USAT.he siliconeoil was purchased

from Kurt J. Lesker Company (Toronto, ON, Canadah ¢ m PDMS/ DVB and 100
SPME fibers wittstableflexcores were purchased from Supelco (Bellefonte, PA, USA), while the
operated Tenax/Choxen (CAR) 1001/CAR 1003 needle trap device (NTD) was provided by
Torion Technologies of PerkinElmer (Americ&ork, UT, USA). Ground beef samples were
purchased from #bcal grocery storeln order to ensure constawiel temperature, allowing for
repraducible SPME fiber loadings, vials were heateblotk heatersleveloped and fabricated at

the University of Waterloo Science Shop. Each bloekter consisted of an electricakater
connected to a thermocouple and provided temperature accuracy oC+@4 Shown irFigure

3.1, a portablebatteryoperatedblock-heater was also assembled forsite use of thanalyte

generating vials.
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Figure 3.1Block-heaters used to maintain constant vial temperature via an internal thermocouple. Front
and top viewsare of the idab version, while the portable image shows a modified block heater plugged
into an unmodified TRIDIOMN? battery pack.

3.2.2 Instrumental analysis meth@@C/FID and portable GC/MS)

All on-site analyses were performagsing a TRIDION9 patable GGTMS (Torion
Technologiesof PerkinElmer, AmericarFork, UT, USA). Chromatographiseparations were
performed using a low thermal mad¥T-5( 5 m | 0. 1 iek (ResteR, MA, USAN) S
treatedstainless steel column, with heatiuas carrier gaat a flow ratef approximately 0.3 mL
min™t. The column temperature wiastially held at 50 °C for 10 s ahthen increased to 250 °C at
arate of 1.5 °C $ and held tkre for 15 s. Desorption of tHi2vB/PDMS fiber and ibed NTD
was carried out undesplitless conditions for@ s at a temperature of 270 °f©llowed by an
opening of the 1A split valve for an additiond0 s. lonization was performed using an electron
impaction source(electron ionization), anthe toroidal ion trap operated a cusomized scan

mode ddOmi&.31
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Stability studies andial validation experiments wei@nducted using an Agile®890
GC-FID (Santa Clara, CAJSA). Chromatographic segaions were performed using Agilent
DB-5column (®m I 0. 250 mm faCléra, 2% USAmThe dolSnanmeperature
was initially held a#2 °C for 1 min, then incread to 250 °C at a rate of 20 t@in?, and was
held there fo3 min. Desorption of the DVBDMS fiber was carried outf@ min at a temperature
of 260 °C in spliess mode.

Application of the PFPH staiard gas generating vial to teemiquantitative analysisfo
aldehydes as markers for mesgoilage was conductagsing a GCxGETOF/MS Pegasus 4D
(LECO Corp., St JosepiMI, USA). The chromatographigystem consisd of an Agilent 6890
GC oven containing aecondary oven and a quged modulator, consisting of twat-air jets and
two cold nitrogen jets created by liquiitrogen. The column configation consisted of a Rtx
5SiIMS (30m x 0.25nm [ 0 . (ReStek«Lanp., Bellefonte, PANSA) capillary column in the
first dimension (ID)and aB®O( 1 m | 0. 1 (B88E Analyical Bcience )Trajan
Scientific Australia Pty Ltd.in the second dimension (2@),o nnect ed -bnion@®GEi | Ti t
Analytical Science;Trajan Scientific Australia Pty Ltd.). A modulation period of was used,
with a hotpulse durtion of 0.6 s, and a cold pulsene of 1.4 s. The desorption of analytes from
the SPMEcoating was performed in splitless mode at 2ZGor 10 min,usng ultra-high purity
helium asa carriergas with a constant flomate of 1.5 mL/min. The primary oven temperature
was initially held at 50 °C for 1 min, followed by a temperature ramp of@nin until a fnal
temperaturef 250 °C wagseached anthen subsequently maintained for 30 s. The offset for the
secondary oven temperature was set at 10 °C above the pavesryemperature. The modulator

offsetwas set at +15 °C. Theansfer line and ion source temperatures were set at 25Danc,
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respectively. Electron impact ionization was performaedn eergy output of 70 eV. A solvent
delay of 60 s wasmployed. Massrangec anni ng was set at 3571600 m/

3.2.3 Formulaton of the PFPH generating vial anéldehydes generating vial

In terms of the standardgas generating vial preparation the validated methodology
previously described in Section 2.3 was used to prepare all further headspace generating vials
throughout the study. However, the amount of the pure analyte standard(s)ayseayngreatly
depending on the intended application and volatility of a given an#@{gtsuchaldehydes C4 to
C9 were spiked into thsilicone oil at 0.005, 0.007, 0.009, 0.010, 0.013, and 0.015 wt %,
respectively. Similarly, instrumental quality camitwvials were manufactured by spiking benzene,
toluene, ethylbenzene, andxglene intosilicone oil at 0.005, 0.007, 0.010, and 0.010 wt %,
respectively. Finally, where the PFPH generating vials were applied fitlverrderivatization a
much greater aman of this reagent (1.19 wt%) is required per vial as to ensure significantly high
fiber loadings while using minimal exposutimes.

3.2.4Derivatization scheme for PFPH aldehytiivatization

When reacted with PFPH, aldehydes undergo a dehydratictioregorogressing through
an alcohol reaction intermediate, and eventually resulting in the loss of a water molecule, forming
a hydrazoné® As drawn inFigure 3.2he formed hydrazoneontains a double bond between the
terminal nitrogen of the initial hydrazine functionality of the derivatization reagent and the carbon
associated with the carbonyl functionality tfe initial aldehyde or ketoneAs expected,
chromatographic separaticonfirmedsuchisomerization of all aldehydes, with the exception of
formaldehyde (Figure 33). Upon analysis, the derivatized aldehydes were identified by
examination of the resulting mass spectra and/or chromatographic retention times. In terms of mass

spectral identificationPFPH has a molecular weight of 198 Da; however, once reacted with an
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aldehyde, two hydrogen atoms from the PFPH and the oxygen of the aldebyeleninated as
water. This esults in a product molecular weight equal to the PFP#erég198 Da) plus that of

the aldehyde in question, minus the molecular weight of water (18 Da). When performing electron
impact ionization, hydrazones are cleaved at the double bond that was formed during the
derivatization reaction, resulting in an iaith a masgo-charge (m/z) ratio of 196. In addition,

an ion withan m/z of 224 was also observed for all derivatizealaehydes larger than propanal.

This ion corresponds to a McLafferty rearrangement of the reaction product after ionization. In
this stidy, the molecular ion of the derivatization product could always be detected. Moreover, the
proposed derivatization strategy could also be used with an Electron Capture Detector, allowing
for greatly reduced limits of detection and quantification, as loalygenated compounds, such as

the PFPH derivatization product, would demonstrate a detector response. However, as an operable
ECD was not available in our laboratory at the time of this work, experiments were conducted

using GCFID and GGMS instrumentabn.

F F F
R
F NHNH, - >:O —_— F NH R OT r NH R"
" '
F F F F F R

F R"

PFPH aldehyde or ketone
\ J
Y

hydrazone + H,O

Figure 3.2Schematic of the reaction between PFPH and an aldehyde or ketone, as described bi’Ho et al.
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Figure 33 Onfiber derivatization using the standard gas generatiofs @ load both the PFPH
derivatization reagent and aldehydes. Extractions from the PFPH gas generating vial were performed at 35
°C for 10 minutes prior to the exposure of the PFPH loaded fiber to the headspace on an aldehyde generating
vial at 50°C for 20 minutes.

3.2.4.1Methodologyof on-fiber derivatization

To perform the aforementioned -fiber derivatization using the proposed standard gas
generating vial, the following steps were implemented; first, the SPME fiber was preloaded with
PFPH by perfaning a headspace extraction from the PFPH generating vial. Subsequently, the
fiber was removed from the vial and then exposed to the sample matrix, where carbonyl
compounds underwent a dehydration reaction with the PFPH. The steps involved can bedrisualize

in Figure3.4while the reaction itself is describedrigure 32. Similarly, in Figure 33 an example
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can be found of an obtained mass spectra. Finally, the fiber was thermally desorbed in the GC

injection port for analytical separation and detection.

A) B) | 0 é*;
O &
PFPH ) N ‘ N
generating - } ° :: » ‘:
sl Aldehyde é .
e o
ziil\/D;;éS}_i‘licon sample /\.:.‘. o %

Figure 3.40nfiber derivatization procedure employing the new PFPH generating)i®lFPH loading
of SPME fiber,B) PFPHIloaded fiber exposed to gaseous aldehydesitieg in derivatization, and?)
thermal desorption of SPME fiber on the GC injectport.

3.2.5Extraction conditions from the standambéytegeneratingvials

The standard gas generating vials containing PFPH and the BTEX QC were maintained at
35 °C throughout the experimentation, while vials containing linear aldehydes C4 t@ugire
maintained at 50 °C in order to provide a higher headspace concentration of the heavier aldehydes.
While not in use, vials were stored in a low light environment at room temperature (20 £ 1 °C).
Prior to use, all vials were allowed to equilibraigheir experimental temperature for no less than
1 h prior to sampling. Similarlyafter each extraction, vials were left teeguilibrate for at least
10 min to ensure requilibrium was achieved between the headspace and the sorbent phase.
DVB/PDMS and PDMS SPME fibers were chosen for this study; however, DVB/PDMS fibers
were used for the majority of the work presented as they have been previously shown to
demonstrate a strong affinity for PFB#Extraction times from each vial varied between 10 s and
10 min, depending on the parameter under study. One minute quality control extractions were also
performed from a BTE>jenerating vial throughout the experiments, using a dedicated

DVB/PDMS SPME fiber to monitor the stability of the analytical instrumentatsad.
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3.2.6 PFPH vial longterm stability

In order to ensure representative stability data, eight PFPH vials were formulated. Of these
vials, four were capped using Mininert caps, while the remaining four were capped using
conventional screwon septa caps. Headspace volumes were verified to be the same in both
formats. The Mininert cap was selected due to its capability to provide a better seal than that of a
septa cap after multiple punctures. Given that an imperfect seal may allow for tdadtito of
atmospheric contamination of the headspace, resulting in eventual PFPH degradation or loss, the
guality of the seal is considered a critical parameter. One vial of each cap type was placed in a
fridge for storage at 5 °C, while the remaining ials were placed in a dark cupboard at room
temperature. This was done so that any differences in terms of storage temperature could be
observed. Of the six vials stored in a dark cupboard, two of each type were sampled in triplicate at
days 3, 7, 14, 3@and 77 after vial formulation. The remaining twals and the two stored in the
refrigeratorwere only sampled on days 30 and 77. This step was employed so as to observe
whether any discrepancies could be observed bettheerials that had been sampfa@viously
and those that had not. All extractions, consisting of a 10 min exposure to the headspace of the
PFPH gas generating vial, were performed under the same conditions. TR® @&€ed for this
study was calibrated for PFPH response by liquid tiga¢ using standards prepared in hexane.
Throughout the 77 day experiment, QC runs were performed in order to monitor instrumental
variabilities. All data was quality control adjusted to the day of calibration, although tHdEC
used for the experimentsmained wthin two standard deviations tife population mean of each
QC standard for the duration of the experiment. A detailed outline of this experiment can be seen

in Figure 3.5.
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Day
Cap type Vial # Storage
3 7 14 30 77
1 Dark Cupboard (RT) X X
2 Fridge (5°C) X X
Septa
3 Dark Cupboard (RT) X X X X X
4 Dark Cupboard (RT) X X X X X
1 Dark Cupboard (RT) X X X X X
2 Dark Cupboard (RT) X X
Mininert®
3 Dark Cupboard (RT) X X X X X
4 Fridge (5°C) X X

**Note: Date of analysis denoted by an “x”

RT = Room temperature

Figure 3.5Vial map for 77days PFPH stabilitystudy, outlining storage conditions of light exposure and
temperature of storage along with sampling schedule for all 8 vials.

3.2.7 Extraction ofaldehyde spoilage biomarkers from ground beef

Ground beef samples were prepared by weighing 5 g of rawumegtound beef into 20
mL ambemlass headspace vials and stored at room temperature. Ihoirt@ease the headspace
concentration of semivolatile andlatile sample constituents, all samples were equilibrated for 1
h at 35 °C prior to extraction. Fowing a 5 min preloading othe derivatization agent, static
headspace extractions of the bemiples were carried out for 30 min at 35 °C. In orderdnitor
the production of aldehydes during the meat spoilageess, extractions were performed in
duplicate, with andvithout derivatization, on the day of vial preparation and an8,7 days after
sample preparation. All extractions weyerformed from previously unsampled vials to ensure

crosscontaminatiorfrom the PFPH did not occur.
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3.2.8 Intraand interday stability of the portable GMIS detector response following a cold start

The Tridion9 GGTMS has been designed to operate solely on battery power and a
portable helium cylinder. Consequently, it is to be expected that the instrumentediliopeimp
down vacuum andeach an operational stagving repeatable signalery quickly after being
started. Therefore, using one of the aforementioned BTEX gas generating viailsuaost
analyss wereperformed on the instrument for a period of 2itsoimmediately following a cold
boot of the instrumerdnd then periodically over an additional 24 hour periextractions were
performed using a DVIBPDMS fiber for Iminuteat a temperature of 3%. Desorptios on the
portable GC/TMSverethencarriedout a& 250 °C for 30 seconds withZsecondsplitless injection
followed by an opening of the 1:10 split veiihe total peak area was thglotted on a control
chart with the 2 standard deviation warning limit choseepoesenthestability of the ingrument.

3.2.9 Application for onsite quantitation of formaldehyde in car exhaust

Onsite samplings of formaldehyde from car engine exhaust were performed by first
loading the derivatization agent onto the SPME fiber using a 10 min extraction fronatisphee
of the PFPHgenerating vial. For the NTD samplings, 15 mL of the PFPH vial headspace was
drawn ontothe sorbent bed of the needle trap device. In order to facilitete’olumetric NTD
extraction from the vial, a blank 22 gaugeedle was also iegted through the vial septum to
allow theheadspace pressure to remain constant. Then, the-BRBétsampling devices were
positioned in the center of the vehieehaust. For NTD sampling® mL of sample was drawn
from both hot and cold engine exhgushile SPME fiberxtractions were performed for 60 and
30 s, respectively. Prido cold exhaust extractions, the catalytic converter wasvrdied to be

cool to the touch. Next, the engine was allowdadlfor 30 s after ignition, followed by sgling.
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For hotexhaust extractions, the vehicle was allowed to idle continuowgly,sampling starting
at 30 min after ignition. Cold caxhaust temperatures were observed to be equal to the ambient
air temperature on the day of sampling, 16.3 °C vithéehotcar exhaust temperature was observed
to equilibrate at 45.7 °Gnder engine idle conditions. To ensure stable instruraspbnse, quality
control extractions were performéwm the BTEX generating vian-site both before and after
sampling in ddition to the day o€alibration.As it is infeasible to perform calibration by liquid
injection onthe portable GC/MS instrumentation due to the limimdumn capacity, a novel,
NTD-based calibration technique wasployed. To achieve thian NTD was frst preloaded with
PFPH by successively extracting 10 mL from two sepaepeacapped PFPH generating vials.
Volumes of 0.1, 0.5, 1, 2, and 6 mL were then drawn from the headspace above 1 th04
wt % aqueous formaldehyde in a 20 mL headspackunder 1500 rpm magnetic agitation.
Extractions were verified texhibit negligible depletion by performing a subsequetitaction
from the same viallhe temperature dependéhe nr y6s Law constant, as
and Odabast®” was then used to calculate the concentratiofioohaldehyde above such a
solution, which was found to b2.97 ng/mL. Theobtainedconcentration was then used to
determine the amount extracted by the needle trap with thedf BEgE8.1, shown here againvhere
n is the amount extracted, C is the headspaneentration, and V is the sample volume.

Eq.3.1 n=CV
Each point was analyzed in triplicate from freshly spit@dhaldehyde solutions. The resulting
response versiextracted mass (nanograms) calibration plot was obserdsatostrate a strong
correlation (R% = 0.9988 Figure 3.§. However, the yintercept for the line of best fit (19 816) was
of similar magnitude to the response of the NTD extractions foihcar exhaust. As a result, the

calibration plot was weighed Hyx?, resulting in the relationginy = 51 305x + 4145, whicvas
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then used to calibrate the SPME fiber and NTDsiv@ samplings:®® Once the response
relationslip had beemletermined, further calibrations of the SPME extractions were

performed using diffusiodased calibration, as describeduyziel et alt®®
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Figure 3.6Calibration of gaseousfmaldehyde employing efiber derivatization using a Tenax/Carboxen
NTD. The NTD was loaded with PFPH by drawing &l of headspace from two separate PFPH
generating vials. Subsequently, a varied volume from the headspace ofra%.6ztrmaldehyde solutin
was drawn for extraction.

3.2.9.1 SPME fiber diffusion based calibration of formaldehyde

Calibration for the SPME car exhaust samplings was performed using the interface model
of diffusion-based calibration described by Koziel et al., viddp 3.2being applied due to the
rapid samfe flow rate (approx. 170 cmis The equations used in this calibration are given below,
the first describing the gaseous concentration of the sample, as dependent on avarigjel e
described inTable 3.1along with] , the static boundary layer thicknéssin turn, is dependent

on Re and Sc, the Reynolds and Schmidt numbers, respectively.
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Eq.31 6 o - ——

EQ.32 1 B (—5—

8
Where: Eq.33 'YQ G0
o~/ 7 l‘)
Eq.34 Y& U

Table 3.1Variables and coefficients used in th#usion-based calibration of formaldehyde in car
exhaust for SPME fiber extractians

Variable Meanings Unit Value used in this work
Cold Hot
(T=16.3 (T=45.7
°C) °C)
Cy Gaseous concentration ng/m? calculated
n Mass extracted ng calibrated
b SPMEfiber radius m 0.00015
Dy Gaseous diffusion coefficient m#/s 1.68-10 | 2.0 10°
L SPME fiber length m 0.01
t Sampling time S 30 60
u Linear velocity of sample m/s 1.7 15
0 Kinematic viscosity m?/s 1.75-1¢ | 1.48-1¢

3.3 Results and discussion

3.3.1 PFPH vial longerm stability

Considering that current methods used in the generation of gaseous PFPH standards fail to
provide a reusable headspace standard fonédete periods of time, a requirement for-site
applications and standard storage, the Jwmmg stability of PFPH vihin the standard gas
generating vial was determined. As exemplified using a control chart at 2 standard deviations,
shownin Figure 3.7 thevials were found to be stable over aday period. This observation was
further supported by having no vial which was sampled on days 3, 7, 14, and 77 exceeding a
percent relative standard deviation (RSD) over 9%ble 31). Similarly, storage condins,
sampling history, and cap type were found to have no impact on absolutedithegs as shown

in Figure 3.8 Moreover, these results also indicated googlwital, intra-batchreproducibility for
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PFPH fiber loadings witlthe pooled %RSD values fatl vials tested on a given dg@yoviding

%RSDs of 2, 5, 55, and 9, for days 3, 7, 14, 30, and 7&spectively. Finally, and most
impressively, when all extractions from all vials over the entirety of the stability study were
considered, the average amo of PFPH loaded onto the DVB/PDMS SPME fibers was 2729 +

196 ng, withan RSD of 7%. This observed reproducibility demonstrates the long lifetime of the
vials which is due in part due to two main factors: (1) the negligible depletion of the vial after ea
extraction ensuring the headspace concentration remaining constant over time and (2) the enclosed
headspace formed by the vial being successful at preventing the release of PFPH from the vial, or
the introduction of impurities into the vial, which woudtherwise result in a change in PFPH

concentration.
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10 minute loadings of PFPH onto DVB-PDMS Fiber at 35°C over 77 days using Septa #3

day 3 day 7 day 14 day 30 day 77
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10 minute loadings of PFPH onto DVB-PDMS Fiber at 35°C over 77 davs using Septa #4
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Figure 3.7Amount ofpentafluorophenyl hydrazine (PFPleaded onto a PDMS/DVB fiber over 77 days
from all vials tested. Dat@erenormalized by use of qualitontrol experiments run daily
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Table 3.2A: Intra-batch comparison of PFPH fiber loadings using the PFPH standard gas generating vials
on days 3, 7, 30, and 77 of stability study, using a DVB/PDMS fibekGaninuteextractions at 38C.

PFPH loading (ng) Day 3 Day 7 Day 14
Septa Vial 3 27522 2789.1 2782.6 2696.0 2780.5 2746.2 2811.7 2735.3 2758.0
Septa Vial 4 2633.3 2604.3 2732.6 2747.3 2729.4 27155 2766.1 2767.1 2707.4
Mininert Vial 1 27255 2695.0 2707.0 2535.0 2401.0 2437.6 2553.1 2418.0 2454.8
Mininert Vial 3 27245 2650.7 27245 26%.2 2638.3 2641.3 2693.6 2706.8 2690.5
Day average 2710.1 Day average | 2647.0 Day average 2671.9
%RSD 2 %RSD 5 %RSD 5

Table 3.2.BIntra-batch comparison of PFPH fiber loadings using the PFPH standard gas generating vials
on days 3, 7, 30, and of stability study, using a DVB/PDMS fiber fa@-minuteextractions at 38C.

PFPH loading (ng) Day 30 Day 77 % RSD*
Septa Vial 1 3114.2 3000.5 3048.1 2861.9 2796.7 2778.5 5
Septa Vial 2 2871.2 2883.7 2869.7 2756.8 2770.7 2893.8 2
Septa Vial 3 3010.9 2933.0 2958.4 29555 2941.1 2839.6 4
Septa Vial 4 2609.3 2588.6 2661.6 2423.0 2406.2 25394 4

Mininert Vial 1 2760.7 2905.8 2906.0 2193.0 2230.9 2308.7 9
Mininert Vial 2 2995.0 3011.7 3016.5 2403.3 2451.9 2417.0 12
Mininert Vial 3 3017.3 2948.8 30193 2791.3 2754.1 2736.9 5
Mininert Vial 4 2918.0 2858.9 2956.1 2609.6 2607.8 2553.5 7
Day average 2911.0 Day averageg 2625.9
%RSD 5 %RSD 9

* Percent relative standard deviati@RSD shown in the terminal column is calculated over all
extractbns from each respective vial over the duration of the stability study
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Figure 3.8Quality control adjusted average PFPH fiber loadings over all extractions from all PFPH gas
generating vials over 11 weeks, using a DVB/PDMS fibed@Gminuteextractis at 35°C.

3.3.2 Reproducibility of the derivatization reaction

As PFPH fiber loadings were shown to be reproducible, we would expect that the
derivatization reaction itself should also be reproducible. In order to confirm this, the
reproducibility ofthe derivatization reaction was examined overday period. This alidation
was accomplished by wusing an aldehyde (C41 C9)
PFPH vial, with samplings being performed in triplicatéwo-day intervals. Preloading of the
SPME fiber with PFPH was performed for 5 min, followgdabl min exposure to the aldehyde
generating vial headspace. damonstrated in Figu®9, thederivatization reaction was found to
be very reproducible over theday test period, with the response of the derivatized aldehydes
remaining constant, as iimated by %RSD values of 4, 4, 4, 5, 5, and 9 for derivatized butanal,
pentanal, hexanal, heptanal, octanal, and nonanal, respectively. The upward trend in %RSD with
respect to molecular weight was thought to be a result of decreasing signals for thése hea

aldehydes. This decrease in signal was likely due to a decrease in the headspace concentration of
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the heavier aldehydes, as they possess a higher vial sorbent affinity and diffuse slower through the

boundary layer of the fibér.
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Figure 3.9 Reproducibility of derivatization of linear aldehydé84-C9) using PFPH standard gas
generation vial reaction over time, using a DVB/PDMS fiber loaded with PRRHEe extraction at 35
°C followed by al-minuteextraction at 50C minute extractions at 3&C.

3.3.3 Derivatization products extraction time profile

Although the derivatization reaction exhibited a good degree of reproducibility, even when

performed repeatedly over 7 days, it was also important to ensure tlaabhdl@t of derivatized

product on the fiber could be predicted regardless of extraction time. Ideally, it would be expected

that, as long as some residual PFPH remains on the fiber, aldehyde extraction should remain linear

with a slope dependent on thatetigdes rate of diffusion across the fibers boundary layer. Hence,
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a derivatization reaction time profile was conducted in order to confirm the linear uptake of the

derivatization reaction products associated with the aldehydes studied. Using the aldehyde
standard gas generating vial described previously, extraction times ranging from 10 s to 1 min
wereconductedvhile maintaining constant PFPH extraction conditions at 35 °C for 5 min.

As shown inFigure 3.10all derivatized aldehydes exhibited a lineaatiehship between
analyte response and aldehyde extraction time over the sampling interval tested. As the y
intercepts of some compounds are well above zero, two linear regions of analyte uptake are
hypothesized to be present, though employing a samplmg af less than 10 s is not often

practical.
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Figure 3.10Extraction time profile of PFPiderivatizedn-aldehydes using a DVB/PDMS fiber andba
minute loading at 35°C from a PFPH generation vial prior to an extraction of varied time from the
headspacef a 0.04wt% linear aldehyde solution

3.3.4 Aldehyde concentration effect on response
Due to the wide range of aldehyde concentrations in environmental and anthropogenic

matrices, it is imperative that reaction response is understood over a broadfrahdghyde
concentrations. Furthermore, it would be advantageous if this response would exhibit a linear
relationship, such that quantitation can be easily performed. In order to investigate whether the

method demonstrates a linear response with regpatitehyde concentration, samples containing
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101200 ppb of |l inear aldehydes C4 through C9
sample extraction, the SPME fiber was preloaded with PFPH for 5 min, followed by a 1 min
exposure to the headspace lué aqueous standard. Each extraction was performed in triplicate.

As clearly demonstrated in Figurel® and Figire 3.12which showthe calibration plos for

derivatized butanal, octanalpnanaland pentanal, hexanal, octanal respectittedyresponse of

the proposed method demonstrated excellent linear correlation with sample concentration. No
residual unreacted aldehydes were observed in any chromatogram throughout these concentration
studies, thus confirming that the reaction between PFPH and the #&d&dgydes is equally

guantitative at room temperature as it was while using the aldehyde generation vial which was at

50 °C.
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Figure 311 Demonstration of linear ofiber derivatization response of butariedt), heptanalc7), and
nonanal(c9) for SPME leadspace extractions above aqueous solutions ranging from 10 to 200 ppb (v/v) at
room temperature, using a 1 min extraction
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Figure 3.12Demonstration of linear efiber derivatization response of pamal (c5), hexanal (c6), and
octanal (c8) for SPME hadspace extractions above aqueous solutions ranging fre2@0ppb (v/v) at
room temperature, usingoe minuteextraction

3.3.5 Extraction of aldehyde spage biomarkers from ground beef

With the confirmationof a reliable method, the versatjliof the PFPFgenerating vial was
demonstrated by its application to the s@mantitative analysis of aldehydes as markers for meat
spoilaget® A range of aldehydes have been linked to the breakdown of fatty acids during the
decomposition of meat products, particularly in beef and pork, and have been identified as
contributing factors in the oflavor and odor associated with spoiled mé&tA sample of
medium ground beef, advertised as fraghs obtained from a local grocery store. Identification
of the derivatized aldehydes in the analyzed meat samples was performed by comparison of the
retention times and mass spectra with those of derivatized standasdd al dehydes ( C41
3.13shows the bidimensional chromatograms obtained for aldehyde standards extracted with and
without derivatization (a, b) and for extractions carried om meat samples on the day of
preparation (day 0) with and withoutrdatization (c, d). In addition, the isomerization of the

derivatization reaction products was observed and could be resolved in two dimensions. A
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magnified example of this can be seeffrigure 3.14which shows the evolution @icetaldehyde
resultingfrom the meat spoilage process.

The response of volatile aldehydes from the meat samples was generally observed to increase
over time, though reproducibility was low between duplicate samples. This was likely a result of
varying degrees of microbial agty in each sample, in part due to inhomogeneity of the meat
samplet!® Though ground beef was used, further homogenization would have likely provided
more reproducible results. However, as a proof of concept, the application of the PFPH standard
gas generating vial to the analysis of food prodwas a success. In particular, the sampling
performed without derivatization only resulted in the detection of C7 through C10 aldehydes with
very poor sensitivity, whereas derivatization allowed for the detection of a much broader range of
aldehydes (C2 tmugh C10).

In order to further test the applicability of the-bn ber deri vati zation aj
PDMS SPME fiber coating was also applied to the analysis of aldehydes from spoiled meat. This
is particularly important, as PDMS coatings are noleist and have been applied to both ex vivo
and in vivo samplings from tissu&'s,minimizing the occurrence of possible artifacts associated
with the extraction proesst'? Due to the hydrophobic nature of the PDMS polymer, successful
extraction of underivatized and shattain aldehydes could prove to be difficult due torthei
polarity and relatively low conegrations. Consequently, the risk of losing important chemical
information when sampling complex matrices with PDMS under underivatized conditions is high.
By repeating the derivatization pramdGbcrod9 wi t |
derivatized alehydes were observed, though lower responses were observed than those obtained

for the DVB/PDMS coating. Considering what has been stated, it is evident that the PFPH standard
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gas generating vial can be implemented in the monitoring of meat spoilagesgmddowever,

the optimization of such a method is not within the scope of this work.

Figure 3.13GCxGCGToF/MS chromatograms of, A) underivatizedy B der i vati zed C41C10
standardsC) underivatizedand D) derivatized aldehydes sampled frora tteadspace of freshly prepared
ground beef meat samples
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Figure 3.140bservation of derivatized acetaldehyde over a period of 7 days resulting from meat spoilage,
analyzed by offiber derivatization GCxGE OF/MS using a DVB/PDMS fiber loaded with PFRbt 10

minutes at 35C from a standard gas generating vial, followed by a 30 minute exposure to the headspace
of 5g of ground beef at 3%8C.

3.3.6 Intra and inteday stability of the portable GMIS detector response following a cold start

In order togenerate reliable quantitative results with arsit@ analyticaimethodologyit
is imperative to first show that the related portable instrumentation is itself capable of providing
consistent results. Furthermore, it is important to consider thateurdititional bendop GC/MS
instrumentation, handortable instruments need to be able to pump down and staipilicidy
following a cold start within the time limitations imposed by arsda sampling environment and
battery operationAs such it was @monstrated that the Tridighportable GC/TMS was able to
achieve repeatable detector response for a BTEX standard n@dumautes following a cold

start of the instrumenEurthermore, as shown in Figure 3.htresponse was shown to be stable
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at 2 SD over a continuous 24 hour periddis also important to note that the instrumeras
further shown to generate stable inthy resilts after being continuously rebooted various
river-side sampling locations. These results, which were generated) gutater study, can be

viewed in Figure 5.6 of Section 5.38thisthesis
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Figure 3.15 2 hourstability of the Tridion9 GC/TMS following a cold start of the instrument. Control
plot was plotted at 2 standard deviations of the mean. Extnactiere performed using a DVB/PDMS
SPMEfiber from a BTEX standard gas generating vial aP@5or 1 minute. Desorption was carried out
using a 10:1 split ratio

* Tol uexyel eamtwls nemiut t ed due to data overl ap

3.3.7Application for onsite quantitation of formaldehyde in car exhaust

As a final proof of concept, the portability of the PFB&herating vial was confirmed by
coupling the method to harmbrtable GC/MS instrumentation for the quantitative-sda
determination of formaldelde from car exhaust. In order to compare the free and total
formaldehyde concentrations before and after heating of the catytverer, both needle trap

and SPME extractions were performed in triplicate from cold and hot car exhaust. These sampling
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methods, namely, SPME and NTD, weselectetbecause NTDs are able to extract both free and
particulatebound analytes in an exhaustive manfievhile SPME fibers are only sensitive to the
gaseous, unbound analyte fraction. This allows the analyst to compare the free and total analyte
concentrations by SPME and NTD, respectively, so as to characterize the fraction ofgparticu
binding of a given analyte, in thisase formaldehyde. After extraction, both extraction devices
were analyzed oBite using a portabléC/TMS. The derivatization product of formaldehyde was
identified by the molecular ion of m/z = 210, and resideiaPH was verified to ber@sent as
described in Figure 318 ensure PFPH excess. Instrument responses were calibrated to nanograms
using the NTD calibration method, resulting in thatiehship presented in Figure 3y/= 46476

+ 19816, R = 0.9988) vhich was 1/% weighed to obtaity = 51305x + 4145 relationship which

was used to convert response to nanograms extracted. For the needle trap extractions, the
concentration of formaldehyde found in car exhausteesily determined by the use of EqQ..3.1
However, as SPME is an opé&ed equilibrium based extraction method, a diffusiased
calibration method was requiré®. The specifics of the employed diffusitsased calibration can

be fownd in Sction 3.2.9.1As can be seen ifable 3.3 no significant differences were observed
between the concentrations of formaldehyde determined using the SPME fiber or NTD from the
hot car exhaust samples, though differences were observed in therogithaast samples. With

this in mind, it is possible to conclude that the vast majority of formaldehyde generated and
subsequently vented via this particular exhaust system was in the gaseous fraction when the vehicle
was running at its operational tempera. On the other hand, the results obtained for the cold car
exhaust extractions indicate significant binding of formaldehyde to the particulate matter and
aerosols generated and subsequently released by the vehicle immediately after engine ignition.

Although we would typically expect the highly volatile formaldehyde molecule to preferentially
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move to the free, gaseous fraction of the sample at ambient temperatures, the presence of water
laden aerosol particles may have greatly increased the particdatel lconcentration as
formaldehyde would tend toward dissolution into the aqueous portion of the aerosol particle. This
again highlights the strength of using both SPME and NTD to fully characterize the speciation of
analytes in real system¥.Furthermore, another interesting observation could be made with
regards to the effectiveness of the catalgimiverer, as indicaéd by the reduction of total
formaldehyde concentration by a factor of approximately 10 times when hot and cold car exhaust
are compared. Most importantly, this experiment may very well outline the first instance where
guantitative analysis of formaldehyeeas successfully performed entirely-site with GC/MS
instrumentation. Moreover, these experiments have demonstrated just how portable SPME
methods can be; among its many advantages, SPME allows forsiite performance of repeated
derivatizations of target analyte from real samples when coupled to portable instrumentation.
Table3.3O0nsite determination of free and total concentrations of formaldehyde from car exhaust pre

and post atalyticconverer ignition using a 10 min PFPH loading time fdPI8E extractions and a 15
mL sample volume for NTD from a PFPH generatiiaj at 35°C.

. - Exhaust Sampling Formaldehyde
Extraction Condition :
Temperature Device (ng/mL-exhaust)
Pre-catalytic NTD 0.37 £ 0.02
convertor ignition 16.3°C - Cold Fiber 0.18 + 0.02
Post-catalytic o NTD 0.042 + 0.003
convertor ignition >/ C ~ HOt Fiber  0.035 + 0.005

3.4 Conclusion and future directions

A novel standard gas generating vial suitable for SPMbam derivatization of aldehydes
has been developed, whillssa demonstrating the ability of the standard gas generating vial to
store gaseous standards of a highly reactive compound for extended periods of time. The
application of this technology results in the use of no organic solvent while also reducing the
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comnsumption of a toxic and highly reactive derivatizatimagent due to the reusability and
stability of the compound in the vial developed. In addition, the PFPH generating vial was
successfully shown to provide a means by which to perform derivatizationfbod matrices
facilitating the targeted analysis of carbonyl compounds from a complex sample matrix. The PFPH
generating vial was then applied to the completelgitmdetermination of formaldehyde from car
exhaust, owing to the portable nature of stendard gas generating vial. The application of the
in-vial standard gas generator for derivatization agents is expected to be expanded into a range of
fields including clinical, food, environmental, and forensic analysis. Once fully realizesiteon
sanple derivatization and/or analysis owes itself to exciting new applications of sampling,
particularly for analytes which may not be stable under storage or transport conditions to the

laboratory.
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Chapter 4 Development of a carbon mesh supportethin film microextraction membrane
as a means to lower the detection limits of benchtop and portable GC/MS instrumentation

Preamble

The majority of the materials in this chapter have been published as a research article: Jonathan
Grandy,Ezel B o y alan&z PawliszynDevelopment of a Carbon Mesh Supported Thin Film
Microextraction Membrane As a Means to Lower the Detection Limits of Benchtop and Portable
GC/MS InstrumentationAnal. Chem.2016 88(3), pp 17601767 Materials for all sections of

this curent Chapter, with the exception of Sectidta6and4.3.3, are reprinted from this research
article with the permission of Analytical Chemistry of the American Society of Chemistry (ACS).
Copyright for this work remains the property of ACS publicatiand any further request for-re

use of this information should be requested directly from thefPOIl:

10.1021/acs.analchem.5b04008

4.1 Introduction

Since being introduced in 1989, solid phase microextraction (SPME) sampling techniques
have demonstratedesdy growth in the field of analytical chemistr{!® Of the many formats
available today, the original SPME fibkbased geometry has been by far the most widely used
worldwide, largely due tostminiaturized, easio-handle design that lends itself well to both kigh
throughput and osite applications:®!!This has been prominently exelifipd with a plethora of
environmental, biological, industrial, food, and fragrance targeted analytical approaches, which
are generally coupled to hyphenated gas chromatographic (GC) techrli¢fulé¥.!’ However,
standardiber-basedSPME is not without its limitations; the same miniaturization wiailbbws
the SPME fiber to be directly introduced into a GC injector inherently limits the surface area and

volume of the sorbent coatifg*® A limited sorbent volume, in turn, fundamentally limits the
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amount of a given analyte that can be extracted at equilibrium, as dictated by trearfiipde
partitioning coefficient, I.>11°CIn addition, the smakurface area available on a fiber directly
controls the rate of analyte uptake and, consequently, method sensitivity during the linear pre
equilibrium regime of extraction!!??
Hence, surface area becomes highly important when rapiceqoilbrium analyses of semi
volatile components, such as pesticides, are performed. To account for these shortcomings, recent
work in microextraction technology has féd toward the development bfgh surface area,
membranébased SPME samplef&29:47.50.118

Membrane SPME, also known as tfilm microextraction (TFME), is a relatively new
avenue in microextraction techniques thate been successfully used for both G&d high
performance liquid chromatography (HPLE3sed applicatiorf§:>®* Membranes developed for
GC applications have generally employed ampolymeric makeups commerciallyused in
standard SPME lbers, includingpolydimethylsiloxane(PDMS), polydivinylbenzen€DVB), and
Carboxert?2847njtial works with TFMEGC techniques employed the usg@émanufactured
thinsheet{ 127 or 254 ¢ ashn eatfactign phad>* PuBivghis PDMS design,
Qin etal. were able to demonstrate that a 10 cnembrane providedpproximately 10xhe
extraction efficiency for fluoranthenand pyrene when compared to commercially available
PDMS sorptive stir batechnology (area = 1 &n*’ Such a result wadirectly in line with what
was expectetheoretically, as showim Eq. 4.1 below, where the amount of analyte extracted as
afunction oftime drvdt) is directly proportional to the surfaaeea (A if all other factors are kept
constan®4"4° Despite thisnarked improvement, such preconstructed membrandsréted to
PDMS in terms of available sorbent phas&dditionally, such large membranes remuai the

constructiorof a supporting frame for direct immersion sampling waigfitation?’ Furtherworks
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in the area have explored thehnusepreparation of partickoaded PDMS membran&sth and

without the usef aninert suppoiing material?®:47:118

— 0 — Eq. 4.1

One such design, suggested by Jiang et al., utilized a platinum catalyzed PDMS preparation
kit (SILGARD 184), such that macroporous DVB resin pagtisl ( di amet er ef 3715
suspended into the membraid@he optimal DVB/PDMS ratio was found to be 20:100 (16.7%)
w/w, with a compromise being made between extraction efficiency and the mecktabday of
the saidmembraneResults from this study indicatedat the composite membranesravenuch
more efficient at extracting highly volatile and polar compounds such as toluene and
benzaldehyde, respectively. However, without an appropriate support, these membranes proved to
be very difficult for highly turbulent or agitated diraotmersion sampling. Additionally,
experience has shown that inserting membranes greater than 6 mm in diameter into the thermal
desorption unit (TDU) desorption tube commonly results in breakage. A final observation
indicated that these membranes exhibited consitiesibxane bleed/background even after 10 h
of thermal conditioning. Prior to the abemeentioned study, RiaKermani et al. employed a
similar polymeric mixture onto a thin fiberglass mesh to preparefiteeever composite,
supported TFME membrarié.These supported membranes were found to be much more
physically stable than the composite TFME membranesdnted by Jiang et al., withstanding
agueous agitation rates of 800 rpm without folding, while surviving at 180 consecutive
injections. These 10 chmembranes were also shown to extract between 46 to 117 times the
amounts ofanalyte compared to tratbnal DVB/PDMS SPME fibersHowever, one major
limitation of this study was that it failed to address the likely presence of major siloxane bleeding

that would occur when desorbing a composite membrane of this size. It is expected that if selected
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ion moritoring (SIM) had not been used, background siloxane levels would have completely
overloaded the detector, making such a membrane inappropriate for untargeted analysis. With this
in mind, the choice of anore thermally stable PDM%or the preparation of @&upported
DVB/PDMS composite membrane would be ideal for untargeted analysis.

In the present work, one such membrane is proposed. By use of -demgity PDMS
prepolymer in combination with DVB particles, spread onto a cabased mesh supportpslar
extraction efficiencies could be obtained while substantially lowering the inherent siloxane
background. Furthermore, the carbon mesh was also found to provide some affinity for the analyte,
which would provide an advantage over a comparable filtergigpported membrane in
equilibrium conditions. These lebeed membranes were also coupled mdindportableGC-

TMS technology, which allows for esite detection limits well below what @irrently thought
possible’? Most impressively, these membranes are herein demonstrated to allsubfopb
detection of multiple organochlorine and organophosphorus pesticides from an aqueous matrix on
the dorementioned portable GCMS instrument.

4.2 Materials, instrumentation, and experimental methods

4.2.1 Chemical and materials

2,4-Dichlorophenol, 2,4 grichlorophenol, carbofuran, atrazine, fonofdslorpyrifos and
parathion standards were purchafseth SigmaAldrich (Mississauga, ON, Canada). Phorate D10
was purchased from CDN Isotopes Inc. (Quebec, Canada). HPLC grade methanol, isopropanol,
hexane, and acetonitrile were obtained from Caledon Laboratories Ltd. (Georgetown, ON,
Canada). Ultrapure wer was obtained using a Barnstead/Thermodyne NAN@ ultrapure
water system (Dubuque, 1A). The SYLGARD I1€licone elastomer mix was acquired from Dow

Corning (Midland, MI ) . T he 5demssity PAOT #DMStwere DV B

84



provided by Supelco (Bellefonte, PA). The carbon fiber mesh weave (Panex 30) was provided by
Zoltec Co. (Bridgetown, MO). The 250 nWheaton glass bottles were purchased from Thermo

Fischer Scientific (Ottawa, ON, Canada). Liquid nitrogen and ultrgbigity helium were

supplied by Praxair (Kitchener, ON, Canada). Miniature helium cylinders (99.5%) were supplied

by Torion Technologies! n c . (UT) . The 6 5 em di vinyl be
(DVB/PDMS) SPME fiber assemblies and empty stainless steel (SS) sorbent tubes were provided

by SigmaAldrich. The Tenax/CAR Custodiareedle trap device and Calid3 standard mixture
(containing aetone, methykert-butyl ether, methylene chloride, heptane, methylcyclohexane,
toluene D8, perchloroethylene,bromopentafluorobenzene bromoform  1,2dibromec
tetrafluorobenzenemethyl salicylatetetrabromoethaneand tetradecane, ordered \ylatility)

were supplied by Torion Technologies Inc. (American Fork, UT). The Twister sorptive PDMS stir

bar (1.5 cm long) was supplied by GERSTEL Co.iMim an der Ruhr, GE). The membrane
conditioning unit was developed at the University of Waterloo Science Electronics Shop
(Waterloo, ON, Canada). Stainless steel cotter pins were supplied by Spaenaurt¢theng

ON, Canada). Teflon holders were created by the University of Waterloo Science Shop (Waterloo,
ON, Canada). The Elcometer 4340 motorized automatic film applicator and coating bar (adjustable
gap of 01250 em) wer e ac qesterrHdlsgl Mlj. The Mastércrafto me t e |
Maxxam 18 V powerdrill was purchased from Canadian Tire (Waterloo ON, Canada).

4.2.2 Instrumental analysis method (benchtop GC/MS and portable GC/MS)

Analytical instrumentation used for separation and quantitation iedlad Agilent 6890
GC anda 5973 quadrupole MS (Agilent Technologies, CA) coupled with a Gertsel cooling
injection system (CIS) 4, Twister thermal desorption unit (TDU), and a MPS2 autosampler for

membrane desorption and injection (GERSTELsIMim an der Ruhr, GE). Additionallyg
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Torion Tridion9 GG toroidal ion trap MS coupled with a prototype high volume desorption
(HVD) module (Torion Technologies Inc. UT) was used to evaluate and compare membrane
sensitivity for onsite analysis.
Chromatographic separations on the Agile88®5973n were performed on a 30 m x 0.25
mm i .d. [ -BfusBdbsilica ooluBr(Egmaldrich, Mississauga, ON). Helium carrier
gas was used at a flow rate of 1 mL/min. The column temperature was initially held at 40 °C for 2
min, ramped t@00 °C & a rate of 10 °C mif then kept for 2 min. The MS detector transfer line
temperature, MS quadrupole, and MS source temperature were set at 300, 150, and 230 °C,
respectively. Gas phase ions were generated using electron impact ionization, and thplguadru
was operatedinful scan mode in the ranges of 3571400 n
Chromatographic separations for untargeted analysis on the Fedwere performed
using a low thermal mass (LTM)MX% (5 m | 0. 1 mireated s@inlebs steeh) Si |
column (Restek Co. Bellefonte, PAJelium carrier gas was used at a floweraf approximately
0.3 mL min?. Different oven methods were used depending on the experiment being performed
and will hence be disclosed in their own section. To maximize sensitivity while preventing any
needle cawyover, desorption of the Tenax/CAR-fjAuge needle trap transfer device was carried
out at 280 °C for 20 s in splitless mode, followed by opening of the 10:1 split for 10 s, and then
further opening of the 60:1 split for a final 10 s. The-fiap heatewas set to 155 °C with a
transferline temperature of 250 °C during analysis. lonization was performed using an electron

gunElionsour ce, and the trap was operated in a re

4.2.3 Operation of the high volumestdeption modules

In order to perform membrane desorption on the Twister TDU, an inert glass bead was first

placed into the tapered 5 mm i.d. glass desorption tube to prevent the flat membranes from falling
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through the tube bottom. Desorption was caraatlat 250 °C using a heliuntripping gas flow

of 60 mL min?* for 5 min. The desorbed analyte was thendrtyoc used at 180 AC wi
module for the duration of the 5 min desorption. Following desorption, the CIS was then ramped

to a temperaturef 270 °C at a rate of 10 °C'so as to perform splitless tisfer of the analyte

onto the Agilent 6890 G€olumn for separation and quantitation.

In order to perform membrane desorption on the portable HVD prototype, membranes were
placed into empty 3.5 in. stainless steel sorbent tubes. Next, the tubes wereinitadbe
conventional trap holder, which was then fit into the body of the HVD module. Following, an
adapter was placed on top of the conventional trap holder, which creates an airtight seal
between the 3.5 in. sorbent tube and thgd9ge TenaxCAR needt trap device (NTD). A pair
of heated clamps placed within the HVD modwkesthen secured onto the sorbent tube, allowing
for the 250 °C thermal desorption of ttentainednembrane. Subsequently, helium stripping gas
was passed through the sorbent tube iato the attached NTD for 5 min. This process, outlined
graphically inFigure 41, allows analytes to be transferred from the thin film membrane and onto
the commercially available i§auge NTD, which can then be injected directly onto the Triflion
portable GCTMS for separation and analysis. The HVD prototype system was thoroughly tested
to ensure complete transfer of the analytes from the membrane to the NTD, ensumiegibrane

carryoveror needle trap breakthrough was occurring.
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Figure 41. Desrption of TFME membranes onto the portable higlume desorption module
(A) Insertion ofthemembrane nt o 3. 5A sorbent tube,. and i

(B) Transfer of analytes from TFME membrane to the needle trap using 88&rption unit (in
breakhrough test configuration).

(C) Non-leakinglinkage between the sorbent tube anehafige needle trap device
(D) Desorption of needle trap onto portable-G/S for separation and analysis

nt o con\y
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4.2.4 Preparation of the carbon mesh paricéled membranes

Following the methodology described by Jiang et al., in order to first disperse the
mesoporous 750 fng, 5 em DVB particles, a solvent was
distribution of these particlé€.To accomplish this, 0.450 + 0.005 g of DVB particles were
accurately weighed into a 20 mL headspace vial. A volume of 16 mL of hexane was then pipetted
into this vial, and the mixture was vortexed for hrand then sonicated for 30 min. After mixing,

2.450 = 0.02 g of the higtlensity PDMS prgoolymer was weighed into the same vial and vortexed

for an additional 2 min, followed by 1 h of sonication. Most of the hexane was then volatilized

from the mixtureby purging the vial with nitrogen gas. Optimal viscosity was cheabjectively

when the mixture appeared to just barely flow when inverted in the vial. Future improvements

upon this method could be made by weighing the mixture when this viscosityasedtkuch that

the same mass could be used in future preparations, lending to impiteedatch
reproduci bility. Foll owi n-gasad batalystwas fipetigdintotie2 0 ¢ |
mixture and manually mixed using a spatula for approximately 1 min.

Concurrently, a 25 cm x 60 cm (approx.) sheet of the carbon mesh was cut and secured t
the Elcometer 4340 motorized film applicator. The coating mixture was then manually placed in a
thin strip along the top of the carbon mesh sheet. The coating bar gap was adjusted to the thinnest
setting available and then used to slowly spread the orbxture across the carbon mesh
surface. The coating was then cured inside a nitrpgeged vacuon oven at a pressure of 15 torr
(app oxi mately), and at 1901200 AC for a period
sided, the entire process needed to be performed a second time to complete the membrane. Once
both sides were cured, individual membranes were manually cut intoiffeceilt, instrument

dependent sizes (2 cm x 4.85 mm for the Gerstel TDU and 4 cm x 4.85 mm for the prototype HVD
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module). A brass template and sharp utility knife were used to make these cuts. It is important to
note that it is essential to make a cleahwhen preparing membranes so as to avoid the loss of
small strands of carbomhich can block the injector during desorption. Coating the membrane
edges in polytetrafluoroethylene (PTFE) was also found to further prevent this loss; however, this
will not be further discussed herein, as it falls outside the scope of the current research.
Membranes were conditioned under nitrogen at 250 °C for 4 h using a membrane
conditioning unit developeid-houseby the University of Waterloo electronics shop. Oncdemho
these membranes were washed in a 25:25:25:25 water/methanol/ isopropanol/acetonitrile v/iv/iviv
mixture for 2 h and then airdried on Kimwipes. Before use, all membranes were submitted to a
final 30 min conditioning step at 250 °C inside the respedigenal desorption unit. In line with
the standard SPME procedure, it is also recommended that this final conditioning step be re
performed whenever the membranes have been stored tig®ior long periods of time.

4.2.5 Comparison of membrane bleed arsdrument background

To contrast the levels of detectable bleed, three of the DVB/PDMS/carbon mesh
membranes described herein were compared with three DVB/PDMS unsupported membranes that
were prepared using the method describediang et af® As membranes typically produce more
bleeding after siing for a greater period of time, a single blank desorption was performed 24 h
prior to the comparative runs. Desorption and analysis were carried out on the Agilerd3%&a0
instrument, with a GC runtime of 20 min.

4.2.6 Interbatch reproducibility othe DVB/PDMS/Carbon Mesh suppied TFME membrane

As to ensure the FBPME preparation procedure yielded statistically reproducible

membranes, an intermembrane reproducibility study was also performed using a total of nine

DVB/PDMS-Carbon mesh supportecembranes selected from three unique batches. Extractions
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were performed from a 250 mL McReynolds headspace generating jaf@tf6610 minutes
under static conditions. These conditions were specifically selected such that the volatile benzene
was in neaequilibrium with the membrane while the less volatile octane was still exhibiting near
linear extraction kinetics thus, simultaneously testing for variances in sorbent volume and
membrane surface area, respectively. All results were calibrated andt@deserierms of
nanogram$y using a nanogram extracted versesponse calibration curve generated by direct
spiking of various volumes of liquid standards onto the TFME membranes. Intorctamfirm

said reproducibility a total of nine membranes frome¢hdifferent batches were compared using

a oneway ANOVA test at 95% confidence for each of the 6 McReynolds analytes. To avoid
overloading of the MS detector while remaining in the calibration range, a 75:1 split injection was
used.All extractions wereandomized to account for any undetected drift of detector response
while QC extractions were performed before and after the experiment.

4.2.7 Validation of the portable high volume desorption interface

To verify that the portable high volume desorptimodule was capable of completely
transferring all of thanalytesto the needle trap device, a series of membrane carryover and needle
trap breakthrough tests were performege8ond TFME extractions were performed from the
heavily concentrated Caliet3 standard tuning mixture at room temperature. Such short
extraction times had to be used, as longer extractions would result in overloading of the portable
GC-TMS instrument. Highly concentrated standards were chosen so as to represent a worst case
scenariowhere NTD breakthrough and TFME carryover were most likely to occur. For this
experiment, the GC column was initially held at®®&0for 10 seconds, and then ramped to 270

at a rate of 2C s?.
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In order to test for needle trap breakthrough, 2 NTBsewinked in series, as shown in
Figure 4.2Hence, if breakthrough of the more volatile analytes from the first needle were to occur,
they would be trapped onto the second for detectiofiMembrane carryover was evaluated by
simply performing a second desorption from the same membrane. This allowed for confirmation

as to whether any residual analyte remained from thafiedytical run. Each step of the validation

processvas performed total of 3 times to ensure reproducibility of the system.

I
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Figure 42. 19gauge NTD Breakthrough test configuration for the desorption of thin film membranes
4.2.8Comparison of TFM extraction sensitivity using portable instrumentation
In order to determine the signal enhancement provided by the DVB/PDMS/carbon mesh

TFME membrane for portable GC/MS instrumentation, agueous samplings of various pesticides
were performed using four férent extraction materials. These sorbents includeds®parate

DVB/PDMS/carbon mesh membranes (4 cm x 4.85 mm L x W), 1 DVB/PDMS unsupported
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membrane (4 ¢cm | 5.0 mm, L I W), 1 Gerstel PD
DVB/PDMS SPME fiber. The 10 ppb aqueous pesticide test mixture consi§tet}4o
dichlorophenol, 2,4,6 trichlorophenol, phorate D10, carbofuran, atrazine, forbfogyyrifos

and parathion. Direct immersion extractions were performed at a magnetic stir rate of 1000 rpm
from 300 mL of the 10 ppb pesticide standards, usingaime sampling setup described by Riazi
Kermani et aft’ A relatively short extraction time of 15 min was ckogo more closely replicate

a realistic time that could be allotted for sampling when performing analyssseaimder the

constraint of battery power. Three replicate extractions were performed for each of the
aforementioned samplers, and runs were gamnged to account for any potential signal drift of

the mass analyzer. For this experiment, the column temperature was initially held at 65 °C for 35

s, increased to 285 °C at a rate of 100s* and then held for 60 s at this finalrtperature.

4.2.9Untargeted orsite determination of water contaminants irirafustrially-impactedake

As a proof of concept, an entirely-gsite TFME analysis of environmental lake water was
performed at Silver Lake, located in Waterloo, Ontario. Water temperature wssreush 16.5
°C at the time of analysis. TFME extractions were performed for 10 min at approximately 350 rpm
using a modified power drill attachmeng shown in Figure 4.3After sampling, thenembrane
was blotted dry with a Kimwipe and immediately insdrinto the 3.5 in. sorbent tube for
desorption, which was undertaken with the use of the prototype HVD module. The portable
GC/MS was operated out of the back of a car parked next to the sampling site, usirgjtan on
configuration constrained by a matiure helium cylinder and battery power. For this experiment,
the column temperature was initially held at 45 °C for 35 s, then increased to 285 °C at a rate of
1.5 °C &', and held there for 60 s. For untargeted analysis, the signal was reported akthe pe

height of the respective quantitatie®. Inadditionto mass spectral matching with the NIST 2005
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database, a linear retention index plot was also used to confirm the identity of the unknown
compounds found in the real water samples. To generagl®hiz novel standard gas generating
vial was prepared by spikifg7-C20 nalkane standards into an unmodifi€@heminute TFME

extractions were performed at 0 while the same GTMS desorption and analysis method was

used.

Figure 4. Modified power dill set-upholding a 4 cm x 5 mm DVB/PDMSdcbon mesh TFME membrane

4.3 Results and discussion

4.3.1 Physical characterization of the DVB/PDMS/Carbon mesh thin film membrane

Sufficient physical strength and ease of handling areutofost importance wkn

considering the development and use of any new sampling device. If a meinasadesampler

is especially flimsy or fragile, it may prove inappropriate for the sampling of turbulent aqueous
flows or when agitation is applied. Additionally, such a meménaould likely break after being
submitted to a few desorptions. Furthermore, if any portion of the analytical operating procedure
for the membrane is found to be exceedingly difficult or tedious, few analysts will be interested in
adopting the techniquespecially when nontechnical end users are concerned. In view of these
requirements, the new DVB/PDMS/carbon mesh supported membranes were shown to exhibit
great physical characteristics, while being much simpler to insert and remove from the desorption
tubes than previous designs. The first thing to note when viewing the new membranes would be

the rectangular 4.85 mmide design showim Figures 4.4and4.5. This design is in stark contrast
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to the 6 mm circular, and houshaped membranes previously dissed in the literaturé:247

By limiting membrane width to just under the 5 mm ind@ameter of the desorption tubes,
insertion andremoval of thesamplerdor analysis were made abundantly simpler. Conversely,
even the small, 6 mm diameter membranes commonly proved difficult to desorb. Said membranes
had a tendency to stick to the insidf the desorption tube, requiring a metal wire to be pierced
through their surface, which could periodically lead to membrane breakage after prolonged use. It
is worth noting nonetheless that the rollable house design possesses a surface area?f 10 cm
which is makedly larger than the 3.88 émprovided by the 4 cm long rectangular membrane.
However, to make up for this size difference, an analyst could simply insert multiple rectangular
membranes side by side into the same desorptim The combinain of highdensity PDMS

with the carbon mesh support was found to be advantageous for a multitude of reasons. First,
although initial trials involving the preparationwisupported DVB/PDMS membranes with the

new high crosslinkdensityPDMS had shown aubstantial decrease in the amount of siloxane
background upon analysis by GC/MS, these membranes were found to be exceedingly fragile,
often breaking afterthe first use. In addition to providing additional extraction phase, the
incorporation of the carbomesh support hadrabarin-concretelike effect on the membrane
structure, making the structure incredibly resistant to impact, and without a propensity to elongate
or bend under stress. This rigidity proved especially useful for aqueous sampling.Wksisho
Figure 4.6 the 4 cm DVB/PDMS/carbon mesh membranes were shown to resist bending when
direct immersion sampling was performed at 1000 rpm. Moreover, this strength allowed the
membranes to be attached to a modified power drill, such that agitatioibeoperformed during

on-site water analysis. In fact, upon testing of the membrane architectures of both unsupported and

supported designs, only those possessing a carbon mesh support resisted wrapping around the
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cotter pin when agitated at 1300 rpmhaligh the 4 cm long carbon supported membrane was
observed to bend into a persistent fAJO0 shape
membrane to resist wrapping at 350 rpm was the smallest, 2 cm by 5 mm design. These results are
graphically ilustrated irFigure 4.7 Suchphysical stability is essential fareliableenvironmental

sampling of higkflow waterways such as river systems. Additionally, quicker extraction kinetics

can be obtained by applying higher agitation rates; accordingky,wbuld allow for greater

method sensitivity with shorter sampling tinfé&s2°

Figure 4.4Evolution and design of DVB/PDMS extraction materials with,-teft i g ht : (1) a 6
DVB/PDMS SPME fiber, (2) an unsupported 6 mm diameter DVB/PDMS membrane, (3) a 2 cm x 4.85

mm DVB/PDMS/carbon mesh membrane, (4) a 4 cm x 4.85 mB/BMMS/carbon mesh membrane, and

(5) a standard 3.5 in. sorbent tube.

96



Figure 4.6 Direct immersion sampling of pesticides at 1000 nwith, A) a 2 cm bng, unsupported
DVB/PDMS membraneB) a 2 cm long DVB/PDMS/rbon mesh supported mberane, andC) a 4 cm
long DVB/PDMS/@rbon mesh supported membrane.
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Figure 4. Direct immersion sampling of various TFME membrane designs using the modified drilesampl
at 350 rpm and 130Gm.
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4.3.2 Comparison of siloxane backgrounds using different TFME chemistries

As previously stated, the main motivation of this study was to minimize the amount of
siloxane bleed occurring from TFME membranes upon thermal desorg\lthough a small
amount of background may be considered acceptable for most GC methods, if too much
background occurs, it may become difficult to resolve which peaks are associated with the sample,
versus those attributed to the background. Thiscditfy holds especially true whamtargeted
analysis is performed. Additionallgxcessivebackground can also contaminate the electron
impact ion source of the mass spectrometer, resulting in fluctuations in the ionization of target
analyte and an ovetaleduction in the life of the source. With these facts in mind, background
levels of blank desorptions from three different DVB/PDMS/carbon mesh membranes were
compared with levels found for three DVB/PDMS unsupported membranes.

As demonstratenh Figure4.8below, the amount of bleed and associated background were
substantially less when tiégh-densityPDMS was used to prepare the TFME coating. Although
it is difficult to comparatively quantitate background, a visual observation of the two stacked
chramatograms clearly shows that the platinum catalyzed Pb&®d membranes exhibit a
greater number of large bleed peaks than seen withitffedensity PDMSbased design.
Additionally, the height of these peaks was found to be much higher for the platatalyzed
PDMSbased membranes. Hence, the newer membrane design was found to be far superior in
terms of bleeding. In addition, considering that the larger 1.7 ¢he@yht) siloxane peak obtained
from the DVB/PDMS/carbon mesh membrane occurred so eatheichromatogram, this could

be easily prevented by setting the solvent delay to 4 min.
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Figure 48 Comparison of membrane bleed and associated siloxane backgrouigtfoee unsupported
platinum catlyzed DVB/ PDMS membranes aBj three highdensty PDMS DVB/PDMS¢arbon mesh
supported membranes. All membranes were of similar size andbedsat 250 °C using 60 mL miirof
helium for 5 min.
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4.3.3 Interbatch reproducibility of the DVB/PDMS carbon mesh membranes

A test for the intebatch eproducibility of the prepared DVB/PDMS/Carbon mesh
supported TFME membranes indicated very reasonable similarity between the three batches of
membranes prepared. This intetch similarity is most notably demonstrated by the results of
oneway ANOVA tesing (Table 4.1)in which membranes prepared across all three batches were
shown to be statistically similar regardless of the McReynolds probe being anaWéestre
extractions were carried out such that benzene, the most volatile analyte, and, actaastth
volatile analyte were at neeaquilibrium and nealinear extraction kinetics respectively, the
similar results amongst batches also strongly indicateditbaémembranes werna-fact similar
in terms of both total sorbent volume and membran@eceirarea. It is also worth noting that the
error bars showim Figure 4.9give an indication as to the intkatch repeatability as replicate
extractions were performed using different membranes from the samebétah. r el at ed %R
which ranged from 2% was also considered quite reasonable for the chosen analytical
methodology.Unfortunately it was not statistically prudent to also perforafia2tor ANOVA
testing aghis data set failthe assumption that the absolute standard deviathuss be simér

between botliactorstested, beingnembrane batch and analygsted in this case
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u DVB/PDMS B1 = DVB/PDMS B2 = DVB/PDMS B3
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Figure 4.9Inter-batch eproducibility of 3 separatarbon mesh support&V/B/PDMS TFME membrane
batches. Extractions were performed from a McReynolds standagggesatingar for 10 minutes at 55
°C as to achieve near equilibrium conditions for benzene and near linear extraction kinetics for octane.

Table4.1 ANOVA testing at 95% confidence of intbatch reproducibility of the DVB/PDMS/carbon
mesh TFME (Fci=5.14)

Compounds| Benzene 2-Pentanone 1-Nitropropane Pyridine 1-Pentanol Octane
Freme 2.86 1.68 2.01 4.77 2.89 0.41
% RSD 7 6 7 12 8 6

4.3.4Validation of the portable high volume desorption module

Achieving complete desorption and transfer of @mpounds extracted using TFME
techniques is of thetmostimportance when considering any new higitume desorption device.
Hence, care was taken to ensure that minimal or no membrane carryover and needle trap
breakthrough were observable from the pdeat\/D prototype. Generally speaking, one would
expect membrane carryover to be most prominent with-gelatile, heavier compounds while

the lighter, more volatile compounds would be the firdirmakthrougha needle trap devicé??
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With this in mind the acetone and tettecane components of the Calib® standard were the
most critical for the evaluation.

As demonstrated iRigure 4.10no needle trap breakthrough was detected in any of the 3
replicate analyses performed. However, a very small am@2%) of tetradecane was found to
carryoverduring one of the 3 runs performed. Considering that the levels of tetradecane extracted
in this test were close to those required to overload the portablEME; thisminusculeamount
of carryover was notansidered to be greatly significant. However, similar to precautions taken
for standard SPME methods, it may be prudent to perform a carryover test on this system whenever
a new type of sample &nalyed

A more interesting point of discussion to be mdibm these results would be the poor
chromatographic performance observed for early eluting analytes. This limitation is well known
to occur with the Tridior® GGTMS when highly volatile and concentrated compounds are
analyedusing NTDs and, to a legsextent, SPME while usinglaw-or-nosplit-flow. This occurs
due to the relatively small amount of helium being passed through the NTD or past ariils#?ME
as under splitless conditions, only 0.3 mL thof helium passes through the injector and iht® t
column during analysis. Hence, in splitless mode, any compound that is not completely refocused
at the head of the GC column prior to oven ramping will have its peak width dictated by the time
required to complete the desorption.

As mentioned, a simitaeffect may be observed even when a regular SPME fiber is used.
The standard operating procedure for the portable GC/MS includes an opening of the 10:1 split
anytime high concentrations of volatile organic compounds (VOCs) are analyzed. This effect is
maikedly worse when NTD injections aperformed However, it was found that by using a

modified GGmethod, decent chromatography could still be obtained for compounds as volatile as
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benzene while performing splitless desorption. Additionally, good signatlramatography
were still attained for senvolatile components, suggesting that these issues should not hinder

pesticide analysis.
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Figure 4.10Examination of TFME membrane carryover and NTD breakthrough obtained with use of the
portable highvolume desorption prototype3-second TFME extractions were performed at room
temperature from a highly concentrated Caliéhstandard mixture, with a small amount (<2%) of
tetradecane carryover detected for one of the 3 replicates

4.3.5Improvement upon thsensitivity of portabl&C/TMSinstrumentation by use of
DVB/PDMS/Carbon mesh membranes to extract a mixed pesticide sample

As a demonstration of thadvantages of the new DVB/PDM&fbon mesh supported
membranes, its extraction efficiency toward a ipe mixture was directly compared with that
of a standard 65 em DVB/ PDMS fiber, a 1.5
unsupported DVB/PDMS membrane of approximately the same size (4 cm x 5 mm). As the TFME
membranes possessed a similar sorpease and dimensions, one would expect that they should

extract a similar amount of analyte. Theoretically, this amount should be 25.3 times the amount
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extracted via SPME at pexjuilibrium and 17.6 £ 2.2 times that amount once equilibrium had
been achiewe

As shown inFigure 4.11below, this result was accomplished with a surprising amount of
congruency to this theory. With the exception of carbofuran, the 2 DVB/PDMS/Carbon mesh
membranes were shown to extract a statistically identical amount of aasltite unsupported
DVB/PDMS membrane. However, standard deviations observed for the unsupported membrane
were found to be much higher than any other samplerdess can be seen in Figure 4.1f#s
was likely due to the unsupported membrane flappingfaldihg during agitatiorat 2000 rpm.
The amounts of 2;dichlorophenol, 2,4&richlorophenol, Phorate D10, fonofoshlorpyrifos
and parathion extracted by TFME were found to increase by factors of 21.2, 19.8, 18.5, 18,4, 26.8,
and 23.7, respectivelwh en compared with a standard 65 &m
carbofuran and atrazine generated poor signals on the portabldSGystem, resulting in no
detection for either compound when the SPME fiber and Twister sorptive stir bar were used. This
result was a bit perplexing, as both compounds generated good signals when analyzed using
benchtop GC/MS instrumentation. Additionally, when TFME was used, the signal for earlier
eluting analytes was only found to increase by an approximate factor mfsgad of 25.3. A
potential explanation for this finding could be that more volatile analytes were beginning to
approach equilibrium within the thinner membrane coating®(405 & m per side). Cc
thicker 65 em fibers would instead require a
extraction kinetics. Hence, equilibrium kinetics may explain why the factors for these more volatile
analytes fell closer tthe theoretical value of 17.6 + 2.2 expected for an equilibriumaetidn,
where sorbent volumes\Mfiber constant kK, and sample concentratior @termine the amount

of analyte extracted, as shownEq4.2.>%2113
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E 0 zwzd Eq. 4.2

Additionally, to rule out nonlinearity of the toroid@in-trap detetor, arough @libration
curve from 100 ppt to 50 ppb was prepared using the DVB/PDMS/carbon mesh membrane by
applying the same extraction conditions as before. This plot can be fokigdia 4.12As further
shown in Figure 4.13the obtaind results demnstrated that 2;dichlorophenol, 2,46
trichlorophenol, Phorate D10, fonofahlorpyrifos and parathion could all be detected using a
selected ion chromatograat 100 ppt. However, only 2dichlorophend 2,4,6trichlorophenol,
and Phorate D10 gave lagh enough signab-noise ratio at 100 ppt to be included insth
calibration plot. It isvorth mentioning that a test for membrane carryover was also performed at
10 ppb(Figure 4.13, confirming that there was ngignificant carryoveroriginating fromthe
TFME device or the transferring NTD

Furthermore, in a later studperformed using the benchtop TFMBU-GC/MS
methodologyjt was again confirmed that DVB/PDMS TFME membranes originating from the
use ofhigh-densityPDMS and the carbon mesh suppmdvided identical extraction efficiencies
when compared to unsupported membranes prepared with the lower density, and higher bleed
PDMS. It is worth noting however thatetl23 pesticides investigatéa this additional study
remained in the prequilibrium regime of the extraction time profit the chosen 30 minute of
extraction time. Being in prequilibrium, and exhibiting near linear extraction kinetresuld
meanthatsurface area considerations would still dictate any observed changes in analite upt
and total volume considerations would not play a role in relative extraction efficiehhiese
results, showrn Figure 4.1%elow, also show the importanceintluding DVB particlesn the
sorbent coating.

Unlike the DVB/PDMS composite, membranpsepared with pure PDMS come to

equilibrium with the sample for the target pesticides very quickly during extraction. This quick
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equilibrium for pure PDMS membranes, brought on by a lower anstyteent affinity (lower
Kfs), resulted in extraction amourfts most of the selected pesticides several orders of magnitude

lower than that of the DVB/PDMS TFME counterparts.
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Figure 4.11Comparative pesticide extraction efficiencies on portableT®IS instrumentation between

two DVB/PDMScarbon mesh memhras (3.88 c), an unsupprted DVB/PDMS membrane (4.0 émn

a 1.5 c¢cm Twister PDMS sorptive stir bar, and a ste
extractions were performed from 300 mL of a 10 ppb pesticide mixture for 15 min at room temperature and

1000 rpm agitation. Sensitivity improvement fastobtained with the use of a DVB/PDMS/carbon mesh

in lieu of a standard DVB/PDMS fiber are also shown.
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Figure 4.1Zxternal calibration curve and linear range of the pielgtimixture using TFME on the portable
GC/TMS instrument.Direct immersion exactions were performed wita DVB/PDMS/@arbon mesh
membrane (3.88 cthfrom 300 mL of the appropriate concentration pesticide mixture for 15 minutes at
roomtemperaturavhile applying 1000 rpm agitation
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Figure 4.13Selectedon chromatogram showingw signal obtained on the Tridi€hGC/TMS after 45
minuteextraction was performed at 1000 rpm using a DVB/PDMS carbon mesh supported TFME device
from 300 mL of a 100 ppt aqueous pesticide solution
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Figure 4.14Reconstructed ion chromatograhowirg raw signal obtained during a cawyer test (second
desorption) after sampling a ppb solution. Desorptions were carried out at 260for 5 minutes using
35 mL min? of helium for the TFME desorption to the NTD. Results show no significant-oaanfrom
the DVB/PDMS carbon mesh supported TFME device or the NTD used to transfer analyte.
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Figure 4.15Comparison of thextraction efficiency of the various membratemistries with extractions
performed fronB00 mL of DI water spiked at 5 pg'ifor 30 min extraction at 900 rpm ancing30 %
NacCl, (n=3).

4.3.6Untargeted ossite determination of water contaminants irirafustriallyimpactedake

As a final proof of concept, it was important to show that the entire system could be
employed entirelyon-site. Henceforth, an untargeted analysis was performed for Silver Lake,
situated in Waterloo, Ontario. This location was chosen because of concurrent construction of a
light rail bridge at the inlet of the lake. The portable GC/MS was run on battemr @one;
hence, onlyhree replicate 10 min extractiongme performed from the lake. Adding in the 5 min
required for desorption and the 5 min needed

to 30 min required for the instrument to warm up and run performance validation. Recognizing
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these shorterxdraction times, it was very advantageous to be able to perform sampling with the
modified power drill to improve the extraction kinetics and, consequently, method sensitivity.

Interestingly enough, a number of anthropogenic compounds that could beedttdthe
ongoing construction were detected during analysis. These compounds, which are Tistald in
4.2 below, included toluene (T), ethylbenzene (E), xylene (X), Zriethyl1,3-pentanediol
diisobutyrate (TXIB), and tris(tchloro-2-propyl)phosphate (TMCP). Identification of the
unknowns was performed by comparing the generated mass spectra to those within the NIST mass
spectrometry database, followed by confirmation usingalkane linear retention plot which was
generated via analysis of higheeu s a b | e @lRaneG@rilarchheadspace generatinggtal.

The presence ofHX was not entirely surprising, considering that multiple-gewered pumps
were used to bypass the water around the railway bridge during construction. Hence, it is very
likely that small amounts of gasoé may have been spilled into the waterway.

The detection of TXIB and TMCP proved to be a little bit more intriguing. These
compounds, which are commonly used as a plasticizer and-fietarelant, respectively, were
found to generate a considerable sighRatther investigation of the construction site indicated that
on the day of sampling, workers were in the process of applying pelgiméorced concrete to
the bridge. It is possible that this polymer component may have contained the aforementioned
compounds; however, this is purely speculation.

Regardless, for the purposes of this experiment, it could be concluded thatgite on
method worked appropriately for qualitative untargeted agueous sampling. Additionally, it was
reassuring to see that the thhed response was, for the most part, reproducible even though only
three runs were performed. This would indicate that if a target analyte were selected, it should be

possible to perform semiquantitative analysis completelgitenusing this system.
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Tale 4.2 Compoundsletected in Silvetake, Waterloo, Ontario, with likely anthropogeniigins.

Compound | RT(s) Quantion Exp LRI NIST LRI Signal (AVG) SD %RSD
Toluene 55.80 91 779 794 1740 72 4
Ethylbenzeng 72.59 91 873 864 7035 1151 16
Xylene 77.13 91 901 896* 1913 592 31
TXIB 152.94 71 1612 1605 35725 2476 7
TMCP 169.68 99 1827 1814 14157 2865 20

Extractions were performed directly from 16.5 °C lake water with a DVB/PDMS/carbon mesh membrane, using a modified
power drill at 350 rpm for 10 min. Degaiion and analysis were performed-site using a portable GC/MS and desorption unit.
Reported for orthexylene. TXIB 2,2,4Trimethyl1,3-pentanediotliisobutyrate TMCP Tris(1-chloro-2-propyl)phosphate.

4.4 Conclusion and future directions

A novel carboameshsupported DVB/PDMSTFME membrane based on a higbnsity
PDMS prepolymer for the trace level detection of volatile and semivolatile organic compounds is
proposed in this study. Many benefits over the previous TFME designs were demohsiraited
Use of the carbon mesh support was shown to greatly enhance the physical strength of these
membranesvhile limiting the membrane shape to a rectangle of width just under 5 mm allowed
for easy operation and desorption. Furthermore, this designealldor the direct immersion
sampling of turbulent water systems without any major bending or twisting of the sorbent. More
importantly, the use of a higlensity PDMS was shown to drastically reduce the amount of
siloxane bleeding observed during thernedatption. Furthermore, it was shown that these TFME
membranes could not only be used on standard benchtop instrumentation but could also be coupled
to handportableGC-TMS instrumentation by use of a prototygh volumedesorption unit and
commerciallyavailable 19gauge needle traps. It was demonstrated that no significant analyte loss
could be detected from the HVD prototype, even when a large amount of a broad volatility
multicomponent standard was used. This concept was further explored by perfannentyely
onsite investigation of water contamination in a construetmopacted lake, where a number of
anthropogenic compounds were detected. Most importantly, when short 15 min extractions were

performed from a 10 ppb aqueous pesticide mixturegethesmbranes were shown to provide
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upward of 26.8 times more signal than a comparable DVB/PDMS fiber. Hence, TFME can be used
to perform much more rapid esite sampling while still generating signals comparable to what
could be attained from longer SPMEmactions.

Ultimately, the work performed with these DVB/PDMS/ carbon mesh supported membranes
could very well decrease the generally high detection limits associated with portable
instrumentation to levels more-ime with those observed on bengptGC/MS instrumentation.
Furthermore, if coupled with these benchtop instruments, detection limits could be driven even

lower than what is currently obtainable.
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Chapter 5 On-site and inter-laboratory validation and comparison of TFME techndogies

Preamble

A portion of the materials in this chaptess been published as a research artielamed Pir
Moghadam, Emanuela Gionfriddo, Angel Rodrigiefuente, Jonathan J Grandy, Heather L
Lord, Terry Obal, Janusz Pawliszyimter-laboratory valdation of a thin film microextraction
technique for determination of pesticides in surface water sapfslat Chimica Acta.,2017,
964, pp. 7484. All of the materials from Sections 5.2.1, 5.2.3, 5.2.4, 523%1 and 5.3.2 and
some of the material fro Sections 5.2.2f this current Chaptedre reprinted from this research
article with the permission @dnalytical Chimica Actaf Elsevier Publication€opyright for this
work remains the property dElsevier publications and any further request foruse of this
information should be requested directly from th@®I:

https://doi.org/10.1016/j.aca.2017.02.014

5.1 Introduction

Considering the impact of pesticide residues on the environmemueman health, several
priority lists comprising maximum contaminant levels (MCLs) have been established by the US
environmental protection agency (US EPA) and EU reguldfié¢ to monitor the quality of
drinking, surface, angroundwater Today, several official techniqu&®;*?®including liquid-
liquid extraction (LLE) and solid phase extraction ($P&e available for determination of
contaminants €.g. pesticides and polycyclic aromatic hydrocarbons, PAHS) in water
samples. Nonetheless, critical challenges still remme@s far as carrying out accurate quantitation
of some groups of compounds.d. hydrophobic and labile compounds). In many analytical
procedures involvingthe determinationof compounds characterized by medium to high
hydrophobicity, common sources of@ns that result in poor accuracy in quantitation are often
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associated with loss of compounds during the transfer of water samples from the sampling site to
the laboratory. In such casesmpoundoss may stem from the adsorption of target analytes to
thesurface of the sampling/collection bottle, and/or their degradation during transportation.

LLE is currently one of the most popular techniques used in contract laboratories for
analyses of water sampl&3.Apart from beingtime-consumingand tedious, LLE uses toxic
solvents for extraction of compounds, which subsequently generate hazardou&taste.
Aiming to reduce the use of organic solvents, SPE has also become established -ka@wmell
official method that is commonly used in contract laboratories for analysis of water samples.
However, loss of hydrophobic compounds during transportation to laboratories, as well as the need
for elution of the sample through the cartridge and filtration (if ey for removal of suspended
particles) are major drawbacks of this technitfd€&urther, the use of hazardous solseand the
generation of waste also limit the applicability of the SPE technique. Application of
microextraction methodologies such as solid phase microextraction (SPME), which replaces
organic solvent with a solid phase, is an alternative approach thasnmwvards green sample
preparation.

Solid-phasemicroextraction (SPME) was developed in the early 1¥9@s a promising
and innovative solvertee technique that eliminates the need for teriventsand simplifies the
method of extraction and analysis for ale/range of applicatiorts?” 3’ Indeed, SPME has been
demonstrated to provide similar accuramd precision as that offered by the accredited method
for water analysi§?° Given the severdeatures afforded by SPME, suchthsvariousavailable
geometrieg13813%jocompatibility}?® and operbed extraction, SPMBased technologies have
been used in several applicatioegy(in-vivo and onrsite extraction) that could not be otherwise

carried out by application of LLE and SPE technigtfe$??*42 However, SPME and SPE share a
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common limitation irregards to the analysis of hydrophobic compounds. While previous SPME
based studies have had some success in improving the accuracy of results for hydrophobic
compounds®44the development of environmentally friendlier, simplifieddanore universal
methodologies that can be adopted for industrial applications is still highly demanded.

The goal of the current study encompasses the development of new green strategies to
improve the accuracy of quantitation, particularly for hydrdpbi@ompounds, by application of
two new approaches, which utilize-ttle TFME and ossite TFME. Aiming to provide a
procedure that allows faheimplementatiorof the entire analytical procedure-6ald, a method
based on driliTFME for extraction oftompounds fromnthe river, followed by onsite portable
GCMS analysis was also designed.
5.2 Materials, instrumentation, and experimental methods

5.2.1 Chemical and materials

Pesticide mixtures, including triazines, organophosphorus pesticides (O&Rk),
carbamates in acetonitrile (ACN), were purchased from AccuStandard (New Haven, CT, USA).
Pure standards of chlorophenols, trifluralin, and methyl parathion were obtained from Sigma
Aldrich (Oakville, ON, Canada). Internal standards, includingdicBlorophenold3, trifluralin-
d14 and metolachled6,and diazinon d.0were prepared from CDN Isotopes (Poittiaire, QC,
Canada). The solubility and polarity of the studied pesticides are provideabla 5.1 DVB
particles (5 um diameter) and higlensity PLOT PDMS, used in the preparation of thesh
supported membranesere obtained from Supelco (Bellefonte, PA, U.SThe SYLGARD 184
silicone elastomer mix used in the preparation of the unsupported membranes was acquired from
Dow Corning (Midland, MI, U.S.A.). Nano pure water was obtained using a

Barnstead/Thermodyne Nanopure uiare water system (Type 1 water grader method
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developmentA mixture of standards at different concentrations was prepared in ACN by diluting
stock solutions for prelimiary experiments, method development, and preparation of calibration

levels.

Table 51 List of target jesticides and thephysiochemicaproperties

Analytes Log P Boiling Molecular Henry's law Water solubility
point (°C) weight (Da) constant at 25°C (mg L)
(atm3MOLE)
Metribuzine 1.3 312.4 214.28 1.81E12 1304
Carbofuran 1.76 313.3 221.25 1.63E09 320
Bendiocarb 1.86 298.8 223.08 6.58E11 45.7
Cyanazine 2.19 442.4 240.69 1.86E12 96.4
Simazine 2.28 365.8 201.65 3.37E09 589
Carbaryl 2.4 329.3 201.22 3.14E09 416
Atrazine 2.63 368.5 215.00 4.47E09 214
Methyl parathion 2.78 334.7 263.2 1.68E07 29.4
Alachlor 2.92 404 269.76 2.23E08 18.7
Malathion 2.92 385.1 330.35 8.39E10 78.5
Metolachlor 3.00 406.8 283.79 1.49E09 50.9
2,4-dichlorophenol 2.99 210.0 163.00 2.94E05 3282.1
Prometryn 3.44 401.1 241.35 9.09E09 26.6
2,4,6 trichlorophenol 3.58 246.0 197.5 - -
Phorate 3.67 296.0 260.37 1.58E06 18.9
Diazinon 3.81 353.9 304.34 8.73E08 6.4
Ethyl parathion 3.84 375 291.26 2.96E07 34
23,46 4.17 267.7 231.89 1.69E07 17.9
tetrachlorophenol
Terbufos 4.37 319.6 288.43 2.78E06 2.1
Chloropyrifos 4.77 375.9 350.58 2.52E06 0.4
Pentachlorophenol 4.78 309.5 266.3 1.25E07 3.1
Trifluralin 541 369.1 335.29 2.12E04 0.2
Triallate 6.18 3221 304.66 10.39 1.4
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5.2.2 Instrumental analysis method (benchtop GC/MS and portable GC/MS)

Analysis of the targeted pesticides on betagh instrumentation was performed by the
Agilent GC 6890A instrument with a 5973C Series MS detector (Agilent béaties, CA,
U.S.A)). For thermal desorption of the compounds from the membrane, a coolitigmgystem
4 (CIS 4) equipped thermal desorption unit (TDU) was used (GERSTElhelwh an der Ruhr,

GE). TFME devices were transferred into the TDU unit using the automatic injection multipurpose
system 2 (MPS2) autosampler provided by GERSTEL. Chromagibig separation of the selected
pesticides was attained with use of the-BB25 capillary column (length of 30 m, 0.25 mm ID,
0.25um film thickness), provided by Agilent J&W (Santa Clara, U.S.A). Helium at 99.999%
purity provided by Praxair (KitcheneCanada) was used as carrier gas, at a flow afnL/min.

For chromatographic separation of the target analytes, the temperature programming was applied
under the following conditions: initial oven temperature set &t(@r 2 minutes, which was
increagd to 220 °C at 12 °C/min, and then increased to the final temperature of 280 °C at a 8
°C/min and held for 1 minute, for a total run time of 24.7 minutes. Injection of the compounds was
accomplished in the solvent vent/splitless mode. Desorption of thparods in the TDU unit

was attained by temperature programming initially started at 40 °C for 30 seconds and then
increased to final desorption temperature of 250 °C at 700 °C/min. Liquid nitrogen (Praxair,
Kitchener, Canada) was used cryofocus the desbamalytes in the CIS 4 &80 °C, and after
completion of desorption, the CIS was heated to 270 °C at 12 °C/s to transfer the compounds to
the column. Selected ion monitoring (SIM) mgeeth ion groups shown iffable 5.2 of mass
spectrometry was usédr detection of compounds with electron impact ionization at 70 eV with

the transfer line temperature of 290, the MS source temperature of 28) and the MS

guadrupole temperature of 1%0.
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The onsite portions of the current study were performedgisi Tridior9 portable GE
MS and a corresponding SBShermal desorption unit (Perkin EImer, American Fork, Utah).
Transfer of compounds extracted by the TFME membranes to MERsperformed using the
SPS3 module at a temperature of 2&Dfor 5 minutesusing a helium flow of 35 mL/min. Aiming
to maximize sensitivity while preventing any needle carryover, injections of the NTD device onto
the Tridion9 were carried out at 280 °C for 5 s in splitless mode, followed by the opening of the
10:1 split for 5s, and then further opening of the 50:1 split for a final 30 s. Chromatographic
separations were performed using a low thermal mass (LTM)®XT(5 m I 0.1 mm 1
Siltek-treated stainless steel column (Restek Co. Bellefonte, FA). chromatographic
separationsthe column was initially held at AT for 20 seconds and then ramped to Z7@t a
rate of 1.5°C/s where it was held for 50 s. The itvap heater was set to 155 °C with a transfer
line temperature of 250 °C during analysis. lonization werfopmed using an electrayun El
ionr~sour ce, and the trap was operated fiTheoma f ul |
site stability of the Tridiof® portable GETMS was also evaluated by use of a BTEX standard gas
generating vial held at 3% using the battery operated heating block assembly (constructed at
University of Waterloo Science Electronics Shaj).on-site TFME sampligs were performed
directly from the river water at 2000 rpm for 10 minutesg a custom built TFME samplingsea
(PAS technologies, Germany).

TFME devices were prepared using a bar coating method that incorporates the use of an
Elcometer 4340 automatic film applicator (Elcometer Inc., Manchester, UK), in accordance with
the procedurelescribed in 8ction 4.2.4 of tlathesisThe 19gauge Tenax/Carboxen needle trap
device (NTD) was purchased from the Torion Technology division of Perkin EImer (American

Fork, Utah).
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Table 5.2SIM parameters of the selected pesticides

Group Group Start  lons in group (m/z)

Time (min)
2,4 Dichlorophenol 9.00 162, 164, 98
2,4,6 Trichlorophenol 9.70 196, 198, 200, 97
I1S-3,5 dichlorophenet3 11.70 165, 167
Picloram 13.00 196, 198, 200
2,3,4,6 Tetrachlorophenol 13.60 230, 232, 234
IS-Trifluralin-d14 14.00 267, 315
Trifluralin &Bendiocarb 14.63 126, 151, 166, 264, 306
IS-Phorated10 14.82 99, 131, 270
Phorate 14.93 97, 121, 260
Carbofurane & Simazine & Atrazin| 15.20 149, 164,173, 186, 201, 173, 200, 215
Pentachlorophenol 15.58 264, 266, 268
Terbufos & ISDiazinond10 15.69 57,231, 103,138,183,314
Diazinon 15.79 137,179, 304
Triallate 16.00 86, 268, 270
Metribuzine 16.50 144, 198, 199
Methyl parathion & Alachlor 16.73 109, 125, 263,45, 160, 188
Carbaril & Prometryn 16.87 115, 116, 144, 184, 226, 241
Malathion 17.20 93, 125, 127,173
IS-Metalachlord6 & Metolachlor & | 17.41 166, 242,162, 238,197, 199, 314,225, 2¢
Chlorpyrifos & Cyanazine
Ethyl parathion 17.61 97, 109, 291

*jons listed by relative peak height agcbup with ion isomers

5.2.3LLE-GC/MS official method

A Standard<Council of Canada (SCC) accredited method based on LLE and GC/MS was

used at Maxxam to analyze the split samples. In summary, 800 mL of each sample was extracted

sequentially with dichloromethane after pH adjustment to acidic, neutral, andbaditions, the

combined extracts were concentrated, and an aliquot injected onto a GC/MS instrument. Maxxam's
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standard operating procedure used in this study is based on US EPA method 8270, with three main
modifications: SIM mode was used instead of fié scan analysis as specified by the EPA
method; liquid extraction was performed in the original glass bottle submitted, whereas the EPA
method requires the water sample to be transferred into a separatory funnel prior to extraction; and
the amount of dhloromethane used for extraction was 50 mL instead of the 60 mL specified in
the EPA method.

5.2.40ptimized extraction andhalytical procedure using TFMEDU-GC/MS

During method development, 30 mL of nanopure water was added to an amber glass vial
(40 mL) and pH was adjusted to 2.5 (£0.1) by phosphate buffer to achieve higher extraction
efficiency for chlorophenol pesticidé€ mg of NaCl was added and extraction wadgmed at
900 rpm for 30 min. The internal standard at 0.5 mgvias added to the sample for validation. In
order to compare the PDMS membrane with the PDMS/DVB membranes, 300 mL of sample was
used to avoid the possibility of exhaustive extraction. rAéetraction, the membranes were
transferred to a TDU tube followed by an automated injection using the Gerstel autosampler.

5.2.5Preparation and distribution of douddénd split samples

Surface water samples were collected from the Grand River fatehf locations in
Waterloo, ON, Canada. A complete characterization of the water samples was performed before
the pesticide anal yses-deSamploesf owe rteh ev esreil feicetc
spiked with the target compounds and internahdards at different concentration levels. The
fortified samples were split, coded and submitted to Maxxam Analytics (Maxxam) and the
University of Waterloo on a blind basis for nbiased analysis. Three batches of surface water
samples (18 samples in &bt were collected within Bionthsand analyzed for quantitation of 23

pesticidesResults from the accredited LLE methodology performed by Maxxam and the new
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TFME-TDU-GC/MSmehod wer e compared in terms of metho
analyticalaccuracy, and Eescale greenness relatingttee environmentaimpact of the applied
technique

5.2.6 Design and development of an-site TFME sampling case abdttle sampling apparatus

Figure 5.1 shows the apparatus designed for tHeottle TFME $rategy, including a L
bottle equipped with a Teflon hortiilt adaptor, which was employed to hold the membrane in
the bottle through the use of a disposable fluorocarbon thread (Berkely fishing line). A
PDMS/DVB thin film coated onto carbon mesh fabsias used for evahtion of the developed
methodsThe bottle was filled (1 L) witihanepurewater for method development, while surface
water was utilized in real sample analyses.

The second employed strategynsisted obn-site application ofthe TFME membranes
usingthe designed portable sampling case, which was capable of controlling the speed and time
of agitation, and was equipped with a head to hold the fMBME devices. Compared to a
commercial drill, the newly designed sampling case providgseh agitation rates (up to 4500
rpm) with controlled sampling times, and a longer batidey that exceeded several hours,
facilitating onsite extractions from river waters. Figubelb shows the accessory and other
instruments used for esite TFME, ncluding the sampling case, multFME holder, portable
GC/MS, needle trap device (used to transfer analytes into the instrument), and standard gas

generation vial (used to run QC).
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Figure 5.1 Developedamplingstrategies based pA) In-bottle TFME and B) Onsite TFME using drill
accessories and a portable GC/MS instrument
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5.3 Results and discussion

5.3.1 Validation of analytical performance of the TFMBU-GC/MS methd

The validation of the developed method was carried out underptiraized condions
described in Section 5.2.8lanks containing the selected internal standards were analyzed to
determine noise levels for evaluation of the limits of detection (LOD) and limits of quantification
(LOQ) defined as signdb-noise ratio (8\) equal to 3 and 10, respectively. As shown in Tables
5.3and5.4, The PDMS/DVB and PDMS/DVB carbemesh supported membranes show high and
comparable sesitivity, resulting in low ng [X detection limits for most of the compounds studied.
LODs in therange of 0.010.25 mg L andLOQ between 0.025 and 0.5 mg for both membranes
for the 23 pesticides tested. The linear dynamic range (LDR), also shovables 53 and5.4,
was evaluated with0-12 calibration points over 0.028.0 mg L with all analyes showig good
correlation to signal (R>0.99). With such a broad linear rangeighted linear regression (#)x
was applied in order to attain the best fitting data and to improve the accuracy of quantitation at
lower concentration level$® It should be noted that uneighted linear least squares regression
provides more weight to higher concentration points leadipgddfitting at lower concentrations.
Tables5.3 and5.4 and summarize the nieid validation data obtained for both membranes. The
detection limits for the developed method for all the studied pesticides not only meet the
requirements reported by US ERAIt for some compounds, are about 2 orders of magnitude lower
than the dictatetCLs. The high extraction efficiency of the membranes is related to the larger
volume and surface area of the extraction phase and therefore capacity and kinetics of the
membrane extraction pha&Ht is worth noting that these LODs were achieved with a 30 min (in
pre-equilibrium regime) extraction time. LODs could be further decreased by using larger

membranes, increasing the extraction time and/or using a larger amount of sample, assuming that
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extractionwas neither exhaustive nor negligible. On the other hand, in cases where faster analytical
throughput is needed, shorter extraction times could be used, while still meeting or exceeding the
US EPA MCLs. The accuracy of the method was evaluated at threks lefv concentration
including0.06 mgL™*; 0.6 mg LY; and 4 mg [, representing low, medium and high concentration
levels within the linear dynamic range. Each concentration level was analyzed in triplicate. As
reported inTables5.3 and 5.4, all compomds showed good accuracy with reasonably good
precision as indicated by RS@alues in the range of-20%. Given the high stability of the

membranes at the cben experimental condition®ng membrane lifetime was also achieved.
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Table 53 Method \alidation datasmmay for unsupported DVB/PDM#&embrane

LOD LOQ LDR Accuracy (n=3) Precision (RSD %) (n=3)

Pesticides (MgLY) | (ugLh (g LY R? Slope Intercept | Internal standard 0.06 0. 60 4.0 0.06 | 0.60 4.0
(n=3) (n=3) (n=3) pogL* | pgl? | pgl? | pglt | pglt | pgl

2,4DCP 0.025 0.050 0.05610.0 | 0.996 0.00220 -0.0037 3,5DCP-d3 90 % 104% | 93 % 9% 8 % 4%
2,46TCP 0.010 0.025 0.0255.0 0.996 0.00186 0.0027 3,5DCP-d3 94 % 98 % 90 % 5% 4% 6 %
2,3,4,6TeCP 0.010 0.025 0.0255.0 0.991 0.00164 0.014 3,5DCP-d3 87 % 99 % 107% | 8% 12 % 20 %
Trifluralin 0.025 0.05 0.05010.0 | 0.998 0.00242 -0.039 Trifluralin-d14 101 % 74 % 88% 17% | 20% 17 %
Bendiocarb 0.010 0.025 0.02510.0 | 0.998 0.00228 0.00023 3,5DCP-d3 97 % 106% | 96 % 6 % 6 % 3%
Phorde 0.10 0.25 0.2510.0 0.998 0.00106 0.22 Phorated10 ND 70 % 123% | ND 18 % 10 %
Carbofurane 0.050 0.10 0.1010.0 0.996 0.00134 0.052 3,5DCP-d3 ND 123% | 90 % ND 17% 7%
Simazine 0.075 0.25 0.255.0 0.997 0.000374 -0.0043 Metalachlord6 ND 89 % 122% | ND 12 % 8 %
Atrazine 0.075 0.25 0.255.0 0.996 0.000975 0.057 Metalachlord6 ND 101% | 111 % | ND 10 % 5%
PCP 0.050 0.10 0.105.0 0.991 0.00121 0.081 3,5DCP-d3 ND 115% | 95 % ND 16 % 9 %
Terbufos 0.10 0.25 0.255.0 0.997 0.00469 0.43 Diazinond10 ND 100% | 101 % ND 12 % 9%
Diazinon 0.025 0.050 0.0510.0 0.999 0.00289 0.0065 Diazinond10 112 % 97 % 117% | 6% 14 % 3%
Triallate 0.025 0.050 0.0510.0 0.991 0.00134 0.036 3,5DCP-d3 82 % 123% | 91% | 11 % | 22% 13 %
Metribuzine 0.050 0.10 0.105.0 0.999 0.00187 -0.052 Diazinond10 ND 128% | 130% | ND 3% 13 %
Methyl parathion 0.25 0.50 0.505.0 0.987 0.00451 0.063 Diazinond10 ND 85 % 88 % ND 22 % 12 %
Alachlor 0.025 0.050 0.05010.0 | 0.998 0.00128 -0.0030 Metalachlord6 107% | 100 % 98 % 2% 4% 19 %
Carbaryl 0.0%0 0.10 0.1010.0 0.991 0.00179 0.12 3,5DCP-d3 ND 128 % | 82 % ND 17% 5%
Prometryn 0.025 0.075 0.0755.0 0.993 0.000690 0.032 Metalachlord6 ND 129% | 108 % | ND 20 % 4%
Malathion 0.25 0.50 0.50-10.0 0.986 0.00302 0.99 Diazinond10 ND 98 % 103% | ND 20 % 16 %
Metalachlor 0.010 0.025 0.02510.0 | 0.999 0.00313 0.011 Metalachlord6 107 % 85 % 115%| 3% 10 % 20 %
Chlorpyrifos 0.050 0.10 0.102.50 0.993 0.00208 0.069 Diazinond10 ND 87 % 99 % ND 20% 2%
Cyanazine 0.050 0.10 0.1010.0 0.999 0.000765 0.0033 Metdachlord6 ND 87 % 110 % ND 9% 20 %

Ethyl parathion 0.025 0.050 0.0562.50 | 0.996 0.00318 -0.082 Diazinond10 123% | 101 % - 17% | 14% -

LOD = limit of detection

LOQ = limit of quantitation

LDR = linear dynamic range
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Table 5.4Method vdidation data smmalyy for the carbon mesh supported DVB/PDM@&mbrane

LOD LOQ LDR Accuracy (n=3) Precision (RSD %) (n=3)
Pesticides (Mg L) | (ug LD (g LY R? Slope Intercept | Internal standard 0.06 0. 60 4.0 0.06 0. 60 4.0
(n=3) (n=3) (n=3) pgL* | pgl® | pgl™t | pgl™ | pgl?t | pglt
2,4DCP 0.050 0.10 0.105.0 0.991 0.00198 -0.068 3,5DCP-d3 ND 96 % 98 % ND 20 % 2%
2,46TCP 0.025 0.050 0.0505.0 0.992 0.00172 -0.013 3,5DCP-d3 112% | 101% | 94% | 10% 8 % 3%
2,3,4,6TeCP 0.01 0.025 0.02510.0 | 0.994 0.00185 0.0064 3,5DCP-d3 89 % 104% | 92% | 12% 10 % 6 %
Trifluralin 0.025 0.050 0.05010.0 | 0.994 0.00239 -0.0086 Trifluralin-d14 130% | 115% | 122% | 10% 17 % 3%
Bendiocarb 0.025 0.050 0.05065.0 0.993 0.00230 0.0054 3,5DCP-d3 95 % 110% | 96 % 7% 13 % 8 %
Phorate 0.10 0.25 0.255.0 0.999 0.000946 0.27 Phorated10 ND 7% 98 % ND 15% 10 %
Carbofurane 0.050 0.10 0.105.0 0.998 0.00163 0.070 3,5DCP-d3 ND 129% | 87 % ND 17% 10 %
Simazine 0.075 0.25 0.255.0 0.998 0.000332 -0.018 Metalachlord6 ND 84 % 127% | ND 17 % 6 %
Atrazine 0.025 0.075 0.0755.0 0.999 0.000949 0.023 Metalachlord6 ND 96 % 120% | ND 20 % 6 %
PCP 0.025 0.075 0.07510.0 | 0.994 0.00145 0.061 3,5DCP-d3 ND 130% | 82 % ND 10 % 17 %
Terbufos 0.10 0.25 0.255.0 0.992 0.00387 0.59 Diazinon-d10 ND 124% | 122% | ND 19% 18 %
Diazinon 0.025 0.050 0.05610.0 | 0.999 0.00283 0.018 Diazinond10 104% | 92 % 101% | 12% 20 % 9%
Triallate 0.025 0.050 0.05010.0 | 0.989 0.00160 0.027 3,5DCP-d3 92 % 122% 76 % 20% 17 % 15%
Metribuzine 0.075 0.25 0.02510.0 | 0.998 0.00154 -0.082 Diazinond10 ND 105% | 122% | ND 4% 10 %
Methyl parathion 0.25 0.50 0.505.0 0.995 0.00386 -0.12 Diazinond10 ND 81 % 95 % ND 4% 3%
Alachlor 0.25 0.50 0.5010.0 0.999 0.00126 -0.0043 Metalachlord6 115% 97 % 99 % 2% 13 % 4%
Carbaryl 0.050 0.10 0.1010.0 0.993 0.00222 0.12 3,5DCP-d3 ND 124 % 71 % ND 14 % 9%
Prometryn 0.025 0.075 0.07510.0 | 0.998 0.000666 0.042 Metalachlord6 ND 97 % 104% | ND 8 % 10 %
Malathion 0.25 0.50 0.5010.0 0.997 0.00316 0.14 Diazinond10 ND 113% | 98 % ND 20 % 19 %
Metalachlor 0.025 0.050 0.05010.0 | 0.997 0.00318 -0.0047 Metalachlord6 100% | 88 % 109% | 5% 11% 4%
Chlorpyrifos 0.10 0.25 0.2510.0 0.998 0.00210 0.092 Diazinond10 ND 126 % | 117 % ND 17 % 19 %
Cyanazine 0.050 0.10 0.1010.0 0.997 0.000772 -0.0022 Metalachlord6 ND 88 % 105 % ND 11% 4%
Ethyl parathion 0.025 0.050 0.05650.0 | 0.997 0.00378 -0.024 Diazinond10 70 % 86 % 121 % | 19% 20 % 5%

LOD = limit of detection

LOQ = limit of quantitation

LDR = linear dynamic range
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5.3.2 Comparison of TFMEDU-GC/MS methodology VS. LLE for real water samples

Many analytical laboratories use LLE for routine analysis of surface water samples as it is
an established and US EPA approved method. The widespread use of LLiBlysdua to its
simplicity, i.e.,the interactionof the sample with an immiscible organic solvent in a separatory
funnel. However, this sample extraction method requires relatively large sample volumes to
achieve the sensitivity required to meet US EPALdC arger volumes of organic solvent and
the need for specialized waste disposal of these solvents alsasadhe cost of this technidftie

The throughput for routine analysis can be laborious and tedious. In a prstidy® an
extensive investigation was conducted comparing a fully automated SPME fiber method to LLE.
In the present study, TFME was validated, and its performance compared to-aatedmethod,
namely, US EPA method 8270. This Litfased method was performed at Maxxam Analytics
(Mississauga, ON). Maxxam maintains accreditation through the Standards Council of Canada
(SCC) and the United States National Environmental Laboratory ditatien Program (NELAP)
among others.

Three batches of samples were collected over 3 months, with each batch containing 6
samples. Samples were fortified with the target analytes at different concentration levels by a third
party then split andubmitted to University of Waterloo and Maxxam on a blind basis. While the
LLE method required 800 mL of sample, only BQ was used for the TFME extractions. Even
though a lower volume of sample was used for the TFME method, lower detection limitsiNvere st
achieved in comparison to LLEable 5.5. These lower detection limits were achievable because,
unlike LLE, when SPME methods are used all the extracted amount is injgctéte instrument
giving higher sample preoncentration. It should also beentioned that, if the same volume of

sample used for LLE were to be used for TFME, even lower detection limits would be attained, as
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a 30 mL sample of water is known to be significantly depleted by TFME. Another difference
between LLE and TFME lies in thrguantitation approach: external calibration in case of TFME
(based onmicroextraction methodologieg)and instrumental calibration by injection of the
standard solutions for LLE (as an exhaustive method).

Table 5.6compares the TFME and LLE results of the split sample analyses for the 18 surface
wate samples. Most of the studied pesticides were not detected by LLE at the sublevglL
These results indicate that with 414 data points for each method, 90% of the analytes were
guantified by TFME, whereas only 53% of the compounds were detectaiethsiLLE method
(Table 5.6. As previously mentioned, even with great sensitivity an analytical method is only
useful if it can display a reliable degree of analytical accuracy. Hence, to compare the accuracy of
the two described methods a blank wast fite) for each of batch of samples. Accuracy was
calculated by dividing the concentration obtained by each method,driddeTFME, to the true
concentration spiked into the sampleg-igure 5.2he histograms shothkieaccuracyof the results
in the rangesf <50%, 5070%, 70130%, 130150%, and >150% with nedetected results being
excluded from the percentage. The TFME method was reasonably accurate for the real samples
analyzed with approximately 70% of all results falling within the acceptable raragrofacy,

70-130%. This was also in good agreement with the LLE results as the reference method.
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Table 5.5Comparison of rathoddetection iimits for TFME and LLE methods

TFME
TEME (PDMSDVB-
Pesticides Units (PDMS/DVB carbon mesh LLE
membrang supportel
membrane
2,4DCP pg L1 0.025 0.050 0.25
2,4,6TCP pg L1 0.010 0.025 0.50
2,3,4,6TeCP ug L1 0.010 0.01 0.50
Trifluralin pg L1 0.025 0.025 1.0
Bendiocarb ug L1 0.010 0.025 2.0
Phorate pg Lt 0.10 0.10 0.50
Carbofurane pg Lt 0.050 0.050 50
Simazine pg Lt 0.075 0.075 1.0
Atrazine pg Lt 0.075 0.025 0.50
PCP pg Lt 0.050 0.025 0.50
Terbufos pg L1 0.10 0.10 0.50
Diazinon pg L1 0.025 0.025 1.0
Triallate pg Lt 0.025 0.025 1.0
Metribuzine pg Lt 0.050 0.075 5.0
Methyl parathiorn ug Lt 0.25 0.25 1.0
Alachlor pg Lt 0.025 0.025 0.50
Carbaryl pg L1 0.050 0.050 5.0
Prometryn pg Lt 0.025 0.025 0.25
Malathion pg Lt 0.25 0.25 5.0
Metalachlor ug L1 0.010 0.025 5.0
Chlorpyrifos pg Lt 0.050 0.10 1.0
Cyanazine ug L1 0.050 0.050 1.0
Ethyl parathion pg Lt 0.025 0.025 1.0
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Table 5.6Results of blind split analyses of surface water samples by TFME and LLE

SW1 SW 2 SW 3 SwW4 SW5 SW 6
(Fortified at 0.067 ug £ (Fortified at 0.7 ug &) (Fortified at 0.40 pg &) (Fortified & 1.0 pg LY (Fortified at 3.0 pg &) (Fortified at 8.0 ug &)

Pesticides TFMEPDMS / TFMIIEDDMS TFMiDMS TFMIIEDDMS TFMIIEDDMS TFME’DMS
PDMS / LLE PDMS LLE LLE LLE LLE LLE

Supp Supp Supp Supp Supp Supp
2,4DCP 0.087 <LOQ | ND 0.73 1.10 | 0.37| 0.44 0.38 ND 1.1 1.4 0.49 4.9 4.1 1.6 11.0 13.0 3.9
2,4,6TCP 0.087 0.13 ND 0.80 1.1 ND 0.47 0.67 ND 1.2 1.4 0.63 4.5 4.2 2.0 11.0 104 5.0
2,3,4,6TeCP 0.078 0.10 ND 0.79 0.85 | 0.55| 0.45 0.54 | ND 1.2 1.2 0.74 4.9 3.5 2.3 12.4 9.6 5.8
Trifluralin 0.072 0.063 ND 0.60 0.63 | ND 0.36 0.38 ND 0.95 0.93 | ND 3.0 3.4 3.0 8.0 6.4 7.8
Bendiocarb 0.074 0.089 ND 0.68 0.83 | ND 0.43 0.43 ND 1.0 1.1 ND 4.4 3.5 ND 10.0 5.3 ND
Phorae ND ND ND 0.58 053 | ND | <LOQ | <LOQ | ND 0.75 0.73 | ND 3.0 3.2 1.1 8.3 9.9 3.0
Carbofurane <LOQ | <LOQ | ND 0.88 0.94 | ND 0.54 0.56 ND 1.3 1.2 ND 5.0 3.7 ND 11.3 9.1 6.8
Simazine ND ND ND 0.49 0.58 | ND 0.29 | <LOQ | ND 0.80 0.75 | ND 2.7 3.2 1.7 6.2 6.8 4.4
Atrazine <LOQ <LOQ | ND 0.7 0.80 | ND 0.44 0.27 ND 1.1 1.0 0.56 2.8 3.1 2.1 6.3 6.4 5.2
PCP ND ND ND 0.46 0.47 | 0.53 | 0.26 0.29 ND 0.72 0.73 | 0.72 2.5 2.1 2.2 6.7 7.1 5.6
Terbufos <LOQ ND ND 0.60 0.47 ND 0.40 0.37 ND 0.90 0.76 | ND 2.3 2.6 0.86 6.0 6.3 2.3
Diazinon 0.078 0.073 ND 0.70 0.72 ND 0.42 0.42 ND 1.0 1.0 ND 3.3 3.2 2.2 8.4 9.1 5.7
Triallate <LOQ 0.058 ND 0.53 0.52 ND 0.32 0.34 | ND 0.80 0.73 | ND 2.0 2.0 3.0 5.5 6.6 7.4
Metribuzine <LOQ | <LOQ | ND 1.10 0.14 | ND 0.63 0.48 ND 1.4 1.3 ND 3.7 3.5 ND 8.8 8.0 5.3
Methyl parathion ND ND ND | <LOQ | <LOQ | ND | <LOQ | <LOQ | ND 0.70 1.5 ND 1.2 1.7 2.6 6.8 7.0 7.0
Alachlor 0.083 0.082 ND 0.76 0.83 | 0.71 | 0.44 0.37 ND 1.1 1.2 0.95 2.6 3.0 2.7 6.2 6.2 6.6
Carbaryl ND ND ND 0.43 0.37 ND 0.25 0.20 ND 0.60 0.52 ND 1.9 1.6 ND 6.8 6.3 ND
Prometryne <LOQ | <LOQ | ND 0.70 0.59 | 0.65| 0.35 0.18 | 0.35 1.0 0.86 | 0.86 1.8 2.2 2.4 5.5 7.6 5.5
Malathion ND ND ND 0.80 1.0 ND ND ND ND 0.78 1.3 ND 3.0 2.7 ND 8.2 6.7 ND
Metalachlor 0.11 0.11 ND 0.75 0.76 | 0.79 0.44 0.44 ND 1.1 1.1 1.0 3.0 2.9 2.8 7.3 7.3 7.0
Chlorpyrifos ND <LOQ | ND 0.35 1.3 ND 0.19 0.90 ND 0.48 1.9 ND 1.5 5.0 2.8 5.6 11.6 7.1
Cyanazine 0.12 0.13 ND 0.71 0.72 ND 0.43 0.42 ND 1.0 1.0 ND 2.7 2.6 1.8 7.0 6.7 4.7
Ethyl parathion 0.78 <LOQ | ND 0.65 0.50 | ND 0.38 0.25 ND 0.94 0.77 ND 3.6 3.0 2.9 5.4 5.9 7.5
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Table 5.6 (continued)

SW7 SW 8 SW9 SW 10 SW 11 SW 12
(Fortified at 2.0 ug &) ( Fortified at 7.5 ug 1) (Fortified at 0.75 ug £) (Fortified at 9.0 ug &) (Fortified at 0.87 ug £) (Fortified at 4.5 ug )

Pesticides oS NS NS T NS T oS
PDMS / LLE PDMS LLE LLE LLE LLE LLE

DVB DVB- /DVB / DVB- 78\'\/138 /| DVB- 78{\//{38 / DVB- 78{\//{38 /| DVB- /Pg\'\/ABS /| DVB-

Supp Supp Supp Supp Supp Supp
2,4-DCP 25 3.0 0.86| 12.6 14.7 4.0 0.83 1.1 0.36 | 13.0 177 | 4.2 1.1 1.3 0.33 5.6 6.3 2.7
2,4,6TCP 25 2.9 1.1 10.0 144 | 47 0.90 1.1 ND 10.0 16.2 5.4 1.1 1.2 ND 5.6 6.2 3.2
2,3,4,6TeCP 2.5 2.4 15 10.5 13.0 6.1 0.93 0.88 | 0.65| 10.3 13.3 6.9 1.1 1.1 0.62 6.4 5.6 4.1
Trifluralin 2.0 2.0 17 7.2 8.0 7.5. | 0.80 0.74 | ND 8.1 8.2 8.6 0.89 0.86 | ND 4.7 4.9 5.1
Bendiocarb 2.1 2.3 ND 7.5 9.5 4.0 0.80 0.75 | ND 9.6 8.7 4 0.93 0.90 | ND 5.6 5.2 2.4
Phorate 2.0 2.2 0.93| 11.2 123 | 44 0.68 0.80 | ND 11.2 139 | 49 0.78 0.88 | ND 5.3 5.6 2.9
Carbofurane 2.5 2.5 ND 11.6 10.4 7.4 0.94 0.92 | ND 12.6 10.7 8.5 1.1 1.0 ND 5.9 4.8 5.1
Simazine 2.3 2.3 1.1 6.2 7.8 5.1 0.86 0.75 | ND 7.6 8.3 5.7 0.98 0.92 | ND 4.7 5.8 3.3
Atrazine 2.3 2.3 1.4 6.0 7.1 5.6 0.90 0.88 | 0.54 7.0 7.5 6.3 1.1 1.0 0.53 4.2 5.2 3.7
PCP 1.7 1.7 1.4 8.8 8.1 5.2 0.64 0.61 | 0.55 9.5 8.7 5.9 0.67 0.72 | 0.53 4.0 3.2 3.6
Terbufos 1.6 2.0 0.99 7.0 8.5 4.7 0.90 0.84 | ND 8.9 8.6 5.3 1.1 1.3 ND 4.1 5.7 3.1
Diazinon 2.1 2.2 1.2 8.3 9.2 5.5 0.75 0.77 | ND 10.0 10.3 6.2 0.94 0.94 | ND 5.2 5.2 3.8
Triallate 15 1.8 1.6 7.3 7.4 7.1 0.68 0.69 | ND 8.5 6.4 8.1 0.64 0.86 | ND 2.4 2.8 4.8
Metribuzine 3.2 3.0 ND 8.7 109 | ND 1.8 1.3 ND 11.6 13.7 5.3 1.9 1.7 ND 7.5 6.8 ND
Methyl parathion 15 1.4 15 3.5 4.7 6.7 14 0.52 | ND 8.0 6.0 7.7 1.2 1.3 ND 3.1 2.7 4.5
Alachlor 2.4 2.5 1.8 6.3 6.3 6.2 0.95 0.93 | 0.75 7.8 7.3 7.1 0.93 1.1 0.74| 3.6 4.3 4.3
Carbaryl 1.2 0.98 ND 8.0 7.5 7.8 0.46 0.49 | ND 11.0 8.6 8.7 0.48 0.48 | ND 4.0 2.3 5.2
Prometryne 2.7 2.5 1.4 8.2 8.5 6.1 1.4 1.3 0.63| 10.7 9.0 6.3 1.2 1.4 0.69 5.3 5.5 4.3
Malathion 1.4 2.7 ND 8.7 8.0 5.2 ND 0.33 | ND 11.5 10.0 6 1.2 1.3 ND 5.2 3.7 ND
Metalachlor 2.3 2.3 1.8 7.7 7.2 6.7 0.82 0.82 0.8 9.6 8.4 7.5 0.89 0.93 | 0.77 4.3 4.8 4.6
Chlorpyrifos 1.0 1.3 15 5.1 6.3 6.7 0.48 0.48 | ND 7.5 6.0 7.7 0.58 0.57 | ND 3.4 4.1 4.5
Cyanazine 2.1 2.1 ND 7.1 6.7 4.2 0.78 0.78 | ND 8.9 7.8 4.6 0.86 0.89 | ND 4.0 4.4 2.7
Ethyl parathion 2.4 1.9 1.6 12.8 11.2 7.2 0.81 0.64 | ND 16.6 13.8 8.3 1.0 0.78 | ND 8.1 6.0 4.9
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Table 5.6 (continued)

SW 13 SW 14 SW 15 SW 16 SW 17 SW 18
(Fortified at 0.6.0 ppb) (Fortified at 0.4(Qopb) (Fortified at 2.5 ppb) (Fortified at 0.90 ppb) (Fortified at 7.5 ppb) (Fortified at 4.5 ppb)

Pesticides TS T T oS NS T NS NS
PDMS / LLE PDMS LLE LLE LLE LLE LLE

DVB DVB- /DVB /| DVB- /PB\I\//I; | DVB- 73\'\/135 /| DVB- 78{\;88 / DVB- /Pg\'\//IBS /| DVB-

Supp Supp Supp Supp Supp Supp
2,4DCP 0.84 0.36 0.31| 0.54 0.55 ND 4.1 3.9 1.8 1.3 1.3 0.50 8.1 14.5 4.9 7.1 6.2 2.5
2,46TCP 0.82 1.1 ND 0.54 0.58 ND 4.0 4.1 2.0 1.1 1.4 0.57 8.5 149 5.5 7.1 6.5 3.0
2,3,4,6TeCP 0.74 0.87 ND 0.50 0.49 ND 4.1 3.6 2.4 1.1 1.1 0.68 9.0 12.3 6.2 7.3 5.8 3.5
Trifluralin 0.65 0.57 ND 0.42 0.40 ND 3.0 34 2.8 0.95 1.0 ND 8.7 7.9 7.8 4.9 5.3 4.3
Bendiocarb 0.51 0.35 ND 0.33 0.34 ND 2.6 2.6 ND 0.68 0.80 ND 6.2 5.7 ND 4.3 4.2 ND
Phorate 0.50 0.55 ND 0.30 0.34 ND 3.1 3.1 1.6 0.87 0.83 ND 7.3 115 4.3 5.5 5.5 2.3
Carbofurane 0.73 0.63 ND 0.46 0.42 ND 3.5 2.8 ND 1.1 0.98 ND 8.1 7.9 7.3 5.6 4.5 ND
Simazine 0.63 0.66 ND 0.31 0.35 ND 3.4 2.0 1.7 0.82 0.67 ND 7.3 8.5 5.2 5.1 6.2 3.0
Atrazine 0.80 0.87 ND 0.40 0.45 ND 3.0 2.4 2.1 0.98 0.80 | 0.56 6.8 8.2 5.9 4.6 54 3.5
PCP 0.53 0.30 ND 0.24 0.28 ND 2.1 1.7 2.1 0.55 0.56 | 0.62 5.6 7.1 5.6 3.5 3.0 3.2
Terbufos 0.78 0.54 ND 0.47 0.45 ND 2.8 3.1 1.5 0.88 1.0 ND 7.9 8.1 4.1 4.2 5.2 2.2
Diazinon 0.65 0.63 ND 0.43 0.43 ND 3.1 3.1 2.3 0.94 0.94 ND 7.9 8.6 6.1 5.2 5.2 3.5
Triallate 0.82 0.49 ND 0.42 0.37 ND 2.2 2.1 2.9 0.56 0.64 ND 5.9 7.5 7.7 34 3.0 4.4
Metribuzine 0.96 0.91 ND 0.64 0.62 ND 3.4 3.0 ND 1.4 1.1 ND 7.7 7.3 5.2 5.6 5.9 ND
Methyl parathion 0.40 0.27 ND 0.26 0.34 ND 1.4 1.3 2.5 0.55 1.6 ND 34 2.6 7.0 24 1.7 3.8
Alachlor 0.90 0.77 0.62 | 0.46 0.52 ND 2.3 2.2 2.6 0.89 0.76 | 0.90 6.4 7.1 6.9 3.6 4.0 3.9
Carbaryl 0.41 0.16 ND 0.21 0.19 ND 1.6 1.0 ND 0.43 0.31 ND 4.8 5.7 6.1 3.6 1.8 ND
Prometryne 1.4 1.1 0.55| 0.64 0.68 | 0.39 3.9 2.5 2.1 0.57 1.1 092 | 11.2 13.8 6.3 7.2 7.1 4.0
Malathion 0.72 0.43 ND 0.48 0.73 ND 1.3 2.3 ND 0.96 0.84 ND 5.9 54 ND 34 2.4 ND
Metalachlor 0.65 0.66 0.62 | 0.38 0.43 ND 2.5 2.2 2.7 0.98 0.78 | 0.90 7.6 8.3 7.2 4.5 4.4 4.1
Chlorpyrifos 0.29 0.31 ND 0.18 0.81 ND 1.6 2.2 2.7 1.3 1.1 ND 5.9 5.5 7.3 3.0 2.5 4.1
Cyanazine 0.62 0.63 ND 0.40 0.50 ND 2.2 2.0 1.2 0.97 0.77 ND 6.9 7.7 4.4 4.0 4.0 2.6
Ethyl parathion 0.48 0.40 ND 0.34 0.29 ND 3.0 2.4 2.7 1.0 0.66 ND 9.2 8.1 7.4 6.1 4.3 4.2
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= PDMS-DVB membrane = PDMS-DVB-carbon mesh supported membra=d.LE (EPA method)
0.74

0.8

Frequency of the results

<50 % 50-70 % 70-130 % 130-150 % . 150 %

Accuracy of the results

Figure 5.2Accuracy of the TFME and LLE methstbr theanalysisof 18 surface water samgle

5.3.3 Onsite application and comparison of various TFME based methodologies

At first, the drilF TFME metha was optimized in the laboratory to evaluate influential
parameters, including the extraction time profile agdationrate of the drill. The agitation rate
was the first parameter investigated, as it controls the thickness of the boundary laydecasd af
the mass transfer of compounds to the coating. In thequigibrium regime, improved sensitivity
is expected to be achieved at higher agitation rates due to a decrease in the thickness of the
boundary layer. Application of high agitation rai®beneficial for onsiteextractionssince a short
extraction is preferred due to practical limitatioesg(lifetime of the battery, the difficulty of
sampling when the sample is not easily accessible). In view of this, agitation rates in the range of

500-3000 rpm were investigated inLlof nanepurewater spiked with the target pesticides at 1
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ug L. The highest sensitivity increases were observed for most compounds at 20@0gpen
5.9.

An extraction time profile was then obtained using the opg&dhitir rate of 2000 rpm in
1 L nanepurewater spiked at 1 pg't As shown in Figure 5,4after three hours, all spiked
compounds were shown to reach equilibrium. However, as previously mentioned, a shorter
extraction time needed to be selected so asnplify the onsite TFME procedure. Therefore, 10
minutes was selected as the extraction time for further evaluation of the methods.

For onsite analysis, the stability and repeatability of the portable GC/MS instrument are
critical parameters that neéal be frequently monitored by running an extensive quality control
(QC) protocol. Unlike benchtop instrumentation, battery operated, portable GC/MS instruments
must be powered off after each use. As such, a reusable standard BTgetigesting vial held
carefully at 35°C with a portable block heater was used to monitor the status of the instrument in
thefield.>* In cases where the portable GC/MS was not directly equipped with the TDU unit, a
secondary SRS thermal desorption module was first used to transfer analytes from the TFME
membranes to a needle trap device, which could then be directly introduced intdrtiragéng
All optimizations of the drilTFME method were péormed in atemperaturecontrolled
laboratory at 22.8C. It is also important to note that if external calibration is to be used for real,
onsite TFME experiments, the temperature of the sample matrix must match or be close to that of
the external calitation experiment. Alternatively, the kinetic calibrafi&rmethod, performed by
loading internal standard on the coating, can be used to justify any temperature variation. However,
a proper coating material needs to be selected to assure adequate desorption of the internal standard

from the thin film that meetthe adsorptiofdesorption symmetry.
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Finally, analyses of real water samples along 4 sampling sites (2 affected anitrip bumt)
within the Grand River and Credit River (Ontario, Canada) were performed by three methods,
including i) inbottle TFME, ii) onsite TFME and benetop GC/MS analysis, and iii) esite
TFME-portable GC/MS analysis. These sites included the small community ofMéestosse
(clean) and downstream of multiple Kitchener/Waterloo golf courses (affected) within the Grand
River, and bdt up and downstream of a covered dumpsite near Forks of the Credit Provincial
Park. The temperature of the river was monitored usitigeemometerand was found to be
relatively consistent between the four sites, ranging froRC22- 1°C for the Credit Rrer sites,
and 25°C +/1°C for the Grand River sites. Therefore, in the current study, there was no
considerable temperature variation between the external calibration curve and real samples. For
validation of the methods, one grab sample from eachidooans taken and submitted to Maxxam
Analytics (Mississauga, ON).

Fortunately, in terms of river health, but unfortunately in terms of engaging scientific
discussion, the levels of the targeted pesticide compounds in all rivers tested were well below the
limits of detection of most of the methods being tested, as well as the reporting limit of the
accredited method (UBPA 8270) performed by Maxxam Analytics. However, some of these
compounds could still be identified and quantified using the TFME baithg@kng method. These
levels were found to be 19 and 3 ng for 2,4,6 TCP, trifluralin, and methyparathion on the
Credit River dumpige respectively, whereas 2,4T&P, metolachlor chlorpyrifos, andyanazine
were quantified at 9, 10, 11, 14 ng htthe golf course site (Grand River), respectively. Many
other compounds were detected using the THidiEle methodology, but were at levels just under

the method LOQ); these fimgs can be viewed in Tables 5.7 and 5.8
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The toroidal ion trap of the portab@C-MS was run in fulscan mode (4300 AMU),
allowing for determination of the repeatability of the method, which was carried out by defining
the identity of a select few of the unknown compounds that were extracted. In fact, the ability to
quickly detemine whether or not a target compound is present in a sample remains one of the key
advantages of portable instrumentation. As such, 7ta@et analytes were identified and selected
based on their molecular functional group from extracts obtained frerafticted sites of both
river systems, in terms of NIST mass spectra database matchinglainge reetention times
(Figure 5.5 Figure 5.8. Theseresults can be seen in Tables 5.9 and fot@xtracts obtained
from the Credit River and Grand River sitgespectively. It was promising to see that relative
standard deviation levels (n=5) for all compounds tested were around-th@%/range. This
repeataility was further supported bavorabk control chart data shown kigure 57, where the
instrumen was demonstrated to maintaistablesignal at 2 standard deviations of the mearer
the entire 1 month sampling period. This result was impressive consitlegingstrument had to
be completely shut down and transported between the laboratorg@ndfdhe 4 sampling sites.

Although adirect comparison between the MLO®f the portable TFMESC/TMS and
contemporary benchtop methodologies was not directly performed during this study it is true that
similar analytes were investigated and discusedtia results of Section 4.3.5 of thigesis As
such these prior quantitation limits wedemonstrated to k00, 100, 100, 500, 508nd1000 ng
L for 2,4dichlorophenol, 2,4 dCP, phorate D10, fonofos, chfiyrifos, and parathion
respectivelyUponmaking this comparison it is impressive to see thedé valuesere of similar
magnitude to the suppb levelseported for theccredited_ LE methodology in accordance with

the required MCLSC In view of these findings, it is still possible to suggésit the field portable
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analysis method can vyield quick sequantitative results, and allow for abseipresence

determination of target analytasthe required MCL level
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Table 5.7Results of surface water analysis downstream of Credit River covered dumpsite

On-site extraction  On-site extraction

Bottle sampling TFME and analysis LLE
TEME (Benchtop GC/MS) (Portable GC/MS) US EPA 8270
Analytes (ng LY (ng LY (ng LY (ng LY

2,46TCP 19 ND ND ND
2,3,4,6TCP <LOD ND ND ND
Trifluralin 3 ND ND ND
Diazinon ND ND ND ND
Triallate <LOD ND ND ND
Methyl Parathion <LOD ND ND ND
Alachlor ND ND ND ND
Metholachlor <LOD ND ND ND
Chlorpyrifos <LOD ND ND ND
Cyanazine <LOD ND ND ND

139



Table 5.8Reslts of surface water analysimwnstream of Kitchener/Waterloo golf courses

On-site extraction On-site extraction

Bottle sampling TFME and analysis LLE
TFME (Benchtop GC/MS) (Portalle GC/MS) US EPA 8270
Analytes (ng LY (ng LY (ng LY (ng LY

2,46TCP 9 ND ND ND
2,3,4,6TCP <LOD ND ND ND
Trifluralin ND ND ND ND
Diazinon <LOD ND ND ND
Triallate ND ND ND ND
Methyl Parathion <LOD ND ND ND
Alachlor <LOD ND ND ND
Metolachlor 10 ND ND ND
Chlorpyrifos 11 ND ND ND
Cyanazine 14 ND ND ND

Table 5.9%5elected unknown identifications downstream of Credit dump site using comptetedite
analytical methodologyNot shown are another 6 aliphatic hydrocarbonsalRylbenzenes4 alcohols, 5
aldehydes, and ester (n=5)

Analyte RT (s) LRI LRI (lity Average SD %RSD
Benzene 19.1 N/D / 5464 1302 24
Ethylbenzene 62.7 863 864 5585 878 16
Benzaldhyde 76.5 966 965 4333 853 20
p-Cymene 83.8 1026 1025 7724 1573 20
Eucalyptol 85.3 1039 1035 4396 491 11
Nonanal 92.6 1103 1108 22826 4471 20
an alkybenzene | 144.0 1647 N/D 5634 737 13

RT = Retention time LRI = Linear retention index SD = Standard Deviation
%RSD = percent relative standard deviation
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Table 5.10Selected unknowidentifications downstream of golf courses along the Grand River, using
completely omsite analytical methodogry. Not shown are another 2 aliphatic hydrocarbons, 4 alcohols, 8

aldehydes, and 3 chloroalkan@s=5)

Analyte RT (s) LRI LRI(litfy Average SD %RSD
Ethylbenzene 62.7 863 864 2347 323 14
o-Xylene 67.4 895 893 3799 826 22
Benzaldhyde 76.5 966 965 9472 2020 21
2-Nonanal 92.6 1103 1108 70283 9788 14
an alkybenzene 144.0 1647 N/D 4601 648 14
1-chloraetradecane | 147.9 1695 1674 11302 2619 23

RT = Retention time LRI = Linear retention index SD = Standard Deviation
%RSD = percent relative standard deviation
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5.3.4 Comparison of the E@zale greenness of the developed methods

Nowadays, the development of green techniques and strategies that have minimal impact
on the envionment plays a vital role iourrent trending research in analytical chemigtt§2>°
And i ndeed, it S wi del vy acknowl edged t hat
encompasses both separation science and sample prepdraliothis sense, green analytical
chemistry techniques are f ocd¥UTheapproadhestrb lgasefl 3 RO
on AReducti on, Repl acement , and Recyclthengodo of
introductionof A Speci fic method, Smaller di meéfsions,
To move towards green approaches, an ideal method would have to integrate several steps into
oneand preferably eliminate waste generation by performing the entire extrautiamalysis on
site (or at least oBite extraction, with associated transportation of only the extraction device to
the laboratory, rather than samples). With this in mind, several evaluations of tkeaéxo
greennesf methodshave been introduced idifferent research areas, including analytical
chemistry? Such evaluations consider all the steps required for analysis of the samples, including
sample collection, preservation, transportation, sample preparation, and analysis. Further, these
evaluations are carried out by assigning penadiynts based on the i) reagents used, ii) method,
iii) energy consumption, and iv) waste production. In this reghedmain advantage of using
SPME is that the extraction phase is constituted by a polymeric coating rather than a toxic organic
solvent. Whie certain steps of the analysis workflow are inevitablg.@nalysis by GC/MS, LC
MS/MS), penalty points can be reduced by eliminating the sampling step-&iyecextraction and
analysis. An evaluation of the greenness of the developed methods guiasetfitis study, also
including the standard US EPA 8270 methoddemparison, is shown in Table 5.14s can be

seen, the TFME method is significantly greener as compared to the standard method (Eco scale 81
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vs 57). While the TFME method incurs 5 pepafioints for waste generation, significant
differences exist between the TFME and LLE methods in terms of generation of waste. In TFME,
the waste generated during sample preparation is only related to water samples that are spiked with
an internal standanahixture. To eliminate this source of waste generatismadditionof internal

standard can be avoided as long as there are no fluctuatidhe instrument. In cases when
internalstandard is not added to the sample, theseate greenness of the TFMiethod increases

to 94. By development of esite extraction and analysis strategies, theseate for SPME
techniques further increases to 99, becoming one of the greenest approaches in analytical
chemistry, owing to the elimination of batbmpling(transportation in the case of portable GC/MS
analysis) and waste generation. It should be emphasized that penalty points associated with the
establishment of the calibration curve, including standard solution, solvent and waste production,

were not considetefor this evaluation of the greenness of the method.
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Table 5.11Evaluation of greenness of the developed methods and US EPA 8270

Steps inthe
analytical process

Analytical method

In-bottle TFME

On-site TFME

(Benchtop
GC/MS)

On-site TFME
and onsite
analysis

(Portable GC/M$

LLE
(US EPA 8270)

Sample collection

- Sampling: 1
- Transport: 1

- Transport*: 1

- Sampling: 1
- Transport 1

Sample preparation

- ACN (100 pL)
(Internal
standard): 4 (0)

- Isotopically
labeled mixture:
4 (0)

- Orbi-shaker: 1

- Waste
production: 5

©)

- Sampling
case(dill): 1

- Sampling
case(drill): 1

+ Dichloromethane

(50 ml® 2): £2

+ ACN (Internal

standard):4

L HCI: 4
t NaOH: 2
+ Isotopically

labeled mixture: 4

F Vortex: 1

t Tumbler: 2

+ Turbovap: 2
+ Occupational

hazard: 1

+ Waste production:

10

- Portable GC/MS:

Analysis - GC/MS with - GCMS with auto | 0 - GC/MS with auto
auto sampler: 3| sampler: 3 - Desorption sampler: 3
chamber: 0
Penalty points (PP) 19 5 1 43
[Eg;;ica'e(loo 81 (94)** 95 99 57 (65)***

* Transport of the membrane (not the sample) after extraction

**Penalty points assciated with the calibration curve were not considered for evaluation of the greenness of the

method$

*** Eco -scale withotithe additionof internalstandard

5.4 Conclusion and future directions

A new method based on TFME was developed and validated through alalaietory
study of 23 psticides in surface waters split betwésoratoriesand submitted on a blind basis.
The merits of using membranes were shown from several analytical aspects in comparison to
conventional LLE methods. Agreement of the results between TFME and LLE methods

demonstrate that TFME can be used for the routine analysis of selected pesticides in surface water
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samples. TFME was shown to be an accurate method, providing much lower detection limits for
many compounds, while eliminating the need for organic soharsminimizing the amount of
sample required. Based on these results, TFME might also be considered as an approach for on
site sampling for accurate and rapid quantification of compounds of interest. The improved
sensitivity achievable by TFME would offsbie lower sensitivity of portable instrumentation.

The goal of our research initiatives is to develop SPME techniques that are appropriate
and suitable for use in a contract analytical laboratory environment. For adoption of an analytical
technique inthe industry as a weHaccepted method, it is necessary to offer capabilities and
advantages that are significantly different from existing approaches and improves the current
limitations. While TFME has similar accuracy and precision as LLE (as an oftiGaEPA
method) it provides several benefits suchtesneedof small volume of sample, simultaneous
analysis of acidic, basic and neutral compounds, rapidness, lowgamdgteenness. The data
generated in this study support the potential applicatibrTEME techniques in routine,
productionoriented analyses.

The second approach investigated in this study, namebiterextraction TFME and
analysis facilitated by a homwuilt, drill-based sampling device, ari@ld-portable GC/MS
instrumentation opensther possibilities for rapid esite screening and quantitation. In this
approach, the transportation of samples to the laboratory is eliminated, thus showcasing this
method as the ultimate green chemistry approach. Further, truthful quantificatiobilef la
compounds and elimination of analyte losses, as well or immediate decisions are facilitated by this
approach. However, careful compensation foisibe temperature variations, and in cases where
complex samples are analyzed need to be applied usitwatimg calibration if good accuracy

and precision are desired rather than just the gathering of screening information.
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Chapter 6 Development of ahydrophilic -lipophilic balanced thin film solid-phase
microextraction device for the balanced determinatiorof volatile organic compounds

6.1 Introduction

Solid-phase microextraction (SPME) devices, particularly those used for gas
chromatography based determinations have been well published in the literature since the early
9 0 B¥1510f these, most sorbent chemistries and commercial devices have been tailored to target
nonpolar volatile andsemtvolatile organic compound¢ VOCO s , ByVeRtadisony
facilitated by primarily hydrophobic sorbert§*15!A notable exceptiomould be the existence
of the more polar compound oriedt polyethylene glycgl (PEG) and polyacrylate (PA) SPME
fibers which, much likepolydimethylsiloxangPDMS) may be considered a liqultke sorbent
with absorption being the primary mechanism of extractidri!1>1%1154n fact Naccaratoet all.
were able to demonstrate stahdBtVvO@®hHhen st ahgatsi nw
benzothiazoles, benzotriazoles admehzosulfonamidesthe polyacrylatebasedfibers gave the
broadest coverageven when compared teolid sorbents such aSarboxen CAR/PDMS),
divinylbenzeng DVB/PDMS) and DVB/CAR/PDMSfibers1°2 However,these liquidlike fibers
still lack the broad spectrum sorbent strengtiibited by solid sorbent particles, giving a lower
affinity for lower boilingV OC 6 s a n d>°Wdr&» @ polar, absorptive coatings remain
impractical for the determination of ngolar contaminants, much like how PDMS is unsuitable
for polar compounds:'° This limitation mayleave a little to be desired in termssihultaneous
polarand norpolaranalyteas everDVB/PDMShas anoderately highhydrophobic charactép?
Multi-polar Carboxen base8PMEfibers have their limitationss well; although shown to give
better coverage for bofpolar and noipolar compounds they akaown to exhibit poor desorption

characteristcsna ki ng them only suit2®b¥Te for | ow boili.i
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One possible solution may originate from recent developments in SHRLE
methodologies where researchers have begun using hydrdgtappdilic balance (HLB)
materials to address these very same isSéSExhibiting both hydrophobic interactions \aa
poly(divinylbenzeng backbone and the capability of hydrogen bonding polar interactions at
the N-vinylpyrrolidonegroup®®® these HLB particles have seen growing use in SPE cartriéiges
in-line SPE column&&°TF-SPME HPLC application®**°and even in various diretd-MS
configurationst?®1691630One recent approach, presented by Pebé, had shown that when used
in-lieu of G-18, recessed SPMBEeedle devices prepared with HLB were able to extractifies
the amount opolyunsaturateéatty acids from salmon tissi& Moreover in avery recent work
by Gionfriddoet al.a HLB/PTFE SPMHiber was presentethatcouldtolerateboth thermal and
solvent desorption allowing fgparallel GCand HPLC based determinatiori8.In-fact, in an
earlier work HLB particles hadlready seen use in the preparation db@amendable TF
SPME®®

This 2015 study highgihted the use of HLB patrticles in the preparation of tweSPIME
devices, used in conjunction with GC/MS and HPLC/MS instrumentation respectively, iior the
vivo determination of prohibited substances in human s#livalthough innovative, the
HLB/PDMS membranes preparggere not without their limitationsAt only 6 mm indiametey
the membranes were rather small compared to those used in otke! W3’ This size may have
been chosen to reduce the siloxane background associttetiisiPDMS. More recent works by
Grandyet al.had demonstrated that using a moigh-densityPDMS is required to minimize such
siloxane backgrountiFurthermore, as theommercial HLB particleshosenwere intended for
use in SPE cartridges th&vere considerably large @0 pmin diameter;12 x larger than that of

the DVB typicallyused in SPME deves. As HLB is a solid sorbent the related sorbent strength
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is directly relatedo the specificsurface areavhich increases with decreasing particle sael
increases with poreolume.With these limitationsn mind, the choice of smaller HLB particles,
spread in combination with the aforementiont@gh-density PDMS would be ideal for the
simultaneous balanced determinatioioth polar and nepolar analytes of varying volatility.

In the present workyarious such membranes are explokgsingthe carbon messupported
high-densityPDMS based membrane destgseveral HLB/PDM%&arbon mesiFME devices
wereprepared using various typeslab-made or commerciaHLB particles. These membranes
wereshown to extract a substantially higher amount of mixed polarity VOC standards than the
comparative DVB/PDMScomposition while exhibiting a similar level of background bleed.
Moreover, one of the homemade HLB chemistries exhibited equal or better performance to that of
the toptier 5 um commercial HLB particle making this homemade HLB/PDMS/carbon mesh
membrane tl ideal choice for the untargeted determination of chlorinatigerdalucts for hot
tub water.

6.2 Materials, instrumentation, and experimental methods

6.2.1 Chemical and materials

Benzene, zentanone, nitropropane, pyridine, -p&ntanol, octane, toluen
divinylbenzene, Nvinylpyrrolidone and, zazobisisobutyronitrilevere purchased from Sigma
Aldrich (Mississauga, ON, Canada). HPLC grade methanol, age&mkacetonitrile were
obtained from Caledon Laboratories Ltd. (Georgetown, ON, Canada). Ultra@mies was
obtained using a Barnstead/Thermodyne NApl®e ultrapure water system (Dubuque, IA). The
5 e m di aBmparticlesrandDbigllensityPDMS were provided by Supelco (Bellefonte, PA).
The carborfiber mesh weave (Panex 30) was provided by Zdliec(Bridgetown, MO). Liquid

nitrogen and ultrahigipurity helium were supplied by Praxair (Kitchener, ON, Canada). The 65
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¢ mdivinylbenzenépolydimethylsiloxane (DVB/PDMS) SPMHEber assembliesand PSDVB

resin (XAD-4) was provided by Sigmaldrich. The @mmercial 5 pum HLB particles were
provided by Waters Inc.The Twister sorptive PDMS stir bar (2 cm long) was supplied by
GERSTEL Co. (Mulheinan deRuhr, GE).KJLC 704 silicon pump fluid (tetramethyl tetraphenyl
trisiloxane) was ordered from Kurt J. LeskCompany (Toronto, ON, Canadahe membrane
conditioning unit was developed at the University of Waterloo Science Electronics Shop
(Waterloo, ON, Canada). Cros$scking grip tweezers with Stamdere purchased from KW
surplus store (Kitchener, ON, Canadahe Elcometer 4340 motorized automatic film applicator
and coating bar (adjustable gap of 071250 &m)
MI). HLB-TFME and D\MB-TFME membranes were prepared usihg method reported in the
literature! Overhead stirrerwith regulated speed controlgere purchasedrbm Scilogex LLC
(Rocky Hill, Connecticut, USA)The 4 stagetir plate was purchased from Corning (New York,
USA).

6.2.2 Instrumental analysis method (benchtop GC/MS)

In terms of analytical instrumentation, an Agilent 6890 GC and a 5973n quasiiviol
(Agilent Technologies, CA U.S.A)) was used for separation and quantitation while sample
introduction was accomplished using a Gertsel, MPS2 autosampler to transfer-8RMBE-
device to the thermal desorption unit (TDU1) cooling injection system (CISERSTEL,
M¢lheim an der Ruhr, GE) for membrane desorption. Chromatographic separations on the Agilent
68905973n were performed on a 3 fused dilicaColulnB mm
(SigmaAldrich, Mississauga, ON, CA). Helium carrier gas wasdugt a flow rate of 1.2 mL/min.

The column temperature was initially held at 40 °C for 2 min, ramped to 140 °C at a rate of 8 °C

min?, then ramped to 258C at 40C min! and kept for 2 min. The MS detector transfer line
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temperature, MS quadrupole, andSMource temperature were set at 300, 150, and 230 °C,
respectively. Gas phase ions were generated using electron impact ionization at 70 eV, and the
guadrupole was operated in SIM mode selecting ions 78, 86, 43, 79, 55, 85 m/z for benzene, 2
pentanone, -hitropropane, Jentanol and octane respectively, furthermore a reduced full scan
method ranging from 38300 m/z was used for the unknown determination of chlorinatien by
products.

To facilitate desorption of the 20mx 4.75 mm x 400 pum (L x W x)ITF-SPME membranes
an inert glass bead was inserted into the tapered 5 mm I.D. glass desorption tube to prevent the
membranes from slipping through the tapered bottom of the desorption tube whictesigared
to hold a wider cylindrical PDMS stir bar hatr than a flat thin film. Desorption was carried out
at 250°C using a helium stripping gas flow of 60 mL mifor 5 minutes. The desorbed analyte
was then crydocused at-130 °C within the CIS module for the duration of tlBeminute
desorption. Followig desorption, the CIS was then ramped to a temperature ¥@ a7@ rate of
10°C s! so as to perform transfer of the analyte onto the Agilent 683@dR€nn for separation
and quantitation.

6.2.3 Preparation of the-tmouse HLB particles

Different inrhouse HLB particles polymerizedsing either precipitation or suspension
methodologies were prepared with the intent to compare their extraction efficiency with
commercidly available sorbents. Precipitation polymerization was performed by reactingpfl mL
divinylbenzene with 1 mL of Ninylpyrrolidonein 200 mL of acetonitrile with an addition of 30
mg of anazobisisobutyronitrileas annitiator. This mixture was then heated to°@inside a 500
mL, three neckround bottom flask which was kept una®mstant nitrogepurge and mixed at

100 rpm by use o&n ovehead stirrer for a period of 2dours Following polymerization, the
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micro particles were washawice in ethanoland separated from the supernatant solution by use
of 10,000 rpm centrifugatiofor 15 minutesFinally these particles were dried under nitrogen in a
vacuum over at 8C for 24 hours.

The patrticles prepared using the suspension polymerization protocol were forntollated
similar proportions to that of the precipitation methodologyppwpriately, 4 mL of
divinylbenzene were reacted with 1 mL ofhylpyrrolidone in 200 mL of water with an addition
of 30 mL of tolueneto serve ashe organic phasandporogen. 30 mg ofzmbisisobutyronitrile
were still used to initiate the reactiorurthermore, 250 mg of poly(vinyl alcohol) and 500 mg of
methyl cdlulose were used as stabilizéos the organic suspensionhis mixture was then heated
to 70°C inside a 500 mLthree neckround bottom flask which was kept under constant nitrogen
purgeand mixed at @0 rpm by use of an overhead stirrer for a period of 24 hdteswashing
and drying procedure for the suspension polymerization method was the same as that described

for the precipitation methodology.

6.2.4Characterization of the sorligmarticles and resulting membranes

Infrared spectroscopidata were collected oa Bruker Tensor 27;-T-IR spectroneter
(Madison, WI USA)in powder form between 4000 and 450 &nThe shape and size thie HLB
particles and morphology d@he HLB thin film membranes were determined fisild emission
scanning electron itroscopy (FESEM Model No.) (Carl Zeiss, Germany). HLB paleis were
also characterized by transmission electraaroscopy (TEM) (JEOL JEM2010). The surface
area of theHLB particles wasletermined usin@)l> adsorptionrdesorptiorisotherms at 77 K. The
samples were degassed at 100 AC for 24 h befo

area was calculated by tH&runauereEmmetteTeller (BET) method. Thermal staliy of
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synthesized membranes was evaluaterinningablank membrane analysis ¢ime Agilent 68960
5973NGC-MS in full scan modeDesorption was performed on a Gerstel TDU at Z5@or 5
minutes using 60 mL mihof stripping Hegas. Compoursiwere trapped by the CIS-80°C.

6.2.5Preparation of thkargevolume McReynolds headspace generating jar

As McReynolds mixtures represent a varied class of-mt@ecular interactions across a wide
polarity range, a selection of benzenepehtanone, -hitropropane, pyridine, -pentanol and
octane, which possesg[P] values from 0.841.78/° were used to prepare a large McReynolds
standard analyte generating jar. The preparation of this spkiedn oil-polystyreneco-
divinylbenzene resin was performed using the method described by &r&uaiyeZ®, Poold et
al. However, to ensure negligible depletiontié headspace standard when extracting with high
capacity TFSPME devices, a much larger gas generating jar was prepared. This 250 mL jar was
composed of 30.0 g of PBVB resin and 80.0 g of spikesiliconediffusion pump fluid which
itself was prespikedwith 4 ¢ L of ben-penean6neri t8f c®r omgfane, 6
pyridine,peln2t agnlolo,f alnd 12 e€L of octane.- Finall
SPME membranes into the jar a small hole was drilled into the lid and a 2 mL disposéifiegee
tube whose bottom was cut was then glued into the hole. This headspace jar and corresponding

TF-SPME introduction can be seenfigure6.1.

154



Figure6.1: A 250 mL McReynolds standard headspace generating jar being sampled from wiiF MIEF
device held by croskcking tweezers

6.2.6Calibrating amount extracted by on membrane liquid injection

In order to calibrate the actual amount (in ng) of analyte extracted without having to remove
the TDUCIS and convert the injector to the GERSTEL sepless head, or a standard
split/splitless configuration, a novel calibration method, callechembrane liquid injection, was
employed. To execute this method the-SIFME device was held in place by crémsking
tweezers while gastight syringe was uskto deliver 13 uL of methanolic McReynolds standard
directly to the uncoated edge of the TFME device allowingHestandardo be wicked into the
membrane. These membranes were immediately placed into the TDU desorption tubes pending
analysis and eadtalibration level was run in triplicate (n=3). In addition to avoiding the need to

change the injection system of the GC/MSs thiethod was found to exhilitiditional advantage
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in that a liquid calibration standard of a given concentration could lbefaiseultiple calibration
levels as the excess methanol was not found to overload the instrument. This outcome is likely
because much of the volatile solvent was either lost froomdmbraner, not trapped by the CIS
during analyte transfer.

Where the alibration range was 20600000 ng, spanning 2 orders of magnitude|ittear
data shown in Figure 6\®as transformed bthe useof a 1/¥ weighing factor resulting in the
calibraton values presented in Table 6This 1/¥ transformation was chosen as @void
discrimination of any results that gave signal near that of the lower calibration 9®itg5:1
split ratio was useduring calibration meaning of the 200000 ng injectednly 2.67133 ng of
the standardvasactually reaching the detector. Furthermore, when a further 20000 ng injection
was performedhesignalwas shown to begin exhibiting ndinear behavior indicétg saturation
of the mass spectrometer.

Table6.1 Calibration data for oomembrae liquid injection following 1/%Xweighing

Compounds] Benzene 2-Pentanone 1-Nitropropane Pyridine 1-Pentanol Octane

Slope 13198 2706 4599 6115 1156 4928
Intercept 631760 154161 47465 39188 -3719 24433
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Figure 6.20n-membrane liquid injection calibration curve for the modified McReynolds standards prior to
performing 1/% weighing of the data.

6.2.7 Comparison of thin film extraction sensitivity using various soripamticles

To compare the relative extraction efficiencies of the variousSPME sorbent
chemistries, PDM&arbon mesh supported membranes prepared with 5 pB, BVum
commercial HLB, 1.3 pmuecipitationpolymerizedHLB and 2 pm suspensigolymerizedHLB
in addition to a 2 cm PDMS coated stir bar and a 65 um DVB/PDMS SitMdEwvere compare
in terms of extraction amountShese extractiswere performed from the 250 mL McReynolds
headspace generating jar at®®5for 10 minutes under static conditgorin order to account for

any intermembraneariability, 3 different membranes of each chemistry were analyzed 3 times
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each (n=9 per membrane). All results were calibratedpa@sented in terms of nanogram®

avoid overloading of the MS detector whiksmainingwell within calibration range, a 75:1 split,

10:1 split and splitless injection were used for theSHME, SBSE, and SPME injections
respectively. All extractions were randomized to account for any undetected drift of detector
response while QCx&ractions were performed before and after the experiment.

6.2.8Validation of volatile analyte stability on thin films stored in TDU tubes post extraction

To check the postxtraction stability othe McReynolds standards on the HLB thin film
membraes, &tractions were carried out ab8C for 10 min using TFSPME devices prepared
with the 1.3 um HLB patrticles synthesized by precipitation polymerization.-dXxtstction,
membranes were stored in TDU tubes onahtsamplerack. Membranes were themalyzed
immediately following extraction, 24 hours after extraction, or 120 hours after extraction.
Extractions were performed in triplicate aamthlyzedon the GEMS instrumentDesorptions were
performed using @5:1 split ratio at 256C for 5 min with60 mL min? of stripping gasAnalytes
weretrapped within the CIS al30°C prior to GC injection.

6.2.9Intermembrane analytical reproducibility of a modified McReynolds standard

As to ensure the FBPME preparation procedure yields statisticallyrodpcible
membranes an intermembrane reproducibility study was also performed using the data from the
coating comparison experiment as such the same extractions protocols and membranes described
in the aforementioned study were used. In order confirmrepidducibility the 3 membranes of
each coating chemistry were compared using anameANOVA test at 95% confidence for each
of the 6 McReynolds analytdsurthermorethe interbatch reproducibilityf the homemade HLB
particles was also assisted by campg two completely unique batches of HLB(P)/PDMS thin
film membranes.
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6.2.100n-site thin film solid phase microextraction of chlorinationgrpducts from a private
hottub

As a proof of concept, thin film membrane extractions were performed @aaephot tub.
Headspace extractions were performed in triplicate by placing TFME in between the cross locking
fiber grip tweezers at atmospheric pressure for 30 min. Direct immersion extractions were
performed by filling 20 mL vials equipped with TFME Ifers to the brim witthot tub water.

These extractions were performed for 30 minutes at a constant agitation of 1500 rpm using a
magnetic stir bar osite. The pH and temperature of hot tub water were measured to be 7.2 and
39.5°C respectivelyhowever waterwas allowed to cool to near ambient temperatureS@7

prior to extraction. After extraction, the membranes were dried by dabbing with a Kimwipe and
instantly stored in the 3:fch thermal desorption tubes with glass beads. The tubes were closed
on both sides by using appropriate caps and fpansd back to the lab where analgseere
performed immediatelgfterwards Membranes weranalyedon the benchtop GM™S (Agilent
6890:5973). Splitless desorptiomgereperformed at 250C for 5 min with ® mL mirn? stripping

gas. Analytes were trapped in the CISI&0°C. For untargeted analysis signals were reported as
peak areas in full scan mode {360 m/z).

6.3 Results and discussion

6.3.1 Physical characteristics of homemade sorbent particlebemaal stability of resulting
thin films

HLB particles obtained after siyresiswere characterized by HR, SEM, TEM and
surface area analysis. The-H spectrum of the HLB particle is shown in &ig6.3. The peaks
in the ranges of 3088018, 16421446, 795 708 and 2848921 cm' were respectively assigned
to aromatic C=€H, stretching, & stretching, aromatic -6 bending and methylene GH

stretching Furthermore, theignal at 1687 ch was assigned to the C=0 stretchinlgration of
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N-vinylpyrrolidone. These characteristic absorption peakslicated the formation of

poly(divinylbenzeneco-N-vinylpyrrolidone)resin.

HLBS.spe: Column 1

ParcentTransmittance

4000 3000 2000 1000
Wavenumbers {cm'l]

Figure6.3FT-IR spectrum of HLB particles synthesized by precipitation polymerization

Following confirmation ofpoly(divinylbenzneco-N-vinylpyrrolidone) resin formation,
the morphological features of the particles weaseialized by SEM and TEM. As cédre seen in
Figure 6.4, the particles obtained from precipitation polymerization were spherical, uniform and
monodispersedartides weregound to beapproximatelyl.33um usingTEM analysis. Whereas
the particles obtainedy suspension polymerization were spherical but -noiform and

polydispersd with diameters ranging froB0-60 pum.

Figure 6.4 HLB particles synthesized bygxipitaton polymerization. SEM images,) Anagnification
5000x at 20 kY B) magnification 10,000x at 20 kV (scalqufin), and,C) TEM image recorded at 200 kV
(scale 50G1m).
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The pecific surface aredSSA) of sorbent particles generally dependtheiameter and
total porosity of said particle. As such it would be expected that the smaller 1. 8@ pipitation
polymerizedoarticles would have the higher SSA valdewever as can be seen in Tali€this
was not the casé he specific surface area othe HLB particles synthesized Ipyrecipitation
polymerizatiorwasshown to be approximately half that of all other particles tesednwhile,
the SSA of all other particles testethcluding the commercial DVB, commercial HLB, and the
HLB prepared usinguspensiomolymeriation wereall found to be more or less the sarfbe
SSA difference observed for the precipitation polymerized HLB is likely related to the lower pore
volume and smaller pore size of these particles. Although purely speculativeyahiatens are
likely due to the porogenhosea in the preparation of each particle type. For phecipitation
basedHLB, acetonitrilewas usedn lieu of the toluene porogethat was employed for the
suspension polymerization methodology. Toluene ws li#ely used for the commercial HLB
particles as this is specified in the original HLB pateft® Despite having lower SSA the
precipitation particles remain much more microporous wjthra diameter of only 12.99. Such
a microporous nature may have an inherent advantage for the extraction and retention of low
boiling VOC6s and VVOCbs as these compounds

radius®10

Table 6.2 Comparison of the physical characteristitshe compared sorbent particles

Material | SSA (nf/lg) Pore size (A) Pore volume (mL/g Particle size (um
DVB (comm.) 750 400 1.54 5
HLB (comm.) 800 80 1.30 5
HLB Suspension 727 71 0.64 30-60
HLB Precipitation 335 13 0.20 1.33

Themal stability testing offFME membranesyrtheszed with commercialDVB and
precipitationHLB particleswere carried out via blank injeshs on theAgilent GGMS. To
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compare the levels of detectable bleed, thiferentDVB/PDMS/carbm mesh membranegere
run with three HLB/PDMS/carbon mesh membranktscan be perceived from the stacked
chromatograms shown in Figure @it the backgnandslevelsobtained from the HLB/PDMS
membranes were comparabletihat ofthe DVB/PDMS membranes. The peassociatedvith
thearomatic compounds bleedingtbe DVBportion of the particlesan beseen at retention time
6.5 to 9min and appear to beightly largerfor DVB/PDMS. However a few additional peaks can
be seen within the first 3 minutes of the HLB/PDMS runs. These peaks remain unidentified but
may be related to thHe-vinylpyrrolidone portion of the HLB particle. Unsurprisingly, the 5 larger
peaks associated with siloxane background are of similaritndgrregardless of devidested.
Although any bleed may be consideraddesirableit is important to remember that this
background is still much leskan previous designs and remains at alamevel to what is seen
with other high volume PDMS devices such asdabkamercially available, Twiste?, cm PDMS

sorptive stir bar.
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Figure 6.5 Comparison of membrane bleed and associated siloxane background\)fthree
DVB/PDMSkarbon mesh supped membranesB) three HLB/PDMSkarbon mesh supported
membranesand,C) commercial 2 cm pure PDMS SBSHI membranes were of similar size and desorbed
at 250 °C using 60 mL mihof helium for 5 mindesorption of the CIS was performed in splitless mode

6.3.2 Improvement of TISPME affinity for polar \OD C 6 s

membranes
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As HLB based sorbents are designed to give a balanced coverage between both polar and non

polar analytes it was decided that a modified McReynolds stedarprised of benzene (log[P]=

2.13), 2pentanone (log[P]= 0.98), rditropropane (log[P]= 0.94), pyridine (log[P]= 0.84}, 1
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pentanol (log[=1.7) and octane (log[P]= 4.78)ould be the most appropriate selection in terms

of comparing the relative extrigon efficiency of volaties on a broad spectrum sorb&itAs

shown in Figures.6it was found that the 1.3 um HLB patrticles prepared using the precipitation
polymerisation method yielded the highest extractiomwms extracting a faot of 1.8x, 2.2x,

1.9%, 1.7x, 2.8 and 1.3x more benzene;p2ntanone, -hitropropane, pyridine,-pentanol, and
octane than the established DVB/PDMS based membrane respectively. In terms of the more
established techniques, it was ubiquitously found thatQVB/PDMS SPMHiber offered the
lowest extraction amounts, followed by ther@ PDMS SBSE stir bar due to the limited sorbent
volume and ack of a broad polaritgorbent particle respectively. fact, the DVB/PDMS TF

SPME device wa$ound to extract oraverage, 355 times more analyte than the comparative
SPMEfiber. This is a great deal more than the 20 fold factor reported in our previous study where
a membrane twice as large was us8dch variation is almost certainly due to the fact that in the
current study near equilibrium conditions were achieved alig¥he entire volume of the sorbent

to be used in extractiorContrarily, preequilibrium conditions were chosen in thesviously
reported pesticide studgs the goal was to show the benefits of having a high surface area
extraction device for quick esite analysisof semivolatile water contaminantsAs previaisly
alluded to, it is thought that the improved extractiefficiency offered by the precipitation
polymerisation based saht particles is related the improved polarity range of HLB, and the
microporous surface structure of the particles. Partigylathen comparing the commercial HLB
obtained from Waters and the precipitation particles it can be seen that despite the former having
approximately double the specific surface area, the much more microporous precipitation

polymerisationbased particleswhich used an acetonitrile porogestill provide significantly
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higher extraction amounts -failed T-test at 95% confidence) for all of the analytes tested with a
p= 0.00047 being the highest reported, for octane.

H 65 um DVB/PDMS fibre m 2cm PDMS SBSE 2cm DVB/PDMS TFME

2cm HLB_PDMS (Suspension) m 2cm HLB/PDMS TFME (Waters) m 2cm HLB/PDMS TFME (Precipitatic
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Figure 6.6 Relative extraction effiencies of the studied McReynolds standards usag5 pm
DVB/PDMS SPMEfiber, a 2 cm PDMS SBSE stir bar, DVB/PDMS -BPME membranes, HLB/PDMS
(suspension HLB) membranes, HLB/PDMS (commercial HLB) membranes, HLB/PDMS (precipitation
HLB) membranes. Extraicins were performed from the McReynolds standard headspace generating vial
for 10 min at 55C.

Table6.3 Aggregated data of all extraction chemistries tested with results shown in nanograms

65 um DVB/PDMS fiber 2 cm PDMS stir bar DVB/PDMS TF-SPME
Average SD  %RSD Average SD  %RSD Average SD %RSD
Benzene 8 0.9 11 58 6 9 590 40 7
2-Pentanone 19 1.8 9 95 5 5 667 44 7
Nitropropane 52 4 8 302 30 10 1843 143 8
Pyridine 21 3 13 624 88 14 939 85 9
1-Pentanol 38 5 13 731 81 11 2871 286 10
Octane 39 4 11 229 25 11 2629 200 8
HLB(S)/PDMS TF-SPME  HLB(C)/PDMS TF-SPME  HLB(P)/PDMS TF-SPME
Average SD  %RSD Average SD  %RSD Average SD %RSD
Benzene 834 73 9 898 78 9 1044 51 5
2-Pentanone 908 52 6 1033 74 7 1444 110 8
Nitropropane 2365 163 7 2865 95 3 3435 327 10
Pyridine 1076 94 9 1244 79 6 1613 103 6
1-Pentanol 3908 243 6 4725 398 8 5715 320 6
Octane 2916 158 5 3007 249 8 3423 139 4
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6.3.30n membrane storage stability of a modified McReynolds standard

To confirm the onrmembranestability of the modified McReynolds standasdwhile being
stored in the TDU tubes pending analysis, extractions were performed wittLB{®)/TFME
membranesThese membranes were thstared within the TDU tubes on the autosampaekfor
0, 24 and 120durs As validated v ANOVA at 95% confidence, giving F values from 0.001 to
3.64 (Rrit=5.14)for almost all the McReynolds probes analyzed stability oiz®rved even after
120 hours of storag&he only exception to this observation was for pyridire 27.25)which,
as @n be seen in Figure.7, exhibiteda significant decrease after 120 hours of storddes
decrease is attributed fthotodegradationas this result had been previously observed when
McReynolds containing standard headspace generating vials werefetot@dveeks at various
conditions® In this previous study, vials stored at room temperature with exposure to light were
observed to exhibit lwses for pyridine while those stored in a dark cupboard at room temperature
did not3 Asthethermal desorption tubes used to store the HLB/TFME membranes are comprised
of clear glassthis result was not surprisinddowever, it was surprising to observeuch
reproducible values fahe highly volatile benzene ewn after prolonged storage. Thtalslity is
most likely due to the fact that when placed on daéosamplerack the TDU tubes remain
relatively sealed with only a small hole with a long diffusion path at the top. Because the relative
membrane volume and sorbent partition coefficaetso high in relation to the volume of static
air remaining in the desorption tube, onlmanusculefraction of the total analyte extracted on the
membrane must be desorbed to come to equilibrium with said remaining stdflor@over, his
study suggestthat as long as the TFME devices are capped and stored within the TDU desorption
tubes, they should be suitably stable for transportation back to the lab for analysis after performing

on-site samplings
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Figure 6.7: Stability of modified McReynold®mpounds on the HLB/PDSIcarbon mesh membranes
after, A)immediately following extraction, BR4 hours oftorageand, C) 120 hours obtorage

6.3.4Intermembrane analytical reproducibility of a modified McReynolds standard

In order to perform reliablsampling while using different FTEPME membranes to
represent different replicat@nalysesit remains very impdant to confirm that they can be
manufactured to be statistically reproducibleailgastwithin 10% variation of eacbther. As
such it wasconfirmed at 95% confidence that, for the most part, the prepared membranes were
statistically similar when grouped by their corresponding sorbent chemistries. Thesg 1
ANOVA tests are summarized in Tal@lelwith thecorresponding bar chagsown inFigure 6.8
Of the 24 oneavay ANOVA tests performed the only exceptions to this agreement were found to
be for 2pentanone on the precipitation HLB based membranes and-fentanol on the
commercial HLB based membranes which exhibitechlies of 8.82 ah 8.97 respectively (-
critical = 5.14). Such results are not uncommon when using ANOVA testing as one set of replicates
with uncharacteristically low %RSD values can make even the smallest variations seem

statistically significant. Upon viewing the datavas apparent that this happened to be the case as
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the first and second membranes prepared using &ogitationbasedHLB had %RSD values for
2-pentanone of 2% and 3% RSD respectively. Furthermore the second of the membranes prepared
with commercial HIB was found to exhibit eninuscule%RSD of 1% for the -pentanol standard
when considering most other values ranged betweld?® RSD. Even so, if these values are to
be considered statistically different their inteembrane %RSD values for said compoundse
still found to be 8% for both membranes.

A further test for the intebatch repoducibility of the homemade HUBDMS/Carbon
mesh supported TFME mdaranes indicated very goasimilarity between théwo separate
batches of membranes. This intetchsimilarity is most notably demonstrated by the results of
the 2tailed T-testing(Table 6.5) in which membranes preparfdm two entirely unique batches
of the homemade precipitation polymerized HLB partiglese shown to be statistically similar
regardess of the MReynolds probe being analyz&tihere extractions were carried out such that
benzene, thdeast retained compounénd, octane thenost retainedanalyte were at near
equilibrium andpre-equilibrium extraction kinetics respectivelyhet simila results amongst
batches also strongly indicated that these membranesiw&et, similar in terms ofotal sorbent
volume sorbent strengttand membrane surface area. It is also worth noting that the error bars
shownin Figure 6.9give a furtherindication as to the intrhatch repeatability as replicate
extractions were performed using different membranes from the same batch. Endrel@# RS D 6 s
which ranged from ®% was also considered quite reasonable for the chosen analytical

methodology.
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Table 6.4F-values corresponding to intermembrane variability generated from one way ANOVA testing
performed at 95% confidence. Tested chemistries include DVB/PDMSPME membranes,

HLB/PDMS (suspension HLB) membranes, HLB/PDMS (commercial HLB) membranedPBINES
(precipitation HLB) membranes. Extractions were performed from the standard McReynolds headspace
generating vial for 10 min at 5&.

|Benzene 2-Pentanone Nitropropane Pyridine 1-Pentanol Octane F Crit

DVB/PDMS 1.13 1.64 1.27 1.39 1.72 0.42 5.14
HLB(S)/PDMS 4.39 1.41 1.23 1.13 2.70 0.87 5.14
HLB(W)/PDMS 4.49 0.75 1.11 0.54 8.97 1.53 5.14
HLB(P)/PDMS 1.27 8.82 0.48 2.90 0.35 2.69 5.14

DVB/PDMS Intermembrane Reproducibility HLB/PDMS(Suspension) Intermembrane Reproducibility
®2cmDVB/PDMS1  ®2cm DVB/PDMS2  m2cm DVB/PDMS 3 W 2cm HLB/PDMS (S) 1 W 2cm HLB/PDMS (S) 2 m 2cm HLB/PDMS(S) 3
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Figure 6.8 Intermembrane extraction amounts of the 4-SHME chemistries testeshcluding A)
DVB/PDMS TRSPME B) HLB/PDMS (suspensionpolymerization) TF-SPME C) HLB/PDMS
(commercial HLB) TF-SPME, and, D)HLB/PDMS (precipitation polymerization). Extractions vee
performed for 10 minutes ab3C from the McReynolds standard headspace generating vial.
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Figure 69: Inter-batch eproducibility of 2 separate HLB/PDM&ecipitation)TFME membrane batches.
Extractions were performed from a McReynolds standard gas gengeatiog10 minutes at 53C as to
achieve neaequilibrium conditions.

Table 6.5T-test at 9% confidence testing intdratch reproducibility of therecipitation polymerization
HLB/PDMS/carbon mesh TFMET¢=2.78)

Compounds| Benzene 2-Pentanone 1-Nitropropane Pyridine 1-Pentanol Octane

Tstat -0.09 0.32 -0.02 2.18 2.14 -1.28
% RSD 6 7 5 9 6 7

6.3.5 Ontsite thin film solid phase microextraction of chlorinationgrgducts from a privateot
tub

As a proof of concept, to show that the developed method and material (HLB based TFME)
could be employed entirely esite, extractions of chlorinatidmy-products from a private hot tub
were performed. Generally speaking, swimming pools and hot tubs use chlorine in the form of
hypochlorous acid to disinfettie water. Thisltorine reacts witlorganic compoundariginating
from human sweat, urinandother bodily fluids. Because of the high levels of amines found in
these biefluids (particularly ureadlisinfection through chlorination may result in the formation of
chloramins whosevaporsare known to cause eye irritation and lung damagénigh enouly
concentrations®®
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Henceforthon-site extractions were performdtbm the air directly above the surface of
the hottub water while the aeration jets were engadtunately no detectable chloramines
were found in this air which is encounag as this sampling was performed in the approximate
location of a bathers head. However, when direct immersion extractions were perforeged
chlorination byproducts were detected and identified a8-chloro-1-propanaming 2-
chloroethylamine, andlichloroacetonitrilehaving retention time 3.53, 4.53 and 4./fnutes
respectivelyUnfortunately, as these compoum@sehighly toxicvaporsandconsideredinstable,
it was decided to not handle their pure standardsir university laboratorgnd hence cddration
was not performedHowever, it was encouraging to see tharésponsef the developed methods
was fairly reproducible having RSDs of-B) % and 3% for 3chloro-1-propanamine and
dichloroacetonitrilewhen extractions wergerformed using DVBPDMS and HLBPDMS
membranesespectively As shown in Tables 6.6 and 6.figtresponse ithe case ofthe HLB
based TFME membrangasnotablyhigherthan that of the comparati2vVB/PDMS. Once the
unknown compounds weinitially identified using the NISTmass specttadatabasgidentities
were confirmedising an ralkane linear retention plot which was generated via analyaisigily
reus abl e -akanrelstard@rd headspace generating vial. The retention time indiges of
chloro-1-propanamine2-chloroethylamine, andlichloroacetonitrilewere calculated to be 688,
788 and 811 which was close to their theoretical values 714, 790 and 806 respectively.

Table 6.6Chloramine detections from haib water using DVB/PDMS THSPME device

Compounds | RT(s) RTI  RTI(ity  Average(sig) SD %RSD

2-Chloroethylamine 3.53 714 688 Detect Detect Detect
3-Chloro-1-propanamine 453 790 788 7.8E+07 6126876 8
Dichloroacetonitrile 4.74 806 811 1.5E+08 1.5E+07 10
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Table 6.7Chloramine detections from htib water using HLB?)/PDMS TFSPME device

Compounds \ RT(s)  RTI RTI(lit)  Average(sig) SD %RSD

2-Chloroethylamine 3.53 714 688 Detect Detect Detect
3-Chloro-1-propanamine 4.53 790 788 1.2E+08 1.1E+07 9
Dichloroacetonitrile 4.74 806 811 2.2E+08 7049678 3
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Figure 6.10 Totd-ion chromatogram of the omgpounds detected by benchtop GIS/ after onsite

extraction of chlorinated bgroductswvere performedrom a private hot tube. Extractions were performed
from 20 mL of hottub water at a stir rate of 1500 rpsing the HLB/PDMS FME membrane

6.4 Conclusion and future directions

A new chemistry of TFSPME involving the use of homemadgdrophiliclipophilic
balance(HLB) particles for the balanced detection of both polar andpudar volatile organic
compounds is proposed ihis study. A considerably improved sensitiyityhen compared to
membranes prepared with DVB particlegas also demonstrated for the chosen compounds.
Furthermore the microporous,custommade HLB prepared using a precipitation based
polymerization techigjue was shown to significantly outperforming a comparable commercial
mesoporous HLB particle for these volatile analytes. The background thermal stability for GC

desorption was also determined to be comparable to that exhibited by the previous DVB/PDMS
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baed TFRSPME chemistry. Furthermaréhe intermembrane reproducibility was confidently
validated within four different batches of membranes using the varying sorbent chemistries at a
95% level of confidence indicating that membranes could be preparduyeliais reliability was
further strengthened for the presented method by demonstrating that, when stored properly, even
compounds as volatile as benzene renséable on the membrane forleast 120 hourdinally,
the concept was proven to be effectimerealworld applications by allowing for the precise
determination of various chloramine compounds from a privat&ub.

As aresult the researchindergonén the development of these homemade HLB particles, and
the corresponding HLB/PDMS T&PME may very well offer a new and superior sorbent phase
for the balanced coverage of volatile analytes typically reserved for gas chromatography

applications in the future.
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Chapter 7 Design and construction considerationsf robust, selfseding deep ocean
samples for manual and robotic operation

7.1 Introduction

As analytical and exploratory scientists we strive to further the investigation of unique and
otherwise unfamiliar environments. Time and again approaching these unexplorets regio
requires the development of new sampling devices and technologies tddirestssite-specific
challengeg®1®*Largely due to a miniaturized and edsyhandle design, standariber-based
solid phasemicroextraction techniques have been regularly employed fesitensampling
applicationg®1%%1"9However, many fringeenvironments of interest exhibit conditions far too
extreme for a common SPME fiber other sampling devices tsurvive or be otherwise
deployed'®* As such, there still remain many environments that have been relatively unexplored
particularly in terms of chemical ®ochemicalprofiling.

One such fringe environment would theat of deep oceanic hydrothermal vents which
remainasoneof thefew ecosystemen Earth thaprosper entirely without sunlighRemaining
relatively untouched by humankind and the outside environment Isgations havebeen
theorizedto bevirtually unchanged since the adveftife and may provide a snapshot as tavho
some of the earliesknown organismssurvived'’* Among other organisms, thermophilic
extremophilebacteridocated along these visnhave evolved to survive in anoxic environment
devoid of solar energy/¥1”3 To cope with such conditiortaese bacteria have developadny
uniquechemolithoautotropib strategieso produce energy includirthe aerobic, microaerobic or
anaerobicpxidationor reductionof sulfates sulfides, ammonia, nitratbydrogen, methane, and
eveniron-baseccompounds”® Thesemetabolicpathways may provide many unique metabolites
that have yet to be discoveradd couldorovide clues as to the biochemical processes of some of

the earliest organisms to ever exi€ilassical sampling approaches for such investigations
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geneally involve whole volume graBamplegaken by large volume syringesboardthe ROV
submersible$’>1" Once transported back to the surface vessel this watdthisr @lirectly
analyzed (following appropriate sample {breatment) or cultured to growhe microbiota of
interest for further sampling?”® Although simple in execution, grab sampling may not be
without its downsides as it may be difficult to ensure the stability of the metabolites in the sample
solution during transport back to the surface. This instabilitgdshespecially true when there
remaincontinued biological activity and such vast changes in oxidation potential and pressure. It
would, thereforepe preferential if sampling and sample preservatmuid be performeah-situ

at the hydrothermal vent.

Accordingly, solid phasenicroextractiontechniques have long been known as a reliable
means for combining sampling and sample preparation into a singf€-§tépfAs small organic
molecules arex@racted into the pore space of sorbent particles they can be removed from a given
aqueous matriX® Not only does this form foextraction eliminate the need to transport large
volumes of waterit more effectively stalizes an extracted compound preventamgitional
reactions; particularly further bredown by biochemical process€s$.However despite being
portable, the standafitber morphology of SPME is known to be rather fragile making it unsuitable
for deepseasampling. Recent efforts by Pood¢ al. have presented a much more ruggedized
SPME configuratiort®* Known as the SPME needléis ruggedizedlevice is designed such that
the extraction phase remains recessed into the body of a solid stainlessetiézln fact, these
devices were even fabricated into custom ammunitidreshot from an airsoft gun at 91swfor
the invivo sampling of live fish tissu®* In addition to protecting the coatimgthin the recession,
the existence of a relatively thick solid steel core provided adequate rigidity which gave the SPME

needle the strength required to puncfisie scale without breaking. Possegsa surface area 2.9
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times greater than that of comparable SPNF_C fibers, these needles were also considerably
more sensitive for the quick peguilibrium extractions used for live tissue samplitfgrittingly,
maximization of surface arednas been the ongoing objective of many filim solid-phase

microextraction TF-SPME) approaches used for-site sampling:?>12>154This is because when
sampling imes are short the amount of analyte extracted as a function of-tifhas(directly

proportional to surface aréa) and does not depend and sorbent volume or str¢Bgtrv.1)!°°
It is impottant to clarify however that a weak sorbent will not remain in thesli, presquilibrium
regime for as long as a stronger sorbéence a strong sorbent is still important to ensure this

assumption remains correct.

— 0 — Eq. 71

Appropriately, this currenwvork presentsa new SPME sampig morphology comprising
of high surface area stainless steeldualhich havénad extraction phase recessed intar thelid
S.S. bodiesFurthermore, to facilitate easy handling by divers and deep sea ROV submersibles
these SPME bolts were built into seHaling PTFE bodied enclosures. Tégdf-sealingdesign
was shown to stabilize compounaigginating from a wastewateartatment facilityonthe sorbent
coating for up to 2veekswhen storedat ambient conditions. Asfarther proof of conceptthe
diver operable morphology wdkenused to differentiate significant featurigem sponge and
coral organisms at an egite loation in Cuba. Finally, these devices were succesdieipoyed
on two different ROV submersibles several kilometers deep at deep ocean hydrothermal vents

along the Pacific Rim.
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7.2 Materials, instrumentation, and experimental methods

7.2.1 Chemicahnd materials

For chromatographic separations aodating desorptionthe MS grade methanol,
acetonitrile, and water were obtained from Fisher Scienihnada (Ontario Canadalhile
formic acid and ammonium acetate were purchased from Sidanzh (Oakville, ON, Canada).
The dimethylformamide (DMFE)L50 kDalton polyacrylonitrile (PANjRnd hydrochloric acid used
to prepare theoateddevices werealsopurchased from Sigmaldrich. The 188 stainless steel
nuts, bolts, and springs were purchased frggaeBaur (Kitchener, ON, Canada). The Teflon
coated springsSwagelok model 17R3A-K1-B) were purchased from Swagelock In8afnia,
ON, Canada)The rare earth magretvere purchased from Lee Valley Tools (Waterloo ON,
Canada)lhe Teflon sampler bodies vessourced andonstructed by the University of Waterloo
Science Machine Shop (Waterloo ON, Canddld)ast i ¢ 300 eL wvials and &
along with prepierced PTFEiliconesepta used in puncture tests were purchased from Canadian
Life SciencegPeterborough, ON, Canada). Them, 800 Mg, hydr ophi | i ci 1l i pophi
(HLB) particles used were obta&d from Waters (Wilmslow, U.K.)

7.2.2 Instrumentadnd datgprocessingnalysis metho¢High-resolutionHPLC-orbitrap)

Analytical instrumentabn used for the separation and detection of the untargeted analytes
included a Thermo AcellautosampletHPLC and anExactive Qbitrap MS (Thermd-isher
Scientific San Jose, California, USAChromatographic separations were performed using a
Supelco Disceery pentafluorophenyl (PFRS F5column (2 . 1 mm [ 1 P(Bupalegn, 3 e r
Mill ipore SigmaBellefonte PA, USA). Mobile phasevas pumpedta flow rate of 30@ L mi n

1 Gradient elution was performed using a 2 component system consistingbile phasej,
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99.9:0.1%water. formic acid v:v, and molle phase B99.9:0.1%acetonitrile formic acid v:v.
Initial mobile phase conditionf®r the PFPcolumn separatiowere 100% A from 0 to.B min,
followed by alinear gradient to 10% A from 3.0 to .B5min, and ansocratic hold at 10% A until
34.0 min. The total run time was 4@in per sample, including arBin column reequilibration
period.

The analysesvere performed usingoth positive and negativelectrospray ionization
(ESI) usingthe PFPHPLC method described he injection volumdor all methodsvas 10 ¢ L
andsamples were storeat £C on the autosampler while waiting fimjection All injections were
run in randomi zed or der , QChserebuo petiodidalivts tenifyu me n t
instrument performance. MS acquisition was pertmtrasing AGC =halanced (1 000 000 ions)
with a 50 000 resolution at 2 HzTheinjection time onto the @rap was100 ms. Sheath gas
(arbitrary units), auxiliary gas (arbitrary units3weep gas (arbitrary unitsgSI voltage (kV),
capillary temperaturé®C), andvaporizer temperatur@®) were (i) 30, 105, 4.0(-2.9 negative
mode) 300, and 80 with an acquisition range of 18100 m/z for the positiveand negativ&SI
reversegphasemethod. Externalinstrument mass calibration was performed everly 48d was
within 2 ppm for all ions.This HPLGMS metabolomics was adapted from the methodology
developed and employed by Rey@arces '

Data processing veaperformed by first converting the raw data files tmzXML format
using the free Proteowizard software MSconvert. Parameters used inaudedevel=1 filter, a
64-bit binary encoding precisigmnd selection of the write index optioithese convertetiles
were then imported into the software MZmine 2 for furthering peak filtering and det&Ctidter
import, scarby-scan filtering waperformed on the data using a 5 data point Savi@ébay filter.

A mass peak list was then generated using exact mass detection with an m/z rartjz00f ra@
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with a mass tolerance of 5.0 ppm. From this massclisbmatogram builder was then used with

a minimum peak height of 10 0Q@@arbitrary) anda minimum width of 0.017 min. Deconvolution

of these rebuilt chromatograms was then performed using a Sa@tdhky filter with a minimum

peak height of 10 000 (arbitrary) and peak width setting of 8100 Tinutes. The generated peak

list was then filtered using an/mrange of 991000,aRT range of 0.835 minutes and peak width

of 0.0171.0 minutes. Acompiledaligned peak listablewas then generated using a 5 ppm, mass
tolerance, 5% retention time toleranead weighting values of 10 and 20 (arbitrary) for RT and
m/z respectivelyFinally, once peaks associated with the instrument and sampler blanks were
manually removed, the peaks list rows filter was again used on the compiled aligned peak list but
with the minimum peaks per row set to 3. This secondary filtering remenredeoussingle
detections whichwas considered statistically prudent as there wdveags 56 replicates per
sample. The processed aligned peak list was then expoide@3¥ file which was then imported

into SIMCA-14 multivariate dia processing software. Principgimponent analysi®®CA) was

then performed using Pareto scaling fog thetermination of significant features and testing of
data fit for the various samples run. Features that were deemed significant were then preliminarily
identified by exact mass matching using the METLIN Metabolomics database with a 5 ppm mass
accuracy dlerance.

7.2.3 Preparation of the coated bolt SPME devices

The first coated bolts were prepared using a spray coating methodology adapted from a
procedure first reported by Musteatt al. and Mirnaghiet all’®1’’ This procedure involves
dissolving a 150 kilbalton polyacrylonitrile (PAN) in dimethylformamide (DMF) at a 10% PAN
weight percentage and then mixing 10 mL of the resulting solution with 1.0 g of 30 um HLB

particles and an additiddmL of DMF to prepare a spralyle slurry. The surface of the stainless
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steel boltswasetched by hanging their coatable surface in an open beaker of concentrated HCI
under sonication for 10 minutes. An Aldrich glass spréggmaAldrich, Oakville, ON, Canada)

was used to apply approximately-10 coats of the slurry. Eacoat was set in a modified GC
oven at 150C. These coated bolts were then cleaned and conditioned in a 50:50 metiaderol
solution.

For bolts prepared with a recessed extraction phase, etching was performed for 1.5 hours
which resulted in a 30 um indition on the stainless steel surface. Dip coating was then
performed using a programmable actuator such that the bolts could be immersed in the
aforementioned PAN/HLB/DMBlurry up to the edge of the etched surfdeerthermore, due to
the availability of the sorbenta smaller and more strongly sorbigum HLB particle was used.
When dip coating was performed only 2 coats of the slurry were applied with each coat being set
in a modified GC oven at 15C. The ecesscoating was then removed from the thed the bolt
using a utility knife and the coatigasthen cleaned and conditioned in a 50:50 methamatier
solution.

7.2.4Desorption of large surface area coated screw device

Desorptios were carried outby placing the coated bolts in a narroligh-density
polyethylene(HDPE) centrifuge tube such that the coated side of the bolt was immersed in the
solvent. 800 pL of desorption solvent, consisting of 50:50 ABHD, was used to desorb each of
the devices. The tubes were then placed BeachmarkScientific Benchmixer XL multitube
vortexer(Mandel Scientific, Toronto, ONand agitated at 1200 rpm for 75 minutes. Following
desorption, the solutions were then transferred to 2 mL amber glass vials for storage and analysis.

Pool QC's were then prepdrby removing 100 pL of solution from each individual sample and
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mixing them into a single 2 mL vial. Pending and post analysis, these solutions were si@ed at
°C to ensure analyte stability.

7.2.5 Assessment abom temperatureeal sample storagaability

In order to confirm that the sedlealing sampler design was capable of stabilizing extracted
compounds on the sorbent coating for purposes of wvaliate identification, real samples were
taken using 3 different devices (18 coabettstotal) and then stored undearyingconditions for
up 12 days The real world samples were taken at the outfpipe of the Galt Wastewater
Treatment Bcility on the Grand River (Cambridge Ontari@d)mbient river temperatures were
measured to be 6% while the temperatures at the outflow fluctuated slightly arountC2®\s
shown in Figure 7.1, samplers were deployeditmvia kayalkand sampling was performed for 1
hour. Following sampling, the devices were then closed into their sealed position apdrteghs
back to the laboratory. Solvent desorption was then ity performed on 4 of the I®ated
boltswhile the remaining devices were stored within skd-sealingsampler bodies at A: room

temperature for 8ays, B roomtemperature for 18days,and C: in the80°C freezer for 12iays.
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Figure 7.1 Orsite deployment of the coated pielfsealingsamplers showingA) Galt wastewater
treatment &cility outflow pipe sampling site (83 0 6 1 7 . 718906M\d, . ,BBRay®k)deployrantof the
samplersC) centered position of samplers withihe outflow pipe opening, Rnderwater picture of the
deployed samplers

7.2.6 Deployment of diver operable samplers to differentiate significant features between Sponge
and Coral samples

As a proof of concepthe diver operablself-sealingsamplers were deployed -gite for
the untargeted differentiation of compounds emitted from either sponge or coral orgAristak.
of 4 samplerseach containing 6 replicate coatealts were deployedor approximatelyl hour
eachby a scuba diver along an unspecified Cuban beach. The first sampler was deplayed
control on a sandy substrate bottom where there were ndnpatx coral or sponge species
Samplers 2 and 3 were left at different locations alosigglecoral reefat positionsvherethere

wereno spongedmmediately nearby. The final sampler was tipdsrcedon top of an unknown
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species of live sponge. Following sampling, the-selling devices were sealed, wrapped in
aluminum foil and placed into indidual clear polyethylene bags which were then transported
backto Waterloofor desorption and analysis.

7.2.7Multicomponent separation of various biomolecules fa@apseahydrothermal vents

As a means to demonstrate the full robustredsthe selfsealing coated bolsampler
design various samplers were deployed on two separate dives for thieedBPME extraction of
hydrothermal vents. The firdROV sampling was performedt a depth of 1518 non a
hydrothermal vent located on tleedge of theEl Gordo seamountvhich, as shown in Figure 7.2,
possessed a great deal of visible aquatic Tilereeseparatesamplerswere taken on the dive
allowing for the sampling of A: an active hydrothermal vent B: Ambient ocean water to serve as a
control and, C: an wsed sampler to serve as a method blahKortunately due to a miss
communication between our research teams and the ROVtbheesampler was only exposed for
a total of 15 seconds in both the control location and active hydrothermarl kergontrol ample
(Figure 7.3)was takerjusta few metersabove the hydrothermal vent whialas not considered
idealassome of the hydrothermal vent featurextald have beealso extracted by the control
sampler The ROV operators logged observation of the REMME samplings are listed in Table
7.1 below Follow sampling, a given RO8PME device was then placed in an enclosed ROV
Abboxo for the remainder of the dive and asce
at -80 °C within the onship freezeffor the remainder of the voyage. Finally, upon returning to
port, thesamplerswvere then shipped under €iige to the University of Waterloo for desorption

and analysis.
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Table7.1: ROV-operator logging of ROAGPME sampling event at El Gordo seamount bfdermal
vent

Date and Time Location Coordinates Depth
27/9/2014 ROPOS Perched 0 N 45 55.5713' 1518 m
06h11 UTC El Gordo vent W 129 58.7353'

Figure7.2 ROV-SPME sampling ottop of El Gordo hydrothermal site. Coatedlts were exposed for
appioximately 15 seconds
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Figure7.3 ROV-SPME control sampling above El Gordo hydrothermal site. Cdtiésvere exposd for
approximately 15 seconds

The second ROAGPME samplingwas performedt a depth of 2929 m at an unspecified
vent along the NW Rotdive site. The exact coordinates of this location are presented in the ROV
operators log shown in Table27Thesamplingof the active vent site (Figure 7.4) was performed
for exactly 6 minutes, 24 seconds with vent temperatures measured &C17.8e control
extraction of the ambieseawatewas performed during ROV ascent and lasted exactly 6 minutes
with ambient water temperatures measured as’@.5urthermore, much like the first ROV
sampling a third, unused, SPME device was caroethoardthe submarine to serve as a method
blank for the diveFollowing sampling, a given ROWPME device was then placed in an
encl os ed-bR Qsowi im the bottorteft-handcorner of Figure 7.5or the remainder

of the dive and ascent. Once shipside, tlieséces were then stored-80 °C within the orship
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freezer for the remainder of the voyage. Finally, upon returning to porsathplersvere then

shipped under drice to the University of Waterloo for desorption and analysis.

Table7.2: ROV-operatodogging of ROVSPME sampling event &W Rotahydrothermalvent
Time
UTC sample | type site J2 801 Sample CommentdJrashima latitude longitude Depth(m)
Active | SPME #4. (Solid Phase Micro Extraction).
J801 Chimney | Sampler heldverflowat anangleto
SPME4 -Ultra- | maximally expose tubes to flow. Squeeze
06:18 44 bio | no-chichi | for six minutesn the flow. Stop06:24. 12 55.3378 | 143 38.9521 2929
J80t Background SPME #2 sample during asce
SPME2 Ambient Temperature=1.53C. Deth of 2828
06:45 46 bio ascent | squeeze: 2822667. Squeezed six minutey 12 55.31 143 38.912 2667

Figure7.4: Location of theNW RotaROV-SPME active vent site. Safing was performed for 6 mir24
seconds. The ambient temperature measured inateédbefore sampling wds’.3°C.
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Figure 75ROM P ME ¢ o nt r @ken duringntpel ascang of the submarine. Ambient temperature
was measured as 1.5@ while sampling was performed for 6 minutBso-box storage location othe
bottomleft

7.3 Results and discussion

7.3.1 Design considerations and robustness oftlaéed bolselfsealingsampler

In orderto survive the harsh environmantposed by the deep ocebpdrothermalent
sampling regionsnany design considerations needed to be optimized during the coostroicti
the ROMVSPME sampler. First and foremost the device needed to be designed in a way such that
it could be easily understood by the ROV pilot and reliably handled using various ROV
manipulators. Furthermore, it was essential that the device eathdtand temperatures of
superheated water well-excess of 100C, maintain a high degree of chemical resistandbdo
highly acidic plumesandbe able teequalizeand withstand water pressuredapths exceeding 2
km (199 atm) Furthermorgit was importat that thebolts could beexposed alely by the

employment of a squeezing motion of the ROV manipulator.
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Appropriately, he HLB/PAN coated screw RO\BPME selfsealing sampler, as shown in
Figure 7.6,was designed with all of these aforementioned requinésria mind. Firstly, in
addition to having a solid, compression resistant body, no regitinecsampler was designed to
have tightly sealed void volumesisuring the device couleljualize to the ambient pressure at
depth. Furthermoreby employing a sali PTFE shell and PTFE coatedringsthe samplerwas
designed to survive temperaturgs excessof 300 °C and exhibit minimal extraction or
modification by chemical species in the sampling environmfembdther important aspect of the
sampler was the spriragsisted selfealing design. As the ROV manipulator was limited to one
axis of movement (squeezing) to toggle the de
(stowage) positions it was important that the device could baseaalihg such that thellB-PAN
coatings were protected frooonvection ofthe surrounding environment after sampling was
completed.This design requirement was accomplished by positioaihgavy 115 kgm PTFE
coated spring ahecenterof the devicavhich, upon releasing temsi from the ROV manipulator,
would force the two Teflon blocks apart, forcing the head of the chatiésito sit flush against
the top of the Teflon body effectively protecting the sorbent coatingdmmection and open bed
diffusion. the incorporatiorof the six, largediametey .635 cm thick coated 183 stainless steel
bolts directly within the sampler body was also advantagdousddition to providing the sampler
with superb physical strength under lptte dameter of thecoated bok also provigdd a major
increase irtheavailablesurface areaf thesorbent coating. As can be seen in TabBbelow out
of all of the current SPMEEPLC morphologiesthe coated screw format contains the largest
amount of available sorbent and, more impolyastrface area. This large, 2507, surfacearea
is needed to attain adequate sensitivity during the short sampling times available within the costly

ROV dive time. As sampling times were expected to be 10 minutes or less it was expected that the
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extraction d most analytes would be in the pequilibrium regime whersensitivity is dictated by
suifacearea. As sucha factor of22 timessignal improvement was expected over a comparable
HLB/PAN SPMEfiber. Furthermorewith dimensions of 8cm x5 cm x 7 cri(x D xH ), this

6 replicate sampler was constructed to minintilespace requirements on the ROV submersible
during the dive.

Following the successfulconstructionand the first deployment of these RGPME
samplersthis selfsealingdesign was slighgl modified for the sampling of shallow waters by
divers and light watercraft. This modified device, shawirigure 7.7 incorporatesa magnetic
locking systemsuch that the sampler can be helten during sampling (Figure A8 Once
sampling is completine diver can simply press on the push rod such that the magnets are separated
and the spring can hold the devicethe closed position (Figure BB As pressurequalization
considerations were not as critictlis embodiment was constructed much niyletly to furthe
improve longterm storage of extracted compoundséotwithstanding these modification other
aspects of the diver operable sampler remain quite similar the ZRIE variant.

The coated bolts themselves d¢anconsiderda unigue SPME mormtogy that required
properoptimization Initially, the SPMEbolts used in the first set of ROSPME samplers were
prepared using an older spray coating mefi®#.” Although functional, it was later found that
these coatings were prone to stripping when operatedvithin the SPMEROQOV sampler body.

This stripping was caused by the leading edge of the sorbent coatinge(FifB) catching on the

edge of the cylindrical walls of the PTFE sampler body when operated. To address this limitation
it was decided to emplog recessed coating methodology which resulted in a coated surface
possessing a diametgual to or less than the unetched portions of the stainless stéét Baltly

due to the smaller 5 um HLB particles, the recessed coating method was found to give a much
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smoother and uniform coating. Furthermore, as the leading edge of the sorbent coating was
protected within the recession it could nodencatch on the cylindrical edge of the PTFE sealing
body. Although theseoatingsvere much tmner, containing less volume ththe previous design

the available surface area was relatively identical. Hence, for the short extraction times used during
ROV samplings extraction efficacy should not be affected.

Table7.3Comparative physical dimensions of coated HPLC SRibkts, TFME blades, and the coated
bolt sampler

Coated Coating Coating Coating Coating

Dia. Thickness length  Vol. S.A.
HPLC SPMEfiber 0.27 mm 45 pum 1.5cm 0.39mni 11.1 mnd
TFME blade 2.55 mm* 120 um 2cm 12.2mmd 102 mnt
Coated bol{spray) 6.65mm 150 um 1.2cm 37.3mm* 251 mn?
Coated bolt (recesspd| 6.40 mm 25 pm 1.2cm 6.2mm*  241mny

*Coated width oblade
Dia. = Diameter Vol. =Volume S.A.= Surface Area
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Raised top to protect
exposed coated bolts

Bolt head flush with
body to provide seal

Chemical and heat
resistant PTFE body

PTFE coated 115 kg - cm
spring to auto-seal sampler

0.635cm (dia.) stainless steel
—coated bolt for physical
I strength and rust inhibition

Exposed HLB/PAN sorbent
coated bolt (6 per sampler)

Figure 7.6HLB/PAN ROV-SPME self-sealingcoated bolt sample©lder norrecessed coated bolt with
30 um HLB particles is shown
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Figure 7.8Magnetic and spring locking diver operable tesbbolt SPME device shown in, Aampling
position and B) sealed positiorNewerrecessed coated belith 5 um HLB particles is shown

192



Figure 7.9 Comparison ofi¢ recessed Vs. narcessed coated SPME bolt shrgy A) side by side view
of both devicesB) Top down view showing raised edge (155 pumjt&nonrecessedlevice (30 pm d.
particle) and C) top-downview showingthe smoothedge oftherecessedlevice (5 um d. particle)
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