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cast on glass slide pre exposure (above); Passive sampling membrane removed from
slide post exposure for extraction (Below)..............oovvvieiiiiiiiiiiiiiii e 134
Figure 3.4: Overview of results for varied percentage polymer (w/v) extracted with
acetonitrile. This figure shows two plasticisers (tributyl phosphate (a), diisononyl
adipate (b)) (30% w/w) when extracted with aceiivile for 48 h after 24 h exposure

to 1 mgt* (Initial temperature 40C (hold 2 min), 9Cmint to 170°C, 3°Cmin? to
205°C, BCmintto 208°C, 20°Cmint to 290°C (hold 2 Min))........cccvervvvrrnenne. 138
Figure 3.5: GC Chromatogram of passive sampling membrane (5% PVC (w/v), 30%
tributyl phosphate (w/w). The membrane was exposed for 24 h to a solution
containhg 1 mgtt of atrazine (circled left) and dieldrin (circled right) after 48 h
extraction with IPA. Tributyl phosphate and degradation products are also seen
(circled centre) (Initial temperature 4G (hold 2 min), 9Cmint to 170°C, 3°Cmint

to 205°C, 1°Cmin' to 208°C, 20°Cmin* to 290°C (hold 2 min)...........c.cccvee.en.. 139
Figure 3.6: Overview of results for varied percentage polymer (w/v) extracted with
isopropyl alcohol. This figure shows two plasticisers (tributyl phosphaje (
diisononyl adipate (b)) (30% w/w) when extracted with isopropyl alcohol for 48 h
after 24 h exposure to 1mdlof atrazine and dieldrin. Initial temperature 4D (hold

2 min), 9°Cmint to 170°C, 3°Cmint to 205°C, 2Cmin!to 208°C, 20°Cmin? to 290
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Figure 3.7: Determination of optimum extraction time. The passive sampling
membranes were exposed to 1 mbaf atrazine (blue) and dieldrin (red) for a

of 24 h and extracted over a series of time points with isopropyl alcohol (n=3) The

alF YLX Sa 6SNB lylrteasSR dzaAy3a | /my OFNINAR
column, mobile phase 95:5 v/v acetonitrile:water.............cccoeeeveeeiieee e 142

Figure 3.8: Enrichment of analytes at 1 miglEnrichmei 2 F TGN} T AyS OH
dieldrin ([]) with slope shown inset (n=3) broken down into the three distinct areas;

initially a lag phase is seen, followed by the kinetic regime, and finally an equilibrium

phase. The samples were analysed using a C18 cartridge (36 E n®c YY L5 |

Figure 3.9:Enrichment of analytes at 0.1 mgito glass mounted polymer thin films.
OYNROKYSYlG 2F FTONIYTAYS O0HO YR RASEtRNAY 0
PVC, 30% w/w diisononyl adipate) (n=3) The samples were analysed using a C18

OF NIINAR3IS o6Hpn YY E ndc YY &sb 95p veY [ dzyl
ACETONIIIEIWATET ... 145

Figure 3.10: Novel Passive sampling disk. Passive sampling membranes cast from

glass cylinder pre exposure (left) (21 mm * 0.2 mm); 20 cent coin for size comparison

Figure 3.11: Determination of optimum percentage plasictiser (w/w). Results
showing analyte concentrationin six separate PS disks (15% w/v PVC) with varying
percentage of diisononyl adipe after exposure to atrazine (blue) and dieldrin (red)

for 48 h and extraction in isopropyl alcohol for 50 min. (n=3). The samples were
FylfeasSR dzaAy3 + [/ my OFNINAR3IS o6Hpn YY E
phase 95:5 v/v acetonitrile:Water..............coocciiiii i 149

Figure 3.12: Diffusion profile of two analytes at 1 rhgito passive sampling disks:

Results showing analyte diffusion into PS disks (15% w/v PVC, 50% w/w diisononyl
adipate) for target analytes over time (atrazine (blue) and dieldrin (red)) extracted

with isopropyl alcohol for 50 min (n=3). The samples waralysed using a C18

OF NINAR3IAS o6wuwpn YY E ndc YY L5 p >Y [dzyl
ACETONIMIEIWALET ... 151

Figure 3.13: Puiction model for kinetic uptake rates of pollutants. Correlation of

the average rate constant of five analytes in relation to their Leg \Malues.
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(Equation of the line: y=13.508 + 1.692;3.8855) The samples were analysed using
a C18 cartridge 250Yh E n®c YY L5 p >Y [dzyl O2f dzvYyz:
ACETONIITIEIWALET ... e 153

Figure 3.14: Comparison of predicted values (dadive) and experimental values

for the two pesticides selected; diuron (top) and trifluralin (bottom)-3jnThe

al YL S& 6SNB |yrfteaSR dzaay3a | [/ my OF NOINAR
column, mobile phase 95:5 v/v acetonitrile:water...........cccooeeeiieiiiiinnieeeeeeen. 155

Figure 3.15: Results obtained post exposure of three distinct configurations of novel

passive samplers after exposure to : the three tangetlutants for a period of 24 h.

¢KS alyYLXSa ¢6SNB FylrfeaSR dzaiay3a I+ [/ my OF NI
column, mobile phase 95:5 v/v acetonitrile:water...........cccceeeeieeiiieeiee e 163

Figure 3.16 Diffusion curve of 1 mighf atrazine into a novel passive sampler doped

with tricapryl trimellitate. The samples were analysed using a C18 cartridge (250 mm

E ndc YY L5 p >Y [ dzyl NG&fonigeywvaterY.2.0.4645 LKl a$
Figure 3.17: Diffusion curve of 1 mighf dieldrin into a novel passive sampler doped

with isopropylpalmitate. The samples were analysed using a C18 cartridge (250 mm

E ndc YY L5 p >Y [dzyl O2f dzvYys Y2048 LKL &

Figure 3.18: Diffusion curve of 1 migaf fluoranthene into a novel passive sampler

(0p))

doped with tetrahydrofurfuryl oleate. The samples were analysed usingl& C
OF NINAR3AIS o6uwpn YY E ndc YY L5 p >Y [dzyt

AR ONITI AL ..o e 166

CHAPTER:ATRFTIR STUDY ®RASSIVE SAMPLER
ENRICHMENT

Figure 4.1: Schematic illustration of the principle of the ATR spectroscopic technique:
ny and np are refractive indices of the ATR crystal and sample material, respectively.
Note that condition n1> n2 is required for the total internal reflection to occur at
the ATRcrystatsample interface. Evanescent wave is represented by the red dotted
line. (Adapted from Chemical Analysf€ Bdition (3))........cccceeveveeeeecreecrieenene, 176
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Figure 4.2: Repeatability of the passive sampling membrane using atrazine as a test
FyFftedS oNdzy MYHT NMHzy HYKT NHzy oY-006yTlouo®
Spectrum GXTIR system, resolution 4 €pinterval 1 crt, number of scans 4.185

Figure 4.3: Evaporation of THF from passive sampling meembThis graph shows

the evaporation of two peaks that correlate to THF peaks (1062 (anand 905 cm
I9HOO RSONBIFaAaAYy3d 20SNI I LISNA2R 2F MM YAYyO®
Spectrum GX FTIR system, resolution #,dnterval 1 cr, numberof scans 4..187

Figure 4.4: Overview of THF bands of interest (1062 and 905cm). It can be

noted that a decrease iabsorbance is observed for both of these bands over a
series of time points (Start time (biue); 1 min (red), 1.5 min (green), 2 min (brown), 5
min (grey), 10.75 min (yellow). Samples were taken using a PerkinElmer Spectrum GX
FTIR system, resolution 4 @pinterval 1 crm, number of scans 4.................... 188

Figure 4.5: Typicial Fickian diffusion curve. The ratio of absorbance at time (t)tagains
the absorbance at equilibrium is plotted against time to obtain a Fickian diffusion
curve. If the diffusion coefficient of the penetrant is known a predictive curve can be
obtained USING eqUALION 4.4 ............uuiiiiiiieie e 191

Figure 4. 6: Ir spectum obtained for Alachlor. Samples were tak@ingua
PerkinElmer Spectrum GX FTIR system, resolution*4 iaterval 1 crmt, number of

{0721 2 PSP P PP P PP PPPPPPPPPPPRPN 192

Figure 4.7: Overlay of IR spectra for alachlor. Spectra of alachlor diffusion into the
passive sampling membrane shown for a series of times (Initial: Blue; 17 min:
wine; 50 min: green; 1.4 h: purple, 2.25 h: aqua blue; 2.75 h: orange; 3.25 h: red;
3.75 h: pink; 5.5 h: dark blue; 7.5 h: brown) Samples were taken using a PerkinElmer
Spectrum GX FTIR system, retiotu4 cm?, interval 1 crt, number of scans 4.193

Figure 4.8: 100 mgl! f I OKf 2 NJ RAFTFdzaA 2y Aydlddcfim nnduH 3
Wavelength monitored 1064 ctmattributed to the GO ether stretch present in the
molecule. Both the experimental (*) and the predictedl \(alues plots can be seen.
Samples were taken using a PerkinElmer Spectrum GX FTIR system, resolutipn 4 cm
interval 1 cmt, NUMDET Of SCANS ..o 194

Figure 4.9: IR spectum obtained for atrazine. Samples were taken using a
PerkinElmer Spectrum GX FTIR systesylution 4 cml, interval 1 crl, number of

SCANS ..ot 195
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Figure 4.10: Overlay of IR spectra for atrazine. Spectra of atraifosiah into the
passive sampling membrane is shown for a series of times (Initial: Blue; 11 min:
wine; 1.1 h: green; 2.1 h: purple, 3 h: aqua blue; 4 h : orange; 5.3 h: red; 6.75 h: pink;
7.75 h: dark blue; 9.25 h: brown). Samples were taken using anBérier Spectrum

GX FTIR system, resolution 4%gnmterval 1 crmt, number of scans 4................ 196
Figure 4.11: 100 mdlAtrazine diffud 2y Ay 2 | nnduHH >Y t2fe&YS]
monitored 1408 cni attributed to the ¢GH bending (alkane) present in the
molecule. Both the experimental (*) and the predictedl \(alues plots can be seen.
Samples were taken using a PerkinElmer Spectruml@Xdystem, resolution 4 ¢m
interval 1 cmt, numMber of SCaNS 4.........ccoveiiiiiiiiiceeeee e 197
Figure 4. 12: Ir spectum obtained for dieldrin. Samples were taken using a
PerkinElmer Spectrum GX FTIR systesylution 4 cml, interval 1 crl, number of
SCANS 4.ttt 198
Figure 4.13: Overlay of IR spectra for dieldrin. The IR spectra of dieldrin neat (black)
is shown alongside the spectra obtained during the diffusion of naphthalene into the
passive sampling membrane. Spectra @dfin diffusion into the passive sampling
membrane is shown for a series of times (Initial: Blue; 5 min: wine; 13 min: green; 20
min: purple, 31 min: aqua blue; 40 min : orange; 55 min: red; 72 min: pink; 85 min:
dark blue; 98 min: brown). Samples wewkén using a PerkinElmer Spectrum GX
FTIR system, resolution 4 @interval 1 crmt, number of scans 4.................... 199
Figure 4.14: 100 mgl5 A St RNAY RAFTFFdzaA2y Ayid2 | nndHH
monitored 1447 cni attributed to the ¢CH2 deformation present in the molecule.
Both the experimental (*) and the predicted) (values plots can be seen. Samples
were taken using a PerkinElIm8pectrum GX FTIR system, resolution #,dmterval

1 CiL, NUMDET Of SCANS Q... 200
Figure 4.15: Ir spectum obtained for naphttya¢. Samples were taken using a
PerkinElmer Spectrum GX FTIR system, resolution¥, amerval 1 cril, number of
{0721 2 PP PP PPPPPPPPPPPPPPPPTN 201
Figure 4.16: Overlay of IR spectra for naphthalene. Spectra of naphthalene diffusion
into the passive sampling membrane is shown for a seridsma#s (Initial: Blue; 5

min: wine; 30 min: green; 51 min: purple, 1.25 h: aqua blue; 2.6 h : orange; 3.3 h:

red; 4.2 h: pink; 5 h: dark blue; 5.9 h: brown). Samples were taken using a

-XiX-
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PerkinElmer Spectrum GX FTIR system, resolution*4 iaterval 1 crt, number of

SCANS 4.t 202

Figure 4.17: 100 mdlb I LIKG Kt SyS RAFFdzaA2y Ayd2 | n
Wavelength monitored 789 ciattributed to the ¢CH out of plane stretching
present in the molecule. Both the experimental (*) and the predict¢ddlues plots

can be seen. Samples were taken using a PerkinElmer Spectrum GX FTIR system,
resolution 4 crr, interval 1 crit, number ofScans 4..........cccceevveeieiieciieesieenen, 203

Figure 4. 18: Ir spectum obtained for aldrin Samples were taken using a PerkinElmer
Spectrum GX FTIR system, resolution 4l¢mterval 1 crvl, number of scans 204

Figure 4.19: Overlay of IR spectra for aldrin. Spectra of aldrin diffusion into the
passive sampling membrane is shown for a series of times (Initial: Blue; 5 min: wine;
13 min: green; 20 min: purple, 31 min: aqua bld®; min : orange; 55 min: red; 72

min: pink; 85 min: dark blue; 98 min: brown). Samples were taken using a
PerkinElmer Spectrum GX FTIR system, resolution®4 iaterval 1 crt, number of

SCANS 4.ttt 205

Figure 4.20: 100 mgll f RNAY RAFFdzaA2Y Ayd2 | nndHH >Y
monitored 1018 cri attributed to the =GH bending present in the molecule. Both

the experimental (*) and the predicted)(values plots can be seen. Samples were
taken using a PerkinElmer Spectrum GX FTIR system, resolutioh #htrval 1 cm

O 0101001 o Y=Y o] ETox- 1o 1S3 AR 206

Figure 4. 21: Ir sxtum obtained for benzo (k) fluoranthene Samples were taken
using a PerkinElmer Spectrum GX FTIR system, resolution14 interval 1 crril,

NUMDBDET OF SCANS 4.ttt e s e e e 207

Figure 4.22: Overlay of IR spectra for benzo (k) fluoranthene. Spectra of benzo (k)
fluoranthene diffusion into the passive sampling membrane is shown for a series of
times (Initial: Blue; 4 min: wine; 16 min: green;r@: purple, 42 min: aqua blue; 52

min : orange; 1 h : red; 1.3 h min: pink; 1.6 h min: dark blue; 2 h min: brown).
Samples were taken using a PerkinElmer Spectrum GX FTIR system, resolutipn 4 cm
interval 1 cmt, NUMDET Of SCANS ..o 208

Figure 4.23:100mdL Sy 1 2 0610 Ffdz2N} yiKSyS RAFTFdzAAZY
Wavelength monitored 1405 ctnattributed to the GH bending present in the

aromatic ring of the molecule. Both the experimental (*) and the predictpgidues

XX~
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plots can be seen. Samples were taken using a PerkinElmer Spectrum GX FTIR
system, resolution 4 cry interval 1 crm, number of scand...............cccceuneenee. 209

Figure 4.24: Model showing the prediction of botf [O) and To6 H0O 2 @SNJ | [ 2 3
range of 2.6 to 6.1. The equation tife line and f value for both series were

determined (Bo: 26.896% - 321.94%X + 1123.8% 871.37 (R= 0.9817); Toc. 32.024% -

374.69% + 1244.3x- 754.02 (R 0.9451)).! (G KANR &aSNAS& 6! yiKNI O
shown with experimental values forgsland Too that were not used in the
establishment of the model. Samples were taken using a PerkinElmer Spectrum GX

FTIR system, resolution 4 @interval 1 crmt, number of scans 4.................... 211

Figure 4.25: Enrichment curves of anthracene diffusion into diisononyl adipate
membrane (15% PVC (W/V), 50% Plasticiser (w/w) 100 ul) Samples were taken using

a PerkinElmer Spectrum GX FTIR systesojution 4 crmi, interval 1 crmt, number of

SCANS 4.ttt 212

Figure 4.26: Diffusion coeffiencts calculated for penetrents plottgairest their Log

Kow vValues. As can be shown no trend can be observed................ccooceeeenns 216

Figure 4.27: Structures of the BTEX compounds stumieshlenet al. (22)in a study

to investigate the effect of the shape and size of the penetrant molecule on diffusion

COETTICIENT VAIUBS.. ..o 216
Figure 4.28: Enrichment curves of dieldrin (100 /gL a Ay 3t & O6HO | yR AY
GAGK TOGNIXTAYS O6h0 Ayid2 F+ nnduu >Y LI aarg

equilibrium absorbance can be observed alongside an increase in time taken to

reach Too. Samples were taken using a PerkinElmer Spectrum GX FTIR system,

resolution 4 crm, interval 1 crm, number of SCANS 4. ..ccovveeeeeeeeeeeeeeceeeeeeeee 219
Figure 4.29: Enrichment curves of atrazine (100HgL aAy 3t & OHUO | YR AY
GAGK TTOGNITAYS O6h0 Ayid2 F+ nnduu >Y LI aarg

equilibrium alsorbance can be observed alongside an increase in time taken to

reach Too. Samples were taken using a PerkinElmer Spectrum GX FTIR system,

resolution 4 crm, interval 1 cm, number of SCANS 4u...ooovveeeeeeeeeeeeeeceeeeee e 219
Figure 4.30: Enrichment curves of alachlor (100#figL & Ay 3t & OHUO | YR AY
GAOGK RASERNAY oO0h0v Ayd2 | nndPHH >Y¥kehd 3aA0S

using a PerkinElmer Spectrum GX FTIR system, resolutiondirderval 1 cm,

NUMDBDET OF SCANS e aens 221
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Figure 4.31: Enrichemt curves of dieldrin (100mgh aAy 3t e oHUO FyR Ay |

Ff1F OKft2NJ 6h0 Ayid2 || nnduu >Y LI aargs al vYLX
a PerkinElmer Spectrum GX FTIR system, resolutiontdimt@rval 1 crr, number of
SCANS 4.ttt 222
Figure 4.32: Enrichment curves of dieldrin (100#dgL a A y3f & oHUO Yy R Ay |
Ff RNAY 6ho Ayid2 | membane. Sampleshderd takeuSingzal Y LI Ay
PerkinElmer Spectrum GX FTIR system, resolutiorr*4 iaterval 1 crt, number of
SCANS Aottt et 223
Figure 4.33: Enrichment curves of aldrin (100 #igL & Ay 3f & OHO FyR Ay |
RASERNAY oO0h0 Ayd2 F nnduHu >Y LI aadaArgdsS al YL

a PerkinElmer Spectrum GX FTIR system, resolution‘dimt@rval 1 crt, number of
10721 S PP 224

CHAPTER 5: DEPLOYNIEENND TESTING OF NEDVAND OFF
THE SHELF PASSIVEBIAERS

Figure 5.1: Nomolar Chemcatcher samplers before (left) and after (right) 32 day
exposure in Ringsend (Octobpvember 201L1)........ccceiiiiiiiiieiiiiieeeee e, 236
Figure 5.2: POCIS samplers before (left) and after (right) 32 day exposure in Ringsend
(OctoberNOVEMBDEr 2011).....ciiiiiiiiiiiiiieee e 237
Figure 5.3: Mass spectra ofabthracenamine (CAS: 613-8) detected in the
extract of the BOP doped passive sampler aftealgsis with G@AS. (Initial
temperature 40C (hold 2 min), 9Cmin' to 170°C, 3°Cmin' to 205°C, 2Cmin'to
208°C, 20°Cmint to 290°C (hold 2 MiN))....cveeiiieeiie e 243
Figure 5.4: Mass spectra of Methylsulfonylmethane (CA&.1€)), also known as
dimethyl sulfone detected in the DA doped samplers after exposure to seawater
beside the Ringsend outflow pipe for a month period between Agay 2011. Initial
temperature 40C (hold 2 min), 9Cmin' to 170°C, 3°Cmin! to 205°C, PCmin? to
208°C, 20°Cmint to 290°C (hold 2 MiN)......ceeiiieeiie e 244
Figure 5.5: Mass spectra of Phthalide (CAS4187), a;so known as 1 (3 H)

Isobenzofuranone detected in the DMP doped samplers after exposure to seawater
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ABSTRACT

The Water Framework Directive (WFD) is a European Union Directive which commits
all European Union Member States to madie water bodies, inclusive of marine

waters up to a kilometre from shore, of good status by 2015.

Since 2003 national regulations implementing the Directive have been put in place.
There are 41 pollutants that were set down by the EPA as priority pothiamnex

X of the WFD)Priority pollutants are specific pollutants that include heavy metals
and specific organic chemicals. There are four main groups of priority pollutants;
pesticides, metals and there compounds, polycyclic aromatic hydrocarbons)(PAHs
and volatile organic compounds (VOCSs). It is necessary to establish a monitoring
system for priority pollutants that is not only cost and time effective but also simple

to implement.

One emerging analytical method for the monitoring of these prioritilytants is the
use of passive sampling devices. Passive samplers work on the basis of analyte

diffusion into a membrane that is selective to their enrichment.

This thesis outlines the development of analytical methodology for the analysis of
pesticides n aqueous solutions and also the development and screening of novel

passive sampling materials.

The novel passive sampling polymer devices are made using poly(vinylchloride) (PVC)
and contains a plasticiser to aid the enrichment of analytes. The passvelisg
devices are exposed to aqueous systems spiked with priority pollutants for selected
time periods. The analytes of interest are extracted from the passive samplers and
the extracts are analysed using gas chromatography coupled with mass

spectrometry(GGMS)
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CHAPTER 1: INTRODUWIN




1.1INTRODUCTION

The majority of aquatic monitoring programmes rely on the collection of discrete
grab, spot or bottle samples at any given tigred place(1l). These approaches may
be suitable for the identification of epddic events but are not as effective when the
pollutants are only present in the water at trace levels since large volumes of water
are needed for the analys{). This method then tends to be cumbersome, and both

cod and time ineffective before the analysis results are obtained.

With grab sampling, it is also not always possible to fully assess thavhiable
fraction of the target analytesThis can be relevant for the prediction of the risk
factors involved forthe analytes in the environment, due to the fact that grab
sampling is related to specific place and time. The results obtained are not always
representative for the whole area sampl€8). With all these factors in mind it na

be noted that more representative monitoring methods are needed. Some
alternative methods that are used for aquatic monitoring are increasing the
frequency of the sampling, automatic sequential samplidy and continuouson

line monitoring systems, which can be expensive to implement.

Passive sampling is now recognised as a promising technique for af2ly&} (6),
(7), involvingthe measurement of analyte concentration as a time weighted average
(TWA) and shows promise as a current and future tool for the quantitative

monitoring of pollutants in the environment.

1.1.1 AIMS ANDBJECTIVES

The work presented within this thesis will show the development and tuning of both
methods for priority pollutant deteebn and also the development of novel passive
sampling devices that can be deployed in aid to meet the requirements set dgwn

current legislation.

Chapter 1 outlines the legislation that is both previously and currently enacted into
European Law. Under this legislation there is a need for more regular sampling data

to be obtained One alternative method to # current grab samling technique
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implemented is the use of passive sampling devices. The theory behind passive
sampling is detailed, and current commercial passive sampling devices are described,

alongside issues that may arise through their usage.

Chapter 2 descrilsthe development and validation of methods that can be used for
analysis of priority pollutants. The methods described are solid phase extraction for
the cleanup and preconcentration of water samples; gas chromatograjphgss
spectrometry method used for thenalysis and analyte determination of water
samples and exposed passive samplers. A high performance liquid chromatography
method was also developed to aid in the rapid determination of test analytes during

the developmentstageof the novel passive sampker

The development of novel passive sampling devices is detaiibtdn Chapter 3.
Within this work the selection of plasticiser, extraction solvent and castiethodis
discussed. Thesdevelopedsamplers were then exposed to a series of chemicals
within laboratory conditions and their diffusion profiles both in single and multi
component mixtures are detailed. The effect the plasticiser has on the uptake rate of
chemicals into the novel passive sampling device was also studied. A selection of 30
forms ofthe novel passive sampling devices were tested against three compounds
and tested on basis of enrichment and grencentrationof analytes Out of this

selection three sampler configurations were looked at in more detail.

Chapter 4 detailed work carriedut on the enrichment of priority pollutants into
novel plasticized membranes usidgtenuated Total Reflection (ATR)spectroscopy.
These experimental values were then used to calculate the diffusion coefficient of

priority pollutants using Matlab.

Deployment of the novel passive sampling devices develope@hapter 3 is
described inChapter 5. The novel samplers were deployed at tdistinct sites;

Lough Hyne, Co Cork for one month, and Ringsend, Co. Dublin over a period of 6
months. For the lastnonth of deployment commercial samplers were also tested

against the developed sampersRingsend.



This chapter shows a brief overview of the legislation in relation to environmental
issues and how the WFD (2000/60/E¢s enactedinto European Lawwithin this
directive there are 41 priority pollutants mentioned in Annex X. Priority pollutants
are substances which are toxic, persistent in the environment and can become bio
available to mammals. Within this chapter priority pollutants are divided foto
groups pesticides, metals and trace elements, volatile organic compounds (VOCs)

and polycyclic aromatic hydrocarbons (PAHS), for ease of discussion.

Within the WFD, a monitoring scheme has been outlined which includes more
frequent analyses of sur€e waters than previously carried out. Due to this it is
important that less expensive and less time consuming methods of analysis are
developed and validated. The most commonly used method of analysis currently is
grab sampling however a new method of gaimg, passive sampling, shows great
promise for determination offWAs of pollutants, which will also include episodic

events that could easily be missed by traditional grab sampling.

1.2 LEGISLATION

Within the European Union, it is possible to divide BWimnmental and water

policy into three main time period§3). The initial time period was from 1973 to

1986 and incorporated the initial three environmental programmes. During this

period in environmental policy the focuswa 2y Wgl G§SNJ dzaSQ RANBOI
L2t fdzi yiQ RANBOGA DS A d Driskding \WafeNJ754B0ERC),RA NB Ol A
Bathing Water (76/160/EEC) andHsh (78/659/EEC) andhellfish Harvesting
OTPKPHOKOI9/ O fSIAAET I (A 2Y kknedWie bliovdabld ldAst  dzi | y
2T RAAOKIFINBS Ay NBflIdGA2y (2 &ALISOATAO LkRf
directives during this time were for the emissionZeEngerousubstances to surface

(76/464/EEC) and ground water (80/68/EEC) bodies.

The Oslo Convéion came into force in 1974 with the main aim of regulating
dumping operations that involved industrial waste, dredged material and sewage
sludge. In 1978 the Paris Convention came into force with the primary focus being in

the prevention and reduction ah if needed, the elimination of pollution in the
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Convention area from land based sources, which can be discharged into rivers,
pipelines and also the atmosphe(®). Neither of the above conventions adequately
controlled themany sources of pollution and the adverse effects of human activities
upon the environment. This resulted in an amalgamation of the two conventions
creating the Convention for the Protection of the Marine Environment of the North
East Atlantic or OSPAROQ). Ireland is a contracting party to OSPAR and reports
annual environmental data to the International Council for the Exploration of the Sea
(ICES) database for selected pollutants. The OSPAR priority pollutant list played an
important role during the selection of the priority substances for the WFD, with the

final list resulting in 41 priority substancgkl).

The second period occurred between 1987 and 1992 and during this time there was
assignment of a European competence for a common environmental policy. Two
new directives were introduced to tackle the main sources of water quality
deterioration; pollution from urban waste water (91/271/EEC) and pollution from

nitrates from agriculturatun-off (91/676/EEC).

The third period in EU water regulation is currently underway (39@2ent day).
During this period the two main documents of legislation are The Drinking Water
Directive (98/83/EC) and The Water Framework Directive (2000/60/E€)ndiw
Drinking Water Directive has several parameters altered from the previous directive
(80/778/EEC). Membegates have now added parameters such as magnesium, total
hardness, phenols, zinc, phosphates, calcium and chlorite. upuated Directive
states that member states are required to regularly monitor the quality of water that
is intended for human consumption, through use of methods stated in the directive
or other equivalent methods. Under this directive member states must publish
drinking water gality reports every three years and the European Commig$ien

publishes a summary report. TN®FDis explained in more detail in section 1.2.1.



1.2.1 WATER FRAMEWORIRECTIVE

The Water Framework Directive (WFD, 2000/60/EC) was introduced not only to
protect but also improve the quality of all water bodies at river basin level
throughout Europe(11l) The WFD was adopted in 2000 as a single piece of
legislation covering rivers, lakes, groundwater and transitional (estejpramd
coastal waters.The directive affects 27 countries and marks an important trend
towards an ecosystem based approach for water policy and resource management.
¢KS 2C5Qa& FAYA FINB G2 SyadaNB GKS Ww3I22RQ ai
from shore by 201512). An important goal is that there is no deterioration of either
chemical or biological good status upon the implementation of measures within the
WFD(8). The WFD also has sevestiier well defined objectivesuch ado promote
sustainable water use, to enhance protection and improvement of the aquatic
environment for the progressive reduction of discharge and to contribute to

mitigating the effects of floods and drough(is2)

¢ KS \WFDR éne of the most important pieces of environmental legislation that

has been produced in recent years and is likely to transform the way that water

guality monitoring will be undertaken across all member state3). Its aim is to

complement a number of other existing legislative instruments some of which

include the Bathing (76/160/EEC), Drinking (98/83/EC), Fish (78/659/EEC) and
Shellfish (79/923/EEC) Water Directives, along with those based on specific
substancesor sources of pollution (i.e. Dangerous Substances (76/464/EC),
Groundwater (80/68/EEC), Nitrate (91/676/EEC) and Pesticide (91/414/EEC)
Directives(14). ¢ KS GSNYXY Wgl GSNR 6AGKAY GKS 2C5 Sy
types, so he legislation covers not only groundwater, but also all coastal and surface

watersup to one kilometre from shore

The WFD has long term objectives as well as short term ones, with some of the long
term being over a period of 25 years. There are someomant milestones along

the way: (a) In 2009the adoption of river basin management plans, which includes

a program of measures stating how the relevant environmental objectives are to be

achieved (Aitle 11 and 13 WFD) (b) The achievement of good staifi water



bodies by 2015. After this time new management plans are set to be devised and
every six years exemptions will be revisdd). As of 11 April 2011, 20 member

states have adopted River Basin Management plans, 3 member states (Cyprus,
Denmark and Slovenia) have finalised the river basin management plans but are
awaiting adoption and 4 member states (Belgium, Greece, Portugal and Spain) have

either not started consultation or consultation is currently ongaih).

Article 16 of the WFD sets out EU strategies against the pollution of water which
states that the commission shall review the list of priority substsn@nnex X) at a
minimum of once every four year§l7) This list consists of mainly organic
contaminants (e.g. pesticides, hydrocarbons, and organic solvents) but also included
in the list are four toxic metalend their conpounds and one organemetallic

compound(18).

I NIAOES vy om0 2F GKS RANBOGAGS adlidaSay was
programmes for the monitoring of water status in order to establish a coherent and
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physiochemical measurementior exampletemperature, density, colour, pH value,

and turbidity; biologicaélementslooking at the distribution and composition of the
species and biological effects; and chemical monitorirgssexpected to intensify

and will follow a list of priority chemicsl(inorganic and organic pollutants and
substances) that will be reviewed every four ye#t®) Environmental quality
standards (EQSs) were proposed for the 33 priority substances mentioned in Annex X
of the WFD in July 280 at this time EQSs were also proposed for the remaining 8
pollutants mentioned in (76/464/EEC). Quality standards were published in
December 2008 (1008/105/EC) with 41 substances named, amending the Water
Framework Directive (2000/60/EC).

The WFDhas s¢ out three different types of monitoring programmes, as outlined

below:



Surveillance Monitoringwas designed to provide information to assess long
term changes in natural conditions of as a result of anthropogenic ac{Rty The
data obtained from this was collected over a twelve month period, and provided the
basis for the production of rivdsasin management plans (RBMPs) to be published
by December 2009. Priority substances are of particular importance in surveillance

monitoring.

Operational monitoringaimed to provide information that could be further
used to classify the status of water bodies that were at risk of failing their
environmental objectiveg23). This was also useful when asires were taken in
the improvement of water quality, whereby it was possible to assess any changes
that resulted from these actions. Operational monitoring is obviously required where

pollution or other impacts on ecological status are apparent.

Investgative Monitoring: was designed to assess the impact of accidental
pollution events and also to serve as a follow up to surveillance monitoring, when it
was shown that environmental objectives for specific water bodies were not likely to
be met. The invegjative monitoring programme includesnapshot monitoring
programmes. Also included within the investigative monitoring subnet are electronic
alert networks aimed at providing greater temporal resolution to ascertain of the

causes and likely sources of joibn.

Previous monitoring programs have generally been based on the collection of spot
samples. There are drawbacks to this type of sampling method, especially in cases
where the samples are being taken from environments where the concentration of
the amlytes can vary significantly over time, e.g. pesticides, and also where there
are possibilities of intermittent pollution even{21). For spot sampling the analysis

will only provide data for the pollutants at that given time and place, and for the
determination of aTWAa large number of samples would need to be colleq2?).
Passive sampling methods caltow for both the control and reproducibility offered

by grab sampling, and time integrated results offered from biota and sediment
samples. One advantage of passive sampling over spot (grab) sampling is that for the

duration of the sampling only one dee is needed and this device will giv8&A
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concentration of analytes within the sampled area. Where only trace levels of the
pollutants are present, large volumes of water would need to be analysed to
determine the concentration for spot samplif{@3) whereas one passive sampling

device could determine the TWA with shorter analysis time.

In 2010 De Stefan@¢24) undertook a study to assess the quality of stakeholder
participation at the start oflte WFD implementation. It showed that by 2003 there
were positive results in several of the 27 countries but that there would need to be
significant efforts to improve these results throughout Europe. The results were
broken down into three main section®roactive Information, Public Consultation,

and Active Involvement.

It was found that proactive information was heterogeneous throughout Europe,

however, it should be noted that the countries that showed moderate to poor

compliance (e.g. Turkey, Italy, Poland etcoutweighed countries with good

compliance (e.g. Finland, Sweden, France etd=pr public consultation a clear

division between Northern and Central Europe (high levels of compliance) and

Eastern and Southern Europe (pooompliance) waobserved With respect to

active involvements across Europe none of the countries looked at were classified as
WHSNE 3I22RQX YR 2yS GKANR 2F (KS&aS O2dzyiN.

issue.

The Screening methods of Water ddnFormaTion (SWIRVFD) project was set up
by the European Commission (EC) (Contract no-:GEBRI03502492) and ran from

January 2004 until March 200725) SWIFAWFD was set up to support the
successful implementation ohé WFIX20), as it would need quality water data that

could be comparable to a series of different water bodies.

SWIFIWEFED identified the main chemical and biological monitoring tasks within the
WFD(26), and focused on the use of the classical chemical monitoring methods for
trace level pollutants for subsequent environmental quality standards (EQS) focussed
compliance test$27). A set of tools was then proposed toait the challenges and
environmental objectives faced, that the traditional monitoring techniques were

unable to achieve. Once this was completed, selected results from within the SWIFT
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WFD field trial were presented as case studies and used to demomsthat
usefulness of some of tisetools. It was found that the Ecoscope sampler could be
used for the tracing of point or diffuse sources of contamingit), that it was
possible to obtain TWA measurements of labile con@itns of heavy metals by
using the Chemcatcher passive sampler. Through the use of a selection of these tools

an informative picture of the chemical status of the water can be mainta{aéy

1.3 PRIORITY POLLWMTA

There are many organic compounds that can be released into the environment that
will be degraded effectively, however there are some compounds that show more
persistence and can be distributed over large water areas with the further possibility
of accumuléion into organisms within the environment. Priority or hazardous
compounds can be defined as compounds (or groups thereof) that are persistent,
toxic and liable to bi@accumulate, or that give equivalent level of concern, for
example, through degradatiomto hazardous substancg28) (29). The four main
characteristics of priority pollutants are that they are toxic, persistent in the
environment, their semvolatile nature to be bieavailable to mammals, and are also
capable of travelling great distancg80) The compounds would show strong
indications of risks in the marine environment and have a potential threat to human

health with the consumption of affected seafo(gil).

For substances occurring naturally, or produced throngtural processes, such as
cadmium, mercury and polycyclic aromatic hydrocarbons (PAHs), complete-phase
out of emissions, discharges and losses from all potential sources is impossible.
When the relevant individual directives are drawn up, this situatiarsinioe properly
taken into account and measures should aim at the cessation of emissions,
discharges and losses into water of those priority hazardous substances which derive

from human activitie32).

Below Table 11) the annual average concentrations (AA) as well as the max allowed

concentrations (MAC) for the priority pollutants are outlined for the ptyori



pollutants mentioned in Annex X of th&/FD (33) The AA refer to the average

concentrations found in surface water by the Irish EPA during a monthly monitoring

programme (May 20050ctober 2006) across sites that were sptegcross Ireland.

Table 11: Showing the AA concentration andMAC in surface waters as given by the Irish

EPA.AA concentrations wee calculated between May 2005 an@ctober 2006 at a series

of sites across the island of Irelan@3).

AA MAC MAC
AA marine

freshwaters freshwaters| marine
Alachlor 159772608 | 0.3 0.3 0.7 0.7
Anthracene 120-12-7 0.1 0.1 0.4 0.4
Atrazine 191224-9 0.6 0.6 2 2
Benzene 71-43-2 10 8 50 50
Pentabromodiphenlyether 3253481-9 | 0.0005 0.0002 n/a n/a
Cadmium and its compounds | 744043-9 0.080.25 0.2 0.451.5
C1013-Chloroalkanes 8553584-8 0.4 0.4 1.4 1.4
Chlorfenvinphos 47090-6 0.1 0.1 0.3 0.3
Chlorpyrifos 2921-88-2 0.03 0.03 0.1 0.1
1,2-Dichloroethane 107-06-2 10 10 n/a n/a
Dichloromethane 75-09-2 20 20 n/a n/a
DEHP 117-81-7 1.3 1.3 n/a n/a
Diuron 330:54-1 0.2 0.2 1.8 1.8
Endosulfan 115297 0.005 0.0005 0.01 0.004
Fluoranthene 206440 0.1 0.1 1 1
Hexachlorobenzene 118741 0.01 0.01 0.05 0.05
Hexachlorobutadiene 87-68-3 0.1 0.1 0.6 0.6
Lindane 608731 0.02 0.002 0.04 0.02
Isoproturon 34123596 0.3 0.3 1 1
Leadand its compounds 743992-1 7.2 7.2 n/a n/a
Mercury and its compounds | 743992-1 0.05 0.05 0.07 0.07
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Naphthalene 91-20-3 2.4 1.2 n/a n/a
Nickel and its compounds 7440020 20 20 n/a n/a
Nonylphenols 2515452-3 | 0.3 0.3 2 2
Octylphenols 180626-4 0.1 0.01 n/a n/a
Pentachlorebenzene 60893-5 0.007 0.0007 n/a n/a
Pentachlorophenol 87-86-5 0.4 0.4 1 1
PAHs n/a n/a n/a n/a n/a
(benzoa-pyrene) 50-32-8 0.05 0.05 0.1 0.1
(benzaeb-fluoranthene) 20599-2 n/a n/a
HIT ndnaHT nodn
(benzok-fluoranthene) 207-99-2 n/a n/a
(benzoek-fluoranthene) 207-08-9 n/a n/a
(benzog,h,iperylene) 191-24-2 HT ndnsrHT ndn nla n/a
(indeno(1,2,3cd)pyrene) 191-395 n/a n/a
Simazine 122-34-9 1 1 4 4
Tributyltin 688-73-3 0.0002 0.0002 0.0015 0.0015
Trichlorobenzene (all isomers| 12202481 | 0.4 0.4 n/a n/a
Trichloromethane 67-66-3 2.5 2.5 n/a n/a
Trifluarin 158209-8 0.03 0.03 n/a n/a
Dichloroiphenyltrichloroethane
otal n/a 0.025 0.025 n/a n/a
parapara DDT 50-29-3 0.01 0.1 n/a n/a
Aldrin 309-00-2 n/a n/a
Endrin 60-57-1 n/a n/a
Dieldrin 72-20-8 HPn@nnyEnon n/a n/a
Isodrin 465736 n/a n/a
Carbontetrachloride 56-23-5 12 12 n/a n/a
Tetrachloroethylene 127184 10 10 n/a n/a
Trichloroethylene 79-01-6 10 10 n/a n/a

For thepurposes of this project the 41 priority substances have been broken down

into four groups, based on their application and chemical and physical properties.

-12-



Out of the four groups, pesticides, polycyclic aromatic hydrocarbons (PAHSs), volatile
organic compands (VOCs) and metals and ith#ace elements, two groups are

detailed below (section 1.3.1 and section 1.3.2).

Within these tables selected physical and chemical data for the priority substances
are outlined. These include the Chemical Abstracts Service number, (CASisvelmich
unique numerical identifier thats assigned to each chemical thasdescribed in
scentific literature. The molecular formula which is a means of expressing
information about the atoms that constitute a particular chemical compound, the
molecular weight which is the mass of one molecule of the analyte in atomic mass

units (a.m.u.), andfially the Log & value.

The values for §& are most often expressed on a log basis due to the fact that
measured values range from 1@o 107, Log Kw is also termed the octanekater
partition coefficient and it is a measure of the equilibrium concetibn of a
compound between octanol and water. From this value, in the rang@ &b 7 for
the majority of compounds, you can deduce if a compound will preferentially
partition into soil organic matter instead of water. This can be an important factor i
the monitoring of selected pollutants. It is important not just to analyse the
concentration of the analyte in the water, as this only related to the dissolved

fraction, but to also determine the concentration of the analyte in sediment.

1.3.1 PESTICIDES

Pesticides have been used extensively since the nineteenth century with sulphur
compounds finding use as fungicides. Later in the nineteenth century, for control of
insects that would attack fruit and vegetable crops, arsenic compounds were
introduced. Inthe 1940s(34) more synthetic compounds were introduced, most
notably dichlorodiphenyltrichlorethane (DDT({35)The majority of chemicals
mentioned in Annex X of the WFD can be classed as plestidPesticides have been
broadly defined by the United States FIFRA (Federal, Insecticide, Fungicide, and

Rodenticide Act) as any substance or mixture of substances that are intended to



prevent, destroy, repel or mitigate pests including insects, rodani$ weeds(36).
According to Tomlif37)there are over 800 compounds applied to agricultural crops
to control or destroy molds, insects and weeds. In the past the usage of pesticides
was considexd a good sign of progress in agricultural production, however in more
recent times it has been seen that pesticides can move through air, soil and water

and find their way into living tissue when they can undergo biological magnification.

Within the groupof pesticides it is possible to have sgibups main ones of which
include organochlorines, organophosphates and carbamates, with the

organochlorines being predominately replaced with the latter two groups.

Table 12: Table ofpesticides mentioned in Annex X of the WFD with selected physical

and chemical information (Log d&, M. Weight, M. Formula and structures)

\OANL/C'
1597260-8 | Alachlor 269.77 | G4HoCING | 3.5
HN/\
| .
1912249 | Atrazine )\ )\\ )\ 215.68 | GHi4CINs 2.61
Brominated ”
32534819 | 564.69 | G2HsBrsO 5.03-8.09
diphenylethers
/\T
/P<Z
47090-6 Chlorfenvinphos ) P 359.57 | G2HhaCBOsP, | 3.82
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: ;@i o GH11CENGP
2921-88-2 | Chlorpyrifos . O/j 350.59 S 5.27
Di(2ethylhexyl) o W
117-81-7 | phthalate . 390.54 | GHbsgOs 7.5
\/Y\/
(DEHP) °
330541 | Diuron :@\ 123309 GHWCENO | 2.67
.
115297 | Endosulfan I;TC}O 406.93  GHCLOsS | 3.5
959-98-8 h-endosulfan 2 ) /\t 406.93 | GHsCkEOsS 3.83
Hexachloro o o
118741 284.8 GChk 5.31
benzene o o
Cl Cl
Hexachloro o
87-68-3 . I VN 260.76 | GCh 4.78
butadiene
Cl Cl
i h-3.8;
Hexachloro “ “ _
608731 290.83 | GHsCh i -3.78;
cyclohexane a a
! 1-414
58-89-9 AN, 290.83 | GHsCh 3.9
Lindane)
34123596 | Isoproturon \JKQ* 206.28 | G2HisN2O 2.84
‘ H




(4-(paray
104-40-5 220.35 | GsthsO 5.76
nonylphenol)
1806264 | Octylphenols QMN 206.32 | GigHp:O 5.14
(paratert- "
140-66-9 206.32 | G20 3.7
octylphenol)
Pentachloro ° °
608935 250.34 | HGCE 5.17
benzene o o
Pentachloro a a
87-86-5 266.34 | GCEOH 5.2
phenol
HN/C\
122-34-9 Simazine )\ 201.66 | CHi2CINs 2.4
Cl)l\N)\N/\
50-29-3 paraparaDDT O O 354.49 | G4HCh 6.36
309-00-2 Aldrin (X 364.91 | G2HsCh 6.1
60-57-1 Dieldrin \ 380.91 | G2HsChO 5.4
Cl 4 ol
72208 | Endrin : § 380.91 GaHCLHO 5.2
46573-6 Isodrin 364.91 | G2HsCh 5.32




In the report published by the Department of Agriculture, Fisheries and F8&d
there is a list of plant protection products that are registered in Ireland as of January
2" for the year in questionirf this case 2011). These products outline the active
ingredient, concentration levels arttie company which holds the authorization to
produce the products. Within the list of active substances that have been approved
for use in plant protection products (dnalso included in Annex | of 91/414/EEC)
were two pesticides that are seen in tlabove table(Table 1.2) Thesepesticides
were isoproturon and chlorpyrifos and both were available for professional usage.
Isoproturon was registered in three different foulations with concentrations vari
from 125¢ 500 gtl and marketed by Farmco Agritrading Limited, Nufourmilk Ltd
and BASF Ireland Ltd under the trade names of FARMCO Autumn Herbicide,
Fieldguard and Encor respectively. Chlorpyrifos was available in twuoufations

both at 480 git and marketed by Dow AgroSciences and Unichem Ltd.

These were the only two exceptions made and many of the other pesticides
mentioned above (Table 1.Zre listed under active substances that had been
refused approval where a dsion had been made not to include them in Annex | of

Directive 91/414/EEC on 1/1/11.
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1.3.2 POLYCYCLIC MXJIC HYDROCARBONS

Polycyclic Aromatic Hydrocarbons (PAHS) are a class of organic compounds that have
two or more fused benzene rings, consisting of only carbon and hydrogen. The
principal sources of PAHs in the atmosphere are combustion of fossil fuels in heat
and power geeration, refuse burning and coke ove(39). PAHs do not degrade
easily under natural conditions, and there is a link between increased persistence

with increased molecular weigh{g0).

Table 13: Table showing RHsmentioned in Annex X of the WFD with selected physical

and chemical information (Log d&, M. Weight, M. Formula and structures)

120-12-7 | Anthracene 178.23 | GaHio 454

206-44-0 | Fluoranthene 202.25 | GeHio 4.7

91-20-3 | Naphthalene 128.17 | GoHs 3.3

50-32-8 | Benzo (a) pyrene 252.31 | GoHr2 5.97

Benzo (b)

205992 fluoranthene

252.31 | Goth2 5.78

191-24-2 | Benzo(g,h,i) perylene 276.33 | G2Hi2 6.63

207-08-9 A Benzo(k)fluoranthene 252.31 | GoHi2 Clsf 5.6;
Co 6.11
CG2H11:6.8
Indeno(1,2,3 O‘
193395 | d)pyreno Q‘% 276.33 | Guthe (7:2?;12:



1.4 PASSIVE SAMPLING

1.4.1 HISTORICAL FFHEECTIVE

Passive sampling, whidtas also been referred to as passive dosimetry, is a recent

technique for the determination of pollutants in aquatic environmefif3 Passive

sampling works on the principle of the free flow of the analyte molecules from a

sanpled medium to a collecting medium based on a result of chemical potential
differences(5}® . S¥F2NB (GKS 1 0SS mohpynQa GKS &ddGdzRe 2
mainly to gas and air sampling, and in 1987 the first publication on a passive sampler

for organic micrepollutants in water was published. It was not urtie 1991 Qfat

there was a damatic increase in the publications as can be seen béfgure 1.1)

(41). This increase camabout once the sensitivity of the passive sampler was

published as being able to detect compounds in watepgl! levels(42) (43), and

from this point on there has been a dramatic increase in intenetin this field.
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Figure 11:. Statistics for the number of articles published on applicatiortf passive

sampling devicesin the years between January 1999 and mid December 2011 (from an
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As can be seen from the above figuFegure 11) the growth of passive sampling in

research has developed in the past decade and is now widely used in the pollution
monitoring of many different types of environmenis.g air and water
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There are some gethods, that attempt to overcome problemsghich are associated

with spot sampling, for example online continuous monitoring,-fienitoring and
passive sampling. Out of the methods just mentioned, passive sampling technology
has the greatest potential todzome a reliable, robust and cost effective tool that

could be used for monitoring programmes throughout Europe.

1.4.2 THEORY

LY I HwHnnH NBOASSGS DsNBOJA YR bl YAOI YA
technique based on free flow of analyte moleailigom the sampled medium to a
collecting medium, as a result of a difference in chemical potential of the analyte
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Figure 12: Exchange kinetics between the sampler and the water (Graphic adapted from
Vranaet al. (16)). Both regimes observed during a passive sampling deployment are also

shown (kinetic and equilibrium)

Sampling is able to proceed with no energy source due ¢odifference in chemical

potentials of the sampled pollutants. The uptake of the pollutants into the sampler
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will also depend on environmental conditions, the design of the sampler, and the

physical chemical properties of the pollutar§ést).

In aquatic passive sampling a receiving phase is exposed to the water phase, without
aiming to quantitatively extract the dissolved contaminants. All passive sampling
devices absorb/adsorb pollutantsom water as shownabove (Figure 12). The
exchange kinetics between a passive sampler and water phase can be described by a

first order, one compartment mathematical model based dnuation 1.1.

00 0 —p Q ) (Egn. 1.1)

Where (t) is the concentration of the analyte the sampler at time t, &is the
concentration of the analyte in the agueous environment andakd k are the
upload and offload rate constants respectively. This equation can be further reduced
down depending on the type of sampler being used, foanegle equilibrium or

kinetic.

For equilibrium passive samplersvhere the sampler exposure time is sufficiently
long that equilibrium is established between the sampled and collected medium,

Equation 1.1 reduces to

0 6 — 0v (Egqn.1.2)

Where K is the phase water partition coefficient. When K is known it is possible to
estimate the concentration of the dissolved analytes and as such determine the TWA

for the water body in questio5).

The basic requireents of this equilibrium based approach are that stable
concentrations are reached after a known response time, and that the sampler
capacity is kept well below that of the sammencentration This is to ensure that
depletion can be avoided duringxtraction. If data on receiving phaseater
partition coefficients is available this can allow for the calculation of the dissolved

contaminant concentration. Equilibrium samplers are characterised by a rapid
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achievement of equilibrium between contaminagnn the water to be sampled and

contaminants inside the passive samp(46).

Forkinetic passive sampler# is assumed that the rate of mass transfer between
both mediums is linearly proportion to the difference in cheahiactivity of the

analyte for both media. Equation 1.1 ctren be reduced to

~

0 0 0 Qo (Eqgn. 1.3)
This can in turn be rearranged to an equivalent relationship
0 0 06 Yo (Egn 1.4)

Where M(t) is the mass o&nalyte accumulated in the receiving phase as exposure
for length of time (t), Ris the sampling rate which is the product of the first order
rate constant for uptake of pollutant {kand the volume of water that gives the

same chemical activity as thelume of the receiving phase.

A series of papers have been published using a solved form of the above equations
for the calculation of diffusion coefficients of pollutants into polymeric matef@r

(48) (49). The equatior(Equation 1.1wasalsomodified for use in ATRTIR through

a combination of the original equation and the general expression for absorbance in
ATR. This resulted in the following equat{@®).

K

—  p — (Egn. 1.5)

Where:

G¢ p
cO
O¢ »p
10
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Kinetic samplers can be characterized by a high capacity for the collection of target
pollutants. This high capacity ensures that the analytes can be enriched
continuously, throughout the sampling period, allowing the TWA over the entire

sampling period tdoe obtained.

Most commercially available passive samplers are considergthdse passive
samplers. Bphase samplers generally consist of a receiving phase, which is non
polar, separated from the aquatic environment by a diffusion limiting membrane. Bi
phase samplers are more commonly available commercially and indede
permeable membrane device€SPMD} In single phase passive samplers, e.g.
silicone rubber (PDMS), the polymeric material acts as both the receiving phase and
the diffusion limiting &p. Common features of single phase passive sampling
devices are the ease of construction, low cost and in some cases, the possibility of

repeated usag€s0).

There are two main accumulation regimes within a passive saneseilibrium and
kinetic, which can be distinguished within the sampler during deployment in the
field. Using the concentration of analytes in the sampled media and receiving phase,
analytes can diffuse until a state of equilibrium is reached. Once this istaecached

no further enrichment will take place within the sampler. Therefore the capacity of
the receiving phase for the analytes of interests is directly proportional with the time

span required for equilibrium to be reached.

When the relationship bveen the sampling rate and the analyte concentration is
determined and known¢ 2 ! €afi then be calculated. However, there are certain
criteria that need to be filled to ensure accuracy. The receiving phase must act as a
Wi SNRP aAyl Qs déntefioh of $h@ Sndlyterafound KieSsanipierystould
decrease towards zero, the phase must ensure that the analytes remain trapped.

Secondly the sampling rate must remain constant throughout the exposure period.

In kinetic sampling, it is assumed that theeaf mass transfer to the receiving
phase is linearly proportional to the difference in chemical activity of the
contaminant between the water phase and the receiving phase. Once the

proportionality constant or the sampling rate is known the TWA conegiotn of a
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pollutant in the water phase can be calculated. The advantage of passive sampling is
that they sequester contaminants from episodic events that would often not be
detected with grab sampling, and can also be used in situations where the water

concentration varies over time.

In recent years there has been development of a range of integrative passive
sampling devices. The most widely used samplers are the SRBWDsfor
hydrophobic organic pollutants and the diffusigeadients in thin films (DGT§)2)

for metals and inorganic ions. The SPMDs were investigated to look at the effect
that deployment time had on the expected levels of contaminants. It was found that
a deployment of 1480 days was sufficient to sample quantifiable levels of most

relevant pollutantg51).

There have been several novel passive sampling devices that are suitable for
monitoring a range of nopolar and polar organic chemicals, e.g.spedes,
pharmaceutical drugs and other emerging pollutants, recently developed. Attempts
have been made towards minimizing the design of the passive sampler, combined
with solventless sampler processi(@). An example of miaturization which leads

to green chemistry is a silicone elastomer, which is one of the materials that are
currently being tested for use in analytical extraction techniques and passive
sampling device4). Fast methodolgies are now being developed for the recovery

of environmental contaminants, these techniques include pressurized liquid

extraction, ASE, MAE or sonicati@®) (56).

In order to predict TWA wateconcentrations of contaminants from levels that
accumulate in passive samplers, extensive calibrations are needed in order to
characterise the uptake of chemicals into the passive sam{@@) This rate of
uptake of chemical depends upon the chemicals physleemical properties, but
also on the sampler design. The rate of uptake can also be influenced by
environmental variables such as temperature, flow rate, turbulence anddiling

of the sampler surface.

Booij et al. (58) described a method of estimating the uptake kinetics in both
laboratory and field situations by spiking the passive sampling devices prior to
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occur in the environment. The release rate of these compouwats be used & a

measure of the exchange kinetics between the sampler and water.

Uptake rates of analytes can be determined in the laboratory under a series of
known conditions e.g. temperaturdlow velocity and the absence of kiouling.
When samplers are deployed in the environment however these conditions are not
encounteredidenticallywhich will result in nondeal uptake rates. Through use of
PRCs it is possible to correct this Fidealty and as suchthey are now gaining
importance within the field59). It is however, important to ensure that the PRC has
similar propertiesto the target analyte e.g. diffusion coefficient in the boundary
layer, and soluhily in the polymer, to the target analytes. These PRCs should also
not occur in the deployment region as this can offset results; ideally PRCs are chosen
to be an isotopic analog of the analyte. PRCs are generally labelled or unlabelled
analytically norinterfering organic compounds, that have moderate to relatively

high fugacity, and are added to the sampler prior to deployn{é0).
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1.4.3 PASSIVE SAMRGIVS. ACTIVE SAMYGI

While there are disadvantages to passive sampiegan alternative technique to
active sampling it is important to note that there are many advantages and passive
sampling has the potential to become a reliable, robust and cost effective tool in the

analyses of water bodies.

Until now, monitoring of wagr quality has been heavily reliant on the collection (at
set intervals of time) of spot water sampl€s9) where extraction and laboratory
based analysis would then be carried out for both organic and inorganic pollutants.
Although this method is both well established and also validated to the point where
it is accepted for regulatory and law enforcement purposes, this method is only valid
when it provides an entirely representative status of the water quality at that

particular sampling site.

Active sampling methods represent the more commonly used approach for the
collection and extraction of pollutant residues in waféf). These methods are ones

in which physical intervention or external ey input is required for sample
collection. However, following on from research that has been carried out over the
last two decades it was found that there are considerable limitations to be found
with this spot sampling method in relation to determininifpe total pollutant
concentrations. When spot sampling is carried out there are many factors that will
not be accounted for. One of these factors is metal speciation which may be a crucial

factor in metal toxicity to aquatic organisms.

Spot water samplig only provides a snap shot of the water sta{@2) at the exact

time of the sampling and does not provide any information on the bioavailability of
pollutants within the water(63) (64). While it would be possible to continually
repeat the spot sampling at the site this would be very expensive due to the costs of
both the transport and the analysis. If another sampling method was deployed
instead of repeated spot samplj e.g. passive sampling, more useful data on the
variability of contaminant concentrations or temporal changes in tox{&8), could

be obtained at a lower co66)(67).



There are many advantages for using a passive sampler compared to other sampling
G§SOKYyAldzSad Ly LI aarigsS alyYLitAy3a I O0O2NRAyYy 3
analytes from the surrounding sample through to the inside of the trap witha t

sampler is free. This means that the major driving force and mechanism of
separation is based on concentration differences between the agueous environment

and the sampler. Through use of passive sampling, no pyé&)sr external energy

are needed and this can make the passive sampler less complicated toamsthéh

active equivalen{(7). The passive sampler can be left to work unatten@@®l) (70)

and in comparison to live biota can avoid drawbacks related to migration or

mortality.

With the use of passive sampling only one device is needed at any one location for
the duration of the sampling period. When grab sampling is used the leamif
only represent the conditions of the water at that specific time, i.e. a snapshot, so in

order to obtain timeaveraged information many samples would be needed.

Another advantage of passive sampling in comparison with active sampling is with
average concentrations of pollutants in the environment. A large number of samples
need to be collected from one location for the sampling duration with active
sampling(7). Both a pump and flow meter will also be required he wolume or
flowing rate of the sample needs to be monitored. This leads to the active sampling
being both costly and time consuming. Another factor that can be aggravated by this
is that the sampling region is able to be disturbed by the pump which eszch to
unreliable and urreproducible results. The pumping can also cause loss of volatile

compounds within the samplg3).

However there are some disadvantages to passive sampling that need to be
addressed. For example thesel of passive sampling is unsuitable to monitor short
term variations in analyte concentratigf7l), and also has limits within compliance
testing of the WFD EQSs, and MAC standards as these are set for total water
concentratons, with the exception of metals, whereas water concentrations
measured by passive samplers are given as dissolved water concenti@)¢as It

should also be noted that performance wdlidation and quality control with passive
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sampling can be more difficult that for traditional grab sampling. Passive sampling
can be sensitive to change in temperature, water movements (hydrodynamics), flow

rates and biefouling Gection 1.4.5).

1.4.4 SMPLING DEVICES

PassiveSampling techniques are characterized by simplicity with regard to the
al YL SNDRa O2yaidNHzOGAz2y Fa oSftft a AGa
increasing application in the field of environmental research and analytics. When
choosing a passive sampling method, one should not forget that some passive
samplers require the timeonsuming calibration step before being used in the field,
whereas for some samplers relevant data has previously been published. The
equipment used at th passive sampling stage is relatively simple and small, which is
very important since the sampling sites are often situated great distances from the

laboratory.

An appropriate calibration method is required for the design and quantification of
passive sapling deviceq72). Passive sampling devices have been studied over a
variety of different research areas andJabeen applied to screen studies and
source identification, quantitative determination, mapping of pollutant

coneentrations, and water quality monitoring.

1.4.4.1 SEMPERMEAE MEMBRANE DEVICEHSVDS)

SPMDs were introduced by Huckings andwookers (73) as a new method for
monitoring of lipophilic contaminants, and now it has attaingde greatest
importance and widespread application. The polymer, often thought to be- non
permeable, actually consists of transport corridors of less than 10A in diarteter
These pores allow for the selective diffusion lofdrophobic organic chemicals,

which are then sequestered in the lipid phase.

SPMDs are designed to sample chemicals that are dissolved in surface water, and
mimic the bieconcentration of organic contaminants into the fatty tissues of

organisms. The SPMéhables concentration of trace organic contaminant mixtures
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for analysis, toxicity assessments, and toxicity identification evaluations. The SPMD

samplershave also been noted for chemically sampling in both groundwater and air.

The SPMBconsists of a newal, high molecular weight lipid (>6dDaltong such as
triolein, which is then encased in a thick walled -@&® pm) flat polyethylene
membrane tube(75). The noRporous membrane allows the ngwolar chemicals to

pass throud to the lipids where the chemicals are concentrated. Large molecules
(>600 Daltong and materials such as particulate matter and miorganisms are
excluded. A standard SPMD is 2.5 cm wide by 91.4 cm long and contains 1 mL of

triolein.

SPMDs can sampleydirophobic organic contaminants from water or air under
nearly any environmental conditions. Chemicals sampled by SPMDs include
hydrophobic, bieavailable organic chemicals such as polychlorinated biphenyls
(PCBs)(76), PAHs(77), organochlorine pesticides, dioxins and furans, selected
organophosphate and pyrethroid pesticides, organotin compounds and many other

non-polar chemicals.

1.4.4.2 POLAR ORGBNBHEMICAL INTEGRETSAMPLER (POCIS)

ThePolar OrganicChemicallntegrative Sampler (POCIS) is designed to sample water
soluble (polar or hydrophilic) organic chemicals from aqueous environm@ais

This device relies on the diffusion and sorption to accumulate d totss ofthe
analytes. The deployment period can range from weeka moonth, and the device

has neither mechanical nor moving parts. The POCIS samples chemicals from the
dissolved phase, and mimics the respiratory exposure of aquatic organisms. The
POCISrovides a reproducible means for monitoring contaminant leais also
concentrates trace organic contaminants for toxicity assessments and toxicity

identification evaluate (TIE) approaches.

The POCIS consists of a solid material (sorbent) contained between two- micro
porous polyethersulfone membrane¢21l) The membranes allow water and
dissolved chemicals to pass through to the sorbent where the chemicals are ttappe

Larger materials such as sediment and particulate matter are excluded. The

-29-



membrane resists bifouling which can significantly reduce the amount of the
chemical samplednd affect predicted uptake rate3he POCIS disk is constructed of
two 130 um thi& x 47 mm diameter hydrophilic polyethersulfone membranes (0.1
pm pore size). The membranes enclose a resin/adsorbent mix which serves as

sequestering medium.

Two configurations of the POCIS are commonly &) each of tlem containing
different sorbents. A pesticide configuration contains a mixture of three sorbent
materials (80 mg of solute EN®nd 20 mg of Biobeads>& with surface dispersed
powdered Ambersorb 1500 carbon) and is used for most pesticides, natural and
synthetic hormones, many wastewater related chemicals, and other wsaéible
organic chemicals. The pharmaceutical configuration contains a single sorbent (100
mg of Oasis HLB resin alone) that is designed for sampling most pharmaceutical
classes. It issenmmon to deploy POCIS of several different configurations together to

maximize the types of chemicals sampled.

The POCIS can sample polar organic contaminants from water under nearly any
environmental conditions. The samplers have been used successftitgsin(80),
estuarine(81) and marine waterg82). Chemicals sampled by the POCIS can include
complex mixture of pesticidg§8), prescrption and non prescription drugpersonal

care and common consumer products, industrial and domese& materials and

degradation products of these compoun(&3).



1.4.4.3 PASSIVESTU CONCENTRATIONREAXCTION SAMPLERSCES)

The Passive 18itu Concentration Extraction Sampler (PISG&H)is designed to
sample norpolar or hydrophobic organic chemicals in surface water. This device

relies of diffusion and sorption to accumulate a totadss of analytes.

PISCES are constructed to be lightweight, rugged, easy to deploy, reusable and to
allow easy addition and retrieval of solvent. The devices consist of a metal (brass)
body with a flange at one end to retain the membrane and a screw cépeatther

end to allow addition and removal of solvent. The cap is fitted with a
Polytetrafluoroethylene RTFE) vent filter that keeps water out but allows gases to
escape. There are two configurations of PISCES; one has a flange diameter of 7.6 cm,
amembrane area of 21 cfrand holds 100 mL of solvent. The other has a flange of
10 cm diameter, a membrane area of 502%camd holds 200 mL of solvent. Both
samplers are approximately 9.5 cm lompth the @ps and flanges are sealed with
standard sized Vita® oerings. Low density polyethylene (LDPE) membranes typically
are 100 um thick. Thinner membranes have been evaluated but they do not yield
higher sampling rates, and they were found not to be as sturdy as the 100 pm
membranes. The solvent is analyzed bgnventional analytical methods. The
membrane excludes ionic, high molecular weight natural organic matter, and
particulates, thereby simplifying and in some cases eliminating the need for cleanup

of samples before analysis.

PISCES have found applicationsmonitoring of spatial distribution and tracing
pollution sources in surface water and effluent wastewater for the monitoring of
PCBs and tracing point sources of pollutfafh). Successful sampling has been shown
of alkyl benzeneg(85), chlorinated benzene@5), nonylphenols, PCE86)and PAHs
(7). PISCES only sample truly dissolved compounds. Compbaundd to particles,

dissolved organic matter or micelles are not directly sampled.
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1.4.4.4 CHEMCATCHPRSSIVE SAMPLERIGEMPORE DISK)

The Chemcatcher passive sampler samples analytes with diffusion of target analytes
through a membrane, followed ybaccumulation of these analytes in a sorbent
receiving phase. The first publication of the Chemcatcher passive sampler was in
2000 (87) and was developed to measure 2 | Qf{a range of target analytes

(including polarnon-polar and metals) in aquatic environments.

Chemcatcher uses a PTFE support device to protect a layer of membrane which
covers a solid receiving phase (e.gs Empore disk). The Chemcatcher passive
sampling system uses a receiving phase base on @& smbent immobilised in a
polymeric matrix in the form of a disk and this overcomes a number of problems
associated with the use of liquid receiving phases. Not only is the system physically
robust but because the receiving phase can be selected fromda wange of
commercially available phases, there is potential for increasing the range of analytes
sampled or for making the sampling system selective, below a selection of phases

that can be usedk detailed

The Chemcatcher passive sampler allows botydrdphobic and hydrophilic
compounds to be sampled when taking into account the appropriate receiving
phases, in terms of Empore disks, flid PhaseExtraction (SPE)The body of the
device, which supports both the diffusion limiting membrane and solid receiving

phase and seals them in place, is made from PTFE.

There are two main configurations of Chemcatcher on the market; organic and
inorganic. While using the organic Chemcatcher both polar andpoter organic
analytes can be sampled, and this method has found application as an integrative
sampler with a samjng period of 14 days to 1 month, as well as measurements of
¢ 2 | ©fdanalyte concentrations in the environment. After exposure and before

analysis a simple solvent extraction is carried out.

The second configuration of Chemcatcher is the inorganic sanmiphis comprises of
an immobilised chelating acceptor resin on a PTFE base and uses a cellulose acetate

membrane filter acting as a thin diffusion layer. This sampler has been used for in
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situ metal speciation in natural waters for Cd, Cu, Ni, Pb an@2)nAfter exposure

the sample is then prepared by acid extraction.

Some of the analytes that can be sampled are polar or-paar organics, some
persistent organic pollutants (PORS)7), organochlorine pesticide¢88), PCB£89),

and PAHY90). Accumulation rates and selectivity are regulated by the choice of
both the diffusion limiting membrane and thel&gd phase receiving material; both

are supported and sealed in place by an inert plastic housing. There is calibration
data available for many chemicals and it is also possible to predict this data based on
a model produced by Vraret al.(90). A non linear regression was performed for the
Log of the sampling rate from a series of nine calibration experiments using a third
order polynomial function of LogoiK The plot obtained showed good correlation for
sampling rates ofompounds with Logdsin the range from 3.7 to 6.8. Through use

of a model such as this it is possible to calculate the sampling rate for a large variety

of pollutants.

1.4.5 FACTORS INFINGENG PASSIVE SAMRIEERFORMANCE

A sufficiently high sampling matis required for a good sampler performance. This is
even more important in the case of sampling for Ralar compounds as their
levels in the water can be very low (<1 pi§®]). The uptake rates of target analytes
can be #ected by a series of factors including the design of the sampler, the
physiochemical properties of the analyte, and also environmental conditions that are

present during the course of sampling.

Water sampling rates of target analytes by passive sammansbe altered by a
series of different environmental factors, including temperature, hydrodynamics,
bio-fouling, and water flow. These environmental variables are defined in more
detail below (Sections 1.4.5.% 1.4.5.4)in order to aid with the more accate

estimation of ambient chemical concentration data.



1.4.5.1 SAMPLER D&RSI

Single and biphase passive sampling devices hawgh been developed. The more
common type, bphase e.g. SPMD, usually consist of both a receiving phase, with an
affinity for organic analytes, that get separated from the aqueous environment using

a diffusion limiting membrane. For single phase passive samples, e.g. PDMS, the
polymeric material acts both as the receiving phase and the diffusion limiting layer
will simply be he water boundary layer present on all aquatic passive sam@)s

(93)

In the absence of bifouling the ratelimiting step is the receiving phagé3), and

may be ontrolled by diffusion across the diffusion limiting membrane, or by the
water diffusive boundary at the membraneater interface. When passive samplers
are applied to agueous environments, the thickness of the water boundary layer can
vary from 1 mm to Iss than 1 um for quiescent and turbulent conditions

respectively(94).

1.4.5.2 TEMPERATURE

An increase in the temperature of the aquatic environment can increase the water
solubility and in turn decrease the partitioning torgales(95). This can have a large
effect on passive sampler performance as passive samplers measure the dissolved
fraction of polar organic compounds. Not only will there be a seasonal variation in

temperature, it can alswary from day to day depending on the environment.

When looking at bphase passive samplers it has been seen in the literature that the
effect of temperature on the sampling rates can be described using an Arrhenius
plot. For SPMDs this relationship hasebh shown for a temperature range of -18
24°C and also for Empore disks, using polysulfone or low density polyethylene
membranes, over a range of20°C(87). In relation to single phase passive samplers,
Smedeq93)carried out work on enrichment of silicone rubber with PCBs, R86)s

and chlorobenzenes and it was found that a 30% decrease in sampling rate occurred
with a 10°C increase in temperature. With acrgase in temperature there will be

an increase in rate of diffusion. This is due to the fact that molecular diffusion



coefficients will increase with temperature, which in turn will increase sampling
rates for diffusion sampler&). However it is not as simple to predict the effect that
a change of temperature will have on diffusion through the polymeric layer, since
some properties, e.g. fluidity and viscositf the polymer can also change with

temperature(97)

1.4.5.3 HYDRODYNAMIC

Water turbulence affects the thickness of the unstirred layer of water that forms as
part of the diffusiong limiting barrier near the sampling surface. Due to the fact that
masstransfer resistance is directly propgmnal to boundary layer thickness, this
shows that the sampling rates of the target analytes will vary with the
hydrodynamics of the deployment usg@8). A series of PAHsS and pesticides
(fluoranthene, anthracene, hexachlorobmsne, dieldrin etc) were studied using
Chemcatcher within laboratory conditions. It was found that with the exception of

lindane an increase in sampling rate was observed with increasing flow vé®Zjty

Nyoniet al. (84) arried out a study to determine the effect of hydrodynamics on the
uptake rates of triazine compounds using a selective membrane assisted passive
sampler (MAPS). The sampling rates were analysed for stirred and unstirred tanks
and it was seen that when merturbulent conditions were applied there was an
increase in sampling rates. The sampling rates, for both conditions, were then
correlated to the Log 4 of the analytes. For the more polar compounds (atrazine
and simazine), a large increase was not seeith van increase in water
turbulencehoweveyfor the more nonpolar compounds, Logoi> 3, an increase in

turbulence showed an increase in sampling rée).

1.4.5.4 BIGFOULING

Any unprotected surface which is submersed in an aqueous ecosystem will
eventually become a substrate for bacteria, flora and fauna, which may ultimately
form a biofilm (23). The composition and thickness of this film can vary
depending on the aquatic system it is subject to.-Bialing affects the overall

resistance to mass transfer by increasing the barrier thickness, and blocking any
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water-filled pores in the diffusion limiting membrane. If the membrane is made of a
degradable material it is possible that colonising organisms may damage the surface

and impede the uptake of target analyt€:00)

Significant differences in sampling rates have been noted on gmaesivesamplers

due to the ocurrence of bigouling. Depending on the target analyte, different

percentage reductions of sampling rates have been noted. &llisl. reported a

reduction of 26.238.6% in the sampling rate of phenanthrene in fouled SPMDs in
comparison to urfouled afier a deployment in the upper Mississippi Ri&@01)

Another study carried out by Richardsenhal. (102)demonstrated that the uptake
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between 78.4 and 38.8% of the concentration found infomled controls. In the

same study a selection of PAHs were also looked at (Anthracene, Fluoranthene, and

Benzo (a) pyrene). The study was conducted over a four week periodratede

outdoor tanks with flow through seawater (SWIRE Marine Laboratory, Hong Kong).

From these results, it can be seen that reduced effects offdaiing were noticed
with hydrophilic compounds which fits in with theoretical considerations. Within the
passive sampler the biflm can be counted as an additional layer between the
collecting medium and the receiving phase. Due to this thefibio needs to be
permeated before the uptake of the target analytes into the receiving phase can
occur. Hydrophii compounds should permeate through this filon at a greater
rate as the bidilm layer can be modelled as a water layer with dispersed organic
matter (93). Another explanation is that the bidm may hinder the extractionfahe

analytes from the disks after exposufE3)

1.4.6 LATEST TRENDNSPASSIVE SAMPLING

1.4.6.1 COMBINATIGDF PASSIVE SAMPLINRYICES

There is no single passive sampling device that allows for the sampling of the very
broad spectrum of analytes. Up to this point passive samplers were dedicated for
hydrophobic pollutants e.g. PAHs and PCBs, however, recently there has be an

increase in monitoring of compounds with medium to high polarity e.g. polar
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pesticides, pharmaceutita There is a need for assessing a wide range of pollutants
within the environment. Due to the characteristics of known samplers, e.g. affinity
for polar or nonpolar compounds, it has made it imperative to deploy a selection of
different passive samplerd?assive integrative samplers designed for a broad array
of environmental contaminants provide a base for a holistic approach to the
assessment of anthropogenic stressors in aquatic systems. These integrative
samplers include SPMD for hydrophobic contaanits and POCIS for hydrophilic

contaminants.

Petty (104)used a selection of three passive sampling devices (SPMDs, POCIS and
SLMDs) and deployed these at five sites throughout a constructed wetlands complex.
Through use of thisuite of samplers a greater Logwkange was covered {00).

POCIS samplers would be used for the sampling of hydrophilic compoundsy,(Log K

0-3) (e.g. Ibuprofen and phenelzine etayhereas SPMDs have a larger range for
hydrophobic compounds (Logd3-10)0 S®3 ® RA St RBMATek.) [ AYRI yS3

1.4.6.2 USE OF PAGSEAMPLERS IN LIBHUBIGORGANISMS FARALYTE
UPTAKE

One of the major advantages of passive samplers is that they can determine the bio
availability of chemicals in a similar manner &dest organisms. They have potential

as biological surrogates, and scientists have investigated their use in aquatic
environments, for example, in areas where the environment has a high
concentration of contaminates which would affect the lifetime of argans such as
shellfish(105) There have been extensive studies into the possibilities of SPMDs as
surrogate for bivalves in assessing the-aiailability of POPs in an aquatic system
(106) (107) It has also been reported by Richardsral. that SPMDs have similar
uptake and response times as mussglS). Target compound concentrations were
determined in triplicate using both SPMDs abldie musselsMytilus Edulis The
results were found to be very comparable with a relative standard deviation that
was generally less than 5%. There have been other studies in which SPMDs are
compared to greedipped mussels Rerna viridiy for the uptale of PAHS(75),

chlorinated pesticides, PCB&5) and petroleum hydrocarbongl06) In most cases

-37-

L.



however, contaminant levels based on passive sampling (in parti&®iRdD) and

living organisms have been found to be differét8) (108)

Passive sampling devices have been used to assess the availability of aged organic
compounds in soils. Good correlationgre observed between the uptake of DDT,
lindane, heptachlor, aldrin, dieldrin, and endrin by earthworms and the quantity of
chemicals sorbed by 1€ passive sampling device€l09) As environmental
conditions can affect chemal uptake by living organisms, there is a possibility of a
disparity between the number and the relative amounts of analyte residues detected

in passive samplers and the tissues of test animals. This shows that the results
obtained from passive samplingdhniques and living organisms can support and
complement each other and therefore are valuable tools for estimating the fate and

impact of environmental contaminants.

1.4.6.3 ACCURACYTWA CONCENTRATIONS

TWA concentrations can be obtained usitrgditional grab sampling methods
through repeated samples being obtained. One issue with this method is that
obtaining the series of samples can often be physically and logistically difficult. This
method would also generate large volumes of samples, dud to this, would
increase the cost required to analyse thefhl0) Another more coseffective
method of obtaining TWA concentrations is through the use of a passive sampler. It
is essential for the quantifying of the contamants found in the environment that
precise calibration of passive sampling devices is carried out. For this to be done,
knowledge of uptake kinetics of different compounds is required. One method of
increasing the accuracy in TWA concentrations is thinahg use ofPRGwvhichwere

discussedbove(Section 1.4.2)



1.5 CONCLUSIONS

Passive sampling is a technique that could find muchimuslee current monitoring
system within Europe. It has advantages compared to the traditional approach of
grab sampling, due to its low cost, nosage of power sources and ability to
determine TWAconcentrations of pollutants in the sampled environment. Whhe
accuracy of passive sampling has increased in recent years to where it can be
considered being on par with traditi@hmethods, it is important to note that there

are more variables with passive sampling than with grab sampling. It is important to
study various environmental conditions that can affect uptake rates of pollutants,
and in turn affect TWA results. One way of combating this issue is through the

integration ofPRG.

While passive sampling shows great promise for long term monitoring aftaots,
it should be noted that for shorter term variation it is not suitable. One other issue
that should be taken into consideration prior to the deployment of passive samplers
is the security of the deployment site to allow for the possibility of vdisda

occurring at the expense of loss of data.

By using passive samplers, in particular for pesticides, a greater window of
understanding can be compiled for the usage of pesticides within the environment.
Currently pesticides are analysed once a yearchiim the case of pesticides does
not complete an accurate representation of contaminant levels, in part due to the
fact that only pesticides are used at select times during the year, for example during
growing season, or harvesting season. By beingtabddtain aTWAof periods such

as one month at a time, it will be possible to obtain a more comprehensive picture of

the use of pesticides within Ireland.
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CHAPTER: DEVELOPMENT OF ANAICAL METHODS FOR
TESTING PASSIVE SAMIEB MATERIAL PERM2RICE
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2.1 INTRODUCTION

The monitoring of pesticide levels within the environment from a series of different

matrices is verymportant for both human health and environmental contrd).

One of the most important steps in the monitoring of pesticides is the- pre
concentration and isolation of these analytes using various sample preparation
techniques such a$olid PhaseExtraction (SPEJolid PhaseMicro Extraction (SPME)

and Qupercritical Huid Extraction (SFE). Ps@oncentrationcan bean important step

due to the low levels of analytes withienvironmental samples, typically in ngt

levels. Also with sample preparatiofor example SPE, this cat not only to pre
O2yOSYyiNI 0SS (KS &al-dINSEKEdAl OLW S| Yag NWBOHOS |

2.1.1 TARGET ANALYTE

Within Annex X of the WF@) 41 Priority Pollutarg (PPs) are mentioned. These PPs

have been broken down into four distinct groups; Pesticides, Volatile Organic
Compounds (VOCs), Polycyclic Aromatic Hydrocarbons (PAHs) and Metals and Trace
elements. Within this project the largest group, pesticides, wasniy concentrated

on. Within the group of pesticides there is a large range of chemical and physical
properties, e.g. molecular weight ranges from 201.66 to 406.93 ool simazine

and DEHP respectively, and a range of LagpK2.61to 6.36 foratta A Y S |y R LJZ LJQ
DDT.

In Table 2.1 below a more detailed overview of the two pesticides that were selected
to represent the group of pesticides is shown. These two chemicals were selected
due to being on different ends of the spectrum of the physical and ot&m
properties selected to be studied. The two pesticides, atrazine and dieldrin, were
used as test analytes in the optimisation of methatsd novel passive sampling

materials



Table 21: Selected physical and chemicalroperties of atrazine and dieldrin. (Logol,

M. Weight, M. Formula and structures)

Cl
Cl
HN/\ cl
A
Structure X o
)\ )|\ )\ K )
Z
H N Cl
CAS Number 1912249 60-57-1
M. Formula GsHiaCINs Gi2HsCEO
M. Weight (gmoal) 215.68 380.91
Log Kw 2.34 5.4

Within the group of pesticides atrazine, is in the lower range of both molecular
weight and Log d (octanolwater partition ratio). The group of pesticides have a

range of Log d from 2.4 to 7.5 for simazine and DEHP respectively. A further reason
that the above tvo chemicals were chosen to represent the group is due to their

water solubility.

Atrazine is part of a class of herbicides which contain three heterocyclic nitrogen
atoms in ring structures and are called triazines. Triazine herbicides inhibit
photosynthess. Atrazine is widely used on corieldrin is an insecticideised
regularlyfrom the 1950s to 1970 and was usedagsesticide for cropsuch asorn,
citrus crops and cottonalso it wasused to control locusts and mosquitoes, as a
wood preserve and fiotermite control. Dieldrin is a nepolar compound and due to
this will have a strong affinity for organic matter. It has a high potential for
bioaccululation, indicated by a Logwalue between 4.85.2, and this can lead to

bio concentratiorandbio magnifyin living organisms.
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2.1.2 SOLID PHASETRACTION (SPE)

Solid Phase Extraction is a very popular sample preparation technique. Disposable

cartridges were introduced for SPE in 1978 and in recent years much improvement

has been seen in this techniquevith the introduction of new sorbents and
automation(3) {t 9 OFy 0685 Olf RIS DRI BYIRE QUE SRS QW ZF \F
mode is directly connected to the system for analysis. These samples do not require

further handingt Y R RdzS (2 GKAA I NBE GOSNE &fdAyig®t S 7T
SPE has been hyphenated with both GC and LC, however due to the aqueous mobile

phases commonly used for SRE became the first robust dime technique. Within

this chapter workiscakk SR 2 dzii 2y W2FF fAySQ {t9oo

On the market there are now many varieties of sorbent available; includinggendn
cappedC184 A f And me@nafunctional silicas. These were developed to increase
the number of noAmodified silica groups at the surface to prd@isecondary polar
interactions with solutes. Polymeric sorbents have also been introduced and have

high specific areas in the range of 500200 ntg? (4).

SolidPhaseExtraction consists of four main steps which can be sedfirmd below
(Figure 21). Initially the sorbent is conditioned with suitablesolvent. This is carried
out for two main reasons, improvement of tireproducibility of analyte retention
and to reduce the carry through of sorbent impurities at the final elution gt&p
Followingon from this the sample is then loaded onto the cartridge, after which the

cartridge is rinseavith a Wealk(solvent.
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Figure 21: Schematic showing typical SPE steps 1: Sample with mixture of analyte and

interferences.; 2/3: Conditioning steps; 4: Sample loading; 5: Washing and 6:Elution.

Once the cartridge has beamsed it is generally dried under vacuum for a short
period of time before elution with a water miscible organic solvent. By carrying out

this drying step the volume of water retained by the eluting solvent is reduced.

Two of the most commonly used polmic sorbents are Strata X and Oasis HLB, and
there have been several comparisons of these two undertakihin the literature

(6) (7) (8). While much work has been done using Oasis HLB for pesticides in the
literature the results were comparable to those used with the Strata X cartridges.
Within this chapter this Strata X cartridges were tested as a polymeric sorbent.
Sevencartridgeswere tested twoof whichwere polymeric with the other five being

a selection of reverse phase cartridges. The two polymeric cartridges studied were
Phenomenex Strata X (a chemically modified styrene divinylbenzene derivative) and
Isolute ENV+ (a hydroxylate@d @ ai @ NSYS RAGAy&foSydtSyS
al.. (6) undertook a study comparinfjve SPE cartridge®asis HLB and Strata X
included.Duringanalysis one litre of groundwatevas spiked with 2 or 5 pgtand
loaded onb the cartridgeseluted with methanol and acetonitrile (5 mL of eaemd

the samples were then analysed using HPLC. It was founadnat ofthe cartridges

were affected by pesticide concentration with the exception of Oasis HLB. The C18
sorbent tested was not able to retain all of the analytes tested, however Strata X and
Oasis HLBvas seen to It could also be seen that as the spiked concatian

increased the percentage recovery decreased slightly for Oasis 86t8% for
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simazine; whereasvhile testing the Strata Xcartridge the recovery of simazine
increase& with an increase in spiked concentration (83.%). While it appears that
Oasis HB cartridges are more commonly reported than Strata X within the
literature, both of these polymeric sorbents show good extraction and recovery for

pesticides.

2.1.3 GAS CHROMATOGRIY MASS SPECTRORMETGAVS)

GC is an analytical technique that is used fbe separation and analysis of
compounds that can be vaporized without decomposition. GC is based on a solid
stationary phase in which through physieddsorptionof analytes caused retention.

In GC analysis tharget analyte, in gaseous form, is trarsped through the column

by the carrier gasnobile phas¢ The mobile phases used in GC analysis are inert

gases commonly helium, or unreactive gases such as nitrogen.

Gas Chromatography is one of the most commonly used methods for the
determination of peticides using a selection of detectoRame Photometric (FPD),
Nitrogen-Phosphorus (NPD),Hectron Capture Detectors (ECD) andMass
Sectrometers (MS). One issue that still occurs with pesticide analysis is the low
abundance of residueshowever throughused of tandem MS/MS, Selected lon
Monitor (SIM) or Selected Reaction Monitor (SRM) the effects of the matrix can be

reduced.

In the table below Table 22) three published methods for GC analysis of pesticides
are detailed. It can be seen that theame column make up (5% phenyl, 95%
polydimethylsiloxane) is used. This is a non polar column, and was the column that

was then selected for this project€OGanalysis.

The methods mentioned below have been used for both pesticide and PAH analysis.
Throughout this chapter it should be noted that the method developed on the GC

MS was for the identification and quantisation of pesticides only.



Table 22: Overview of select GC methods reported in the literature for the analysis of pesticides and priority pollutants mentionefhinex X

of the WFD
Column:HP5MS (30 m x 0.25 mm i.d., 0.25 pum). (5% phenyl, | Naphthalene, Pentachlorobenzene, -t4
polydimethylsiloxane) octylphenol, Trifluralin, Simazine, Atrazir
Pitarach et | Temperature Program®0°C (1 min); 20°Cmirto 180°C; 3°C mihto = Anthracene, 4-Nonylphenol, Alachlor
al..(9) 280°C; 30°Cmihto 300°C (2.5 min). Aldrin, Chlorpyrifos, Isodrin, Fluoranthen
El Source temperatur@50°C. | Kt 2NFSY Q@AY LIK2az h
Flow rate:1 mLmint. Carrier gasMethane 5 A St R NJDY, Indend>(1,XB,cd)pyrent
Column:HP5MS (30 m x 0.25 mm i.d., 0.25 um). (5% phenyl, | Anthracene, Phenanthrene,|Uoranthene,
polydimethylsiloxane) Benzo [b] fluoranthene, Benzo |
PérezCarrera| Temperature Program70°C (2 min); 30°Cminto 200°C (1 min); 3° fluoranthene, Benzo [a] pyrene, Inder
et al..(10) min™to 280°C (2 min). [1,2,3cd] anthracene, Benzo [ghi] perylen
El Source temperatur@50°C. | SEIF OKf 2NRo Syl SySs=
Flow rate:1 mLmint. Carrier gasHelium 9YRNARY I 5A4AStODNIAyaZine!
Column:LM-5 (35 m x 0.25 mm i.d., Zb um). (5% phenyl, 95
dimethylpolysiloxane)
Rissatoet al.. Temperature ProgramB0°C; 25°Cmihto 150°C (1 min); 3°C mirto | ! f RNA y = h 9 j
(11) 200°C (1 min); 8°Cmirio 290°C (8 min). Hexachlorobenzene, Lindane, Alachl

El Source temperaturg50°C.
Flow rate:1 mLmint. Carrier gasHelium

Atrazine, Simazine, Trifluralin, Chlorpyrifo



2.1.4 HIGH PERFORMAR LIQUID CHROMAT@A®RY (HPLC)

Liquid chromatography is a separation technique used in analytical chemistry to
separate components usj a liquid mobile phase. More commonly used is high
performance liquid chromatography. In HPLC the sample is forced through the
column (stationary phase) by a liquid at high pressure (mobile phase). HPLC can be
separated into two sub categories based e polarity of the mobile and stationary
phases. These categories are normal phase and reverse phase chromatography. In
the method where the stationary phase is more polar than the mobile phase e.g.
silica stationary phase, hexane as the mobile phasejdldalled normal phase liquid
chromatography (NPLC). More commonly used in recent times is reversed phase
liquid chromatography (RPLC), where the statignphase is less polar than the
mobile phase, e.g. C18 as the stationary phase, and a mixture obn@thnd water

for the mobile phase. In RPLC polar compounds are eluted first whilst non polar

compounds are retainetbr longer.

LC is commonly used in the analysis of pesticides for cases e¥otaiile, or
thermally instable pesticides and their metdiies. When liquid chromatography is
coupled with mass spectrometry (IMS) or with tandem mass spectrometry {MS

MS) t can be a very powerful analytical technique for the identification and
guantification of pesticideesidues. Whilehere is an incresing use of LC and IMS

in the literature it should be noted that for the purpose of this project the LC method
was used only as a short method for the screening of pesticides. In most studies only
two analytes were present, atrazine and dieldrin. Thesrenanalysed on HPLC to
test the optimisation of methods such as §BEction 2.2.2.1)and the optimisation

of novel passive sampling materiéGhapter 3)The HPLC that was available for this
analysis utilised an isocratic pump and as such analysied¢aut was limited due to

this.

Below(Table 23) four methods for the analysis of pesticides are detailed. One issue
with HPLC methods for pesticidesthe literature is the limitation of the isocratic

pump mentioned above, however as this method was being developed to aid in the



screening of novel passive sampling materials and not for the identification of

pollutants from the environmena simpler nethod could be developed

From looking at methods outlined in the literature it can be seen that the most
commonly used columifor analysis of pesticideis a C18, this is turn was selected
for the HPLC analysis carried out throughout this project. Bo#tamitrile: water

and methanol:water mobile phases are commonly used for the analysis of pesticides.
Acetonitrile:water was chosen for this project due to issues with sample make up in

methanol for GC analysis which is outlined in more déglibw (Secton 2.3.9
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Table 23: Overview of select HPLC methods reported in the literature for the analysis of pesticides and priority pollutants mentiomed

Annex X of theWFD

Meloet al..(12)

Mobile phaseAcetonitrile: 0.01% aqueous NH40H, pH 8.4 (35:65, v/v).
Flow rate0.7 mLmint. Detection:UV (235 nm)
ColumnPurospher RR8 5um (125 mm x4 mm i.d.)

Atrazine, simazine an

diuron.

Mobile PhaseACN:Water (each containing 0.1% formic acid. Gradient (10% A (hold 5 Alachlor, Atrazine
Ferreret al..(13) linear gradient to 100% A after 30 min. Chlorfenvinphos, Diuron
h Flow rate:0.6 mLmin' Detection:Time of flight mass spectrometer Isoproturon, Simazine
ColumnZorbaxEclipseXDBC8 5um (150 mm x 4.6 mm i.d) and Trifluralin
Mobile PhaseGradient profile of ACN:Water going from 50% A&BI0% in 20 min, held fo
five min and then returned to initial conditions
Topuzet al..(14 . . Trifluralin
puz (14) Flow rate:1 mimir Detection:DAD set at 220 and 260 nm mral
Column:C18, 5uM Luna Column (250 mm x 4.6 mm i.d.)
Atrazine, diuron,
isoproturon,  simazine

Becouze et al..
(15)

Mobile Phasel mM NHAc in MilliQ Water (A), Pure MeOH (B). 40% of B increased lin
to 100% in 33 min and held for 10 min. 15 requilibrationafter each injection.

Flow rate: 0.25 mLmid Detection Mass spectrometer (3200T@ap LC/MS/MS system)
Column:C18 Isis Nucleodur EC 3 um (125 mm x 2.1 mm)

chlorfenvinphos,  octy
phenol, 4nonyl phenol,
fluoranthene
anthracene, benzo [b
fluorantheng and benzo
[K] fluoranthene



2.1.5 AIMS AND OBJHEES

Theaim of this chapter is to develop and improve methods of extraction and analysis
for priority pollutants in order b screen and optimise novel passive sampling
materials. Analytical methods detailed within inclug@gid PhaseExtraction (SPE) for
sample peparation, High Performance Liquid Chromatography (HPLC), and@das
ChromatographyMassSectrometry (GEMS) for analysis.



2.2 MATERIALS AND WHEODS

2.2.1 REAGENTS

Acetonitrile (HPLC grade), Methanol (HPLC grade), and pesticides were purchased
from SigmaAldrich (Tallaght Ireland) and were used without further processing.
Strata X SPE cartridges were obtained from Phenomenex (Cheshire, England), all
other SPE cartridges; Isolute C18, Isolute C18 (EC), Isolute MFC18, Isolute PH, Isolute
ENV+, and Isolute @&re obtained from (Biotage GB limited, United Kingdom)

2.2.2 INSTRUMENTANO

2.2.2.1 SOLID PHABETRACTION (SPE)

Forthe SPE procedure Strata X 580 6 mLcartridges were selected (detailed in
Section 2.3.1)The cartridges were conditioned withn. d methanoland 6mL of
ultra-pure water before extraction. The samples were loaded onto the cartridge.
Followingthat a wash step was carried out to reduce surfactant remains wittl 6f
ultra-pure water. The retained analytes were elutesingl mL of acetonitrileand 1

mL of isopropyl alcohol. This 2 mL eluent was then dried under nitrogen and

reconstituted with 1 mL of acetonitrile, and was ready for subsequent analysis.

2.2.2.2 GAS CHROMAGRAPHY (GC)

2.2.2.2.1 INSTRUMERNTION

An HP 6890 sa&rs gas chromatograph connected to HP 5973 rsa$sctive detector

equipped with Agilent 7688uto sampler(Agilent technologies, USA) was used. The

column used was a capillary column {815, 30m x0.25mm i.d. x0.25 Y Wg2 { OA ®
USA)

2.1.2.2.2 SOLUTIONREPARATION

A stock standard solution of each of the pesticides was made up by weighing 10 mg
of the individual pesticides, dissolving in acetonitrile and made up to 100 mL. These

individual stock solutions were in turn used to make up a series of mixed ata



solutions, whereby the concentiian of mixed standard solutions is decided,

depending upon sensitivity of each compound for the instrument and diluted down.

2.2.2.2.3 ANALYSIS

An HP 6890 series gas chromatograph connected to HP 597 3selastvedetector

was employed. The gas chromatograph was equipped with an Agilent &&83

sampler and split/splitless injector with electronic pressure control. DS5MS,

30m x0.25mm i.d.capillary column with a 0.28 Y TA{ Y

gl a

dza SRZ

carrier g& at a constant flow of 1.mLmin® ¥ The temperature programme was the

following: initial temperature 40C, held for 2nin, 9°C-mifh Yamp to 170°C,
3°Cmin® Mo 205°C, then Cmin® %o 208°C finally by 20Cmin® to 290°C and

held for 13min. The total analysis time was 36.42in and the equilibration time

6 min. The temperature of the injection port was 250 and a 26 |

@2t dzy S

injected in splitless modd he developmenand validationof this method is detailed

below (Section 2.3.2)

Themass spectrometer was operated in electron ionisation mode with an ionising

energy of 7&eV, ion source temperature 23C, MS Quad temperature 158G,

electron multiplier voltage (EMVolts) 1750 when performing selected ion

monitoring, scanning from m/20 to 400 at 3.2 per scan; solvent delay, 81n.
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Figure 22: Chromatogram of the final method showing 18 pesticides. Initial temperature

40°C (hold 2 min), 2Cmintto 170°C, 3°Cmin! to 205°C, PCmin'to 208°C, 20°Cmirn?
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to 290 °C (hold 2 min) .Peak Identification: haxachlotb3-butadiene 12.27 min,

LISy il OKt 2NRroSyIl Sy S Mc ®dyn YAY X ONR FE dzNI €AY MG D
hexachlorobenzene 20.00 min, simazine 20.37 min, atrazine 20.57 mingdire 20.87,

caffeine 22.49 min, alachlor 23.92 min, aldrin 25.31 min, chlorpyrifos 25.84 min, isodrin

26.65 min, chlorfenvinphos 27.90 min, endosulfan | 29.02 min, dieldrin 30.47 min, endrin

31.68 min, DEHP 35.21 min

2.2.2.3 HIGH PERFORNCE LIQUID CHROMYGRAPHY (HPLC)

2.2.2.3.1INSTRUMENTWON

Liquid chromatographic analysis was performed with a Agilent Technologies Liquid
Chromatograph (Little Island, Cork Ireland), equipped with HbRb® (Agilent 1100
series),auto sampler(Agilent 1100 series), VWD tdetor (Agilent 1200 series),
Aya2SOiAz2y @I t@S 6Ly2SOGA2Y @2fdzYS¥5Hn >f 0
>Y [ dzyl O2 f dA6ynmadDy RhanonyeMex, CA, USA)

2.2.2.3.2 SOLUTIONREPARATION

A stock standard solution of each of the pestes (atrazine and dieldrin) was made

up by weighing 10 mg of the individual pesticides, dissolving in acetonitrile and made
up to 100 mL. These individual stock solutions were in turn used to make up a series
of mixed standard solutions, whereby the cont®tion of mixed standard solutions

is decided, depending upon sensitivity of each compound for the instrument and

diluted down.

2.2.2.3.1 ANALYSIS

The reverse phase separation was carried wsinga C18 columrand an isocratic

binary mobile phase consisting AtetonitrileWater (95:10, v/v) pumped at a flow

rate of ImLmint.. Both solvents were filtered through a 045y E nT YY yeéf 2
filter (Supelco, Bellefonte, PA, USA). Separation was made at room tempefHtere.

total analysis time was 8 mimthe development and validation of this method is

detailed in below (Section 2.3.3)
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2.3 RESULTS AND DUSGION

2.3.1 SOLID PHASETRACTION

2.3.1.1 CARTRIDGHE.BETION

A series of SPE cartridges were selecteddétermine which showed the best
extraction and percentage recovery of the pesticides selected for the SfTalyle
2.1). These cartridges with variety ofsorbents were investigated, both short and
long chain, as well as polymeric to determine whsdhnbent shoved the best affinity

to the target analytes.

CARTRIDGE 1: ISOLICTIRB (3 ML)

Isolute C18 is an octadecyl functionalized silica

O—Ssi (CH,)17CHs cartridge  which is  manufactured using

trifunctional silane. This is an aqueous matrix and

/O\Q/

can be used for a wide polarity range of analytes.
Si—OH
The primary retention mechanism is strongly ron

_ _ polar, with a seondary mechanisrwhcihis polar
Figure 23: Chemical structure c

Isolute  C18, showing the silanc and weak cation exchange (silanol interactions).
group covalently bonded to th

surface of a silica particle. The average particle size is 50 um, with a nominal
L2NRaAGE cn )@ ¢KSAS OF MbaN)mMPE80F dudng BB dza SR
study whid compared different sorbents for the extraction of pesticides. It was seen
in this study that the Isolute C18 cartridges were not able to retain some of the
pesticides (2, 4 D) and showed that this cartridge did not compare favourably with
the other seleted SPE sorbents. Howeveihen this cartridge was used for the
extraction of alkylphenols and pesticides in human cord blfi®), results showed
recoveries in the range of 6620% with the exception of nonylphenol where the
recoveries were above 200%. It can be argued that the C18 cartridge shows good
extraction of pesticides with lower LogwK but when less polar compounds were

tested, 2,4 D and nonylphena$sues arose



CARTRIDGE 2: STRXT®& ML)

Strata X uses a polymeric sorbent whieads to
o reverse phase extraction. This can be used for
N both polar and non polar analytes. Straxa
cartridges are stable over14 pH range. There
are several types of bonding that can occur
Figure 24: Chemical structure ¢ within this cartridge. PPi bonding can occur
Strata Xshowing polymeric sorbent
within the benzene rig, hydrogen bonding,
DipoleDipole Interactions within the #C=0 region and also hydrophobic
AYGSNIOGA2ya gAGKAY (GKS o6SyIl SyS &iNHzOGdzNB @
et al. (6)in 2007 during a study which compareifferent sorbents for the extraction
of pesticides, it was seen that Strata X retained all pesticides tested with results

comparable only to Oasis HLB sorbents, showing better recovery of analytes in some
casegq8) (7).

CARTRIDGE 3: ISOLCIB (EC) (3 ML)

Isolute C18 (EC) is an octadecyl endcapped

Si— O—5i (CH,)17CH3 functionalized silica cartridge  which s

manufactured using trifunctional silane. This is an

oS

aqueous matrix and can be used for a wide
Si— O——Si(CHa3)3 . . .
polarity range of analytes. The primary retention

mechanism is non polar, due to the endcapped
Figure 25: Chemical structure c ) ) o
lsolute C18 (EC) showing the sorbent which is used to minimize secondary

silane and trimethyl silyl grou | . . . . .
covalently bonded to the surfac silanol interactions. The average particle size is

of a silica particle 50 pm, with a nominal porosity 60 A. Isolute C18
(EC) is the sorbent mentied in US EPA method 525.2 for the analysis of PAHs and

phthalates in waste and surface wate($7)



CARTRIDGE 4: ISOLWMHE18 (1 ML)

CHs

N |

Isolute MFC18 is an octadecyl (non endcapped)

Si @) Si (CH,)17CH;  functionalized silica which is manufactured

S/

Si—OH

CHs

usingmonofunctional silicalt is a strong non
polar phase. The primary retention mechanisms

are nonpolar with a secondary mechanism of a

Figure 26: Chemical structure ¢ polar and weak cation exchange. The average

Isolute MFC18, showing
monofunctional Cc1s8

silan

tr _ . , : :
particle size is 50 ym, with a nominal porosity

covalently bonded to the surface ¢ 125 A

a silica particle.

CARTRIDGE 5: ISOLPHE

Isolute PH is made of phenyl (non end capped)

Si—Si functionalized silica and manufactured using trifunctional
0 | silane. It has an averagparticle size of 50 um, and a
Si——OH nominal porosity of 60 A. It is a medium npaolar

Figure  27:  Chemica (hydrophobic) phase, and due to the fact that it uses non

Structure of Isolute Pk
showing the trifunctiona
silane covalently bonde
to the surface of a silic
particle.

end capped silica there is additional silanoteractions

noted.

CARTRIDGE 6: ISOLENY +

~C,
H‘CHQ_ on-avr CHeey,
»

@OH

Figure 28: Chemica
structure of Isolute ENV
structure, showing e
hydroxylated polystyene
divinyl benzene cepolymer

Isolute ENV+ is a hydroxylated polystyrene
divinylboenzene copolymer. This is a very strong non
polar phasewhich is also water wettable. It is a
cartridge that can be used for the extraction of very
polar drugs and metabolites that would not be
retained by a C8 or a C18 sorbent. It works on anon
polar retention mechanism. This sorbent has an

average particle size of 90 um and a nominal porosity

-65-



of 800 A. Isolute ENV+ cartridges were used in a study btifdaet al. (18) which
showed that the cartridges performad wellfor the extraction of several pesticides,
diuron and itsby-productsincluded Another study was carried out by Fernandez
Albaet al. in 1998(19)to monitor pesticides in groundwater. A large selection of
insectides and fungicides were selected, including chlorfenvinphos and lindane, and
all percentage recoveries wertound to be 85% or over. The high percentage
recoveries are due to the fact that the polymeric sorbents contain a lot of binding

sites and also that they have high specific surface areas which can adsorb the target

analytes.
CARTRIDGE 7: ISOLWTBE
cH Isolute C8 is an octyl functionadz silica cartridge
3
\ | which is manufactured using monofunctional silane.

Si—— O——Si——(CH);CHs .. : i
This is an agueous matrix and can be used for a wide
CHs polarity range of analytes. It is a medium non polar

Si—OH phase which is endcapped to provide additional

~.

Figure 29: Chemical structur
of Isolute C8, showing the
silane group covalently bonde of 5 wide polarity range of analytes. The primary
to the surface of a silic

particle. retention mechanism is strongly nepolar, with a

silanol interactions which canebused in the analysis

secondary mechanismwhich is polar and weak cation exchange (silanol

interactions). The average particle size is 50 pm, with a ndmimasity of 60 A.

A schematic of the steps carried out for solid phase extraction has been shown
above (Figure 2.1)The sample (step 1) contains a mixture of the target analytes and
interferences within the matrix. The initial steps concentrating on ¢heridge and
sorbent (steps 2/3) are to condition the sorbent before a known quantity of sample
is loaded (step 4) on to the cartridge. The target analytes will adsorb onto the
selected sorbent and the interferences will lmovedduring the rinsing step (step

5). The sorbent is then dried under vacuum to ensure that none of the rinsing
solvent remains present in the sorbent. The target analytes are then eluted (step 6)
FYR GKS alryYLXS Aa y2g WOt S| ¢ SoRcenttztit | y R
present. The factor of preoncentration is dependent on both the loading volume
(step 4) and elution volume step (step 6). A sample extraction metRoybased of
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a method outlined by Lacassi¢ al.. (Conditoning: 1 mL of methanol, 1 mL of water;
Loading 1 mL, rinsing 2 mL DJOH elution 2 mL ethyl acetate, evaporated and
reconstituted with 100 uL of ethyl acetate) was chosen to aid in the determination of

the optimum cartridge for the extraction of pestias.

Table 24: Steps in the SPE process to determine the optimum SPE cartridge.

Condition (step 2/3): 6 mL of methanol, 6 mL Db®
Load (step 4): 1 mL of a 1 mgtof target analytes
Wash (step 5): 6 mL DI BD

Elution (step 6): 1 mL Ethyl Acetate

The same procedure was carried out for all the cartridges mentioned above. An
overview of results is seebelow (Figure 210); each cartridge wasnalysedin
triplicate. The percentage recovery was calculated for each cartridge using the

following formula(Equation 2.1;)

w— (Eqgn. 2.1)

A selection of seven cartridgegere tested to show the extraction and percentage
recovery ofboth atrazine and dieldrin. The recovered samples were analysed using
HPLC, with a mobile phase of 90:10 Acetonitrile: I (detailed in section 2.3.3)

For eab sample the cartridge was prepared as mentioned ab@wadble 2.4) with
methanol and water, each cartridge was loaded with 1 ¥hgt target analytes,

eluted and then run on HPLC.

It can be notedbelow that there is a significant difference in the percage
recoveries between the cartridges (5-88.03% for atrazine, 19.6B15.03% for
dieldrin), with some cartridges showing very little percentage recovery (Isolute C18

(EC)), and others showing of preference of one analyte over the other (Isolute C18)
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(Figure 2.10) The Isolute MFC18 showed the worst percentage recovery out of the

seven cartridges tested (5.46% recovery of atrazine, and 20(@8dieldrin). Strata

X showed the best percentage recovery for both of the target analytes (63.03% for

atrazine, 15.03% for dieldrin).

% Recovery

Figure 210: Overview of results for SPE Cartridge selection (n=3). Cartridges were
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(3mL) (6 mL) MFC18 (1| (EC) (3 mL) (6 mL) (6 mL) (3 mL)
mL)

conditioned with methanol and DI KO, Loaded with 1 mL of a 1 mglstandard solution,

rinsed with water and eluted with ethyl acetate before analysis using HPLC. The samples

were analysed using £186 Hpn YY E

v/v acetonitrile:water.

ndc

YY

L5 p

>Y

[ dzy |

Isolute C18 showed a good recovery foeldrin (92.8%) but had a very low

percentage recovery for atrazine (12.3%). One reason for this could come from

looking at the polarities of the target analytégldrin is strongly non polar whereas

atrazine is a more polar compound. It is possible thhtlevthe dieldrin is adsorbed

onto the sorbent that atrazine may have been absorbed onto the sorbent via the OH

bond in the sorbentKigure 23).
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A trend can be seen between the Isolute C18, Isolute C18EC, and ISBi@#&3
cartridges. All of these sorbents have an octadéaegttionalisedsilica group within

the sorbent as can be seen abo¥gure 23, Figure 25, and Figure 2.6 In all casg
dieldrin showed a greater percentage recovery than atrazine. When the sorbent was
end-capped a dramatic decrease was noted in the percentage recovery of both
target analytes lending credence to the theory that the secondary mechanism of a
polar and weakcation exchangevas important in the retention of the analytes.
However, it should be noted that while Isolute MFC18 has also this secondary
mechanism it showed a large difference in the percentage recovery. This would lead
one to believe that the mondunctional silica cannot compete in terms of
percentage recovery of these target analytes in comparison to théuncgtional

silane.

Two polymer cartridges were selected for this study, Strata X and Isolute ENV+. The
Isolute ENV+Higure 28) shows a highly complex polymeric structure in contrast to
the more basic structure of the Strata X polymEig(re 24). Both polymers contain
benzene rings which lend themselves to-PPibonding and also hydrophobic
interactions. However, Strata X whilst having the benzene rings that are seen in
Isolute ENV+ sorbents also has hydrogen bonding and dijotde interactions
occurring within the NC=0 region. Strata X is marketed as a sdrb@nboth polar

and non polar compounds whereas Isolute ENV+ is targeted for very polar drugs and
their metabolites. From this one would believe that the percentage recovery for

atrazine should be favourable, which can be seen in the results gbayeare2.10)

It was seen that the percentage recovery of atrazine (63.03% for Strata X) was
greatest when using polymeric sorbents, with Strata X out performing Isolute ENV+
for both target analytes which can be accredited to the extra retention mechanism
of the hydrogen bonding and dipeldipole interactions occurring within the-lI=0

region of the Strata X polymer.

Once the optimum cartridge had been selected (Strata X) a second study was

undertaken to determine the solvent that would give the best recovesyiits.



2.31.2 ELUTION SOLVENIESEH ION

For this study the cartridge was Strata X as seen selected aBeetigh 2.3.1.1)A
known volume (1 mL) of sample spiked with target analytes (1'nghas loaded
onto a conditioned cartridge and eluted with ange of different solvents to
determine which solvent system showed the best recoveries. Five solvents were
selected to determine which solvent system would give the optimum recovery

resultsfor atrazine and dieldrin

Table 25: Steps in the SPE process to determine the optimum elution solvent.

Condition (step 2/3): 6 mL of methanol, 6 mL Db®I
Load (step 4): 1 mL of a 1 mgtof target analytes
Wash (step 5): 6 mL DI kD

Elution (step 6): 1 mLselection of solvents

Five different solvents were selected as possible eluent solvents for SPE. Selected
physical and chemical properties of these solvents can be seen in the following table
(Table 26)
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Acetone Acetonitrile Diethyl Ether

Figure 211: Results of elution solvents for optimum recovery of analytes (n=3). SPE was

performed using Strata X (6 mL) cartridges. Cartridges were conditioned with maabl

and DI HO, Loaded with 1 mL of a 1 mgLstandard solution, rinsed with water and

eluted. The samples were analysed usingCd86 Hpn YY E ndc YY L5 p >Y [ d

mobile phase 95:5 v/v acetonitrile:water.

It can be seen that while methanol showed a high percentage recovery of atrazine
(121.3%), which would be expected due to the polarity of both the target analyte
and solvent, it did not however, show a good percentage recovery of dieldrin
(17.5%). This cddi be explainedy looking also at the Snyder polarity index values
for methanol (6.6) (Table 2.6)f all the solvents tested for extraction of the analytes
methanol had the highest index number. When acetone was used in place of ethyl
acetate both of thepercentage recoveries improved, to 133.07% and 114.35% for
atrazine and dieldrin respectively. However, even with these high recoveries this
solvent was not chosen for the final elution solvent as the percentage recoveries
were too high to fit into the sindards set by the EPA (70%30%(21)).

Diethyl ether gave a medium recovery for atrazine (56.34%) but a very low recovery

for dieldrin (9.58%). Dichloromethane (DCM) gave a medium to low recovery for
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both compounds with 43.76 recovery obtained for atrazine, and 29.03% recovery
for dieldrin. Using acetone and methanol, for both target analytes showed a
percentage recovery of over 100%his would show that not only that atrazine and

dieldrin were extracted but also severalntaminants.

Acetonitrile is a polar solvent, with a dipole moment of 3.84SByderindex of 6.2

and is miscible with water. This was the solvent that was selected for further studies
with recovery rates of 101.51% and 66.22% for atrazine and dieldrpecésely.
However, the recovery of dieldrin is not bgjh as desired therefore it was decided

to carry out further elution studies with the aim of optimization.

Table 26: Overview of average percentage recovery of targahalytes using selected
solvents. The samples were analysed usingCd8 6 H p n YY E ndc YY L5

column, mobile phase 95:5 v/v acetonitrileDl water.

M.Weight | Snyder Polarity Log
Solvent Atrazine Dieldrin

(gmoft) | Index Kow
Methanol 32.04 6.6 -0.77 | 121.3 9.6
Acetonitrile | 41.05 6.2 -0.34 | 101.5 66.2
Acetone 58.08 51 -0.24 | 133.1 114.4
Ethyl

88.11 4.3 0.73 | 63.03 115.03
Acetate
DCM 84.93 3.4 1.25 | 43.8 29
Diethyl

74.12 2.9 0.82 | 56.3 17.5
Ether

Snyder polarity index measures the intermolecular attraction between a solute and a
solvent, which is a difference on thdildebrandsolubility parameter where this
attraction is only measured for pure solvent. Snyder chose three chemicals to reflect
the three forceswhich he had selected, ethanol to measure proton donation
(acidity) diozane for proton acceptancand for measuring dipolar attractiomitro

methanewas selected.
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The selected physical and chemical properties of the elution solvents teated

noted above (Table 2.6) These properties were tested against the percentage
recoveries or both atrazine and dieldrin to determine if any correlation could be
determined However it was found that through plotting a series of graphs that no

correlations were detected.

It should be noted that while ethyl acetate is mentioned above in the tabulated
results(Table 2.6t is not seen within the graphed resulédove (Figure 211). The
results for ethyl acetate in the tabulated data are obtained from a previous study,
the determination of optimum SPE cartridge (Section 2.3.1.1). A further study was
carried out to determine if theaddition of asecond solvent in the extraction of the

analytes would increase the percentage recovery of dieldrin.

2.31.3 OPTIMISATION ORJELION SOLVENT

For this study the SPE cartridge was Strata X (6 mL, 500 mg) and elution solvent was
selected asceonitrile (Asselected in Section 2.3.1.1 and Section RA. However

in aid to increasethe percentage recovery of test analytes a secarydelution
solvent was tested. A known volume (1 mL) of sample spiked with target analytes
was loaded onto a conditioned cartgd (6 mL methanol, 6 mL DI Water) and eluted

1 mL of acetonitrile followed by 1 mL of a varied selection of different solvents to
determine which solvent system showed the best recoveries. Five solvents were
selected to determine which solvent system wouldie the optimum recovery

results as can be seen belohaple 278).

Table 27: Steps in the SPE process to determine tbptimum secondary elution solvent

Condition (step 2/3): 6 mL of methanol, 6 mL Db®I
Load (step 4): 1 mL of a 1 mgtof target analytes
Wash (step 5): 6 mL DI kD

Elution (step 6): 1 mL Acetonitrile

1 mL Varied solvent




As the elution volume has now increased to 2 mL the eleunt once collected was
evaporated under nitrogen and reconstituted to 1 mL using acetonitrile before

analysis was carried out.

For all of the solventswith the exception of toluengthe percentage reavery of
dieldrin increased. Of the four solvents tested two, toluene and chloroform, had
recoveries that exceeded the EPA limits. Of the remaining solvents IPA was chosen
over DCM due to the percentage recoveries of atrazine decredsmggh use of

DCM This can be explained due to volatility of the solvent and the solubility of

atrazine within.

Table 28: Recoveries forsecondarysolvent elution for atrazine and dieldrin. The SPE

process was carried out with Strata X cartridge conditioning 6 mL methanol, 6 mL DI

H.O, elution with 1 mL of acetonitrile followed by 1 mL of IPA. The samples were

analysed using @186 Hpn YY E ndc YY L5 p >Y [ dzyl O02f dzyy =

acetonitrile: Dl water.

Atrazine Dieldrin
Toluene 145.51 60.25
Chloroform 108.06 133.05
Isopropanol 104.6 110.35
DCM 76.46 106.24

2.31.4 BREAKTHROUGH SESDI

While the percentage recovery, defined abofequation 2.1)is the ratio between
amount extracted and amount appliet the cartridgethe breakthrough volume
represents the maximum sample volume or concentration that can be applied with a
theoretical 100% recovery. In general there are two common causes of
breakthrough, the retention capacity of the sorbent bed is ovaded due to a high

concentration of either analyte or sorbed matrix componentstiwat the sorbent
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bed may fail to adequately retain the analytes due to the provision of an insufficient
number of theoretical plates for retention volumes to be independehtie plate

count(5).

2.31.4.1 BREAKTHROUGH UWMIE ANALYSIS

The breakthrough volume for a target analyte and SPE sorbent can be determined by
studying its breakthrough curve. For the initial sampling phase the analytes are
guantitatively retained by the sorbent up the poiwhere the sample volume
exceeds the retention capacity of the sorbent. When further volumes of sample are
passed through the sorbent bed the analytes are not quantitatively retained, and
this will then regh a point where the concentration of the analyte entering the
sorbent is equal to the concentration exiting. Six different volumes spiked with the
target analytes were loaded onto the Strata X cartridges and the results are shown

below(Table 2.9)

Table 2.9: Results from the breakthrough volume study for atrazine and dieldrin (n=3). .

The SPE process was carried out with Strata X cartridges, conditioning 6 mL methanol, 6

mL DI HO, elution with 1 mL of acetonitrile followed by InL of IPA. The samples were

analysed using &186 Hpn YY E ndc YY L5 p >Y [ dzy | O02ft dzyy =

acetonitrile:DI water.

Atrazine Dieldrin
1 100 100
250 122.20 80.86
500 104.74 75.52
750 32.68 18.95
1000 17.56 15.30
2000 10.80 16.89

The concentration of the target analytesas compared to the value obtained

through loading with 1 mL of spiked sample. As can be seen from the results the
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concentration of the analytes fell within limits set by the US BP¥olumes up to
500 mL (Table 2.9) After this volume the concentrationsf analytesdetected
decreasedFromf 22 1 Ay 3 4 GKS OKNRBYFG23INIYa 20601 Ay
step, an increase ithe concentration oboth target analytes could be obsed (up
to 65.23% and 78.89% for atrazine and dieldrin respectively) which eshtive

breakthrough of analytes.

2.31.4.2 BREAKTHROUGH ©GEBNTRATION ANALYSIS

The capacity of a SPE column depends on both the stationary phase and the bed
volume of thesorbent. Several columns containing 200 mg of sorbent were found to
adsorb up to 312 mg of analyte without breakthrough. One factor to consider in this
however is the concentrations of analytes that would be found in the environment
where concentrations r@ at ngt! to mgl! levels due to this breakthrough should

not typically occur due to overloading of tisPEolumn.

The breakthrough concentration was carried out at seven different concentration

levels ranging from & 50 mgt?.

Table 210: Results from the concentration breakthrough study fdarget analytes. . The

SPE process was carried out with Strata X cartridges, conditioning 6 mL methanol, 6 mL

DI RO, elution with 1 mL of acetonitrile followed by 1 mL of IPA. The saemlwere

analysed using 8186 Hpn YY E ndc YY L5 p >Y [ dzyl O2f dzYy =

acetonitrile: Dl water.

Concentration ) ) .
L Atrazine | Dieldrin

1 121.29 105.59
5 91.32 109.25
10 73.04 108.27
20 78.27 107.72
30 68.33 73.51
40 61.45 42.25
50 63.58 30.17
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2.3.5 SPE OF PESDIEISTANDARD

During the development of the G@S method for analysis of pesticides an internal
standard was use(Section 2.3.2 The internal standard chosdar the methodwas
caffeine. An internal standard is a compound that is purposely added to theth
samples and standards at a known concentration in order to provide a basis for
comparison inquantisation This method can improve precision when the main
sources of erroare related to sample preparation or injéoh due to the fact that
these errors will affect both the internal standard and the analyte peak in the same

manner

Following the optimisation of th&PEnethod a standard stock solution (1 mgI500
mL) was daded onto a conditioned Strata X cartridge aBBEwvas carried out as
detailed above(Section 2.3.3). The eluent was then analysed using a developed

GCMS method, which is sedrelow (Figure 215) and outlined in section 3.2.4

It can be seen that all percentage recoveries were below 100% which is in
accordance to EPA standar(lBable 2.11) Three compounds were found to have
percentage recoveries below 40%; pentachlorobenzene, hexachlorobenzene and
simazine. Both pentachlorobenzene and hexachlorobenzene are considered to be
semi volatile which would explain their low percentage recoveries, as a high
percentage could have evaporateff during the evaporation prior to reconstitution

with acetonitrile.
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Table 211: Percentage Recoveries of pesticides following SPE. SPE was carried out with
Strata X cartridge (6 mL, 500 mg) with the following method; Conditiog 6 mL
methanol, 6 mL DI ED; Rinsing 6 mL DI H20; Elution 1 mL acetonitrile, 1 mL isopropyl
alcohol, evaporated down and reconstituted with 1 mL of acetonitrile. Samples were
analysed using GEMS. (Initial temperature 40C (hold 2 min), 9°Cmin?! to 170 °C, 3
°Cmir! to 205°C, PCmint to 208°C, 20°Cmin! to 290°C (hold 2 min))

60893-5 Pentachlorobenzene 15.33
158209-8 Trifluralin 74.04
118741 Hexachlorobenzene 33.78
122-34-9 Simazine 34.36
1912249 Atrazine 84.38
58-89-9 Lindane 76.85
1597260-8 | Alachlor 65.30
309-00-2 Aldrin 69.66
2921882 Chlorpyrifos 91.92
465736 Isodrin 64.89
47090-6 Clofenvinfos 68.11
95998-8 Endosulfan | 88.27
5681604-7 | Dieldrin 93.37
72-20-8 Endrin 90.73
117-81-7 DEHP 91.86




2.3.2 GAS CHROMATOXFHR Y MASS SPECTREWRY

2.3.2.1 INSTRUMENT@N

A HP 6890 series gas chromatograph connected to HP 5973selastive detector
equipped with an Agilent 7688uto sampler(Agilent technologies, USA) was used
for GC analysisThe column used was a capillary column @5 30 m x 0.25 mm

i.d. x 0.25 um, Agilent Technologies, Palo Alto, CA, USA).

Data was analysed using both WD Search 32 and MSD ChemStation (Agilenf) both
which wereequipped with NIST98 data lmfor the identification of peaks.

The samples were initially ran using the following metha8)°C (hold 1 min),
30°Cmintto 180°C, 3°Cmihto 205°C (hold 4 min), 20°C mito 290°C.

2.3.2.2 SOLUTION FHRARATION

Initially all samples were made up using methanol. Howefrem looking at the
mass spectrums of all analytes it was seen that simazine did not have the expected
mass spectrum. it was noted that the base peak was, 18 would have been
impossible if te peak was simazine as it has a molecular weight of &@d the loss

of a molecular mass of m/z 4 would be highly unusual.

Cl O/
)\ MeOH )\
—>
N| Y Heat N| Xy
H H H
6-chloro-N?,N*-diethyl-1,3,5-triazine-2,4-diamine N2,N*-diethyl-6-methoxy-1,3,5-triazine-2,4-
Simazine diamine
m/z 201 Simatone
m/z 197

Figure 212: Proposed structure for analyte formedvhen sample of simazine was made

up in methanol and analysed using G@S.
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This peak that was identified is proposed a4 diethyl6-methoxy-1,3,5triazine
2,4-diamine, also known as Simator(€igure 2.13) When looking at the mass
spectrum below Figure 213) it can be seen that the base peak is m/z 197 which is
the molecular weight of simatone, which is 4 a.m.u less than simazine. The peak at
m/z 182 can be attributed to the loss of a methyl group (m/z 15). WhepHa @/z

28) group is cleaved off the molecule a peaks at m/z 169, when both of the ethyl

groups are cleaved we can see a peak at m/z 139.

It can be seen when looking at the mass speofrboth simatone Figure 213) and
simazine [igure 214), that they are both quite similar in respect to the lower
masses. This can be explained by the fact the only difference in the strustare
methoxy group in place of a chlorine atamn simatone in comparison to simazine

On the striazine rirg there are three branches is both cases and only one of these in
different. On both mass spectra peaks at m/z 28 and m/z 44 are seen which can be

attributed to the cleavage of an ethyl group and 6Dl group respectively.

19715
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Figure 213: Mass spectrum of Simatone in methanol, analysed on a -5WS,
temperature programme (80°C (hold 1 min), 30°Cniito 180°C, 3°Cmitto 205°C (hold 4
min), 20°C mint to 290°C).
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Figure 214: Mass spectrum of simazine in acetonitrile, analysed on a -5WS,
temperature programme (80°C (hold 1 min), 30°C nmtito 180°C, 3°C mihto 205°C (hold
4 min), 20°C mir to 290°C)

There are however, some differences between the tsmectra. It can be seen
(Figure 214) that when the simazine standard was made up in acetonitrile in place
of methanol that the base peak was m/z 20his is what is expected from simazine
which has a molecular weight of 201 grhof peak at m/z 186 shows the loss of m/z
15 which can be related to the cleavage of a methyl group. The peak at m/z 173

shows a loss of m/z 28 the same mass as an ethypgrou

After this was discovered it was noted that the solvent for the samples needed to be
changed. It has been previously shown that acetonitrile could be used to dissolved
pesticides. All pesticides were made aipa concentration of 0.01 di. and injected

into the method previously developed on the GS8ection 2.3.2.3)This method
needed to be adapted further for optimum separation of the compounds, and this
optimization is detailed beloSection 2.3.2.2 and Section 2.3.2.8) each case the
graphs andtables will only indicate the compounds that at any stage in the

optimization were found to have a resolution below 1.5.

-81-



Resolution was calculated using the following formula:

Y

(Egn. 2.2)

Where T and T refer to the retention time of the two peaks, and\and W to the

width of peaks in minutes.

2.3.2.3 INITIAL MET®D DEVELOPMENT

The temperature programme for the initial method was adapted from the previous
GC method in which methanol was used as a sul¢Eigure 2.3.2.1)The method
was as follows; initial temperaturgd°C (hold 3 min)30 °Cmin' to 180°C, 3°C mint

to 205°C (hold 4 min), 20Cmintto 290°C (hold 2 min). A stock standard of 18
pesticides and caffeine (used as internal standard imgected. When looking at the
resulting chromatogram it was noted that there were five peaks that were below a
resolution of 1.5. In order to optimise the separation of all of the peaks included in
the table below several paramaters were modified witte thptimumresultsbeing
selected(Table 2.12)These parameters are detailed below in the following sections.
Within the following sections a series of tables will be shown outlining only the

peaks that had a resolution below 1.5

2.3.2.3.1 INITIAL HD TIME

In varience of theinitial hold time there was 8 compounds with a resolution below
1.5 in one of the fivalifferent cases. For ease of viewing the table below shows five
compounds that had a resolution of below 1.5 in all cases, as the other three

mentioned only showed poor resolution in one out of five cases.
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Table 212: Resolution of peaks at varying initial hold times. (Temp programme: initial
temperature 40°C (hold varied min), 10Cmin' to 180 °C, 3°C min* to 205 °C (hold 4
min), 20°Cmin! to 290°C (hold 2 min).

Analyte 2 3 4 5 6

Pentachlorobenzene
0.835 1.074 1.005 0.788 0.408
trifluralin

Hexachlorobenzene  (HGE
1.090 1.235 1.385 1.209 1.110

simazine
Atrazinech [ A Y R I y € 0.983 0.806 0.936 0.990 0.924
h [ AYRIYS

0.898 0.878 0.892 0.815 0.882
Hexachlorobenzene
Lindaneg Caffeine 1.115 0.651 1.044 1.212 1.188

For ease of viewing in the above table some of the compounds have been omitted at
there was in some cases only one hold time where there resolution was below the

requisite 1.5 (e.g. alachlaldrin and dieldrirendrin at hold time 4 min).

While looking athe results in the table above (Table 2.12) it can be seen that a hold
time of 4 minutes appears to give the best results. However as mentioned above,
when the hold time was increased to four minutes this affected the resolution of
peaks that eluted at l&r times than thoseshown abovelable 2.12 For this reason

the optimum hold time selected to continue on was 2 minlincluding this
optimisation the method that was selected to continue with the optimisation ;was
initial temperature 40C (hold 2 min), 1@Cmin' to 180°C, 3°C mintto 205°C (hold

4 min), 20°Cmintto 290°C (hold 2 min)

2.3.2.3.2. SECONDMEERATURE

The next factor that was optimized was the second temperatuitin the program
and this was varied upwards from 1%I) in the table the resolution of the
compounds at the different temperatureare outlined (Table 2.13he optimum

temperature that was chosen was 110
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When looking at the analytes notdzklow (Table 213) it can be seen that there are

three peaks in common witthe optimisation of initial hold timeTable 2.12that

continuetoK I @S NB a2t dziAzya 2F 0St26 mobPp> K28SOS
alsobeen identified. h the case of Isodrhslorfenviphos the resolution falls below

1.5 at both 160°C and 190°C.

Table 213: Resolution of peaks at varying secondary temperatures (Temp programme:
initial temperature 40°C (hold 2 min), 10Cmin! to varied °C, 3°C min! to 205°C (hold 4
min), 20°Cmirt! to 290°C (hold 2 min)

Compound 160°C 170°C 180°C 190°C
Pentachlorobenzendrifluralin 0.795 0.803 0.835 0.797
HCBSimazine 1.351 1.381 1.090 1.165
Atrazineh [ AYRF Yy S 0.705 0.561 0.983 0.624
Isodrin-Chlorfenvinphos 0.080 3.348 3.520 1.336
ChlorfenvinphosEndosulfan | 0.205 0.971 0.789 1.829
Endosulfan HDEHP 1.309 1.393 1.219 1.084

It can be seen above (Table 2.1133t the initialmethod with a temperatureof

160°C showed poor resolution of peaks. It also should be noted that with the
exception of isodrin, the altering of the second temperature did maticeably
increase the resolution of peaks. While the resolution of isedhlorfenvinphos was
greatestusing 180°C as the second temperature within the programme, several of
the other problem analytes (HE®mazine, chlorfenvinpheiSndosulfan |, Endosulfan
[I-DEHP) showed better resolution at 170°C which was then selextwzhtinue

The method programme &s now as followsnitial temperature 40C (hold 2 min),
10°Cmintto 170°C, 3°C mintto 205°C (hold 4 min), 28Cmintto 290°C (hold 2

min)

2.3.2.3.3 SECOND TEERATURE RAMP

A series of temperature ramps were tested to determine the optimseparation
conditionsof the 18 pesticides and the internal standarthesecondtemperature
ramp was varied from-5 °Cmin! (initially had been 3Cmint). From looking at the

resolution values that were obtaindaelow (Table 2.14lit can be seen that wh the



exception of HCBimazine and Simazi#drazine, that the resolution of peaksgere

not above the desired value of 1.5. However it shaalkbbe noted thatfrom thisit

was possible to study the behaviour of different analytes within the matrixhas t
variables were altered. Nevertheless, the changing of these conditions did not lead
to an optimised resolution of peaks within the methadethod and sdknowledge

was taken from thisnd the behaviour of the analytes to increase and decreases in
temperature to aid in the development of a temperature program which is outlined
in the sections belowSection 2.3.2.4)

Table 214: Overview of resolution of peaks over varying temperature ramps Temp
programme: initial temperature 40C (hold 2 min), 10Cmin' to 170°C, varied°C min! to

205°C (hold 4 min), 20Cmir! to 290°C (hold 2 min)

1 2 3 4 5
Pentachlorobenzendrifluralin | 0.622 | 0.810 0.803 0.803 0.634
HCBSimazine 1.385 | 1.771 0.381 1.820 1.249
SimazineAtrazine 2.398 2.325 0.671 2.293 1.901

Atrazineh [ AY Rl y S |0.718 0.513 0.561 0.574 0.577

h [ A yHekagh®robenzene 0.727 | 0.173 0.839 0.902 | 0.966

Lindane- Caffeine 0.952 0.211 0.935 0.959 0.850
ChlorfenvinphosEndosulfan | | 1.095 | 0.143 0.971 0.889 0.795
Endosulfan IIDEHP 0.137 | 0.972 1.393 1.158 1.005




2.3.2.4 SECOND TR&HTHOD

The second method was chosen based on the performance of the compounds at
different temperatures and settings from what can be seen ab@extion 2.3.3
This methodwas developed by looking at the best resolution of the problem peaks
and at which temperatures/times that they appearé8ection 2.3.2.3)The method
was as follows; initial temperature 20 (hold 2 min), 9Cmintto 170°C, 4.5°Cmint

to 205°C, 1°Cmintto 208°C, 20°Cmintto 290°C (hold 2 min). While this was
injected one further optimization of the method was carried out. The second ramp
(initially 4.5 °Cmint) was varied and the results can be seen be{@able 2.15)It

can immediately be sn that this temperature program fhless problem peaks
than previous methods trialed with only three of the problem peaks having
resolutions above 1.5. The optimum temperature rafnpm this optimisationwas

found to be 3Cmin?.

Table 215: Resolution for compounds over a range of temperature ramps (Initial
temperature 40°C (hold 2 min), 2Cmint! to 170°C, varied°Cmirn! to 205°C, PCmintto
208°C, 20°Cmin! to 290°C (hold 2 min)

Compound 2 2.5 3 4.5 5.5

h lindane-HCB 2.106 1.762 1.877 1.142 0.944
HCBSimazine 1.276 1.002 1.363 0.890 0.875
SimazineAtrazine | 2.176 2.135 2.363 1.272 1.853
AtrazineLindane | 0.782 0.734 0.823 0.432 0.574
LindaneCaffeine | 1.210 1.154 1.458 1.082 1.173
Endosulfan HDEHP, 2.399 2.328 2.061 1.038 0.959

A standard of concentration 0.02 mbf a pesticide mix was injected and below i

retention times and resolution values of all peales be seen outline@Table 2.16)



Table 216: Full list of pesticides retention time and resolution during final method.
(Initial temperature 4C (hold 2 min), PCmint to 170°C, 3°Cmin? to 205°C, PCmin!
to 208°C, 20°Cmint to 290°C (hold 2 min)

Pentachlorobenzene 16.89 0.111 4.45
Trifluralin 19.35 0.124 2.50
h [ AYRFYS 19.75 0.228 2.28
Hexachlorobenzene 20.00 0.15 1.33
Simazine 20.43 0.172 2.65
Atrazine 20.64 0.137 1.37
Lindane 20.95 0.173 1.95
Caffeine 22.57 0.219 8.28
Alachlor 23.99 0.146 7.85
Aldrin 25.39 0.149 9.47
Chlorpyrifos 25.93 0.181 3.22
Isodrin 26.74 0.245 3.83
Chlorfenvinphos 27.99 0.22 5.34
Endosulfan | 29.13 0.243 4.93
Dieldrin 30.58 0.199 6.60
Endrin 31.77 0.329 4.47
Endosulfan I 32.18 0.139 1.78
DEHP 35.25 0.22 17.10

As can be seen above only two compounds, hexachlorobenzene and atrazine do not
have a resolution greater then 1.8able 2.16) however due to the amount of
compounds in the mixture and the closenedghese two values to 1.5 on TIC, this is
acceptable. All peaks were identified both by injecting standard solutions of the

target analytes, and also from mass spectrums obtaungdg the NIST98 database
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2.3.2.5 METHOD VAIADION

2.3.2.5.1 PRECISION

The precision of any analytical procedure expresses the closeneagregment
between a series of measurements. Precision may be considered at three different
levels repeatability, intermediate precision and reproducibility. Repeatability
expresses the precision under the same operation conditions over a short interval of
time. Intermediate precision expresses the variations within a lab e.g. different days,
different analystsordifferent equipment. Reproducibility expresses the precision

between laboratories.

The precision of this analytical method was measured in twosyvagpeatability and
intermediate precision. For intermediate precision the sample was made up and
injected by two different people. Intermediate precision of the-M6 itself was not
carried out as a secon@CMS was not available. Reproducibility measorents
were also not carried out for the sameeason. Theprecision of an analytical
procedure is usually express as the variance or standard deviation of a series of

measurements.

To test the accuracy and repeatability of the method the same samplenjexgad
six times and the retention times and area counts were compared for each of the

compounds.

Once the six injections were completed the averages and standard deviations were
obtained for both the retention time data and also for the area countsni-this it

was possible to determine the percentage relative standard deviatibthe area
counts which is the value for the averageea countof the compound divided by

the standard deviatioralculatedand then this value is multiplied by one hundred.

Relative standard deviation was calculated using the following forf22pn

2YYOYO 0— W
(Egn. 2.3)



A good relativestandard deviation is considered to be below five percent. As can be
seen in the table below that all of the relative standard deviations obtained fell
below the five percent mark with the highest relative standard deviation for the area
counts obtained bing 4.585 and the lowest value obtained was 2.%68ble 2.17)

The retention time data had much lower values as the retention times Wered to

be very repeatable. All of theseelative standard deviatiorvalues were below

0.013%.

Table 217: Repeatability results for GBS method (n=8). Injection of a 1 mgLsample
six times. (Initial temperature 46C (hold 2 min), ®Cmint to 170°C, 3°Cmint to 205 °C,
1°Cmint to 208°C, 20°Cmirt to 290°C (hold 2 min))

Compound Average | Std Dev | %RSD | Average | Std Dev | %RSD
Hexachlorel,3-

Butadiene 12.267 0.001 0.011 | 5380525 | 149869 | 2.785
Pentachlorobenzene 16.839 | 0.001 0.003 | 7563351 | 267518 | 3.537
Trifluralin 19.288 0.002 0.013 | 2727440 | 123111 4.514
Hexachlorobenzene 19.934 | 0.002 0.009 | 7507018 | 235610 | 3.139
Simazine 20.367 0.002 0.008 | 4704643 | 192662 | 4.095
Atrazine 20.574 | 0.002 0.011 | 5555765 | 210991 | 3.798
Lindane 20.871 0.001 0.006 | 7082966 | 204833 | 2.892
Caffeine 22.491 | 0.002 0.008 | 6275436 | 182053 | 2.901
Alachlor 23.920 0.002 0.008 | 6185289 | 275012 | 4.446
Aldrin 25.305 0.003 0.012 | 6938721 | 179921 | 2.593
Chlorpyrifos 25.839 | 0.002 0.007 | 4337785 | 198893 | 4.585
Isodrin 26.653 0.003 0.011 | 6502144 | 166470 | 2.560
Clofenvinfos 27.894 | 0.003 0.009 | 2597216 | 75051 | 2.890
Endosulfan | 29.017 | 0.002 0.006 | 5735189 | 173790 | 3.030
Dieldrin 30.467 0.004 0.013 | 5453512 208731 | 3.828
Endrin 31.678 0.003 0.010 | 5815796 | 193027 | 3.319
DEHP 35.213 | 0.002 0.005 | 5049870 | 182082 | 3.606




Following on fromthe reproducibility test, intermediate precision wasrried out

Intermediate precision looks at the variance when the same sample is analysed using

two distinct instruments, lab personal or analysis on different days. For this

intermediate precision a secdnresearcher aided in the analysis of a stock sample

using the same GMISandanalytical method.

Table 218: Results obtained for intermediate precision. A 1 mdlstock solution was

injected by a second analyst to show intermeatie precision of the method. (n=8). Initial
temperature 40°C (hold 2 min), PCmin' to 170°C, 3°Cmin! to 205°C, PCmin! to 208
°C, 20°Cmirn! to 290°C (hold 2 min).

Compound Average Std Dev %RSD | Average Std Dev | %RSD
Hexachlorel,3-Butadiene | 12.267 | 0.011 0.092 | 5339066 169231 | 3.170
Pentachlorobenzene 16.839 | 0.003 0.018 | 7928164 365144 | 4.606
Trifluralin 19.288 | 0.013 0.065 | 2573171 30306 1.178
Hexachlorobenzene 19.934 | 0.009 0.043 | 7234417 259060 | 3.581
Simazine 20.367 | 0.008 0.040 | 5036650 90501 1.797
Atrazine 20.574 | 0.011 0.055 | 5297335 143776 | 2.714
Lindane 20.871 | 0.006 0.027 | 7537697 318113 | 4.220
Caffeine 22.491 | 0.008 0.034 | 6228843 200569 | 3.220
Alachlor 23.920 | 0.008 0.033 | 6513196 258212 | 3.964
Aldrin 25.305 | 0.012 0.048 | 6719818 165020 | 2.456
Chlorpyrifos 25.839 | 0.007 0.026 | 4402964 163048 | 3.703
Isodrin 26.653 | 0.011 0.041 6411797 150841 | 2.353
Clofenvinfos 27.894 | 0.009 0.033 | 2477732 102498 | 4.137
Endosulfan | 29.017 | 0.006 0.021 | 6032069 197499 | 3.274
Dieldrin 30.467 | 0.013 0.043 | 5548832 159870 | 2.881
Endrin 31.678 | 0.010 0.031 | 6046668 207162 | 3.426
DEHP 35.213 | 0.005 0.014 | 5094766 234914 | 4.611

It can be seen aboveléble 217 and Table 218) that precision was obtained in

relation to both the retention time and also area counts of each target anales
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favourable In no case was the relative standard deviation above 5% wisich

considered a precise result.

2.3.2.5.2 LINEARITY

A linear relationship should be evaluated across the range of the analytical
procedure. It may be demonstrated directly by dilution of a standard solution
containing target analytes and/or separate weighiof each stock standard. The
linearity of an analytical procedure is its ability (within a given range) to obtain test
results which are directly proportional to the concentration (amount) of analyte in

the sample.

16
14
12
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Ratio of Atrazine Area:Caffeine Area
U3

8
6
4
2
0

0 0.01 0.02 0.03 0.04 0.05 0.06
Concentration (git)

Figure 216:. Calibration curve showing the linearity of atrazine from a range of 0-05
0.001 gt! after analysis on the G®S. The equation of the line (y=278.25x0.3342) and
the r? value (0.9963) are also given. (Initial temperature 40 (hold 2 min), PCmin? to

170°C, 3°Cmint to 205°C, PCmin!to 208°C, 20°Cmint to 290°C (hold 2 min))

Within a calibration curve the measured slope should show a clear correlation
between instrumental response and the analyte concentration. The results obtained
should not show a&ignificantdeviation from linearity. This can be shown by looking
at the corelation coefficient #). If the correlation coefficient is above 0.95 the
regression is deemed to be a good &s can be seen above in the calibration curve

for atrazine (Figure 2.16)t can be seen below (Table 2.1®jat all correlation
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coefficient \alues were demonstrated to be above 0.99 showing that the linearity of

each of these target analytegas precise.

Table 219: Overview of calibration curves using internal standard method. (Initial
temperature 40°C (hold 2 min),9 °Cmin! to 170°C, 3°Cmin! to 205°C, PCmin! to 208
°C, 20°Cmirtt to 290°C (hold 2 min))

Hexachlorel,3
12.27 236.773 | -0.163 0.9966

butadiene
16.84 Pentachlorobenzene 342.407 | -0.205 0.9934
19.29 Trifluralin 165.653 | -0.511 0.9915
19.93 Hexachlorobenzene 329.523 | -0.132 0.9947
20.37 Simazine 253.259 | -0.441 0.9986
20.57 Atrazine 275.393 | -0.379 0.9987
20.87 Lindane 298.713 | -0.143 0.9964
23.92 Alachlor 290.945 | -0.574 0.9957
25.3 Aldrin 321.924 | -0.292 0.9980
25.84 Chlorpyrifos 273.404 | -0.623 0.9983
26.65 Isodrin 273.073 | -0.047 0.9990
27.89 Clofenvinfos 175.582 | -0.478 0.9922
29.02 Endosulfan | 267.819 | -0.256 0.9997
30.47 Dieldrin 244741 | -0.236 0.9995
31.68 Endrin 279.301 | -0.338 0.9989
35.21 DEHP 352.325 | -1.11 0.9912

2.3.2.5.3 LIMIT OFETECTION (LOD) ANDIT OF QUANTITATIQNOQ)

The detection limitLOD)of a method is the lowest amount of analyte in a sample
which can be detected but not necessarily quantitated as an exact @Rle The
guantitation limit (LOQ)of a method is the lowest amount of analyte in a sample

which can be quantitatively determined with suitable precision and accu&by
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Table 220: Limits of detection and limits of quantification for all pesticides tested within
the method when analysed using TIC mode. (Initial temperature®@0(hold 2 min), 9

°Cmint to 170 °C, 3°Cmint to 205°C, 2PCmint to 208 °C, 20°Cmin! to 290 °C (hold 2

min))

Hexachlorel,3-
12.267 0.056 0.187 0.6 0.6

butadiene
16.839 | Pentachlorobenzene 0.079 0.262 n/a n/a
19.288 | Trifluralin 0.089 0.297 n/a n/a
19.934 | Hexachlorobenzene 0.071 0.235 0.05 0.05
20.367 | Simazine 0.036 0.120 4 4
20.574 | Atrazine 0.035 0.117 2 2
20.871 | Lindane 0.058 0.193 0.04 0.02
23.920 | Alachlor 0.063 0.210 0.7 0.7
25.305 | Aldrin 0.043 0.143 n/a n/a
25.839 | Chlorpyrifos 0.040 0.134 0.1 0.1
26.653 | Isodrin 0.030 0.101 n/a n/a
27.894 | Clofenvinfos 0.085 0.285 0.3 0.3
29.017 | Endosulfan | 0.018 0.060 0.01 0.004
30.467 | Dieldrin 0.022 0.072 n/a n/a
31.678 | Endrin 0.032 0.105 n/a n/a
35.213 | DEHP 0.105 0.351 n/a n/a

The MAC values are obtainé@m the Irish EPA and have been shown previously in
Chapter 1 (Table 1.X1L37) Not all of the PPs were assigned MAC values. In some
cases (PAHs and Didlkler based pesticideg dieldrin etc.) were considered
together for the AA concentrations obtainedin all cases with the exception of
Endosulfan when a 500 mL aliquot of water (selected from volume breakthrough

studies(Section 2.3.4.1)) is cleaned up and preoncentrated using the SPE method
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described previougl(Section 2.31.3) the pesticides mentioned above are able to be

detected at LOD or LOQ level.

2.3.2.5.4 RANGE

The range of a method is the interval between the upper and lower concentration of
analyte in the sample for which it has been demonstrated it method has a
suitable level of precision, accuracy and linearity. The range of linearity is checked by
injections of 56 concentrations of the reference standards (in triplicate) below and

above the expected concentration of the sampiese analysed

Table 221: Range of method for selected pesticides using TIC analysis. (Initial
temperature 40°C (hold 2 min), PCmin! to 170°C, 3°Cmin! to 205°C, PCmin! to 208
°C, 20°Cmint to 290°C (hold 2 min))

12.267 | Hexachlorel,3-butadiene 0.187 10
16.839 | Pentachlorobenzene 0.262 10
19.288 | Trifluralin 0.297 10
19.934 | Hexachlorobenzene 0.235 10
20.367 | Simazine 0.120 10
20.574 | Atrazine 0.117 10
20.871 | Lindane 0.193 10
23.920 | Alachlor 0.210 10
25.305 | Aldrin 0.143 10
25.839 | Chlorpyrifos 0.134 10
26.653 Isodrin 0.101 10
27.894 | Clofenvinfos 0.285 10
29.017 | Endosulfan | 0.060 10
30.467 Dieldrin 0.072 10
31.678 | Endrin 0.105 10
35.213 DEHP 0.351 10




Standards of vamus concentrations were analysed usitige GEMS method in a
rangeof 10 mgt! to an average lower concentration (LOQ value) of 0.179 gL
each analyte During linearity studies, which have been mentioned previously
(Section 2.3.2.5.4) had been shown that good correlation values were obtained for

each of the pollutantsested.

2.3.2.5.5 ROBUSTNESS

The robustness of a method is a measure of its capacity to remain unaffected by
small but deliberate variations in mebd parameters anadan provide an indication

of its reliability during normal usage. Some variations that can be tested are the
stability of analytical solutions, change of analytical columns (lots or suppliers),

change in temperature or changes in flotaa

The robustness of this method was looked at using two varialihgsction port
temperature and flow rate.The temperature of the GC injection port must be high
enough to vaporize a liquid specimen instantaneousli.the temperature is too
low, segration is poor and broad spectral peattsould result or no peak develops
at all. If the injection temperature is too high, the specimen may decompose or
change its structure.If this occurs, the GC results will indicate the presence of

compounds thatvere not in the original specimen.



Table 222 Relative standard deviation results of four parameters; retention time, area

count, width and resolution of peaks when the injection port temperature was varied

from 260°C, to 270°C, 265°C, 255°C and 250°C.

% RSN=15)

Average | Area
Retention | Compound Flzetentlon Count Width | Resolution
ime time

1,3-Butadiene, 1,1,2,3,4;4
12.27 0.00 9.40 0.00

hexachloro
16.85 Pentachlorobenzene 0.03 10.25 550 | 2.90
19.30 Trifluralin 0.04 13.56 8.70 |6.65
19.95 Hexachlorobenzene 0.04 10.42 3.92 | 4.02
20.41 Simazine 0.02 9.17 799 | 7.04
20.60 Atrazine 0.04 9.08 0.00 |3.18
20.89 Lindane 0.03 10.18 5.83 | 4.48
22.50 Caffeine 0.02 12.10 891 |1.98
23.94 Alachlor 0.02 10.11 0.00 |3.49
25.32 Aldrin 0.03 9.57 5.10 | 2.95
25.85 Chlorpyrifos 0.03 10.84 5.10 |0.00
26.67 Isodrin 0.03 9.38 8.32 |6.45
27.92 Clofenvinfos 0.05 13.60 8.32 | 7.59
29.04 Endosulfan | 0.03 9.79 6.98 |6.80
30.49 Dieldrin 0.03 9.86 2.60 |2.22
31.70 Endrin 0.03 10.38 5,55 | 1.39
35.22 DEHP 0.00 12.68 3.50 |4.68

The above data (Table 2.22) shows that when the injector port temperature was

altered a slight changén some of the chromatographic parametdysingmeasured

was observedThe parameter thashowedthe least variance was the retention time

of the compound, whikt the parameter with the most variance was the area count

of the target analytes As mentionedpreviously an increase in injector port

temperature can lead to decomposition of the analyte or broad spectral peaks. Both
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these factors can bebservedwhen looking at the variance in valuebtainedin

relation to the area count and width of peaks within tfesultingchromatograns.

The resolution values for botparameterswere calculated fothe peak of interest
with the peak eluted prio(Table 2.22 and Table 2.28).it can be seen below that
a value for pentachlorobenzene is shown (2.90) for the %RSD of the resddinle
2.22) This value is based on thaesolution values for 1,1,2,3,4/4

heaxachlorobenzené,3-butadiene and pentadbrobenzene.

Table 223: Relative standard deviation results of four parameters; retention time, area
count, width and resolution of peaks when the flow rate was varied from 1.1 mLmjrto

0.9 mLmint, 1.0 mLmin* and 1.2 mLmint.

% RSD
R.T. Compound R.T. Area | Width A Resolution
1,3-Butadiene, 1,1,2,3,4;4
12.36 1.77) 11.55 | 40.22
hexachloro

16.95 | Pentachlorobenzene 1.43| 20.21 | 23.09 | 29.05
19.42 | Trifluralin 149 30.37 7.42 13.36
20.09 | Hexachlorobenzene 1.65| 20.51 | 15.03 | 39.62
20.50 | Simazine 1.23 64.73 | 14.40 | 26.53
20.69 | Atrazine 1.23 27.72  3.28 10.44
20.95 | Lindane 1.16 29.30 741 | 15.11
22.24 | Caffeine 2.56|30.25 | 14.53  52.19
23.74 | Alachlor 2.00| 30.05  14.40 10.81
25.14 | Aldrin 1.81 31.75 6.08 12.18
26.03 | Chlorpyrifos 1.66 31.73 3.28 7.30
26.86 | Isodrin 1.75 28.28 9.90 6.16
28.10 | Clofenvinfos 1.64 33.27 | 555 | 7.67
29.26 | Endosulfan | 1.79 28.33  8.45 4.42
30.73 | Dieldrin 1.86 26.58 2.82 2.32
31.85 | Endrin 1.40 26.09 13.24 | 10.26
35.29 | DEHP 0.48 29.94 16.03 | 7.93




The flowrate of the gas influences how fast a compound will travel through the
column; the faster the flow rate, the lower the retention time. Generally, the flow
rate is held constant throughout a runwWhen the flow rate of the carrier gas was
altered more of arninconsistency was observed in the retention time, this is due to
the travelling of the compounds on the column. However the %RSD still remained

below 2.6 so this was considered a successful result.

2.3.2.6 ANALYSIS BRVIRONMENTAL SAMPCIN GMS

The River Tolka is one of the three main river€County Dublin, and flows from
County Meath to Fingal on the north side of Dublin City. By flow of water, the Tolka
is the second largest river in Dublin but flows at a slower rate than the River Dodder.
The rivers path through Dublin City takes it through a number of parks, and it initially
passes through Tolka Valley Park, where it is the source of water for a natural pond
that featured considerable bird lif§26). The River Tka has many tributaries,
including theHampsteadStream, which is in the surrounding area of Dublin City
University (DCUPRrevious work had been carried out within thressearchgroup with

the River Tolka and permission had been obtained for samplirgsasite.

A water sample was taken from the Tolka in February of 2008. These water samples
GSNBE aSLINFYGSR Ayid2 WaLA]lSRQ yR WdzyalLhAl SR

using the SPE method outlinedamrevious sectior{Section 2.3.1.3)
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Figure 217: GC chromatogram of an unspiked water sampler obtained from the River
Tolka (13" February 2008) following sample clean up and 500 fold preconcentration. SPE
was carried out with Strata X cartridge (6 mL, 500 mg) with the following method;
Conditioning 6 mL methanol, 6 mL Dk®; Rinsing 6 mL DI2B; Elution 1 mL acetonitrile,

1 mL iwpropyl alcohol, evaporated down and reconstituted with 1 mL of acetonitrile.
Samples wereanalysedusing GEMS. (Initial temperature 40C (hold 2 min), PCmin? to

170°C, 3°Cmint to 205°C, PCmirt to 208°C, 20°Cmirn to 290°C (hold 2 min))

In the unspiked sample three analytes were identified using the MS software
(Library: NIST98)(Figure 2.17).These were n-diphenyl methylene(diphenyl)
methanamine (CAS 53%%-4, 18.95 min); caffeine (CAS-68-2, 22.52 min) and
DEHP (CAS 1:81-7, 35.22) min
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Figure 218: : GC chromatogram of an spiked water sampler obtained from the River
Tolka (13" February 2008) following sample clean up and 500 fold preconcentration. SPE
was carried out wth Strata X cartridge (6 mL, 500 mg) with the following method,;
Conditioning 6 mL methanol, 6 mL Dk®; Rinsing 6 mL DI H2O; Elution 1 mL acetonitrile,
1 mL isopropyl alcohol, evaporated down and reconstituted with 1 mL of acetonitrile.
Samples wereanalysed using GEMS. (Initial temperature 40C (hold 2 min), PCmin? to

170°C, 3°Cmint to 205°C, PCmirt to 208°C, 20°Cmirn to 290°C (hold 2 min))

When looking at the spiked sample, one can see all of the peaks that are relative to
the pesticidesample(Figure 2.18)When analysing the results it was noted that the
concentration of DEHP in the spiked sample was increased, alongside peaks at 16.84
YAY O6LISyil OKEt 2NROSYIT SySv YR mMpdhpp YAY
detected still fell belovthe MACset downfor the target analytes.
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2.3.3 HIGH PERFORMARI LIQUID CHROMAT@AEBRY

A method was developed for HPLC for screening of novel passive sampling materials
during their developmenstage This method does not encompass as many target
analytes as the G®MS method detailed abovéSection 2.3.23s it was developed to
operate as a short timed screening method in the testing of SPE procedures and the

development and screening of novel passive sampling devices.

2.3.3.1 INSTRUMENT@N

Liquid chromatographic analysis was performed with an Agilent Technologies Liquid
Chromatograph (Little Island, Cork, Ireland), equipped with HPLC pump (Agilent 1100
series),auto sampler(Agilent 1100 series), VWD detector (Agilent 1200 series),
injection valve (injetion volume: 20 pL). The separation was carried out using a C18,

5 um Luna column (250 mm x 4.6 mm 1.D., Phenomenex, CA, USA)

2.3.3.2 ATRAZINE ABIELDRIN METHOD

A simple method was needed for the quick determination of both atrazine and
dieldrin as thes are the main compounds that are used in the determination of
optimum methods andwvere alsoused for further studies in the development of
passive samplersCfapter 3) and the development of the SPE meth@&kction
2.3.1) This method was required for ssnal reasons, one being that the run time for

the GCGMSmethod is 40 minutes long, and also for ease and speed of analysis.

Standards of both compounds were made up in acetonitrile, and injected onto a C18
column. The mobile phase used was 95:5 acetoaitbll water, and the run time
was below 8 minutesChromatographiparameters for this method are detailed in

the sectiors below.

2.3.3.2.1 ADDITIONFOFLUORANTHENE INAMANSIS

For the analysis of novel passive sampling materials detaileGhapter three,
fluoranthene was added to the target analytes atrazine and dieldrin. This was done
for two main reasons, to show that these samplers not only had the ability to be
used for analysis of pesticidé@s aqueous environmentbut alsohad the abiliy to
samplefor other organic pollutants that can be found in environmental samples.
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When looking at chemical and physical properties of fluoranthene, it was found to

have properties intermediate to those of atrazine and dieldrin as is tabulated in

Chapter 3.
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Figure 219: Chromatogram of first HPLC method for the testing of methods and novel
sampling materials. Mobile phase 95:5 ACN: DIG{ Wavelength 215 nm, flow rate 1.0
mLmin?. Peak Identification: 2.912 min Caffeine (1SB.217 min Atrazine, 4.863 min

dieldrin and 5.202 minFluoranthene

4

Time (min)
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above(Figure 2.19)Thetabulated databelow (Table 2.24) shows both the slope and

intercept of the cabration curves and the correlation value and range of these

slopes.

-103-

gl a

OF NNA SR

2 dzii

FT2NJ G F



Table 224: Results obtained from calibration curve (Internal Standard Method) of PPs
using test method one. The samples were analysed usin@53(250 mm x 4.6 mm ID 5

>Y [dzyl O2fdzYyzZz Y20AfS LIKIAS dpYp OkD | OSG2y A G NRC

Atrazine 0.978 0.5468 0.995 0.05¢ 7
Dieldrin 0.091 0.0714 0.958 0.5¢7
Fluoranthene 9.368 2.8936 0.981 0.25¢7

As can be seesach ofthese calibration curves show a high level of linearity and a
fall within a range thatwas used for testing ofthe analytes. A series of
chromatographic parameters eve calculated for the above method and are

discussed herein.

FortlS LJ N} YSGSNAR h owStlGAGBS NBOSYylAzyo vy
width), the values deal with the peak in question and the peak directly above it; e.g.

h of Atrazine = 1.21, this is the relative retention between atrazine and caffeine.

Table 225: Calculated chromatographic properties for test method one. The samples
were analysed using £186 Hpn YY E ndc YY L5 p >Y [ dzyl O2f dzvy

v/v acetonitrile:water.

Caffeine 1.40 0.93 5292.6 | 0.0047
Atrazine 1.70 1.21 1.12 1.66 4121.6 | 0.0061
Dieldrin 3.35 1.97 2.22 7.50 6561.0 0.0027

Fluoranthene| 3.69 1.10 2.44 1.31 5518.4 | 0.0043

| R2dzad SR NBGSYydAz2y GAYS 6GQwo Aa GKS NBGSy
the deadtime from the total retention time. This is the time that the compound

spends in the stationary phase.

¢tKS NBfFGAGS NBGSYGA2y GAYS oh0X A& GKS N
ddzoadlyoS IyR GKIFG 2F | aidl yRI NRlarg2e Y LJ2 dzy R d

P
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than one. Relative retention timeis relatively independent of flow rate and can

therefore be used to aid in the identification of peaks with flow rate chari@2s

[ F LI OAdGe FILOU2NJ 601 QU AdéscriBeTitie SnygratiorkKréte dfJ- NI Y S {0
analytes on a columr{27) The retention factor forany analyte is obtained by

division of the adjusted retention time by the dead time value. When an analytes

retention factor is less than onejution is considered so fast that the determination

of retention time can be difficult. Ideally the retention factor for an analyte should

be between one and five. As can be seen from the values ald@idg 225) all but

caffeine fall within this range and caffeineoisly marginlybelow (0.93).

Another method of determiningpow well different analytes are separated is through
the resolution measuremen Resolution can be calculated using the baseline width
of the peak (w). The resolution of the two analytes is defined below, with baseline

resolution being achieved when R is equal to or greater thaii2Rp

H

YY

(Egn. 2.4)

It can be seen above that the resolution between all peaks but dieldrin and
fluoranthene are above 1.frable 2.25)While the value obtained was close (1.31) it
should be noted that in none of the laboratory basedtgeanalysed on the HPLC

that these two compoundsvere analysed together.

A theoretical plate (N) is a hypothetical stage in which two phases establish
equilibrium with each other. The greater the number of theoretical plates the
greater the efficacy of th separation process. A column that has a high number of
theoretical plates will have a narrower peak at a given retention time than a column
that has shown a lower plate number. Column efficiency is a function of the column
dimensions and is often measwlein N/m for comparison purposes. N can be

calculated using the following formula:

00 McCc——

(Egn. 2.5)
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To calculate the height of the theoretical plate one diwtlee length of the column

by the number of plates and will obtain tieight of the theoretical plates.

This HPLC testmethod was used extensively not only within this chapter, for
optimization of the SPE process, but alsoCrapter 3 for the screeng of novel

sampling materialand then again for the tuning of noveamplers.

2.3.3.3 HPLC METHGDR PESTICIDE MIX

ThisHPLGnethod was developed to analysis the enrichment of pesticides into novel
passive samplerSection 3.3.3.4)Five pesticides, alachlor, atrazine, chlorpyriphos,
endrin and mecoprop, were selected rfahis study. All with the exception of

mecoprop are priority pollutants mentioned in Annex X of the WFD.

Mecoprop or methylchlorophenoxypropionic acid (MCPP) is a commonly used
general use herbicide found in many household weed killers, and mainly used to
target broadleaf weeds. Mecoprop is not regulated by the WFD or its daughter
regulations, but has beemcludedin the monitoring programme of the Irish EPA.

Mecoprop was mentioned in Appendix 2.1 of the EPA water WFD monitoring

program as a relevant pallant.

Within the tabulated databelow (Table 2.26) structures of the five pesticides are

given alongside therelevant physicochemical properties.
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Rachel NicArdghail Chapter 2

Table 226: Five pesticidesanalysed in this method with selected physicochemical
properties (Analytical parameters: Mobile phase 70:30 ACN:DOHwavelength 210 nm,
flow rate 1.0 mimint. Peak identification 2.30 min mecoprop, 4.91 min atrazine, 9.40 min
alachlor, 10.60 min endrin and 24%min chlorpyriphos.)

Name of molecular

- molecular Lo
priority Structure weight g
formula Kow

substance

(gmol?)

H

Atrazine )\ NI Y 215.68 GeH14CINs 2.61

P

Cl
CH,
Mecoprop \Q\OéHCfo 214.6455 | G oHi1CIQ 2.84
*,
CH, OH

o
O/\N)I\/C
I
/ ©
Cl
<]

\

/

269.77 G4aH0CINQ | 3.5

Alachlor /\©/\
. Cl
Chlorpyriphos _

Endrin o |]i 380.91 | GHsCHO 5.2

3

1
P/O—CHZ—CHS
\

350.6 GH1.CENGPS| 4.77

N/

0O—CH,—CH,

Cl

Standards of all compounds were made up in acetonitrile, and injected onto a C18
column. The mobile phase used was 70:30 acetonitrile water. Separation of the first
four analytes occurred with good resolutiowithin eleven minutes however

chlorpryiphos did not elute until 25.5 min as can be seen békigure 2.2Q)
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