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A pretreatment and analysis method was developed for the five harmful flame 

retardants, dechlorane plus (syn and anti) and dechloranes 602, -603 and -604 

(component A) from solid environmental samples. The pretreatment method included 

extraction with pressurised liquid extraction and clean-up with multilayer silica and 

basic alumina columns. The analytes were separated and analysed with gas 

chromatography  coupled to mass spectrometry. Electron capture negative ionisation 

was applied as the ionisation technique. The developed method was sensitive, 

resulting in acceptable recoveries and low detection limits. The chosen ionisation 

technique was proven to be superior over the more used electron ionisation. 
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Dispersiv vätske-vätske mikroextraktion utvecklades år 2006 för extraktion av 

organiska föreningar från vattenprover, men även komplexa prover har behandlats 

med denna teknik. Flera underteniker har utvecklats och sannolikt kommer 

utvecklingen att fortsätta. Tekniken har vunnit populäritet på grund av dess enkla 

teori, snabbhet, förmånlighet och höga anrikningsfaktorer.

En förbehandling och analysmetod utvecklades för de fem skadliga 

flamskyddsmedlen deklorane plus (syn och anti) och deklorane 602, 603 och 604 

(komponent A). Provena förbehandlades med accelererad  lösningsmedelsextraktion 

samt silika- och aluminakolumner. Analyterna separerades och analyserades med 

gaskromatografi kopplat med masspektrometri. Analyterna joniserades genom 

elektronkapning med syftet att skapa negativa molekylära joner. Den utvecklade 

metoden var känslig och resulterade i låg detektionsnivå. 
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1 Abbrevitions

1-DD-OH 1-Dodecanol

2-DD-OH 2-Dodecanol

Ac2O Acetic anhydride

ACN Acetonitrile

AP Alkylphenol

APPH Aryloxyphenoxy-propionate herbicides

ASE Accelerated solvent extraction

BDE-77 Tetrabromodiphenyl ether 77

BDE-126 Pentabromodiphenyl ether 126

BDE-169 Hexabromodiphenyl ether 169

BDE-207 Nonabromodiphenyl ether 207

BPA Bisphenol A

BTEX Benzene, toluene, ethylbenzene and o-, m-, and p-xylene

CB Chlorobenzene

CI Chemical ionisation

[C4MIM][BF4] 1-Butyl-3-methylimidazolium tetrafluoroborate

[C4MIM]Cl 1-Butyl-3-methylimidazolium chloride

[C8MIM]Cl 1-Octyl-3-methylimidazolium chloride

[C4MIM][PF6] 1-Butyl-3-methylimidazolium hexafluorophosphate

[C6MIM][PF6] 1-Hexyl-3-methylimidazolium hexafluorophosphate

[C8MIM][PF6] 1-Octyl-3-methylimidazolium hexafluorophosphate

D-DLLME Derivatisation dispersive liquid-liquid microextraction

DDT 1,1,1-Trichloro-2,2-bis(p-chlorophenyl)ethane

DCM Dichloromethane

DDEAB Didecyldimethylammonium bromide

Dec 602 Dechlorane 602

Dec 603 Dechlorane 603

Dec 604 Dechlorane 604 component A

DLLME Dispersive liquid-liquid microextraction
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DLLME-SFO Dispersive liquid-liquid microextraction based on solidification of

floating organic drop

DP Dechlorane Plus

DSPE Dispersive solid-phase extraction

DUSA-DLLME Direct ultrasound-assisted dispersive liquid–liquid

microextraction

EBDLME Emulsification based dispersive liquid microextraction

ECNI Electron capture negative ionisation

EF Enrichment factor

EI Electron ionisation

ER Extraction recovery

GC Gas chromatography

GC-ECD Gas chromatorgraphy-electron capture detector

GC-MS Gas chromatography-mass spectrometry

GPC Gel permeation chromatography

IDL Instrument detection limit

IL Ionic liquid

IL-DLLME Ionic liquid dispersive liquid-liquid microextraction

LC Liquid chromatography

LC-MS Liquid chromatography-mass spectrometry

LC-MSMS Liquid- chromatography-tandem mass spectrometry

LD-DLLME Low density dispersive liquid-liquid microextraction

LiNTf2 Lithium bis(trifluoromethanesulfonimide)

LOD Limit of detection

Log P Partition coefficient

LOQ Limit of quantitation

MAE Microwave assisted extraction

MDL Method detection limit

MeOH Methanol

MSPD Matrix solid-phase dispersion

MTBSTFA N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide
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m-TCS Methyl-triclosan

NCI Negative-ion chemical ionisation

ND Not detected

OCP Organochlorine pesticide

OPP Organophosphorus pesticide

PAH Polyclic aromatic hydrocarbon

PBDE Polybrominated diphenyl ethers

PCB Polychlorinated biphenyl

PCB-209 Decachlorobiphenyl 209

PDLLME Partitioned dispersive liquid-liquid microextraction

PFBAY Pentafluorobenzaldehyde

[PPIM][PF6] 1,3-Dipentylimidazolium hexafluorophosphate

Pyre. Pest. Pyrethroid pesticides

RM-DLLME Reverse micelle-mediated dispersive liquid-liquid micoextraction

RR Relative recovery

RSD Relative standard deviation

SBSE Stir bar sorptive extraction

SD Standard deviation

SD-DLLME Solvent-based de-emulsification dispersive liquid–liquid

microextraction

SIM Selected ion monitoring

SLE Solid-liquid extraction

SPE Solid-phase extraction

SPME Solid-phase microextraction

SWE Subcritical water extraction

TBAHS Tetrabutylammonium hydrogen sulfate

TCB Triclocarban

TCE 1,1,2,2-Tetrachloroethylene

TC-IL-DLLME Temperature controlled ionic liquid dispersive liquid-liquid

microextraction

TCS Triclosan
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THF Tetrahydrofuran

TIC Total ion chromatogram

TOC Total organic carbon

UD-OH Undecanol

USA-DLLME Ultrasound-assisted dispersive liquid-liquid microextraction

UV-region Ultraviolet region
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2 Introduction

The master’s thesis is divided into two parts. The first part discusses the use of

dispersive liquid-liquid microextraction (DLLME) in the analysis of harmful organic

compounds from environmental samples. The theories of the techniques that were

applied in the development of DLLME are also briefly discussed. The second part

describes the experimental work of developing a pretreatment and analysis method

for determining dechlorane compounds from solid environmental matrices. The

experimental work was performed in spring 2012 at the Finnish Environment Institute.

The development of pretreatment techniques have in the last years been concentrated

on technique miniaturisation as well as on lowering both personnel and material ex-

penses.1 The development trend has produced several microextraction techniques such

as solid-phase microextraction (SPME) and single drop microextraction, which are

faster and use less extraction material than the more conventional sample preparation

techniques.

Dispersive liquid-liquid microextraction was developed by Rezaee et al.1 in 2006 as a

consequence to the demands of rapid, economical and environmentally benign sample

pretreatment techniques. DLLME was originally developed for water samples, but it

has afterwards also been applied on other sample types such as soil2 and foodstuff.3, 4

The extraction mechanism is based on the different affinities the analytes have to

the aqueous sample and the organic extractant.1 The major advantages of the newly

developed extraction technique include simplicity, minimal use of harmful solvents,

rapidity of the extraction and low cost.
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The aim for the experimental work was to develop and optimise an analytical method

for determining five organic harmful compounds from solid environmental samples.

The extraction was performed with accelerated solvent extraction. The studied

dechlorane compounds were recently discovered from the environment and the interest

in them have increased significantly during the last years. There is good reason to

believe that more extensive research will be done concerning their environmental

toxicity and behaviour as the society needs to find environmentally benign flame

retardants to replace the banned polybrominated diphenyl ethers (PBDEs).
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Theoretical part

3 Harmful organic compounds

In this thesis harmful organic compounds are defined as compounds that can or are

suspected to negatively affect the conditions of organisms and ecosystems. Also,

the compounds have to be introduced to the environment by human activity. Some

of these compounds have intentionally been introduced into the environment with

a certain purpose such as control of crop insects. Other compounds are let out to

the environment unintentionally for example with waste water or fumes. The most

difficultly monitored and studied compounds are, however, those that are converted

from benign to harmful when in the environment. Harmful compounds are regulated

by several institutions such as the European Union, Environmental Protection Agency

and the Stockholm Convention.

The negative effect of the harmful organic compounds can be observed immediately

or after extensive regular exposure. Depending on the nature of the harmful effects,

the toxicity of the compounds can be described as acute or chronic. Acute toxicity is

defined by the International Union of Pure and Applied Chemistry as a harmful effect

present for a limited time after a single or repeated exposures.5 Chronic toxicity is an

observed adverse effect that endures over a long period of time after the subject has

been repeatedly exposed.

Emerging organic contaminants is a specific group defined as compounds recently

classified as harmful as well as either recently developed or discovered in the

environment.6 DP has been labelled as an emerging contaminant even though its

toxicity is not fully studied.7
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4 Theory of dispersive liquid-liquid microextraction

Dispersive liquid-liquid microextraction was developed in 2006 by applying the

theories of cloud-point extraction and homogeneous liquid-liquid extraction.1 All three

pretreatment techniques are ternary solvent systems and have because of their rapidity

and low cost gained an extensive range of applications.8, 9

4.1 Cloud point extraction

Cloud point extraction was originally developed for extracting metal ions from water

samples with the use of surfactants,10 but it has later been proven that it is also

amply suitable for isolating organic compounds.11 Surfactants are either non-ionic or

zwitterionic and they form at concentrations below their critical micelle concentration

a homogeneous solution with water.12 At the critical micelle concentration the

surfactants gather together to form micelles.9, 11, 12 Depending on the nature of the

analytes they can migrate into the micelles and are thus isolated from the sample. The

analytes can be collected for analysis after separating the analyte containing surfactants

from the aqueous sample by inducing phase separation.

Phase separation occurs in the sample solution when the temperature is either above

or below the cloud point of the used surfactant.12 Whether the temperature should

be higher or lower than the cloud point depends on the surfactant type.9 The phase

separation is induced by the lowered water solubility of the surfactant. The sample

solution is therefore separated into a two phase system, consisting of a surfactant rich

and surfactant poor layer. The surfactant poor layer is made of the aqueous sample

solution containing a surfactant concentration close to that of the critical micelle

concentration at the current temperature. Most of the surfactants have, however, been

concentrated to the surfactant rich layer, which is much smaller in volume than the

aqueous. As the surfactants are separated from the aqueous phase the organic analytes

are also separated and concentrated, which gives a high analyte enrichment factor.
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To the advantages of cloud point extraction include the lack of toxic solvents, as the

surfactants are dissolved in water prior to their addition to the sample.11 However,

surfactants are not always compatible with the analysis instrument as they are not

volatile and some absorb light at wavelengths that hinder the analytes from being

detected in the ultraviolet region (UV-region).

4.2 Homogeneous liquid-liquid extraction

Homogeneous liquid-liquid extraction is a rapid and low-cost extraction technique

where the extraction is done by adding a water miscible organic extractant to an

aqueous sample creating a homogeneous solution.8 The contact area between the

sample and the dissolved extractant is infinitely large, so the mass transfer is rapid and

effective even without shaking or stirring the sample. When the extraction procedure

is completed the two phases are separated from each other by changing the conditions

in the solutions for example by adding salt or acid.1

Although the extraction in itself is straightforward, the analysis may be problematic.1

Namely, some analysis instruments do not tolerate the additives that are needed for

the phase separation. Also, the physical change in the solution at the phase separation

stage may cause the analytes to decompose or to react.

4.3 Dispersive liquid-liquid microextraction

Dispersive liquid-liquid microextraction was originally developed by Rezaee et al.1 for

aqueous samples. However, DLLME has later also been successfully applied on more

complex matrices either as the sole pretreatment technique or in combination with

other techniques.2, 3 The reason for the wide application range of the technique is its

low cost, rapidity, uncomplicated theory and operation as well as its high enrichment

and recovery factors.13 Subsets were developed shortly after DLLME was introduced

and there is currently a notable variety of DLLME techniques.14–16
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Dispersive liquid-liquid microextraction is a ternary solvent system made of the

aqueous sample and a blend of an organic extractant and disperser solvent, which

is injected rapidly into the sample creating a turbid solution.1 The disperser solvent

should be soluble in the water immiscible extractant as well as in the sample. The

disperser solvent enables the water immiscible extractant to partition itself evenly in

small drops in the sample, improving the extraction efficiency. Thus only a small

volume of extractant is needed to give a high analyte recovery.

The extraction procedure begins with a rapid injection of the disperser solvent

containing a few microlitres of a suitable extractant (figure 1).17 The fast injection

produces a cloudy solution of small droplets of extraction solvent in the homogeneous

water-disperser solution. The contact area between the sample and the extractant

is infinitely large resulting in an effective and fast mass transfer. Because the

formed emulsion is thermodynamically unfavourable it can be terminated simply

by centrifugation.2 There is also a technique that uses a de-emulsifier to separate

the aqueous phase from the organic.15 The centrifugation causes the dense organic

extractant to sediment at the bottom of the sample vessel and it can then easily be

collected with a syringe.

The extraction solvent can also be dispersed by other means than a disperser solvent.

Such techniques include ultrasound-assisted dispersive liquid-liquid microextraction,18

air-assisted DLLME19 and magnetic stirring-assisted DLLME.20

4.3.1 Calculations

When optimising DLLME the analyte enrichment factor and extraction recovery

should be taken into consideration. Rezaee et al.1 has defined the enrichment factor

(EF) as

EF =
CSed

C0

(1)
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Figure 1. Extraction stages in DLLME.17 A blend of extraction and disperser solvent is
rapidly injected to the samples solution. The extraction solvent forms a cloudy solution
due to the rapid injection. During the centrifugation the extraction solvent collects at
the bottom of the sample tube. Reprinted with kind permission from Springer Science
and Business Media.21

where CSed is the analyte concentration in the sedimented phase and C0 the initial

analyte concentration in the sample.

The extraction recovery (ER) is calculated as the ratio of the analyte amount in the

sedimented phase and the initial concentration in the sample (equation 2).1

ER =
nSed

n0

× 100 =
CSed × VSed

C0 × V0

× 100 (2)

where nSed is the amount of analyte in the sedimented phase, n0 the initial analyte

amount in the sample, VSed the volume sedimented phase and V0 the volume aqueous

sample.

Equation 2 can be simplified as below (equation 3).1

ER =
VSed

V0

× EF × 100 (3)

The relative recoveries (RR) can be calculated as below (equation 4).1
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RR =
Cfound − CReal

CAdded

(4)

where Cfound is the analyte concentration measured from the sample after analyte

addition, Creal the native analyte concentration and Cadded the amount analyte that was

added to the sample.

4.3.2 Properties of the organic extraction and disperser solvent

For an organic solvent to be suitable as extractant it has to posses certain proper-

ties.1, 3, 22 It should be capable to form small droplets in the sample even when in

contact with the disperser solvent and have low solubility in water so that sufficient

phase separation will occur at the end of the centrifugation. Additionally, it should

also be compatible with the desired analysis instrument. It should be capable to

collect the analytes and have a density larger than that of the sample, so that it at

the end of the centrifugation will be sedimented at the bottom of the sample vessel.

DLLME is considered to be a safe and environmentally benign technique even if most

heavy solvents are halogenated.1, 23, 24 This is because the used volume is so small

that the personnel exposure and environmental impacts are minimised.22 Rezaee et

al.1 did their first development with carbon tetrachloride, carbon disulfide and 1,1,2,2-

tetrachloroethylene (TCE).

The volume of the extraction solvent should also be considered as well as the solvent

type.1 DLLME uses about 1 000 000 less solvent in comparison with conventional

liquid-liquid extraction, so its volume has to be carefully optimised. The small solvent

volume eliminates the tedious evaporation stage entirely and results in a high EF

(equation 1). However, removing the sedimented phase without also transferring some

of the aqueous phase can be difficult if the volume of the injected extraction solvent

is very small.13 The volume of sedimented phase is also dependent on the sample

volume, the water solubility of the extractant and the disperser solvent volume.23, 25
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The disperser solvent type and volume has an important impact on the results, even if

the choice of extraction solvent is the most crucial part of the method development.

Namely, the disperser solvent properties partly define how the organic extractant

behaves in the sample solution. The cloudy state induced by the rapid injection is

dependent on the volume of the disperser solvent. A satisfactory emulsion is therefore

not formed if an insufficient disperser solvent volume is used leading to a decreased

extraction efficiency.1 However, the organic properties of the sample increases due to

the presence of the disperser solvent. Therefore the sample solubility of the extractant

will also improve. Thus the volume of the sedimented phase can become significantly

decreased if the disperser solvent volume is unnecessarily large.23

The most important property of the disperser solvent is its solubility in both the sample

and the extraction solvent. Therefore the most used disperser solvents are methanol

(MeOH), acetonitrile (ACN) and acetone.13 However, if its solubility in the extractant

is too large, some of the disperser solvent can be sedimented with the extraction solvent

and thus decrease the EF.25, 26

The importance of the right combinations and ratios of disperser and extraction solvent

has been proven with chlorobenzene. Chlorobenzene has been reported to form both

a sufficient24, 27 and insufficient22, 28 sedimented phase depending on the used disperser

solvent. Also, if the extractant-disperser volume ratio is too large, the disperser is

not able to divide the extractant sufficiently in the aqueous solution.29, 30 This can

cause some of the extraction solvent to be adsorbed to the wall of the test tube,

thus diminishing the analyte recoveries as analytes are extracted to the wall adsorbed

solvent.
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4.3.3 Effect of pH

The pH can have a significant effect on the ER because it can define whether the

analytes are ionised or neutral.13 If the analytes are ionised during the extraction they

have very low affinities to the organic solvent. Therefore the optimal pH must be

established. The pH has mostly been altered with phosphoric acid3, 22 or hydrochloric

acid.16, 25 Care should, however, be taken so that the analytes are not converted at the

pH change.

4.3.4 Effect of the ionic strength

The EF and ER can be increased with a suitable addition of salt due to the salting-

out effect.3 However, some analytes have been noted to become hydrated at high salt

concentration leading to decreased recoveries.31, 32 This phenomenon is known as the

salting-in effect.

If the analyte recovery is unaffected by the salt addition the increase in the ionic

strength can lead to a decreased EF due to the decreased water solubility of the

extractant.24 Also, at too large salt concentrations the extraction solvent may float

on the aqueous phase instead of being sedimented.13

4.3.5 Effect of other parameters

In contrast to most liquid exractions, DLLME is not notably affected by the extraction

time4, 13, 22, 24 and it is therefore not always optimised.3, 25 The extraction time is defined

as the time between the injection of the disperser blend and the centrifugation.23

A sufficient centrifugation time is important for the formation of phase separation and

it is also the most time consuming step in DLLME.14, 33 The centrifugation time is

usually 5-10 minutes.14, 33 An unnecessarily long centrifugation should be avoided

because the centrifugation motion generates heat, which can cause the phase separation

to dissolve.33
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The sample volume is usually 5-10 ml (tables 1 and 2), which is easily handled in the

laboratory. Because of the small sample volume, the DLLME method is required to

have a large EF and ER. Otherwise the analysis instrument will not be able to detect

trace analyte amounts due to the high quantitation limits (LOQ).

5 Dispersive liquid-liquid microextraction in the anal-
ysis of harmful organic compounds

The optimisation of DLLME begins with the choice of extraction and disperser

solvent, followed by their volumes.1 The choice of extraction solvent is the most

important factor in the optimisation of the conventional DLLME and should fulfil

the following criteria of high density, low water solubility, high affinity to analytes

and compatibility with analysis instrument.23 The used solvents have mostly been

chlorinated hydrocarbons.1, 22 The extractant type is especially important when using

gas chromatography-electron capture detector (GC-ECD) because most chlorinated

solvents give high signals with large tailing with the ECD.24, 34 Several different

analyte classes have been isolated from water samples with DLLME. These include

for example aromatic amines,35 bisphenol A (BPA),36 carbamate pesticides37 and

chlorinated pesticides.38

Dispersive liquid-liquid microextraction has mostly been combined with gas chro-

matography (GC) due to the nature of the used solvents. When liquid chromatography

(LC) is used for the analyte separation the extraction solvent is usually evaporated and

the analytes reconstituted in a solvent compatible with LC. Capillary electrophoresis

is seldom combined with DLLME due the incompatibility of the most frequently used

DLLME solvents with this form of separation technique.39
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5.1 Extraction of hydrocarbons

Dispersive liquid-liquid microextraction was developed with 16 polycyclic aromatic

hydrocarbons (PAHs) as analytes, which were analysed with gas chromatography-

flame ionisation detector.1 TCE (8 µl) was found to be the most effective extraction

solvent and it formed a sufficient emulsion when combined with 1 ml acetone. The

recoveries for all PAH compounds were satisfactory (82-111 %) at spiked analyte

concentrations of 5 µg/l after the optimisation.

More complex and large compounds than PAHs have also been successfully isolated

with DLLME.26 Irganox 1076, Irganox 1010 and Irgafos 168 are plastic antioxidants,

that can be extracted from water samples with over 80 % recoveries at spiked

concentrations of 400-800 µg/l with 1.5 ml ACN and 70 µl CCl4. The pH had no

significant effect on the results, but the EF decreased considerably at an addition of

salt as the water solubility of CCl4 decreased.

Six phthalate esters were analysed from tap, river and mineral waters by Farahani

et al.40 by applying DLLME. Because of the aromatic structures of the analytes,

chlorobenzene (CB) was found to be a suitable extractant. Because of the low

extractant volume (9.5 µl), an equally low volume of acetone was able to dispers

it. As with the plastic oxidants, the salt concentration had no significant effect on

the recoveries but affected the EFs notably. At spiked concentrations of 0.2-20 µg/l,

the developed method gave good EFs and recoveries of 681-889 and 68.1-88.9 %,

respectively.

Phthalate esters has also been successfully isolated by combining acetone with CCl4.41

This combination yielded higher recovery percentages but lower EF than in the study

applying CB and acetone (table 1).40
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5.2 Extraction of halogenated compounds

Several chlorinated aromatic compounds have been isolated with DLLME.22, 24, 34, 38

The most examined extraction solvents have been carbon tetrachloride, CBs, dichloromethane

(DCM), TCE, chloroform and carbon disulfide. However, DCM was several times dis-

carded at the end as its high water solubility resulted in insufficient sedimentation.22, 38

The extraction of 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane (DDT) and its metabo-

lites is not greatly affected by the pH as can be expected due to their structures.38

Recoveries for all analytes were close to 80 % with a pH value of 7 (600 µl ACN, 50 µl

CCl4) in water spiked with 5 µg/l analytes. Similar results were obtained in the study

with CCl4 and acetone by Cortada et al.42 where DDT and 17 other organochlorine

pesticides (OCPs) were determined from spiked (10 µg/l) river, surface and tap water.

However, when urban waste water was analysed the recoveries dropped below 70 %

for some pesticides due to the large matrix effect.

Kozani et al.24, 34 has used GC-ECD for determining chlorobenzenes24 and tri-

halomethanes34 from river, tap and well water using DLLME as the pretreatment

technique. The choice of extractant solvent was limited because of the analysis

instrument, whose limitations has been mentioned in section 5. However, CB and

CS2 have been proven to be suitable as extraction solvents for chlorobenzenes and

trihalomethanes.24, 34 The recoveries of trihalomethanes were near 100 % when they

were extracted with 20 µl CS2 in 0.5 ml acetone at concentrations of 2 or 5 µg/l. The

recoveries of chlorobenzenes were not as excellent as that of the trihalomethanes, but

were, however, all over 70 % with the use of 9.5 µl CB and 0.5 ml acetone at spiked

concentrations of 5 µg/l.34 The addition of salt had no effect on the recoveries or the

EF in either study.
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Triclosan (TCS), triclocarban (TCB) and the metabolite methyl-triclosan (m-TCS)

were analysed from river, irrigation, recycled and domestic water.43 Triclosan was

only detected in the domestic water and the other compounds not at all. The recoveries

from spiked water (2 µg/l TCS m-TCS , 1 µg/l TCB) and were acceptable (77-115 %)

with THF and 1,3-dichlorobenzene resulting in negligible matrix effect.

Capillary electrophoresis was combined with DLLME for the first time in 2010 by

Herrera-Herrera et al.39 The research group developed an analysis method for eight

fluoroquinolone antibiotics. The analytes were found to be in a neutral state at pH

7.2, resulting in an effective extraction with CHCl3. Besides optimising the pH of the

sample, the optimal salt concentration was also tested. However, the presence of salt

in the sample deteriorated the repeatability of the capillary electrophoresis injections

and thus it was decided that no salt was necessary for the analyte determination.

5.3 Extraction of phosphorous and nitrogenous compounds

Caldas et al.22 developed a pretreatment method for the pesticides carbofuran,

clomazone and tebuconazole, which were analysed with liquid-chromatoraphy-tandem

mass spectrometer (LC-MSMS). All three compounds are aromatic and contain a

heterocyclic structure, but nevertheless belong to different classes, challenging the

simultaneous extraction. However, good recoveries (60-120 %) were found with

a mixture of 2 ml ACN and 60 µl CCl4. The pH had a significant effect on the

recoveries and the best results were obtained at pH 2. The problem with the extractant

compatibility with the analysis technique was eliminated by evaporating the solvent

with nitrogen and reconstituting the residue with MeOH.
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Halogenated nitrogen containing pesticides such as alachlor, atrazine, metoalchlor,

acetochlor and butachlor have also been isolated by DLLME.44, 45 The best results

for alachlor and atrazine were obtained at pH 3 with CB and acetone,44 while the

combination of acetone and CCl4 were most efficient for metoalchlor, acetochlor, and

butachlor resulting in four times larger EFs than for alachlor and atrazine (table 1).45

The EFs for alachlor and atrazine may perhaps have been improved if the combination

of CCl4 and acetone had been examined.

Carbazole-based explosives have been extracted from a water solution with 150 µl

CHCl3 in 0.85 ml ACN and analysed by high-performance-liquid-chromatograhy-

ultraviolet-visible spectroscopy.46 The analysis was made tedious because CHCl3 is

not compatible with HPLC and must therefore be evaporated, which must be well

controlled as the analytes decompose at high temperatures. Excellent recoveries (97-

104 %) with little matrix effects were, however, received from spiked river, well and

ground water (370 µg/l). The optimum NaCl concentration and pH was determined to

be 0.04 M and 6.2, respectively.

Pharmaceuticals, like basic beta-blockers, have been isolated from water samples with

DLLME and thereafter analysed.47 Good recoveries of 82-109 % were reported with

the use of ACN and CCl4 at pH 10 from water spiked either with 10 or 100 ng/l

analytes.

Organophosphorous pesticides (OPPs) have been extracted from water samples with

12 µl CB in 1 ml acetone. With these conditions the addition of salt had only negative

effects on the results.27

Garcı́a-López and Rodrı́guez48 analysed phosphate esters from tap and river water as

well as from raw and treated waste water. Phosphorus esters are used as additive

plasticisers and flame retardants, so they are easily released to the environment. The

analytes were extracted with 1,1,1-trichloroethane and acetone with good recoveries

and little matrix effect for all analytes except for tris(2-ethylhexyl) phosphate from

spiked water samples (0.4-1.8 µg/l). The recovery for this analyte from raw waste

water was as low as 40 %.
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Table 1. Dispersive liquid–liquid microextraction procedure for extracting organic compounds from spiked
water samples and the performance of the optimised method.

Reference Analyte Extractant Disperser Sample V (ml) RR (%) EF Other
1 PAH 8 µl TCE 1 ml acetone 5 82-111 603–1113 -
41 Phthalate esters 41 µlCCl4 0.75 ml ACN 5 84-113 45-196 -
40 Phthalate esters 9.5 µl CB 0.5 ml acetone 5 68-89 681-889 -
47 Beta-blockers 60 µl CCl4 1 ml ACN 5 90-95 180-190 pH 10
26 Plasticiser antioxidants 40 µl CCl4 1 ml ACN 5 99-121 168-220 -
36 BPA 142 µl CHCl3 2 ml acetone 10 93-98 150 -
49 APa, -ethoxylates 50 µ TCE 1.5 ml acetone 5 66-79 - -
22 Chlorinated pesticides 60 µl CCl4 2 ml ACN 5 60-120 50 pH 2
24 CBs 9.5 µl CB 0.5 ml acetone 5 71-81 711-813 -
38 DDT and metabolites 50 µl CCl4 0.6 ml ACN 10 86-111 100 pH 7
43 TCS, TCB, m-TCS 15 µl C6H4Cl2 1 ml THF 5 64-115 - pH 7
34 Trihalomethanes 20 µl CS2 0.5 ml acetone 5 92-108 116-355 -
44 Alachlor, atrazine, 2,4-dichlorophenoxyacetic acid 28 µl CB 1 ml acetone 5 82–107 104-115 pH 3
39 Fluoroquinolones 685 µl CHCl3 1.25 µl ACN 5 - - pH 8
50 Fungicides 50 µl CCl4 0.75 ml ACN 5 87-107 108 -
28 Benzotriazoles, benzothiazoles 100 µl tri-n-butylphosphate 0.5 ml MeOH 9 61-100 - NaCl, pH 6
46 Carbazoles 150 µl CHCl3 0.85 ml ACN 10 97-104 179-186 NaCl, pH 6.2
27 OPPs 12.0 µL CB 1 mL acetone 5 79–107 789-1070 -
48 Phosphate esters 20 µl 1,1,1-trichloroethane 1 ml acetone 10 40-114 190-830 NaCl
42 OPPs 10 µl CCl4 1 ml acetone 10 63-113 - -
45 Amide herbicides 25 µl CCl4 0.5 ml acetone 5 80-109 437-460 -
51 Aromatic nitros 20 µl CC4 0.75 ml MeOH 9 - 202-314 NaCl
29 Benzimidazole fungicides 80 µl CHCl3 0.75 ml THF 5 84-94 150-200 NaCl, pH 7
35 Aromatic amines 25 µl TCE 0.5 ml MeOH 5 85-112 41-95 NaCl
37 Carbamate pesticides 70 µl CHCl3 1 ml acetone 5 76-94 101-145 -

aAlkylphenol
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6 Low density dispersive liquid-liquid microexraction

Even though Rezaee et al.1 limited DLLME to high density solvents, the restrictions

it poses has lead to the application of extraction solvents with low densities (LD-

DLLME).2, 15, 52 The collection of the extractant is easily achieved if a volumetric

flask15 or similar vessel is used as sample vial.

The LD-DLLME extraction process is similar to that of the conventional DLLME.52

The extraction-disperser solvent blend is injected rapidly to the aqueous sample,

creating an emulsion. The water immiscible organic phase is then separated by

centrifugation. The extraction solvent can then be collected from atop the aqueous

sample. The phase separation can also be accomplished through an addition of a

de-emulsifier as is done in solvent-based de-emulsification dispersive liquid-liquid

microextraction.15

Lower density extraction solvents have also been applied in combination with denser

solvents.53 The purpose of adding the lighter solvent to the denser is to lower the

toxicity of the method and to improve the extraction efficiency.

6.1 Determination of compounds with low density dispersive liquid-
liquid microextraction

Organophosphorus pesticides have several times been isolated with LD-DLLME.54, 55

In 2009 Farajzadeh et al.54 used cyclohexane together with acetone as extraction and

disperser solvent. The recoveries were between 80 and 91 % from river, tap and well

water spiked with 50, 100 and 1000 µg/l with EFs of 110-145.
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Alves et al.55 also used cyclohexane as extraction solvent for OPPs, but chose

1-propanol as the disperser. As is custom, the extraction-disperser solvent blend

was injected rapidly and the aqueous-organic blend was centrifuged to induce phase

separation. However, the sample extraction became tedious as the centrifugation had to

be done twice. The addition of salt did not result in an improvement of the recoveries,

which is in good agreement with the studies of Berijani et al.27 and Farajzadeh et al.54

The recoveries of the phosphorus pesticides from spiked dam, river and well water

(500 ng/l) varied somewhat (50-91 %) However, the authors evaluated the method to

give good recoveries.

If the analytes, as in the case of the benzotriazoles and benzothiazoles, are water misci-

ble, the choice of extractant solvent is not excluded to halogenated or non-halogenated

hydrocarbons, but can include more benign alternatives.28 Tri-n-butylphosphate (100

µl) in 0.5 ml MeOH has been proven to yield acceptable recoveries in the analysis of

benzotriazoles and benzothiazoles. In addition of being benign, tri-n-butylphosphate

is also compatible with LC, which is the most frequently used separation technique

for these analytes. The out-salting effect had a positive effect on the recoveries, which

were further improved by pH adjustment.

N-methylcarbamates were analysed from a 4.5 ml water sample with 0.64 ml toluene

and 0.94 ml ACN.56 The sample vessel was centrifuged to induce phase separation and

the organic phase was removed and analysed. The pH was adjusted to 2 with citric

acid to gain the largest recoveries.

Alkylphenols (APs) have been isolated both with conventional DLLME (tabel 1) and

LD-DLLME (table 2).49, 57 In the study using LD-DLLME alkylphenols were isolated

in addition with endocrine-disrupting phenols (EDPs) and bisphenol A (BPA).57 The

recoveries of APs with LD-DLLME were notably better than with conventional

DLLME. In addition to being more effective, the LD-DLLME method is also more

benign for the environment and the laboratory personnel.
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1-Dodecanol (1-DD-OH) has been used as extraction solvent in the isolation of

parabens.58 The phase separated organic solvent was removed with a pasteur pipette

together with a small amount of water. The aqueous phase was then removed by

dipping the tip of the pipette in some sodium sulphate, which adsorbed the water from

the pipette leaving the organic phase intact. The extraction solvent was then injected

into HPLC. The relative recoveries varied somewhat at concentrations of 10-100 µg/l

(73-108 %).

Saraji and Tansazan53 proved that the combination of the dense CS2 and the lighter

toluene is amply suitable for isolating phenylurea herbicides. However, there were

considerable variations in the EFs, so apparently the combination is more suitable for

some phenylurea herbicides than others. Recoveries were, nevertheless, good (86-109

%) at spiked concentrations of 2 µg/l.

6.2 Solvent based demulsification dispersive liquid-liquid microex-
traction

The solvent based de-emulsification dispersive liquid–liquid microextraction (SD-

DLLME),2 or solvent-terminated dispersive liquid-liquid microextraction,15 has elim-

inated the time consuming centrifugation in the phase separation stage.15, 59 In this

thesis, the term SD-DLLME will be used as it seems to be the more accepted term for

this technique.

In SD-DLLME the phase separation is induced after the extraction by an injection of

a de-emulsifier. The extractant density is low, so the phase to be collected is on top of

the aqueous sample. Chen et al.15 were the first to attempt this type of LD-DLLME.

The research group injected a second, equal portion of disperser (ACN) to the turbid

sample solution to separate the extraction solvent (toluene) after which the carbamate

pesticide analytes could be analysed.
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Except for the terminating step, the extraction procedure in SD-DLLME is equal to

the conventional technique,15 so the pH and salt concentration is to be optimised.

Carbamate pesticides decompose at high alkalinity and Chen et al.15 discovered that a

high acidity deteriorated the extraction efficiency. Therefore the pH was kept neutral

to gain maximum recovery.

Zacharis et al.2 have isolated trace amounts of OCPs from water samples by the use

of 40 µl m-xylene as extraction solvent and 0.75 ml ACN as disperser and terminating

solvent. The method recoveries were investigated from lake, tap and mineral water and

were found to be acceptable (77-113 %) with the optimised method at concentration

levels of 0.5, 1 and 2 µg/l. There seemed to be no notable trend concerning the

recoveries and the concentration levels.

Guo and Lee52 compared SD-DLLME with LD-DLLME and conventional DLLME in

the analysis of 16 PAHs. Acetone was used as disperser in all extractions. n-Hexane

was used in both low density extractions as extractant, while the more toxic CHCl3 was

used in DLLME. There were no significant differences in the recoveries of the three

DLLME methods. However, SD-DLLME had the advantage of being faster than the

others, as it does not require centrifugation. All analyte recoveries were well over 60

% with SD-DLLME. The repeatability was acceptable and ranged from 4 to 10 %.
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Table 2. Other dispersive liquid–liquid microextraction methods for extracting organic compounds from
spiked water samples.

Reference Method Analyte Extractant Disperser Sample V (ml) RR (%) EF Other
56 LD-DLLME N-methylcarbamates 0.64 ml toluene 0.94 ml ACN 4.5 81-99 - pH 2
54 LD-DLLME OPPs 100 µl cyclohexane 2 ml acetone 7.5 80-91 110-145 -
58 LD-DLLME Parabenes 50 µl 1-DD-OH 1 ml ACN 5 25-86 27-90 pH 5-7
57 LD-DLLME Endocrine disturbing phenols 50 µl 1-decanol 0.1 ml ACN 5 86-119 79-275 -
52 SD-DLLME PAH 50 µl n-hexane 0.5 ml acetone 5 68-95 - -
2 SD-DLLME OCP 40 µl m-xylene 0.75 ml ACN 10 77-113 25-232 pH 7
60 SD-DLLME Fungicides 20 µl toluene 0.5 ml MeOH 5 86-114 195-239 -
55 SD-DLLME OPPs 50 µl cyclohexane 0.3 ml 1-propanol 5 50-91 100-179 -
15 SD-DLLME Carbamate pesticides 50 µl toluene 0.5 ml ACN 5 95-104 - pH 7
53 DLLME Phenylurea herbicides 103 µl CS2 2 ml acetone 5 86-109 11-118 toluene
61 DLLME-SFO PAH 100 µl 1-DD-OH 0.2 ml MeOH 5 88-110 88-118 -
32 DLLME-SFO Hormones 10 µl 1-UD-OH 0.2 ml MeOH 5 89-102 121-329 NaCl
62 DLLME-SFO Diethofencarb, pyrimethanil 20 µl 1-DD-OH 0.5 ml MeOH 5 86-118 145-161 -
14 DLLME-SFO Halogenated compounds 10 µ 2-DD-OH 0.5 ml acetone 5 81-101 228-322 NaCl
31 DLLME-SFO TCS, 1,2-dichlorophenol 12 µl 1-DD-OH 0.3 ml ACN 5 85-110 174-246 pH 6
63 DLLME-SFO Chlorinated pesticides 10 µl hexadecane 0.2 ml ACN 5 83-101 37-872 NaCl
64 DLLME-SFO PCBs 8 µl 1-UD-OH 1 ml ACN 5 79-112 494-606 NaCl
65 DLLME-SFO Chlorpyrifos 40 µl 1-DD-OH 1.5 MeOH 25 84-110 232 NaCl
62 DLLME-SFO Fungicides 20 µl 1-DD-OH 0.5 ml MeOH 5 86-117 145-161 -
66 DLLME-SFO Aniline and derivates 15 µl cyclohexane 0.5 ml ethanol 5 77-116 100-325 pH 12
67 DLLME-SFO Dinitrobenzenes 8 µl 1-DD-OH 0.2 ml MeOH 5 90-106 74-93 NaCl
68 DLLME-SFO Triazole fungicides 12 µl 1-DD-OH 0.2 ml MeOH 10 85-119 190-450 NaCl, pH 6
16 IL-DLLME Insecticides 0.052 g [C6MIM][PF6] 0.5 MeOH 5 79-110 209-276 -
69 IL-DLLME PAH 50 µl [C8MIM][PF6] 1 ml acetone 5 90-102 305-346 -
70 IL-DLLME PAH 38 µl [C4MIM]Cla - 10 84-113 184-935 LiTNf4

a1-Butyl-3-methylimidazolium chloride
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Table 2 continues. Other dispersive liquid–liquid microextraction methods for extracting organic
compounds from spiked water samples.

Reference Method Analyte Extractant Disperser Sample V (ml) RR (%) EF Other
71 IL-DLLME Antioxidants 60 mg [C6MIM][PF6] 0.5 ml MeOH 5 85-118 43-48 -
72 IL-DLLME Phenols 38 µl [C4MIM]Cl - 5 90 140-989 LiTNf4
73 IL-DLLME APPH 30 µl chlorobenzene 10 mg [C8MIM]Cl 8 71-91 171-192 NaCl, pH 6.4
74 IL-DLLME Insecticides 27m g [C6MIM]Cl - 8 92-120 260-326 LiTNf4
75 IL-DLLME DDT, metabolites 70 µl [C6MIM][PF6] 0.6 ml acetone 5 83-115 - pH 7
76 IL-DLLME OPPs 35 µl [C8MIM][PF6] 1 ml MeOH 5 87-112 - pH 6
77 TC-IL-DLLME Phthalate esters 32 µl [C8MIM][PF6] 0.75 ml ACN 5 91-99 174-212 -
78 TC-IL-DLLME PCBs, PBDEs 40 µl [C8MIM][PF6] 1 ml MeOH 5 81-127 278-325 -
79 Mixed ILs-DLLME DDT, metabolites 50 µl [C8MIM][PF6] 0.3 ml [C4MIM][BF4] 5 86-107 - pH 7
59 MR-IL-DLLME Benzoylurea pesticides 70 µl [C6MIM][PF6] 0.3 ml ACN 10 80-89 261-302 Fe2O3, ACN
80 RM-DLLME Chlorophenoxy acids 20 mg decanoic acid 1 ml THF 10 96-107 148-157 pH 2
81 USA-DLLME PAHs 24 µl TCE 56 µl diethylether 6 71-121 722-8133 NaCl
82 USA-DLLME Lovastatin, simvastatin 0.5 ml [C6MIM][PF6] - 50 81-112 - NaCl, pH 6
18 USA-DLLME Fluoroquinoloes 0.11 µl tetrachloroethane 0.5 ml MeOH 8 83–111 - pH 8,
83 IL-USA-DLLME Fluoroquinoloes 65 mg of [C8MIM][PF6] 0.4 ml MeOH 10 85-107 122-205 pH 9
30 USA-DLLME Aromatic amines 60 µl [C6MIM][PF6] 0.7 ml ACN 10 92-119 - pH 13
84 IL-USA-DLLME Aromatic amines 0.1 ml [C4MIM][PF6] 0.75 ml MeOH 5 82-94 40-128 pH 12
85 DUSA-DLLME Aromatic nitros 20 µl CB - 10 71-96 - -
86 IL-USA-DLLME Phenylurea pesticides 0.034 g [C6MIM]Cl - 10 92-107 244-268 LiNTf2
87 EBDLME Phenylurea herbicides 73 µl CHCl3 5 % Aliquat 336 5 91-104 128-198 -
88 EBDLME Carbazoles 200 µl CHCl3 0.85 ml DDEAB 10 97-105 264–295 NaCl, pH 3.7
25 PDLLME Chlorophenoxyacetic acids 80 µl TCE 1.9 ml THF 5 - 131-156 NaCl, NaOH
89 PDLLME Phenylurea pesticides 60 µ DCM 1 ml THF 5 97-102 - NaCl
90 Trace V DLLME BTEXa 23 µl CCl4 60 µl ethyl acetate 5 84-107 - -
91 Trace V DLLME OCPs 5.2 µl TCE 7.8 µl tert-butyl methyl ether 10 54-119 - NaCl
92 Auto DLLME Rhodamine B 100 µl n-octanol 0.9 ml n-propanol 4 102-104 - pH 9
93 Auto DLLME Naproxen, benzo(a)pyrene 5.6 µl n-octanol 69.4 µl ACN 4.25 - - -
94 Semi-auto DLLME CB 25 µl TCE, formic acid 0.5 ml acetone 5 97 175 NaOH, NaCl

aBenzene, toluene, ethylbenzene and o-, m-, and p-xylene
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7 Dispersive liquid-liquid microextraction based on so-
lidification of floating organic droplet

Dispersive liquid-liquid microextraction based on solidification of floating organic

droplet (DLLME-SFO) was developed shortly after DLLME.14 In the technique the

required properties of the disperser solvent are the same as in the conventional

DLLME. However, the density of the extraction solvent should be smaller than that of

water and the melting point close to room temperature. Extraction solvents that meet

these criteria are for example undecanol (UD-OH) and 1-DD-OH. The advantages of

DLLME-SFO over DLLME are the low toxicity extraction solvents and the ease of

removing the extractant.

The extraction process is similar to DLLME.14 After the centrifugation the sample

vessel is chilled in a ice bath, which solidifies the extraction solvent floating atop the

aqueous phase (figure 2). The solidified solvent can then easily be removed to melt in

a LC or GC vial.

Figure 2. Extraction stages in DLLME-SFO.14 1. Injection of the extractant and
disperser solvent to the aqueous sample. 2. A turbid solution is formed. Phase
separation is induced by centrifugation and the extraction solvent collects on top of
the aqueous sample. 3. The sample vessel is immersed in an ice bath to solidify the
extractant, which can then be collected to melt in a GC-vial. 5. The melted extractant
can thereafter be injected to the analysis instrument. Reprinted with permission from
Elsevier.95
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7.1 Extraction of halogenated compounds

Dispersive liquid-liquid microextraction based on solidification of floating organic

droplet was developed in 2008 by Leong et al.14 for the isolation of 1,2-dichlorobenzene,

1,2,4-trichlorobenzene, TCE and 4-bromodiphenyl ether. Acetone (0.5 ml) in combi-

nation with 2-dodecanol (2-DD-OH, 10 µl) created a suitable extraction condition.

2-DD-OH has a melting point of 17 ◦C, which ensures a rapid melting of the solified

drop. The recoveries were all over 80 % with good EF from tap and lake water spiked

with 0.1-1 µg/l. There was no notable matrix effect.

A DLLME-SFO isolation and analysis method was also developed for triclosan and

its decomposition product 1,2-dichlorophenol.31 The low melting point of 2-DD-OH

made it difficult to handle in this study, so 1-DD-OH (12 µl) was chosen as extractant.

ACN (300 µl) was chosen as disperser solvent. The water solubility of triclosan

increased at addition of NaCl due to the salting-in effect, while 1,2-dichlorophenol

was out-salted. The salting-in effect had not been noted by Guo et al.43 (section 5.2) in

2009. The recovery of 1,2-dichlorobenzene and the phase separation was enhanced by

adjusting the pH to 6.The recoveries for the two studied compounds from tap, river and

lake water were 85-110 % at concentrations of 5 and 20 µg/l. This is slightly better than

the results that Guo et al.43 attained with the conventional DLLME at concentrations

of 1 or 2 µg/l.

Chlorinated aromatic pesticides, such as endosulfan, aldrin, heptachlor and DDT were

extracted from 5 ml water with 10 µl hexadecane and 0.2 ml ACN.63 An addition

of salt increased the recoveries, without affecting the volume of the phase separated

extractant. The recoveries were acceptable (83-101 %) for all analytes. DLLME-SFO

was not proven to be more effective in extracting DDT than the conventional method

when considering only the recoveries.38, 63 However, the EF is almost twice as large

with DLLME-SFO (0.1 µg/l) than with the conventional technique (5 µg/l).

32



Due to the ring structure of cyclohexane, it has been found to extract aniline and its

chlorinated and brominated derivatives with high recoveries.66 The recoveries of the

analytes were further improved by adjusting the sample pH to 12. The recoveries for

the 13 aniline compounds were with the use of 15 µl cyclohexane and 0.5 ml ethanol

well over 70 % (10 µg/l).

Polychlorinated biphenyls (PCBs) have been considered as environmentally harmful

for over 30 years.64 Dai et al.64 developed an extraction method for seven PCBs using

8 µl 1-UD-OH and 1 ml ACN. The acquired EFs (494-606) were excellent (table 2)

and the recoveries were also acceptable (79-112 %).

7.2 Extraction of hydrocarbons

The recovery efficiency of PAHs with DLLME-SFO was similar to that of the

conventional DLLME.1, 61 However, the extraction process was performed with 100 µl

1-DD-OH instead of TCE and is therefore safer and environmentally more benign.61

Hormones, such as 17β-estradiol, 17α-ethynylestradiol, estriol and estrone have been

isolated and analysed with DLLME-SFO from river and tap water.32 Due to the

polarity of the analytes 1-UD-OH was chosen as extraction solvent. MeOH was able

to sufficiently disperse the extraction solvent. A small salt addition to the sample

solution increased the recoveries due to the salting-out effect. A higher concentration

on the other hand caused the analytes to dissolve into the water phase as a result of the

salting-in effect.

7.3 Extraction of nitrogenous compounds

The combination of 1-DD-OH and MeOH has been used for the extraction of

several compounds with good recoveries even if they belong to different compound

classes.62, 65, 67, 68
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The heterocyclic structure containing triazole compound class includes a large amount

of persistent and endocrine disturbing fungicides.68 Wang et al.68 found that the

analytes were unstable in alkaline and ionised in acidic conditions and that the best

recoveries in DLLME-SFO were therefore attained at pH 6. The extraction was

performed with 12 µl 1-DD-OH and 200 µl MeOH, which gave a recovery of 80 % or

more (1-50 µg/l).

Cheng et al.62 compared conventional DLLME50 (table 1) with DLLME-SFO in the

analysis of the aromatic fungicides diethofencarb and pyrimethanil. DLLME-SFO

had several advantages such as higher EF (145-161) and more environmentally benign

solvents. The analyte recovery was between 86-118 % at 5 or 10 µg/l.

Isomers of dinitrobenzene were successfully extracted (recoveries 93-105 %) from tap,

lake and waste water with 8 µl 1-DD-OH and 0.2 ml MeOH.67 A small addition of

NaCl enhanced the extraction efficiency. The extraction method was selective and

matrix effects were not noted.

The organophosphate chlorpyrifos has also been extracted with 1-DD-OH (40 µl) in

MeOH (1.5 ml) with a recovery of over 70 %.65
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8 Ionic liquid dispersive liquid-liquid microextraction

The use of ionic liquids (ILs) in DLLME began in 2009 when Liu et al.16 adopted the

ideas of temperature controlled ionic liquid dispersive liquid-phase microextraction

in the analysis of heterocyclic pesticides. Ionic liquid dispersive liquid-liquid

microextraction (IL-DLLME) is similar to conventional DLLME, but the extraction

solvent is an IL. The advantages of IL-DLLME are the benign extraction solvents. ILs

are, however, more costly than the organic solvents used in conventional DLLME.

As in DLLME the extraction solvent in IL-DLLME should have a large density, have

a high affinity to the analytes and be immiscible in water.16 Imidazolium-ILs have

mostly been used.16 Salt addition to the samples will affect the outcome differently

when using ILs. Instead of decreasing the water solubility of the extraction solvent,

the salt will increase it and therefore lower the recoveries and possibly improve the EF.

Ionic liquid dispersive liquid-liquid microextraction has been further developed and

several subsets have been introduced such as mixed ILs-DLLME79 and magnetic

retrival IL-DLLME.59 The subsets are briefly discussed in section 8.2.

8.1 Extraction of compounds with conventional ionic liquid dis-
persive liquid-liquid microextraction

Four heterocyclic insecticides (fipronil, chlorfenapyr, ibuprofen, hexythiazox) were

used as analytes for the development of IL-DLLME.16 The relatively inexpensive 1-

hexyl-3-methylimidazolium hexafluorophosphate ([C6MIM][PF6]) was injected with

MeOH to tap, lake and fountain water resulting in recoveries between 79 and 110 %

at concentration levels of 5 or 10 µg/l. Salt addition decreased the recoveries and was

therefore not used in the optimised method.
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The extraction efficiencies of three ILs, CB, CCl4 and TCE were compared in the

analysis of four OPPs (parathion, phoxim, phorate and chlorpyrifos).76 Of all tested ex-

traction solvents, 1-octyl-3-methylimidazolium hexafluorophosphate ([C8MIM][PF6])

gave the best results. Even though the extraction recoveries of chlorpyrifos with

conventional DLLME, DLLME- SFO and IL-DLLME are similar,27, 65, 76 the EF is

several times higher when isolated with conventional DLLME.

The determination of the antioxidants Irganox 1010, Irganox 1076 and Irgafos 168 has

been briefly discussed earlier (section 5.1). However, IL-DLLME has also been proven

to be an effective technique for their isolation from water samples.71 Even though the

recoveries with the both methods were similar, the EFs were larger when the analytes

were extracted with the conventional technique (tables 1 and 2).

8.2 Other ionic liquid dispersive liquid-liquid microextraction meth-
ods

Temperature controlled ionic liquid dispersive liquid-liquid microextraction is perhaps

not a further developed technique of IL-DLLME, but still a worth discussing. Water

solubilities of some ILs can be significantly altered by the surrounding temperature.77

In temperature controlled ionic liquid dispersive liquid-liquid microextraction (TC-IL-

DLLME) the sample vessel is heated prior to the extraction procedure to improve the

water solubility of the extraction solvent. After a suitable extraction time the vessel

is cooled and the water solubility of the extractant lowered inducing a turbid solution.

Zhang et al77 injected a blend of ACN and [C8MIM][PF6] to a heated water sample and

a homogeneous solution was formed. After a suitable time the sample was immersed

into an ice bath inducing a cloudy solution. The sample was thereafter processed as

usually. The recoveries for the isolated phthalate esters from tap, bottled mineral and

river water were between 91 and 99 % PCBs and PBDEs have also been isolated with

TC-IL-DLLME using [C8MIM][PF6] (table 2).78
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As mentioned in section 4.3.5 the most time consuming part in DLLME is the

centrifugation. That has, however, been eliminated in the magnetic retrival ionic

liquid dispersive liquid-liquid microextraction (MR-IL-DLLME) technique developed

by Zhang et al.59 In MR-IL-DLLME the dispersed extraction solvent is absorbed by

magnetic nanoparticles, which are collected by a magnet. The analytes and extraction

solvent is thereafter desorbed from the nanoparticles by immersing them in a suitable

solvent and sonicating them. The reasearch group extracted five benzoylurea pesticides

from 10 ml water with a blend of 70 µl [C6MIM][PF6] and 0.3 ml ACN as usual.

The dispersed extraction solvent was then absorbed by 20 mg iron (III) oxide and the

nanoparticles were collected with a magnet. Thereafter the analytes were desorbed by

sonicating the iron (III) oxide in 50 µl ACN. The nanoparticles were in the optimised

method collected in 90 s from the aqueous sample and the analytes desorbed from them

in 60 s, which is a clear improvement from the time it takes to induce phase separation

through centrifugation.16, 25, 76 The MR-IL-DLLME resulted in recoveries of 80-89 %

at concentration levels of 10 and 30 µg/l.

Magnetic retrival ionic liquid dispersive liquid-liquid microextraction was precessed

by dispersive liquid-liquid microextraction-dispersive µ-solid-phase extraction devel-

oped in 2010, where the extraction solvent was of low density (1-octanol).96 However,

this technique did not include the use of a disperser solvent but the extraction solvent

was dispersed by 120 s of manual shaking. In this study the PAH analytes were

desorbed from the magnetic particles by adding ACN and sonicating it for four

minutes. The MR-IL-DLLME is marginally faster than the discussed method.
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Ionic liquid dispersive liquid-liquid microextraction need not use the combination

of one IL and one organic solvent. Mixed ionic liquids dispersive liquid–liquid

microextraction applies the use of two ILs.79 The hydrophobic IL acts as an extraction

solvent while the hydrophilic as a disperser. This technique has been applied

in the analysis of for example hexabromocyclododecane as well as DDT and its

metabolities.79, 97 DDT and it metabolites were isolated with 50 µl [C8MIM][PF6] as

extractant and 0.3 ml 1-butyl-3-methylimidazolium tetrafluoroborate ([C4MIM][BF4])

as disperser solvent. The recoveries of the analytes in river, tap, lake and snow water

were between 86 and 107 % (5 µg/l). DDT and its metabolites have, however, also

been isolated with regular IL-DLLME using[C6MIM][PF6] and acetone resulting in

better recoveries.75

In-situ metathesis IL-DLLME is a further development of IL-DLLME.70 Yao and

Anderson70 used a water miscible IL as solvent, which was then after reaction

with lithium bis(trifluoromethanesulfonimide) (LiNTf2) made water immiscible. The

immiscible solvent was then sedimented, collected and analysed. The developed

method gave good recoveries (84-113 %) for the studied 13 aromatic compounds.

Endocrine disturbing phenols and four insecticides have also been isolated with in-

situ metathesis IL-DLLME.72, 74
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9 Ultrasound-assisted dispersive liquid-liquid microex-
traction

The dispersion of the extraction solvent in ultrasound-assisted dispersive liquid-liquid

microextraction (USA-DLLME) is induced by ultrasound.30 After injection of the

extraction solvent, the samples are sonicated and thereafter left to stand for a suitable

time, so that the analytes are extracted to the dispersed extractant droplets. Due to

the effective dispersion by the sonication, a smaller amount of both extraction and

disperser solvent can be used.

Ultrasound-assisted dispersive liquid-liquid microextraction was originally performed

with an IL as extraction solvent. However, other solvent types such as TCE and

tetrachloroethane have also been applied.18, 81 In addition of having to optimise

the same parameters as in conventional DLLME, USA-DLLME requires also the

optimisation of the ultrasound energy and sonication time.85 A technique using

ultrasound for enhancing the extraction of the analytes to the dispersed extraction

solvent is also called USA-DLLME.18, 81, 98 However, this method uses a disperser

solvent to create the initial cloudy solution.

9.1 Extraction of harmful organic compounds

The development of USA-DLLME was performed by Zhou et al.30 The aromatic

amines 2,4-dichloroaniline, 1-naphthylamine, o-chloroanline and N,N-dimethylaniline

were extracted from spiked water with [C6MIM][PF6] as the extraction solvent. The

test tube containing both the aqueous sample and the extractant was immersed in a

water bath and sonicated for 5 minutes thus dispersing the extractant. Thereafter the

tube was placed in a ice bath at which point the solution became turbid as the water

solubility of the IL was lowered due to the lowered temperature. The IL sedimented at

the bottom of the test tube due to the centrifugation.
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Due to the basic properties of the amines, the pH in the sample solution was adjusted

to 13 to enhance the extraction efficiency.30 Also, ACN was after some initial studies

added to the extraction procedure as it was shown to enhance the extraction rate.

The extraction time in USA-DLLME was proven to be as long as in conventional

DLLME. However, the sonication time was optimised to be 5 minutes, which prolongs

the extraction procedure in comparison with conventional DLLME. The recoveries

obtained from river, brook and snow water spiked with 20 µg/l were acceptable

(92–119 %).

Aromatic amines (2-anilinoethanol, o-chloroaniline, 4-bromo-N,N-dimethylaniline)

have also been successfully extracted using [C4MIM][PF6] as the extraction solvent

and MeOH as disperser solvent with similar recoveries as with [C6MIM][PF6] and

ACN (table 2).84

Lovastatin and simvastatin were analysed from exceptionally large water samples.82

The water samples were about ten times the size of the most used normal sample

volume of 5 ml (tables 1 and 2). Therefore the used amount of the IL extraction

solvent had to be enlarged from the usually used volumes. The method is relatively

cumbersome in comparison with other developed methods. While a sample volume 50

ml is not a difficult volume to handle, it is nevertheless considerably larger than the

usual volume. The large amount of the extraction solvent ([C6MIM][PF6] 0.5 ml) can

become costly if the pretreatment method is often used. Also, the method requires the

sample vessel to stand in an ice bath for 20 minutes after sonication. However, the

recoveries with this method were acceptable from tap, lake and river water spiked with

5 and 10 µg/l (81-112 %).
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Ultrasound-assisted dispersive liquid–liquid microextraction was evolved by Cortada

et al.,85 who instead of immersing the sample vessel in the ultrasound bath chose to

immerse a ultrasonic probe into the sample. Cortada et al.85 analysed nitroaromatic

compounds from waste and reservoir water by injecting 20 µl CB to the 10 ml aqueous

samples. A sonic probe was thereafter immersed into the samples and sonicated for

a suitable time. In direct ultrasound-assisted dispersive liquid–liquid microextraction

(DUSA-DLLME) the sonication time has to be optimised carefully. The extraction

time was optimised to 60 s,85 which is approximately the same or longer than other

research groups have optimised it to be in conventional DLLME.34, 38, 48 A previous

study with conventional DLLME gave slightly better recoveries for the nitroaromatic

compounds.51 Even though the probe does not improve the results significantly the

sonication time is notably shorter than in conventional USA-DLLME.

Ultrasound-assisted dispersive liquid–liquid microextraction has also been combined

with in-situ metathesis IL,73, 86 which has been briefly discussed in section 8.2. In

the analysis of phenylurea pesticides, [C6MIM]Cl acted as the hydrophilic extraction

solvent, which was converted to a hydrophobic form with LiNTf2 prior to the

extraction.86 The sample extraction began with the addition of the IL. The test tube

was then shaken manually to sufficiently disperse the IL before the addition of LiNTf2.

Thereafter the sample was sonicated for 5 minutes so that the hydrophobic analytes

migrated to the ion exchanged extraction solvent. The method performance was tested

with spiked river, lake and reservoir water. The analyte recoveries for this method are

comparable with other methods (tables 1 and 2).53, 89 However, the EFs were slightly

higher with the in-situ metathesis IL-USA-DLLME method.
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In-situ metathesis IL-USA-DLLME has also been performed so that the LiNTf2 is

added after the sonication.73 Here an hydrophilic IL acted as the disperser solvent and

CB as an extraction solvent for the isolation of aryloxyphenoxy-propionate herbicides

(APPH). With this method the sample solution is extracted twice, first by the CB

and then by the converted IL. After centrifugation both hydrophobic solvents are

sedimented and can be collected. Therefore the chance of some analytes being

extracted into the disperser solvent is minimised. The obtained recoveries were

between 78 and 91 % and the EFs between 171 and 192 for the analytes.

Fluoroquinolones were isolated from ground83 and pharmaceutical waste waters18

using MeOH as the disperser solvent and either [C8MIM][PF6] or tetrachloroethane

as extraction solvent. In both studies the pH was adjusted to be basic and the formed

cloudy solution was sonicated for 2 minutes. Both methods resulted in good recoveries

(85-107 % and 83–111 %, respectively) from water spiked with 50-200 µg/l.

Polyaromatic hydrocarbons were isolated from sea water with TCE as the extraction

solvent and diethyl ether as the disperser solvent.81 The research group performed

a comparison between conventional DLLME and USA-DLLME by executing some

of the extractions without ultrasound. The obtained EFs with USA-DLLME were

excellent (722-8133) and several times better than when the analytes were extracted

with conventional DLLME. The EFs were also better with USA-DLLME than with

IL-DLLME applying acetone in combination with [C8MIM][PF6] (table2.69
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10 Other dispersive liquid-liquid microextraction tech-
niques

Some novel DLLME techniques have been developed but whose capabilities have not

yet been fully explored. To these belong for example emulsification based dispersive

liquid microextraction (EBDLME)88 and reverse micelle-mediated dispersive liquid-

liquid microextraction (RM-DLLME).80 Also, there are some techniques that do not

utilise a dispersive solvent, but rely on mechanical motion to disperse the extraction

solvent efficiently.20 These are for example air-assisted DLLME19 and magnetic

stirring-assisted DLLME.20 However, they will not be further discussed in the thesis.

10.1 Emulsification based dispersive liquid microextraction

The aim of EBDLME is to minimise the use of organic solvents by exchanging

the disperser solvent with a surfactant. In the studies by Zahedi et al.88 2 mM

didecyldimethylammonium bromide (DDEAB) was used to disperse CHCl3 in 10 ml

aqueous sample for the analysis of carbazole-based explosives. The phase separation

was induced by centrifugation as in conventional DLLME. In contrary to the previous

study46 (table 1) the maximum recoveries of the explosives were gained at pH 3.7

and an ionic strength of 0.08 M.88 The surfactant concentration should be carefully

optimised as an unnecessarily high amount of it may increase the viscosity of the

sample and thus decrease the emulsion formation. The method recoveries from river,

underground and well water spiked with 3.0-3.5 µg/l analytes were comparable with

the earlier studies.46, 88 However, the EFs were considerably higher with the currently

discussed method (264–295).
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10.2 Reverse micelle-mediated dispersive liquid–liquid microex-
traction

Reverse micelle-mediated dispersive liquid-liquid microextraction (RM-DLLME) was

as many other DLLME techniques originally developed for inorganic analytes,99

but it has later also been applied on the analysis of the water soluble pesticides

2,4-dichlorophenoxyacetic acid and 4-chloro-2-methylphenoxyacetic acid.80 The

surfactant used as the extraction solvent forms bilayered reverse phase vesicles in

the organic disperser solvent before the injection to the aqueous sample. Reverse

phase vesicles are, in contrast to normal phase vesicles (figure 3), orientated with

the hydrophobic functional group towards the organic solvent. Thus organic water

soluble analytes can be extracted by the van deer Waals interactions of the hydrophobic

functional group and the hydrogen bonds in the hydrophilic group. When the disperser-

extractant blend is injected to the aqueous sample, the reverse phase vesicles are

dispersed but retain their structure. After the extraction is completed the solution is

centrifuged, which leads to coacervation and thereafter phase separation.

Figure 3. Bilayered normal phase vesicle. Reprinted with permission from Wiley.100

In the study by Tayyebi et al.,80 a blend of tetrahydrofuran and decanoic acid is added

to tap, river and sea water samples. The salinity of the sea water did not have notable

effect on the analyte recoveries. The sample pH was adjusted to 2 for the optimal

protonation and deprotonation of the extraction solvent. Recoveries were good (96-107

%) with acceptable EFs (148-157) from water samples spiked with 100 µg/l analytes.

The EF values are comparable with the study by Melwanki et al.25 (table 1) but the

RM-DLLME is preferable because the surfactant is environmentally benign.
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10.3 Partitioned dispersive liquid-liquid microextraction

Conventional DLLME is not entirely suitable for polar analytes, as the compounds

may have greater affinity towards the water miscible disperser solvent instead of

the extraction solvent.25 This disadvantage is addressed in partitioned dispersive

liquid–liquid microextraction (PDLLME), where a part of the disperser solvent is

designed to dissolve in the extraction solvent and to sedimentate after centrifugation.

The organically dissolved disperser solvent decreases the EF as the volume of

sedimented phase increases. This problem is eliminated, however, if the collected

sedimentated phase is evaporated and reconstituted in a suitable solvent before

analysis.

Tetrahydrofuran (THF) has been proven to be suitable as the disperser solvent in

PDLLME.25, 89 Chlorophenoxyacetic acids were analysed with LC and the extraction

solvent was evaporated and exchanged for a blend of methanol and water before

analysis.25 Best extraction results were achieved with 80 µl TCE as extraction solvent

and 1.92 ml THF as disperser. The pH in the aqueous sample is very important as the

analytes are acidic. The optimisation of the salt concentration was problematic because

the analytes reacted differently at the addition of NaCl. 2,4-Dichloro phenoxyacetic

acid has also been analysed with conventional DLLME using acetone and CB44 (table

1) and DLLME-SFO (table 2), which resulted in higher EFs.25

Phenylurea pesticides are similarly analysed by LC after PDLLME and therefore the

evaporation and solvent exchange of the collected sedimentated phase is necessary.89

DCM (60 µ) in 1 ml THF proved to be the best solvent combination in this study. A

NaCl concentration above 0.5 % (w/v) affected the recovery results negatively, while

a pH adjustment did not markedly affect the results. Phenylurea herbicides have also

been analysed without adding NaCl.53
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10.4 Trace volume dispersive liquid-liquid microextraction

A large amount of disperser solvent increases the sample solubility of the extraction

solvent leading to decreased recoveries and EF.90 Diao et al.90 proposed the use of trace

volume solvent dispersive liquid-liquid microextraction as a technique to increase the

recoveries and EF. The research group used with good results significantly smaller

amounts of disperser solvent than any previous research groups.

Benzene, toluene, ethylbenzene and o-, m-, and p-xylene (BTEX) were analysed from

water samples with 23 µl CCl4 as extraction solvent and 60 µl ethyl acetate as disperser

solvent.90 The recoveries were acceptable (84-107 %) and the EF were all over 200.

However, in a study performed after the one of Diao et al90 the volumes were

significantly reduced.91 Tsai and Huang91 used only a total of 13 µl organic solvents

for the extraction of five OCPs.91 The most suitable extraction solvent was deemed to

be TCE, while tert-butyl methyl ether acted as disperser solvent. EF were excellent

(1885-2648), while the recoveries ranged from 90-109 % from river, sea, tap and

reservoir water. When the authors optimised the NaCl concentration they noted that

the analyte recoveries were neither negatively or positively affected by salt when the

concentration was above 3 % (w/v). Interestingly, when NaCl was added to the sea

water, the recoveries dropped to below 60 %. Without the addition the recoveries were

100 % or higher. In a study discussed earlier a salt addition of 0.3 % to sea water

improved the results greatly (section 9).81
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10.5 Automation of dispersive liquid-liquid microextraction

The most recent trend of DLLME development has been its autiomation.92 The

collection of the extraction phase has always been the most difficult step of the

extraction, especially when LD-DLLME is used.93 Therefore the automatic collection

and analysis leads to a great improvement in the repeatability and accuracy. The

analytes can either be analysed in-situ in the sample vessel by spectrophotometric

means92 or be transported to a column for separation and analysis.93 An example for

the spectrophotometric instrument is presented in figure 4.

Maya et al.92 developed an automated LD-DLLME technique for determining the dye

rhodamine B from tap and ground water as well as from beverages and lechate from

waste disposal plants. The disperser-extraction solvent blend was led to the syringe

(S1), which was thereafter filled with the sample (figure 4). The cloudy solution was

left to separate, while continuously being measured by the spectrophotometer. A stable

signal indicated that the phase separation was concluded as the signal to noise ratio

had continuously decreased and the absorbance continuously increased. With the used

volumes, the separation was achieved at 120 seconds. After analysis the sample could

be discarded via the fluidic valve. The syringe was rinsed before the next extraction.

The effect of pH and NaCl in the sample solution was studied.92 While the adjustment

of the pH had a positive effect on the results, the addition of salt affected the recoveries

negatively. The method was able to recover all analytes and being repeatable as well

as fast and reliable.
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Figure 4. In-situ analysis by spectrophotometry after extraction by LD-DLLME in
syringe.92 S1: Syringe, SV: Selection valve, V: Head valve, PK: Fluid movement
when syringe loaded, DP: Fluid movement when syringe unloaded. Reproduced by
permission from Springer Science and Business Media.101

The hyphenation of DLLME and HPLC-UV spectrophotometry was accomplished by

the use of multisyringe flow injection analysis (figure 5).93 The disperser-extraction

solvent blend is prepared in advance and injected through the fluidic valve to the

sample syringe (figure 5, S1). The sample is led to S1 inducing a cloudy solution,

which is left to separate. The separated extractant is thereafter injected through valve 4

to a coil, in which it is mixed with a blend of ACN and water. The ACN-water blend is

prepared beforehand in a syringe (figure 5, S2) and is added to the extractant to lower

its viscosity. The extractant-ACN-water blend is thereafter injected to the LC-colon

together with the eluent (figure 5, S3) for separation. Even though the multisyringe

flow disperser injection system was not used for real analysis, Maya et al.93 was able

to prove that automatic DLLME combined with LC-separation is possible.

The DLLME process can also be partly automatised.94 Melwanki and Fuh94 con-

structed a semi-automated in-syringe back extraction for the analysis of clenbuterol

with LC. The aim for the study was to avoid the evaporation stage for the solvent

exchange by extracting the analytes from the sedimented extraction solvent into a LC

compatible solvent.
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Figure 5. Multisyringe flow injection analysis.93 S1-3: Syringe, SV: Selection valve,
IV: Injection valve, MC: Monolithic column, V1-3: Solenoid valve. Reproduced with
permission from Springer Science and Business Media.102

The extraction was performed as usual with acetone and TCE.94 The cloudy solution

was centrifuged and 20 µl sedimented phase was collected with a 100 µl syringe

containing 10 µl formic acid. The syringe was installed to a plunger moving syringe

pump. During the back and forth motion of the plunger the organic and aqueous phases

were blended and the analytes extracted to the formic acid. Afterwards the aqueous

phase was separated and neutralised before analysis. The developed method gave a

relative recovery of 97 % and and EF of 175.
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11 Dispersive liquid-liquid microextraction combined
with other pretreatment techniques

Even though DLLME has mostly been used for analysing water samples, it has also

been proven to be suitable for more complex matrices when combined with other

techniques. Foodstuff is an important sample type since possible food contaminants

are directly transferred from the food to the consumer. Therefore some research groups

have combined solid-liquid extraction with DLLME (SLE-DLLME) in their sample

pretreatment.103–107 In some cases the extraction solvent in the SLE is utilised as

the disperser solvent in the DLLME.108 Analytes that have been studied from fruits

and vegetables include carbamates,109 fungicdes,104, 109, 110 N-methyl carbamates111 and

OPPs.103, 112

The results from DLLME has mostly unaffected been by the matrix because the

samples have usually been relatively clean water samples. However, the fruit matrix

is very strong and often affects the recoveries.106, 107, 112 Therefore the calibration lines

have often been done from blank fruit samples to compensate the effects the matrix

has on the analyte signals.

Derivatisation can improve the extraction recoveries for polar compounds which have

greater affinity to aqueous media than organic.113 Derivatisation during DLLME (D-

DLLME) has been performed with chlorophenols,114 anilines,115, 116 APs,117 TCS113

and perfluorocarboxylic acids.118 The derivatisation has also been done after the

sedimented extraction solvent has been removed such as in the case of isolating

short-chained dodecyl alcohol ethoxylates and dodecyl alcohol.119 The derivatisation

has mostly been efficient, resulting in good overall recoveries, thus proving that

derivatisation can be performed during the short time between the injection and the

centrifugation
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11.1 Solid phase extractions

11.1.1 Solid phase extraction combined with dispersive liquid-liquid microex-
traction

In solid phase extraction (SPE) the sample consist of a moving phase, such as a liquid

or a gas.120 The sample is loaded onto a conditioned sorbent that retains the analytes.

Thereafter they can be desorbed by eluting the sorbent for example with a suitable

solvent. The aim of SPE is to isolate the analytes, to concentrate them and to remove

disturbing compounds.

Dispersive liquid-liquid microextraction is not totally suitable for complex samples

and therefore a clean-up step before the DLLME can benefit the analysis if the sample

is of a difficult nature.121 A volume of 100 ml well, tap and river water (100 ml) were

first processed with SPE and then with DLLME in the analysis of chlorophenols. Even

if the chosen sample matrices were not very complex, the results were improved by the

SPE because it acted as a good pre-concentration step resulting in excellent EFs (4000-

18000). The method also resulted in acceptable recoveries (71-212 %) from samples

spiked with 0.02-10 µg/l analytes.

Acetonitrile was used as the elution solvent in the isolating of mononitrotoluenes from

SPE cartridges.122 Well, sea and river water (100 ml) were used as samples. TCE

was added to the ACN and the blend was injected to distilled water and the DLLME

was performed as usual thereafter. A salt addition had no significant effect on the

recoveries. The recoveries were acceptable (85-118 %), but the EFs were very good

due to the SPE pre-concentration (table 3).
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11.1.2 Stir bar sorptive extraction combined with dispersive liquid-liquid mi-
croextraction

Stir bar sorptive extraction (SBSE) is an effective micoextraction technique where a

magnetic stir bar is coated with a sorbent of high affinity for the analytes.123 The coated

magnetic bar is immersed in the liquid sample and used to stir the sample liquid. After

the analytes have migrated to the sorbent, they can be desorbed thermally or with the

use of a solvent for further treatment or analysis.124 The optimisation parameters for

SBSE include sorbent type and amount as well as pH, stirring time and velocity.123

If the stirring velocity is too high, bubbles will form in the sample and the extraction

efficiency will therefore decrease.

Farajzadeh et al123 coated a stir bar with octadecylsilane and immersed it in water

samples to isolate triazole fungicides. After stirring the sample for a suitable time the

bar was removed and the analytes were desorbed in 1 ml MeOH. After adding 25 µl

TCE the blend was injected with distilled water and the DLLME process was done

as usually. Because of the SBSE was followed by DLLME the analytes were enriched

more efficiently than with the use of only the SBSE or DLLME technique.123 However,

the stirring time in this method was as high as 30 minutes, which eliminates the rapidity

of the DLLME process. The rapidity is one of the most appreciated advantages of the

named technique. Nevertheless the EFs are significantly higher with the proposed

method than with the developed DLLME-SFO method (tables 2 and 3).68

11.1.3 Dispersive solid-phase extraction combined with dispersive liquid-liquid
microextraction

Dispersive liquid-liquid microextraction has also been combined with dispersive solid-

phase extraction (DSPE) in the analysis of soils.125 In DSPE the SPE sorbent material

is added directly to the sample extractant solution and the sample vessel is shaken. The

sorbent is thereafter removed by filtrating the solution.
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In the study by Wu et al.125 sulfonylurea herbicides were analysed from soils by

extracting the samples with an acetone-buffer solution and then performing another

extraction. To remove disturbing compounds from the solution, C18 sorbent material

was added and the mesh was shaken and then filtrated. The filtrate was transferred

to a volumetric flask and the volume was adjusted with a blend of distilled water

and acetone, which acted as the disperser solvent in the DLLME. CB was thereafter

injected to the sample solution and the DLLME was continued as usual. The quality of

the HPLC-DAD chromatograms were greatly improved by the DSPE procedure (figure

6) and the method resulted in acceptable recoveries from samples spiked with 6-60 ng

analytes/g soil (table 3).

Figure 6. HPCL-DAD chromatograms of soil extracts without (A) and with (B) DSPE
clean-up.125 Reproduced with permission from Elsevier.126

11.2 Matrix solid-phase dispersion combined with dispersive liquid-
liquid microextraction

Matrix solid-phase dispersion (MSPD) is similar to SPE, but can be used on solid

samples.127 In MSPD the sorbent in grinded together with the solid sample and

packed into a empty cartridge. By grinding the sample and solid support together

the interactions between the two phases become very strong. After packing the solids

into a cartridge, the analytes can be eluted with a suitable solvent.128
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Three pyrethroids were extracted from soil samples by applying MSPD in combination

with DLLME resulting in good recoveries (84-99 %) and EFs (128-138).128 After

the grinded sample-support blend had been eluted with acetone, the acetone was

concentrated to a smaller volume. Even though the acetone contained the analytes,

it was used as the disperser solvent in the DLLME. The extraction was performed by

adding TCE and water and sonicating the acetone-TCE-water blend. Phase separation

was thereafter induced by centrifugation.

11.3 Derivatisation dispersive liquid-liquid microextraction

Fattahi et al.114 isolated chlorophenols from well, tap and river water with 10 µl CB

and 0.5 ml acetone. The analytes were derivatised in-situ to improve the resolution

and peak shapes in the GC-ECD chromatogram. The derivatisation reagent (Ac2O)

was added to the disperser-extractant blend prior to their injection to the sample. The

volume of the Ac2O had to be carefully optimised so that the analyte derivatisation was

complete. However, at unnecessarily large amounts the Ac2O lowered the pH in the

sample and the recoveries as well. The derivatisation was rapid due to the large contact

area between the analytes and the extraction solvent.

Anilines were derivatised in their extraction from stream water by pentafluoroben-

zaldehyde (PFBAY) in acetone and CB.115 The sample vessel was kept in a 30 ◦C

water bath for 20 minutes before phase separation. The pH had clear effects on the

derivatisation and the best results were obtained at pH 4.6. Though DLLME usually

is independent of the extraction time,22, 40 the derivatisation required a minimum of

20 minutes for satisfactory results. The optimised method resulted in EFs of 212-645

and recoveries of 69-94 %. The recoveries were better with the DLLME-SFO method

developed by Diao and Wei66 even if it resulted in lower EFs (table 2).

Both in the chlorophenol114 and aniline115 study the authors compared results from

methods where the derivatisation agent was added to the sample either before or

simultaneously with the extraction-disperser blend. Best results in both studies were

obtained when the addition was simultaneous (figure 7).
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After some initial difficulties Montes et al.113 was able to obtain acceptable recoveries

in the extraction of TCS and m-TCS from aqueous samples. The derivatisation agent,

N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide (MTBSTFA), was added to

the MeOH-1,1,1-trichloroethane blend prior the injection. The research group could

find no signal of any underivatised analytes, which indicated that the derivatisation

was successful. Tap and river as well as treated and raw waste water was analysed.

Montes et al.113 discovered some matrix effects with the waste waters, but they were

not significant.

Figure 7. The abundances of the derivatisied anilines when the derivatisation agent is
added to the sample simultaneously with the extractant-disperser blend or before the
it.115 Reprinted with permission from Elsevier.129

Triclosan has also been derivatisated with Ac2O. The developed method was

suitable for a large number of phenolic compounds, including parabens, TCS and

chlorophenols.130 A blend of Ac2O and 1,1,1-trichloroethane was injected rapidly

to the water sample. The sample was sonicated for 5 minutes after which it was

centrifuged to induce phase separation. The recoveries from the studies by Montes

et al.113 and Regueiro et al.130 are comparable (table 3).

55



Ionisable analytes can be derivatisied to more volatile, hydrophobic species by adding

an ion paring agent to the sample solution.118 Thus also nonvolatile analytes can

be injected to GC. Four perfluorocarboxylic acids were derivatised with 30 mM

tetrabutylammonium hydrogen sulfate (TBAHS), which was added to the water sample

prior to the extraction and disperser solvent. The obtained recoveries were between 90

and 98 %.

In some cases the extraction solvent can also act as the derivatisation agent.116 By

using butylchloroformate as the extraction solvent, the analytes were both extracted

and derivatised by the same solvent (table 3). By choosing a derivatisation agent that

also extracts the analytes, the optimisation process is made simpler because there is

one optimisation parameter less to perform. However, this technique resulted in low

recoveries (47-69 %) even if the EFs were good (197-298).

11.4 Solid-liquid extractions combined with dispersive liquid-liquid
microextraction

11.4.1 Vegetables and fruits

Zhao et al.103 compared their conventional solid-liquid extraction method with a

DLLME method for analysing OPPs from watermelon and cucumber. The fruit and

vegetable samples were homogenised and extracted through centrifugation with 10 ml

ACN after adding NaCl and anhydrous MgSO4. In the conventional method 5 ml of

the ACN is evaporated to dryness and the residue reconstituted in ethyl acetate before

analysis.

In the developed DLLME method 77 µl CB is added to 1 ml ACN used in the fruit and

vegetable extraction.103 The ACN-CB blend is thereafter injected rapidly to distilled

water. The CB extracts the analytes from the ACN-water and sinks to the bottom of

the glass tube after centrifugation.
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The extraction from the ACN was effective and the repeatability within the range

of acceptance with a relative standard deviation (RSD) of 2-9 %.103 No significant

differences in recoveries from watermelon spiked with 0.2 ng/g of analytes were noted

between the conventional method and DLLME. However, the EFs were larger for

the DLLME method and the method was also faster, since the evaporation step was

eliminated.

Folpet, captan and captfol are fungicides used in seed treatment and residues of the

pesticides can therefore be found in fruits.104 The analytes have been isolated from

apples through a fairly complicated extraction procedure. The DLLME procedure

did not follow the usual format, but the extraction solvent was added separately

from the disperser. The apples were first homogenised and extracted with a zinc

acetate dihydrate solution, after which the filtrated supernatant was transferred to a test

tube.104 After dilution with water and centrifugation, the supernatant was transferred

again to a new test tube and the disperser solvent was added. The aqueous solution

was centrifuged and the supernatant transferred to a new test tube. The extraction

solvent was injected, forming a cloudy solution. Thereafter the DLLME procedure

was performed as usual.

Even though the treatment of the apples is quite tedious in comparison with the normal

DLLME, the obtained recoveries were good and excellent EFs were acquired (table

3).104 When analysing non-spiked apples, the research group found an apple batch that

had a folpet concentration of 12.4 µg/kg.

Vegetables and fruits can contain a large amount of water, which can be collected for

DLLME by homogenising and centrifuging the samples at high speeds.110, 111 OPPs

from apples and pears were extracted by applying this technique.112 After centrifuging

the homogenised sample apples, the juice was diluted with distilled water and extracted

with [C8MIM][PF6] and MeOH. The matrix effect could be held low because the

sample juices were diluted and the calibration line done in matrix. The method yielded

in acceptable recoveries (70-109 %) and good EFs.
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Organophosphorus pesticides have also been analysed from pear extracts.131 The pear

was processed through a juice extractor and the obtained juice was diluted with water.

Thereafter the sample was extracted using MeOH as the disperser solvent and 1-butyl-

3-methylimidazolium hexafluorophosphate [C4MIM][PF6] as the extraction solvent.

The method was also used for the pretreatment of river and tap water. The extraction

efficiencies were acceptable and were not greatly affected by the matrix.

Ionic liquids have been utilised in the analysis of eight pesticides belonging to different

pesticide classes.106 The analytes were isolated from grapes and plums, which had

been initially extracted with ACN through manual shaking and sonication. The

ACN was thereafter evaporated and reconstituted in water. The DLLME procedure

was performed with MeOH and 1-hexyl-3-methylimidazolium hexafluorophosphate

([C6MIM][PF6]).

Peach pulp, peel and juice were analysed for pyrethroids and OCPs as well as PCBs

with microwave assisted extraction (MAE) followed by DLLME-SFO.132 The peel and

pulp samples were extracted in acetone with microwaves and the acetone was thereafter

injected to distilled water. The acetone injection was followed by the injection of 1-

DD-OH and thereafter the extraction procedure followed that of the usual DLLME-

SFO process. The juice samples were extracted directly with DLLME-SFO with

acetone as the disperser solvent and 1-DD-OH as the extractant. MAE-DLLME-SFO

has also been used in the analysis of diethofencarb and pyrimethanil from apples.133

DLLME-SFO gave similar recoveries for both sample types (table 3).

11.4.2 Soil and sediment

Soil extracts from conventional solid-liquid extraction has been treated with conven-

tional DLLME for the analysis of different pesticide classes29, 134 as well as other

harmful compounds.135
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However, ultrasound has also been used for extracting analytes from soils. Six

pesticides were analysed from soil samples using ultrasound with MeOH by Asensio-

Ramos et al.136 The analytes were thereafter isolated by DLLME with 1,3-dipentylimidazolium

hexafluorophosphate ([PPIM][PF6]) and MeOH.

Asensio-Ramos et al.136 noticed an interesting phenomenon concerning the density of

the chosen IL. When the experiment was performed with spiked, distilled water the IL

sedimented at the bottom of the test tube as it should. However, when the experiment

was performed with water that had been used to reconstitute the soil extract, the IL

floated atop of the aqueous phase. Some extracted components in the soil seemed to

increase the density of the water so that it at high salt additions becomes so large that

it is higher than that of the IL. Therefore, a maximum of 2.5 g NaCl can be added the

soil extracts.

Dispersive liquid-liquid microextraction has been combined with dispersive solid-

phase extraction (DSPE) in the analysis of soils. In DSPE the sorbent material is

added directly to the sample solution and shaken. The sorbent is thereafter removed

by filtrating the solution. In the study by Wu et al.125 analysed sulfonylurea herbicides

from soild by first extracting the soil samples with a acetone-buffer solution. To remove

disturbing compounds from the solution, C18 sorbent material was added and the mesh

was shaken and then filtrated. The filtrate was transferred to a volumetric flask and the

volume was adjusted with a blend of distilled water and acetone, which acted as the

disperser solvent in the DLLME. CB was thereafter injected to the sample solution and

the DLLME was continued as usual.
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Hydroxylated PAHs were extracted from sediment samples with subcritical water

extraction (SWE) followed by DLLME.137 Water that has been pressurised and heated

below its critical point can be said to be subcritical.138 Its dielectric point and polarity

is lowered so that low-polarity organic compounds have such an affinity to it that they

are extracted. Also, the extraction efficiency is increased due to the lowered viscosity

and surface tension of water. An organic modifier can also be added to decrease or

increase the polarity of the subcritical water. In the study of the hydroxylated PAHs

ACN (20 %) was used as a modifier in the SWE and was also used as the disperser

solvent in the following DLLME.137 After collecting 11 ml of water from the SLE

the extractant was injected into it and dispersed due to the ACN in the water. After

collecting the sedimented phase the analytes were derivatised with MTBSTFA.

The recoveries from the SWE-DLLME were quite low with only one analyte being

extracted with a recovery over 80 % (table 3).137 The extraction efficiency could

perhaps have been imropoved with a higher amount of organic modifier. However,

an increased amount of ACN in the SWE would also increase the water solubility of

the extractant thus decreasing the extraction recoveries in the DLLME.

11.4.3 Biota

Dispersive liquid-liquid microextraction has been applied on animal muscles for the

analysis of quinolones.105 The swine muscles were homogenised and thereafter

extracted by shaking with ACN and acid. DCM was added to 1.5 ml of the ACN

and the blend was injected to distilled water, creating a turbid solution. The DCM

was collected after centrifugation to be evaporated and reconstituted in a LC-suitable

solvent.

Dichlormethane was chosen for the extraction solvent in the DLLME process because

it evaporates easily, thus minimising the overall processing time.105 The recoveries

were significantly affected by the matrix and were only 16-58 % with a calibration line

made in pure solvent. However, the values improved significantly when the calibration

solutions were made in matrix.
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Fish samples were analysed for PCBs by extracting them with 10 ml acetone. CB was

thereafter added to 1 ml of the extraction solvent and the blend was injected rapidly

to distilled water. PCBs have also been studied from water samples and soil with

TC-IL-DLLME, DLLME-SFO and SLE-DLLME.64, 78, 135 Overall the recoveries are

comparable for all methods, but there are considerable differences in the EFs. There is

unfortunately no clear information of the EF in soil study, but as is presented in tables

1, 2 and 3 the enrichment process was at least twice as effective from water samples

than from fish. As the recoveries were in the range of 87-123 % from fish, the relatively

low EF can be explained by the choice of extraction solvent type and volume. Another

reason can be that the PCB concentrations in the samples were not high enough to

result in high EFs.

In addition to DSPE,125 anlysis disturbing compounds can be removed through freeze-

drying the samples before the extraction.139 Frog, snail and fish were prior to DLLME

freeze-dried, homogenised and finally extracted with acetone. The extractant was

thereafter freezed to −80◦C to remove disturbing lipids. The acetone was used as

the disperser solvent in DLLME and was injected together with CB to distilled water.

The PBDEs were isolated from the samples with acceptable recoveries (93-111 %) and

small matrix effects.

It is also possible to remove lipids through sulfuric acid treatment.125 This was also

tested in the study of PBDEs so that the developed freeze drying-DLLME method

could be compared. The results from the clean-ups were similar. However, the acid

can react with sensitive analytes, so to preserve all analytes as they were freeze-drying

was chosen as the clean-up technique.
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Table 3. Dispersive liquid–liquid microextraction combined with other pretreatment techniques for
extracting organic compounds.

Reference Method Analyte Matrix Extractant Disperser Sample size RR (%) EF Other

121 SPE-D-DLLME Chlorophenols Tap, river, well water 13 µl CB 1 ml acetone 100 ml 71-121 4000-18000 Bond Elute PPL, buffert solution, Ac2O

122 SPE-DLLME Mononitrotoluenes Well, river, sea water 11 µl TCE 1 ml ACN 100 ml 85-118 4000-5000 C18-SPE cartridge

125 DSPE-DLLME Sulfonylurea herbicides Soil 60 µl CB Acetone 10 g 76-93 - Buffert solution, C18 sorbent, pH 2

123 SBSE-DLLME Triazole fungicides Tap, well, waste water, fruit juice 25 µl TCE 1 ml MeOH 100 ml 71-116 282-1792 Octadecylsilane, NaCl

128 MSPD-USA-DLLME Pyrethroids Soil 50 µl TCE 0.5 ml acetone 0.1 g 84-99 128-138 pH 6.3

115 D-DLLME Aniline, derivatives Stream water 8.75 µl CB 0.5 ml acetone 5 ml 69-94 212-645 PFBAY , pH 4.6

116 D-DLLME Anilines Tap, rive, waste water 25 µl butylchloroformate 0.75 ACN 5 ml 47-69 197-298 pH 4-10

130 D-DLLME Phenolic preservatives River, swimming pool, waste water 100 µl 1,1,1-trichloroethane - 10 ml 85-100 100-200 Sodium hydrogen phosphate, Ac2O

114 D-DLLME Chlorophenols Well, tap, river water 10 µl CB 0.5 ml acetone 5 ml 82-117 287-906 Ac2O, K2CO3

113 D-DLLME TCS, m-TCS Waste, river water 40 µl 1,1,1-trichloroethane 1 ml MeOH 10 ml 95-112 - MTBSTFA

118 D-DLLME Perfluorocarboxylic acids River water 100 µl CHCl3 1.5 ml ethanol 10 ml 90-98 - TBAHS

104 SLE-DLLME Captan, captafol, folpet Apples 9 µl CB 1 ml acetone 20 g 93-110 824-912 Zinc acetate dihydrate

107 UAE-DLLME Eight pesticides Banana 88 mg [C6MIM][PF6] 0.71 ml MeOH 1 g 92-106 - NaCl, pH 6

106 UAE-SLE-DLLME Eight pesticides Plums, grapes 88 mg [C6MIM][PF6] 0.714 ml MeOH 1 g 89-102 - Buffert salt blend, NaCl, pH 2.7

112 IL-DLLME OPPs Apples, pear 50 µl [C8MIM][PF6] 1 ml MeOH 5 g 70-109 > 300 pH 6-7

103 SLE-DLLME OPPs Watermelon, cucumber 77 µl CB 1 ml ACN 10 g 67-111 41-50 NaCl, anhydrous MgSO4

131 IL-DLLME OPPs Pear juice 50 µl [C4MIM][PF6] 0.6 ml MeOH 5 93-107 309-335 -

133 MAE-DLLME-SFO Diethofencarb, pyrimethanil Apple pulp, peel 10 µl 1-UD-OH 0.4 ml ACN 0.5 g 84-101 - NaCl

111 DLLME N-methyl carbamates Tomato, lettuce, carrot, cucumber 80 µl CHl3 1 ml ACN 20 g 78-98 - -

132 MAE-DLLME-SFO Pyre. pest.a, OCPs, PCBs Peach pulp, peel, juice 8 µl 1-DD-OH 0.4 ml acetone 0.5 g, 5 ml 73-105 409-1089 -

137 SWE-D-DLLME Hydroxylated PAHs Sediment 100 µl CB 2.2 ml ACN 10 g 62-91 - pH 3

135 SLE-DLLME PCBs Soil 30 µl CB 1 ml acetonce 1 g 82-114 - -

136 USA-DLLME Six pesticides Soil 117.5 mg [PPIM][PF6] 0.42 ml MeOH 3 g 93-118 - NaCl, pH 5.2

134 SLE-DLLME Carbaryl, triazophos Soil 50 µl TCE 1 ml MeOH 1 g 81-111 - -

29 SLE-DLLME Benzimidazole fungicides Soil 80 µl CHCl3 0.75 ml THF 20 g 82-93 150-200 NaCl, pH 7

105 SLE-DLLME Quinolones Muscle 300 µl DCM 1.5 ml ACN 5 g 93-111 - Buffert salt blend, perchloric acid

139 Freezing-DLLME PBDEs Snail, frog, fish 33 µl CB 0.75 ml Acetone 1 g 75-128 -

108 DLLME PCBs Fish 30 µl CB 1 ml acetone 1 g 81-108 87-123 -

aPyrethroid pesticides
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Experimental part

12 Background

Certain norbornene derivatives have been widely used as flame retardants and pes-

ticides during the 20th century.140 Dechlorane, which is also known as Mirex, is

probably the most well known of them. Mirex was used both as a pesticide and as

a flame retardant from the 1950s to the late 1970s, when it was banned due to its

toxicity.140, 141 However, DP and other dechlorane compounds replaced it partially in

the flame retardant market before its use was fully banned.140, 142

Dechlorane plus is a chlorinated norbornene species with two isomers; syn and anti

(appendix A). The compound is used as an additive flame retardant in cable and wire

coatings, plastic roofing, computer and television connectors.143, 144 DP is produced by

two factories, which are situated in China and the US.142, 145 In the US, the manufacture

of DP started in the 1960s, when Hooker Chemicals (now Occidental Chemical

Corporation) introduced it as a replacement for Mirex.142 The Occidental Chemical

Corporation production facility is placed by the Niagara Falls at the Great Lakes and its

production of DP was estimated to be between 450 and 4500 tons in the year 2006.146

Jiangsu Anpon Electrochemical began producing DP in the year 2003 in its factory in

Huai’an, China. Wang et al.147 estimated the annual production to be between 300 and

1000 tons. The annual import and usage of DP in Europe has remained constant at 800

tons for about 20 years according to the European Union.148
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Dechlorane plus has been included to the high production volume chemical list

by the US Environmental Protection Agency (EPA) since its annual production

in the US exceeds 450 tons.144, 149, 150 The Occidental Chemical Corporation is

therefore obligated to the high production volume challenge to publish the health

and environmental effects data to the public.149 Toxicity and environmental fate

information is limited with the exception of that provided by the producing corporation

(table 4). There is some dispute whether or not DP degrades under aerobic conditions.

However, no degradation occurs in anaerobic conditions.151, 152

Table 4. Toxicity, physiochemical properties and environmental fate of DP.151, 152

Study Species Toxicity
Acute oral Albino rat LD50 25 g/kg
Acute dermal Albino rabbit LD50 8 g/kg
Acute inhalation Rat LC50 2.25 mg/l
Skin sensitizer Guinea pig Not sensitizing
Subchronic toxicity (oral) Albino rat Liver enlargement (DP 10 % of diet)
Aquatic toxicity Bluegill sunfish No deaths after 96 hours (DP 100 ppm)
Mutagenicity Not mutagen
Parameter Results
Melting point 350 ◦C
Maximal operating temperature 285◦C
log Pa 9.3
Photodegradation > 24 years
Biodegradation (sludge)

Aerobic No
Anaerobic No

aPartition coefficient

Other dechlorane compounds in addition to DP were also introduced as replacements

for Mirex in the 1960s.140 These flame retardants are known as dec 602, -603 and -604

(appendix A). Information of the current productions or toxicities of these compounds

are unfortunately not readily available. However, dec 602 and -604 are supposedly still

being manufactured, while no such information is currently available for dec 603.153

Dec 603 has been produced as a flame retardant, but is also suspected to be an impurity

in the pesticides aldrin and dieldrin.154
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Dechlorane plus was for the first time analysed from the environment in the year

2006 from samples taken from the Great Lakes by Hoh et al.142 Since this

discovery the interest in the environmental concentrations and fate of the flame

retardant has increased. To this date it has been analysed from environmental

samples in North America, Europe and China from a variety of environmental

matrices,142, 145, 147, 155, 156 but also from human serum and indoor dust.157, 158 The most

typical analysed matrix has been sediment. Particularly the samples from the Great

Lakes have been of interest.142, 144, 154, 156 Sediments from Lake Ontario have been

of special concern since the lake lies downstream from the Occidental Chemical

Corporation production facility. Lake Erie sediments are also often studied because

the lake lays upstream of the production facility and is most likely contaminated

by atmospheric precipitation.142, 159 Analysed DP concentrations from sediments

and sewage sludge from the US and Europe are presented in appendix B. The

concentrations are average values of the measured concentrations. Some determined

concentrations of decabromodiphenyl ether (BDE-209) are also included in the

appendix for comparison. DP has been analysed from Finnish sludge sampled from

Helsinki, Espoo, Hyvinkää and from sediments sampled from Helsinki, Tampere and

Pori. The largest syn and anti DP concentration could be found in the Hyvinkää sludge

(Σ 13 ng/g). However, the other sludge samples had similar concentrations. The

sediment samples contained very small amounts of the flame retardants (Σ 0.3-0.8

ng/g).160

The discovery of Dec 602, -603 and -604 in the environment waited until year 2010

when Shen et al.153 detected them in sediment samples taken from the Great Lakes.

More measurements have afterwards been performed from the sediments of the Great

Lakes and in China from coastal sediments, biota and water.153, 161–164 Analysed

concentrations from the Great Lakes are presented in appendix B. The concentrations

are average values of measured concentrations. The largest concentration was

measured from Lake Ontario sediment, which contained 7 ng/g of dec 604.162 The

same sample contained 54 ng/g of DP.
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Solid environmental samples, such as sludge, sediment and soil, analysed for dechlo-

ranes have usually been processed with routine pretreatment techniques. The sediment

and sludge samples have been dried either with an addition of anhydrous sodium

sulphate,165 by freeze-drying144, 145, 162, 166–168 or air-drying.153, 156, 163 The extraction

is usually done with Soxhlet165, 167, 169, 170 or accelerated solvent extraction (ASE)

using DCM and hexane.144, 145, 156, 166, 168 Environmental matrices poses challenges on

the pretreatment because the samples contain a wide variety of compounds which

may interfere with the analysis. Soil, sludge and sediment samples may contain

a high amount of sulfur, which can saturate the detector making it insensitive to

the analytes. However, sulfur can be eliminated from the extracts by treating them

with granulated copper,142, 156, 163, 165, 167 by gel permeation chromatography (GPC)168 or

column chromatography with silver nitrate treated silica.7 Lipids can cause problems

when analysing solid environmental samples, especially in the case of sludges.

Traditional clean-up techniques for eliminating them are for example an addition of

sulfuric acid142, 156, 161, 165 or treatment with acidified silica.7, 163, 167 A more extensive

view of applied extraction and clean-up techniques when analysing dechloranes is

presented in table 5.

Table 5. Pretreatment techniques of solid environmental samples when analysing
dechlorane compounds.

Reference Matrix Extraction Clean-up
142 Sediment Soxhlet Cu, H2SO4, alumina column
144 Sediment ASE GPC, florisil column (deactivated)
153, 154, 162 Sediment, fish Soxhlet Multilayer column (Multilayer silica, alumina, carbon/silica)
165 Sediment Soxhlet Cu, H2SO4, alumina column
167 Sediment Soxhlet Cu, Multilayer column (silica:H2SO4, neutral silica, neutral alumina)
169 Sediment Soxhlet Silica column
168 Sludge ASE H2SO4, GPC
156 Sludge ASE Cu, H2SO4, silica column (neutral, silica:H2SO4)
166 Sludge ASE GPC, SPE (silica)
7 Sludge, biota Soxhlet Silica column (silica: AgNO3, silica: NaOH, silica: H2SO4)

alumina column (basic alumina)
145 Soil ASE H2SO4, alumina column (neutral alumina), Cu
147 Soil, sediment Soxhlet Silica column (neutral silica)
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Dechloranes are mostly analysed with gas chromatography - mass spectrometry (GC-

MS), but there has also been some intrerest on applying liquid chromatography - mass

spectrometry (LC-MS).171 Because of the high state of halogenation, the ionisation of

dechloranes is more efficient with negative chemical ionisation (NCI) than with the

more widely used electron ionisation (EI).172 The most important ionisation path for

the dechloranes in NCI mode is through electron capture negative ionisation (ECNI),

where an electron is captured by the analyte, creating a negative ion.

Electron capture negative ionisation can be very selective for dechloranes, since many

organic compounds do not form negative ions.166 This lowers the matrix effect and

eliminates other disturbing signals from the GC chromatograms leading to high analyte

sensitivity of the detector. The selectivity of the ionisation of dechloranes in ECNI

mode is higher than that of the EI, not only because of the high state of halogenation,

but also because ECNI is a softer ionisation technique.142 Therefore it creates more

molecular ions making the identification of the compounds more reliable.

13 Instruments and materials

13.1 Instruments

The instruments used for the pretreatment and analysis of the samples are presented in

table 6. The stationary phase in the analytical column consists of 5 %-phenyl arylene

and 95 %-dimethyl polysiloxane, which is non-polar and therefore suitable for separat-

ing for example organohalogens.173 The reported stationary phases used for analysing

the studied compounds are similar to the one used in this study.142, 144, 161, 167, 174 Shorter

columns have generally been used compared to the one in this study, which provided a

better separation efficiency.142, 153, 154, 165, 175
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Table 6. The instruments used for the analysis.
Instrument Manufacturer

ASE

ASE Thermo Scientific Dionex, ASE 200 Accelerated Solvent Extractor, (Sunnyvale, CA, US)

GC-MS

GC Bruker, Varian CP 3800, (Santa Clara, CA, US)

Liner Bruker, Varian Gooseneck GC Inlet Liners, (Santa Clara, CA, US)

Analytical column Phenomenex, Inc., ZebronTM ZB - 5MS 30 m, 0.25 µm × 0.25 mm, (Torrance, CA, US)

MS Bruker, Varian 1200 Quadrupole MSMS, (Santa Clara, CA, US)

Deionised water

Milli-Q Merck Millipore, Milli−Q R� Gradient A10, (Billerica, MA, US)

Nitrogen evaporator

Nitrogen evaporator Techne, Sample Concentrator Dri Block R� DB-3 (Staffordshire, UK)

Rotavapor

Rotavapor Heidolph Instruments GmbH & Co. KG, Hei – VAP Advantage, (Schwabach, Germany)

Pump Vacuubrand GMBH + CO KG, Vakuubrand R� PC 520 NT, (Wertheim, Germany)

Cooler Heidolph, Rotacool Mini, (Schwabach, Germany)

Shaker

Shaker IKA R�-Werke GmbH & Co. KG, Labortechnik HS 501, (Staufen, Germany)

Sonicator

Sonicator Emerson Industrial Automation, Bransonic R� Ultrasonic Cleaners Model 1510, (Danbury, CT, US)

13.2 Solvents and materials

Table 7 presents the solvents and other materials that were used during the method

development. Some of the materials had to be treated accordingly to the instructions

in section 14.1 before they could be applied in the laboratory work.

13.3 Analytes and standards

The DP isomers were purchased as separate solutions, while dec 602, -603 and -604

were only available as solids. The technical blend of DP in nonane was acquired

from the same manufacturer as the separate isomers were. The anti DP ratio in the

commercial blend is between 75 and 80 %,142 but it has been suggested that the ratio

may be dependent on the producer and on the production year.163 The details of the

analytes are presented in table 8, while the structures are presented in appendix A.
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Table 7. The solvents and materials used for the pretreatment of samples.
Material Producer

Acetone VWR HiPerSolv Chromanorm BDH prolabo, 99.9 %,(Leicestershire, UK)

Basic alumina Merck Millipore, Aluminium oxide 90 active basic (0.063 - 0.2 mm), (Darmstadt, Germany)

Dichloromethane Avantor Performance Materials, J. T. Baker Ultra Resi-Analyzed, ≥ 99.8%, (Center Valley, PA, US)

n-Hexane Sigma−Aldrich R�, Fluka Analytical, ≥ 99.0%, (St. Louis, MO, US)

Ottawa sand Fisher Chemical, Ottawa Sand (20 - 30 mesh), (Ottawa, ON, Canada)

Silica Merck Millipore, Silica Gel 60 (0.063 - 0.2 mm), (Darmstadt, Germany)

Silver nitrate Sigma−Aldrich R�, Silver nitrate puriss. p.a., ≥ 99.8%, (St. Louis, MO, US)

Sodium hydroxide Merck Millipore, Sodium hydroxide pellets p.a., (Darmstadt, Germany)

Sodium sulphate Merck Millipore, Sodium sulphate (0.63-0.2 mm), (Darmstadt, Germany)

Sulfuric acid Merck Millipore, Suprapur Sulfuric Acid, 96 %, (Darmstadt, Germany)

Toluene Sigma−Aldrich R�, Fluka Analytical puriss. p.a., ≥ 99.9%, (St. Louis, MO, US)

Table 8. The abbreviations, molecular weights and CAS-numbers of the analytes. Also,
information on the purities and manufacturers of the purchased analytes are included.

Compound Abbreviation CAS Purity Producer Molecular weight
(g/mol)

Dechlorane Plus Antia Anti DP 135821 - 74 - 8 ≥ 98% (Cambridge Isotope, Inc.,
(Andover, MA, US)

653.7

Dechlorane Plus Syna Syn DP 135821 - 03- 3 ≥ 98% (Cambridge Isotope, Inc.,
(Andover, MA, US)

653.7

Dechlorane 602 Dec 602 31107 - 44 - 5 95 % Toronto Research Chemicals, Inc.,
(North York, ON, Canada)

613.6

Dechlorane 603 Dec 603 31560 - 92 - 4 98 % Toronto Research Chemicals, Inc.,
(North York, ON, Canada)

637.7

Dechlorane 604
Component A

Dec 604 34571 - 16 - 9 95 % Toronto Research Chemicals, Inc.,
(North York, ON, Canada)

692.5

aIn nonane
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Compounds which are similar in structure or their use have been reported in the

analysis of the studied compounds were chosen as internal standard candidates (table

9), because none of the analytes were available as isotope labelled species at the

current time. One non-reported labelled polybrominateddiphenyl ether congener

was also chosen as a candidate since PBDEs have often been used as standards for

dechloranes.144, 156, 163, 165, 176

Table 9. The purchased standards and their abbreviations, CAS-number, purities and
manufacturers.

Compound Abbreviation CASa Purity Producer

Decachlorobiphenylb PCB-209 2051 - 24 - 3 99.2 % Cambridge Isotope, Inc., (Andover, MA, US)

Tetrabromodiphenyl etherb176 BDE-77 93703-48-1 ≥ 98 % Wellington Laboratories, (Guelph, ON, Canada)

Pentabromodiphenyl etherb144 BDE-126 366791-32-4 ≥ 98 % Wellington Laboratories, (Guelph, ON, Canada)

Hexabromodiphenyl etherb BDE-169 77607-09-1 ≥ 98 % Wellington Laboratories, (Guelph, ON, Canada)

Nonabromodiphenyl etherb165 BDE-207 437701-79-6 ≥ 98 % Wellington Laboratories, (Guelph, ON, Canada)

aCAS-number for unlabelled species
b 13C12-isotope labelled in nonane

13.4 Theory of the instrumental techniques

The techniques used in the method development are conventional and well known.

The extraction was performed with pressurised liquid extraction and the analysis with

GC-MS using a quadrupole mass analyser. The instruments were presented in table 6.

13.4.1 Accelerated solvent extraction

Accelerated solvent extraction was deemed to be an efficient extraction technique for

the solid samples treated in the method development. The technique is a special form of

pressurised liquid extraction and uses heat and high pressures to enhance the extraction

efficiency.
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Accelerated solvent extraction is a relatively new technique developed in the 1990s.177

The extraction technique is intended for solid samples, such as soil and sediment. The

instrument consists of an extraction cell, solvent feeder, oven, pump, gas source and

collection vial (figure 8).

Figure 8. Accelerated solvent extraction equipment.177 Reprinted with permission
from American Chemical Society.178

The sample is weighed into the extraction cell and any empty volume can be filled with

an inert solid material to decrease the volume of used extraction solvent.177 Thereafter

the solvent is pumped into the extraction cell, which is heated either before or after the

solvent is added. The analytes are therefore extracted while being exposed to a high

temperature and pressure. The extraction is performed during several static heating and

pressure cycles. At the end of an extraction cycle the extraction solvent is purged from

the cell by a gas stream after which a new extraction cycle can be begun by pumping

new solvent into the cell.

The analyte mass transfer is more efficient when the extraction is done in cycles than

it would be if all solvent would be used at one time.177 This is because the analyte

concentration gradient is larger with unused solvent.
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The use of higher temperatures increases the solubility and diffusion of analytes,177

but also of unwanted compounds. The bonds between the analytes and the matrix

are weakened because of the thermal energy and therefore the analytes desorption is

increased. The extraction is also improved by the elevated temperature because the

viscosity and surface tension of the solvent are lowered, allowing the solvent to better

penetrate the sample.177 Access to analytes immobilised in small cavities and pores of

the sample matrix will therefore be easier.

The elevated pressure allows the usage of temperatures above the boiling point of the

solvent.177 The advantages of higher temperatures have already been briefly discussed

above. The pressurised solvent also penetrates the sample more efficiently than at

atmospheric pressure.

13.4.2 Gas chromatography

GC is a widely used separation technique with two phases; one mobile and one

stationary.179 The mobile phase constitutes of an inert gas and the immobile of a solid

or liquid.173, 179

The separation of the analytes in the analytical column is based on their affinity to the

stationary phase as well as of the type and the velocity of the mobile phase. The time

the analytes remain in the stationary phase is dependent on the diffusion constant and

the properties of the molecules and the stationary phase. GC was used to separate the

analytes in the developed method. The instrument details were given in table 6.

72



The carrier gas does not affect the separation of the analytes.173 However, it does affect

the quality of the produced chromatogram, as the band broadening of the analytes is

dependent on the viscosity, weight and velocity of the gas. The band broadening is

dependent on the amounts of collisions between the analyte molecules and the carrier

gas atoms. Frequent collisions causes large band broadening because then the analyte

diffusion will be slowed down by them. The band broadening can be described as plate

heights. The optimum carrier gas velocity can be estimated from the van Deemter plot.

The plate height should be kept as low as possible so as to improve the quality of the

peak shapes of the analytes in the chromatogram.

The sample can be injected to the GC instrument as a liquid or a gas. With the

exception of on-column injection, the sample needs to be in gas phase before it

reaches the analytical column and therefore the injector chamber must be at an elevated

temperature when analysing a liquid solution. The injection chamber is equipped with

a split vent, which can be opened and closed during the injection. In splitless injection,

the split vent is closed during the injection.173 Due to the closed split vent most of

the injected analytes will enter the column. The split vent is opened after the set

injection time has ended to flush out unwanted heavy compounds and to minimize

a broad solvent front. In split injections the injection vent is at the beginning of the

injection open, so that most of the sample is discarded. This injection type is most

suited for samples with high concentrations while splitless is used for trace analysis

13.4.3 Mass spectrometry: Electron capture negative ionisation and quadrupole
mass analyser

A mass spectrometer was used in the developed method to detect the analytes. The

ionisation was done in ECNI mode, which has been briefly discussed in section 12.
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Electron capture negative ionisation reactions are induced by thermal, low energy

electrons generated by the collision between the reaction gas and the primary electrons

produced by the filament.172, 180 In ECNI the electrons generated from the filament

loose some of their energy by colliding with gas, such as methane or isobutane, creating

thermal primary and secondary electrons. The analytes can then capture these slow,

low energy electrons.

There are three reaction path ways for the ion formation in ECNI; resonance electron

capture (equation 5), dissociative electron capture (equation 6) and ion pair formation

(equation 7).181, 182

M + e− → M·− (5)

M + e− → [M−A]− +A· (6)

M + e− → [M−B]− + B+ + e− (7)

If the ionisation energy of the analyte is higher than that of the thermal electron the

analyte will be ionised through one of the ECNI pathways. Otherwise the analyte will

be ionised through EI.180 ECNI is favourable for analytes with high electron affinity,

since the formed negative ion will be stable. That is why a high state of halogenation

favours ECNI over EI. If the electron affinity of the molecule is too low or the energy

of the produced electrons too high, the analytes will be ionised through EI.
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Electron capture negative ionisation reactions are heavily dependent on the reac-

tion conditions, effecting the repeatability of the analysis.172, 180 The reactions are

dependent on the reaction gas and its pressure, electron energy, electron current,

amount of injected sample, properties of analytes, the ion source temperature and its

contamination. Optimised parameters can also be instrument dependent.183 Gases like

methane and isobutane do not generate negative ions and therefore do not interfere

with the ionisation and, therefore, the results.180 The amount of injected sample affects

the reactions in the ion source and a high concentration may increase the frequency of

intermolecular reactions, causing inconsistency in the produced mass spectra.184

Because the ionisation is so strongly influenced by the reaction conditions, the gas

pressure and electron energy has to be optimised for the developed method. A higher

pressure protects the analytes from high energy electrons more efficiently and produces

more thermal electrons.184 However, it also contaminates the ion source more easily.

A lower setting on the electron energy produces lower energy electrons,183 but also

decreases the fragmentation of the molecules.

The mass detector was equipped with a quadrupole mass analyser, which allowed

selected ion monitoring (SIM). In SIM mode the wanted ions are filtered from the

unwanted based on their m/z-ratio by the voltages applied on the electrodes.172 An

electric field is induced between four electrodes in the quadrupole mass analyser by

coupling the them to a power source. The wanted ions are selected by the application

of the Mathieu equation, which determines which m/z-ions are stable at the current

electrode voltages. By altering the direct current and radio frequency, ions with a

certain m/z-ratio are determined to be stable and their travel paths (vibrations) enables

them to reach the detector. The unstable will collide with the electrodes and thus be

eliminated.
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13.5 Use of standards

A compound can be quantified by comparing its chromatography response to a

calibration curve.172, 173 However, this technique is not fully reliable and does not for

example correct the error arising from for example changing ionisation conditions,

which may increase or decrease the response.172 However, many of the errors induced

by the use of an external calibration curve can be corrected by the use of internal

standards.185 Most favourably the standard would be an isotopic labelled species of

the analyte.172

Suitable internal recovery standards should behave like the analytes in the pretreatment

and analysis, so that they best represent the true behaviours of the analytes.185 The

recovery standards are to be added to the samples before the pretreatment procedures,

so that they describe the loss of the analytes throughout the whole process. If the

recovery standards are not similar in their behaviour to the analytes, they will give less

reliable correction information to the results. The instrument standard is added to the

GC-vial prior to the injection to correct matrix effect, injection error and to estimate

the loss of the recovery standards.173 The instrument standard should ionise similarly

as the analytes. The standards are added at a constant amount to the samples and as

well as the calibration solutions.

13.5.1 Calculations

The amount of analyte was calculated based on its ratio to the recovery standard.

This ratio was then compared with the ratios of the analytes and standards in the

calibration curve. Errors induced by for example a change in the total response were

eliminated by comparing area proportions of two compounds because the ratio is

constant and independent of the environment for every concentration. Because the

recovery standard behaved like the analyte, the loss of standard was the same as that of

the analyte, keeping the analyte-standard ratio constant. The analytes could therefore

be directly quantified with the calibration curve.

76



The concentration of the analyte was be calculated with equation 8.

Aanalyte

Arecovery

=
canalyte
crecovery

(8)

where Aanalyte is the quantitation ion peak area for the analyte, Arecovery the quantitation

ion peak area for the recovery standard, canalyte the concentration for the analyte and

crecovery the concentration for the recovery standard.

The amount of analyte in the sample was calculated as following (equation 9):

csample =
manalyte

msample

(9)

where csample is the concentration of the analyte in the sample, manalyte is the calculated

amount of extracted analyte and msample the dry weight of the extracted sample.

The analyte percentage recoveries for a real sample analysis were calculated with

equation 10 as the ratio between the recovery standard and instrument standard in

the sample and in the standard solution. However, when developing the method, the

recovery was calculated by comparing the responses of the sample analytes with the

responses of an solution containing the concentration with 100 % recovery. When

needed the recoveries were corrected with a concentration constant, which took into

account the actual concentrations of the solution used as the reference and for the

spiking.

Recovery(%) =
ArecoveryS

AinstrumentS

÷
ArecoverySTD

AinstrumentSTD

× 100 (10)

where ArecoveryS and AintrumentS are the peak areas of the recovery and instrument

standard in the sample. ArecoverySTD and AinstrumentSTD are the peak areas of the recovery

and instrument standard in the standard solution.
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The limit of detection (LOD) and LOQ informs about the restrictions of the method and

the instrument. LOD is the smallest injected analyte concentration, that can reliably

be identified from the background noise.186 Usually the signal to noise ratio is set to

3:1 for the determination of LOD. The limit of quantitation (LOQ) is determined to

be the smallest amount of injected analyte, that can be reliably quantified from the

background noise. The signal to noise ratio of 10:1 is usually used for LOQ. LOQ is

determined from a real sample and LOD from a pure analyte solution.

14 Method development

The aim of this study was to develop a method for the determination of DP, dec

602, -603 and -604. The Research and Innovation Laboratory (Finnish Environment

Institute) had an in-house method for PBDE determination which was used as a base

for the developed pretreatment method. The in-house method has been modified from

ISO 22032 and published scientific articles.187 Sludge collected from Viikinmäki

waste water treatment plant in Helsinki in the year 2008 was used as sample during

the development of the method. The sample treatment included ASE, clean-up with

multiple layer silica column and basic alumina column. The analysis method was

first optimised for DP and the chosen 13C12PBDEs and afterwards controlled for the

analysis of dec 602, -603, -604 and 13C12PCB-209.

The research group of Dr. Eric Reiner at Ontario Ministry of the Environment provided

sediment samples with known DP concentrations from Lake Ontario for the purpose

of evaluating the efficiency and accuracy of the developed method.

The method build up for the analytes and standards began with the development

and optimisation of the GC-MS and clean-up conditions. Finally the ASE method

was tested, modified and optimised. The time required to analyse approximately 10

samples is presented in figure 9.
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The development process will be described in the order it has been done, beginning

with the GC-MS optimisation and ending with the extraction. Included is also a

description of the preparations necessary for the analysis method.

Figure 9. Time estimation for the analysis of approximately 10 samples.

14.1 Preparations of materials

Glass columns used for silica and alumina clean-up were rinsed with DCM and other

glassware with acetone. They were air dried before they were used in the laboratory

work. The rinsed glassware was protected from dust contamination with aluminium

foil. Instructions for further necessary material treatments are presented in table 10.

The solid dec 602 and -603 were dissolved in DCM and dec 604 in toluene. All other

dilutions and solutions for the developed method were made in n-hexane.

Sample extracts were cleaned with multiple layer silica and basic alumina columns.

The silica column consists of neutral, acidic, basic and silver nitrate treated silica. The

acid treated silica was prepared by adding 44 g concentrated H2SO4 to 56 g of dry

silica and the base treated by adding 17 g NaOH (1 M) to 33 g silica. A silver nitrate

solution was made by dissolving 6.25 g solid silver nitrate in 25 ml deionised water.

All silver nitrate products were protected from light by aluminium foil. The silver

nitrate silica was made by adding 20 ml of the prepared solution to 45 g dry silica.

The treated silicas were homogenized by shaking and stored in a desiccator. The silver

nitrate treated silica was furthermore activated by heating it at 120 ◦C for at least 8

hours before storing it.
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The sodium sulfate, alumina and neutral silica were stored for 2 weeks at the most

before drying them again. The unused alumina from an opened bottle was reheated

again at 600 ◦C for 24 h. The treated silicas were stored for no more than 2 weeks.

Window blinds were shut and glassware was either amber coloured or covered in

aluminium folio during the analysis, as the studied dechloranes and standards are

sensitive to light.

Table 10. Detailed information for the preparation of materials.

Material Treatment Heating Storage
Ottawa sand DCM 2 hours, 450 ◦C Glass jar
Glass wool Hexane 200 ◦C Glass jar
Na2SO4 4 hours, 500 ◦C Desiccator
AgNO3-solution 6.25 g AgNO3 + 25 ml H2O Protected from light
Neutral silica 18 hours, 200 ◦C Desiccator
Silica: H2SO4 44 g conc. H2SO4 + 56 g silica Desiccator
Silica: NaOH 17 g 1 M NaOH + 33 g silica Desiccator
Silica: AgNO3 20 ml AgNO3-solution + 45 g silica 8 hours, 120 ◦C Desiccator, protected from light
Basic alumina 24 hours, 600 ◦C 130 ◦C, Erlenmeyer flask (cork inserted)

14.2 Choice of standards

The final recovery and instrument standards were chosen from 13C12BDE-77, -126,

-169, -207 and 13C12PCB-209. After some initial studies it was established that
13C12BDE-126 and -169 were most suitable as standards, since their retention times

and sensitivity in ECNI mode were closer to those of the analytes. 13C12PCB-209 was

a good candidate for the recovery standard, because of its high sensitivity in ECNI

mode and because its structure is somewhat similar with the analytes. However, as

the analysis method was developed it became clear that 13C12PCB-209 did not behave

as the analytes in the pretreatment and was therefore not the best choice as recovery

standard. The internal standards for the individual analytes were determined based

on their retention times. 13C12BDE-126 was chosen as standard for dec 602 and
13C12BDE-169 for the rest of the analytes. 13C12PCB-209 was applied as the instrument

standard.

80



14.3 Gas chromatography - mass spectrometry method

The GC method was optimised in the respect of the oven program and gas flow. The

ideal reagent gas pressure, electron energy and ions for the selected ion monitoring

(SIM) mode were determined for the ECNI-MS method. The analytes were also

ionised with EI so that the difference between the two ionisation techniques could

be compared.

The oven program was modified from Qiu et al.165 and the final program was as

following: 120 ◦C (2 min.) → 25 ◦C/min. → 270 ◦C → 4 ◦C/min. → 310 ◦C

(4 min.).

An oven program with lower final temperature was developed as well: 150 ◦C (2 min.)

→ 25 ◦C/min. → 270 ◦C → 4 ◦C/min. → 275 ◦C (35 min.). The aim was to study

the possible decomposition of DP due to temperatures above 285 ◦C, which has been

suggested to cause dechlorination of the isomers.151, 188 To further study the reasons

for the dechlorination, the already used and supposedly contaminated GC-liner was

exchanged to a new and unused one.189

The injection chamber, transfer line and ion source temperature were kept constant

throughout the whole GC method development as well as the split ratio and injection

volume (table 11).
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Table 11. The constant parameters for the GC-MS instrument.
Parameter Value

Injection Split Time (min.) Split ratio
0 10
0.01 0
1 20
2.5 5

Injection volume 1 µl
Injection chamber temperature 250 ◦C
Carrier gas He

Transfer line Temperature 300 ◦C
Reagent gas Type Methane
Ion source Temperature 250 ◦C

EI (+) 70 eV

The two ions with the highest peak intensities were chosen to be monitored for

each analysed compound. The ion with the higher peak intensity was chosen to be

the quantitation ion, from which the amount of the analyte was determined. The

other analysed ion was the qualifier ion, which assured the identification of the

compound. The chosen ions for SIM should preferably have high m/z-ratios because

the probability of several compounds producing the same high m/z-ions is small.172

Quantitation and qualifier ions for the analytes and standards in ECNI and EI mode

are presented in table 12. The two brominated PBDEs 13C12BDE-126 and -169 were

chosen to be recovery standards and 13C12PCB-209 to be the instrument standard. In

the final method dec 602 is quantified with 13C12BDE-126 and the rest of the analytes

with 13C12BDE-169.

Table 12. Ions chosen for the SIM in ECNI and EI
Compound Qualifier ion (m/z) Quantitation ion (m/z)

EI ECNI EI ECNI
DP 273.8 651.7 271.8 653.7
Dec 602 273.8 615.6 271.8 613.6
Dec 603 264.8 635.7 262.8 637.7
Dec 604 442.6 79 440.6 81
13C12PCB-209 511.7 509.7
13C12BDE-126 79 81
13C12BDE-169 79 81
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14.4 Alumina column clean-up

To verify if alumina column treatment was suitable for cleaning extracts containing the

analytes and standards, columns were spiked with pure compounds and eluted based

on the in-house method.187 The clean-up method was not tested for all the studied

compounds at the same time because dec 602, -603 and -604 and the chlorinated PCB

was delivered at a later date.

Two parallel alumina columns were prepared as instructed in the in-house method.187

The basic alumina was weighed and added to the column directly from the oven,

without allowing the sorbent to cool in between. The columns (10 mm × 150 mm)

were packed with glass wool, Na2SO4 (1 cm), basic alumina (5 g) and Na2SO4 (1 cm).

The columns were not conditioned before they were spiked with 50 ng DP, 13C12BDE-

126 and -169. The same procedure was done separately dec 602, -603, -604 and
13C12PCB-209 with two parallel columns. The spiked amounts were 50 ng of dec

602, -603 and -604 and 10 ng of 13C12PCB-209.

The analytes were allowed to sink into the dry alumina after adding them. They were

then eluted as presented in table 13 and all fractions were collected separately.

Table 13. Solvents and the volume of the collected fractions from the alumina columns
testing.

Fraction Solvent V (ml)
1 Hexane: DCM (98: 2, v/v) 10
2 Hexane: DCM (98: 2, v/v) 20
3 Hexane: DCM (50: 50, v/v) 15
4 Hexane: DCM (50: 50, v/v) 25
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The fractions were concentrated with rotavapor until about 1 – 2 ml remained in the

flasks. The fraction residues were transferred into glass tubes. The round bottom flasks

were rinsed with 2 × 1 ml hexane, which was combined with the fraction residues in

the tubes. The evaporation was continued to near dryness with N2 at 38 ◦C, which was

followed by an immediate addition of 0.5 ml hexane. The fractions were analysed with

the optimised GC-MS method.

The recoveries were good for all the analytes and standards, so no further optimisation

of the alumina column clean-up was needed. The elution of the compounds was,

however, outspread. The results are presented in more detail in section 15.

14.5 Silica column clean-up

The silica column clean-up is based on the in-house method mentioned previously.187

The testing of the silica clean-up includes controlling if the multilayer column is

suitable for the analytes and standards in question as well as optimising the elution

solvent composition and volume. The silica column clean-up was first optimised in

the respect of DP, 13C12BDE-126 and -169. The optimised silica method was at a later

stage controlled for the other analytes and standards, because they were delivered at a

later date than DP and the brominated standards.

14.5.1 Testing of silica column clean-up for dechlorane plus and polybrominated
diphenylethers

The silica glass columns (22 mm × 190 mm) were packed as presented in table 14.

The columns were conditioned with 50 ml DCM and 50 ml hexane, after which they

were spiked with 50 ng DP, 13C12BDE-126 and -169.

The analytes were eluted with 50 ml hexane (fraction 1) and 80 ml hexane: DCM

(80: 20) collected as two fractions (15 + 65 ml, fraction 2 and 3). All fractions were

collected separately, concentrated and analysed as the alumina fractions.
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Table 14. Silica column build-up.
Layer Amount (g) Material
1 Glass wool
2 2 Neutral silica
3 5 Silica: Ag2NO3
4 2 Neutral silica
5 5 Silica: NaOH
6 2 Neutral silica
7 10 Silica: H2SO4
8 10 Na2SO4

The recoveries for DP, 13C12BDE-126 and -169 were low and therefore the method

needed to be optimised in the consideration of the elution solvent volume and

composition.

14.5.2 Optimisation of elution volume and composition

The clean-up method was modified, so that the elution solvent volume or the solvent

elution efficiency was increased as presented in table 15. The DCM proportion of the

elution solvent was not increased to more than 50 % since it would also have resulted

in an increased amount of eluted contaminants.

The columns were prepared and conditioned as in section 14.5.1, which was followed

by an addition of 50 ng DP, 13C12BDE-126 and -169. The analytes were eluted with

an increased amount of solvent or with a more effective composition of it (table 15).

All fractions were collected separately and were thereafter concentrated and analysed

as before.

The best results were received with the original elution method. The results from the

optimisation of the silica column method in the respect of DP, 13C12BDE-126 and -169

are presented in more detail in section 15.3.2.
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Table 15. The modified elution solvent volume and solvent composition used for the
optimisation of the silica column clean-up.

Fraction Optimisation of volume
1 50 ml Hexane
2 15 ml hexane: DCM (80: 20, v/v)
3 15 ml hexane: DCM (80: 20, v/v)
4 15 ml hexane: DCM (80: 20, v/v)
5 15 ml hexane: DCM (80: 20, v/v)
6 15 ml hexane: DCM (80: 20, v/v)
7 15 ml hexane: DCM (80: 20, v/v)
8 15 ml hexane: DCM (80: 20, v/v)
Fraction Optimisation of composition
1 50 ml Hexane
2 15 ml hexane: DCM (80: 20, v/v)
3 10 ml hexane: DCM (50: 50, v/v)
4 10 ml hexane: DCM (50: 50, v/v)
5 10 ml hexane: DCM (50: 50, v/v)
6 10 ml hexane: DCM (50: 50, v/v)
7 10 ml hexane: DCM (50: 50, v/v)
8 10 ml hexane: DCM (50: 50, v/v)

14.5.3 Control of silica method for dechlorane 602, -603, -604 component A and
decachlorobiphenyl

The silica column clean-up was controlled for dec 602, -603, -604 and 13C12PCB-209

by spiking two silica columns with 50 ng of the dechloranes and and 10 ng of the

labelled standard. The compounds were eluted from the column as in section 14.5.1.

All the fractions were collected separately and analysed as before.

The results from this section is described in more detail in section 15.3.2. However,

the recoveries were acceptable and to collect all analytes fraction 2 and 3 should be

collected.
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14.6 Accelerated solvent extraction method

The development of the ASE method was made in three stages. At first the suitability of

extracting the analytes and standards from sludge with ASE was controlled by spiking

sludge samples. Also, the effect of the alumina columns on the ASE extracts was

studied by comparing results from extracts that had either only been cleaned with

silica or with both silica and alumina. Thereafter the extraction solvent composition

was optimised. Also, the extraction efficiency was determined through sequential

extractions of the same sample. Two non-spiked sludge sample were analysed to

determine if the sludge contained any native DP, which would have added to the spiked

amounts.

Granulated copper was added to the solvent fractions collected from the silica column

to ensure that all sulphur had been removed by the silver nitrate treated silica. The

fractions was left to stand over night so that the copper had time to react. If sulphur

was still present, the copper turned dark and more of it was be added until the copper

remained clear.

The solvent composition was optimised for DP, 13C12BDE-126 and -169. The

sequential extraction of the same sluge sample was done by spiking the sample with

all analytes and 13C12PCB-209. The choices of recovery standards were established in

the analysis of real sediment samples.

14.6.1 Accelerated solvent extraction of polybrominated diphenylethers and
dechlorane plus

Four samples (1 g) of freeze-dried Viikinmäki sludge were weighed into extraction

cells and two of them were spiked with 50 ng of DP, 13C12BDE-126 and -169. The

extraction cells were filled with ottawa sand after the samples had been spiked. The

samples were extracted with DCM by setting the cell pressure to 10.34 MPa and the

temperature to 100 ◦C. The samples were extracted three times with a static extraction

time of 5 minutes. The flush volume was 60 %.
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The extracts were concentrated to near dryness in test tubes and the solvent was

exchanged to hexane (2 ml). The extract was added to prepared silica columns (section

14.5.1) and the test tubes were rinsed with 2 × 2 ml hexane, which were also added

to the columns. Additionally, two silica columns were prepared for a direct addition

of 50 ng DP and 13C12PBDEs. The analytes were eluted as in section 14.5.1, but only

the fraction containing the analytes and standards were collected. Granular copper

was added to all silica fractions and left to stand over night. One of each parallel

silica fraction was furthermore cleaned through alumina, while the other fraction was

directly analysed with GC-MS (table 16).

Table 16. Sample treatments for the control of accelerated solvent extraction for
DP and the PBDEs. The ”X” stands for performed treatment, while ”-” stands for
treatments not performed.

Sample Extraction Silica Alumina GC/MS
1.1 Sludge X X X X
1.2 Sludge X X - X
2.1 Spiked sludge X X X X
2.2 Spiked sludge X X - X
3.1 Pure compounds - X X X
3.2 Pure compounds - X - X

All extracts were concentrated to about 2 ml with rotavapor. The concentrates were

transferred to test tubes and the round bottom flasks were rinsed with 2 × 1 ml hexane,

which was combined with the extracts. The concentration was continued to 1 ml with

N2 for the fractions, which were added to alumina columns. The fractions, which were

directly analysed, were evaporated with N2 near dryness and immediately diluted with

an addition of 0.5 ml hexane.

The 1 ml fractions were added to prepared alumina columns (section 14.4). The test

tubes were washed with 2 × 1 ml hexane, which was also added to the columns. The

analytes were eluted as before. The fractions containing the analytes were collected

into the same bottle and all the other fractions were discarded.

The fractions were concentrated to near dryness and diluted with 0.5 ml hexane, after

which they were analysed as before.
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14.6.2 Extraction solvent composition

Dechloranes have been extracted from solid matrices with ASE using hexane: DCM

(50: 50, v/v) or DCM as extraction solvent.144, 156, 166, 168 Therefore the extraction

solvent composition efficiency was studied with solvent blends of 50 % to 100 %

DCM in hexane (table 17).

Two parallel sludge samples (1 g) were prepared for every extraction solvent composi-

tion. The sludge was spiked with 12.5 ng syn, anti DP and 13C12BDE-126, which acted

as recovery standard. The spiked samples were then extracted with the same method

as before with the exception of the solvent.

Table 17. Solvent compositions for the optimisation of ASE.
Solvent Composition
1 DCM: hexane (50: 50, v/v)
2 DCM: hexane (62.5: 37.5, v/v)
3 DCM: hexane (75: 25, v/v)
4 DCM: hexane (87.5: 12.5, v/v)
5 DCM

All extracts were concentrated with rotavapor to 1 - 2 ml with the exception of the two

pure DCM-extracts, which were solvent exchanged to hexane (2 ml). The concentrated

extracts were then added to prepared silica columns and the round bottom flasks were

rinsed with 2 × 2 ml hexane, which was also added to the columns. The compounds

were then eluted (section 14.5.1) and the fraction containing the analytes and standards

(fraction 3) was collected. The fractions were concentrated and treated with copper as

before. They were then cleaned with alumina columns and solvent exchanged (section

14.4). The best extraction solvent was determined to be 100 % DCM and was therefore

used in further extractions.
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14.6.3 Sequential extraction of samples

The efficiency of DCM as solvent was studied by extracting the same sludge sample

twice and collecting the extracts separately for analysis. Two parallel sludge samples

(1 g) were spiked with 12.5 ng DP, 50 ng dec 602 and -603, 60 ng dec 604 and 32 ng
13C12PCB-209, which was used as the recovery standard.

The extracts were cleaned with silica and alumina as before, The fractions were

concentrated and analysed as before.

14.7 Analysis of real sediment samples

Two Lake Ontario sediment samples with already analysed syn and anti DP concen-

trations were chosen for verifying the effectiveness of the developed method. For

this method 13C12PCB-209 was chosen for instrument standard and 13C12BDE-169 as

recovery standard for DP. Even though there is no reported concentrations of dec 602,

-603 and -604 available for the sediments, they were nevertheless treated in a way that

their possible presence could be quantified. 13C12BDE-126 acted as recovery standard

for dec 602, while dec 603 and -604 were quantified with 13C12BDE-169.

Three parallel samples of two sediment samples were weighed (1 g) into the extraction

cells and spiked with 5 ng of 13C12BDE-126 and -169. A blank sample prepared of

Ottawa sand was also spiked with the recovery standards. The samples were extracted

with ASE using DCM with the method described in section 14.6.1. The extractions

were thereafter concentrated to near dryness, which was followed by an addition of 2

ml hexane.

The extracs were cleaned with silica (section 14.5.1) and the fractions containing

the analytes and standards were collected into the same bottle (fraction 2 and 3).

Granulated copper was added and left to stand over night.
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The silica fractions were concentrated to near dryness and diluted to 1 ml with hexane.

They were thereafter added to prepared alumina columns (section 14.4) and eluted as

previously. Fractions 2, 3 and 4 were collected into the same bottle. The alumina

fractions were concentrated to near dryness, which was followed by an addition of 0.5

ml hexane. Instrument standard (1.25 ng) was added to all the samples and they were

analysed with GC-ECNI-MS as before (section 14.3).

15 Results and discussion

15.1 Gas chromatography method

The final GC oven program was based on the method published by Qiu et al.165 with

which the separation efficiency of the analytes and chosen standards were sufficient

(appendix C). The peaks of 13C12BDE-169 and dec 603 overlap somewhat. However,

this did not disturb the result processing as the analysis was made in SIM mode and the

compounds have different qualifier and quantifier ions. All of the analytes were ionised

through dechlorination with the exception of dec 604, which also debrominated. Dec

604 was also the only analyte, whose base peak was not the molecular ion. The

individual spectra of the analytes are presented in appendix D. It should be noted

that the DP isomers produced identical spectra and therefore the ionisation conditions

could be optimised using only one of the isomers. The retention times of the analytes

were shortened during the development as the analytical GC-column had to be cut a

few times.

In the chromatogram of the synthetic dec 604 a compound with a smaller concentration

was eluted before dec 604 (appendix D, figure 4). As dec 604 is both light and moisture

sensitive it is possible that the lighter compound was a decomposition product. This

was further verified by its spectrum, which contained ions that could be produced by

the dechlorination and debromination of the dechlorane compound. To prevent the

decomposition the vials containing the analyte should be filled with a protective gas

before storing them.
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Four 13C12PBDEs were candidates as internal standards for the analytes. The standards

were finally chosen based on their retention times and sensitivity compared to those of

the analytes (figure 10). From figure 10 it becomes clear that the retention times of
13C12BDE-126 and -169 are the closest to DP. Also they give the largest response in

ECNI mode. As the retention times of the standards were later also compared to those

of dec 602, -603 and -604, it could be established that 13C12BDE-126 and -169 were the

most suitable of the four 13C12PBDEs for this analytical method. The chromatogram

in figure 10 was not measured with the final SIM-program for the PBDEs. However,

even if the responses of 13C12BDE-77 and -207 would increase with the final SIM-

program, their retention times would still be less suitable for the analytes than those of
13C12BDE-126 and -169.

6,00E+06

8,00E+06

1,00E+07

1,20E+07

1,40E+07

1,60E+07

C
ou

nt
s

BDE-126L BDE-169L

Anti DP

0,00E+00

2,00E+06

4,00E+06

6,00E+06

8,
1

8,
6

9,
0

9,
4

9,
8

10
,3

10
,7

11
,1

11
,6

12
,0

12
,4

12
,9

13
,3

13
,7

14
,2

14
,6

15
,0

15
,5

15
,9

16
,3

16
,8

17
,2

17
,6

18
,1

18
,5

18
,9

19
,4

19
,8

20
,2

20
,7

21
,1

21
,5

22
,0

22
,4

22
,8

23
,3

23
,7

24
,1

24
,6

25
,0

25
,4

25
,9

26
,3

26
,7

27
,2

27
,6

28
,0

28
,4

28
,9

29
,3

29
,7

30
,2

30
,6

31
,0

31
,5

31
,9

32
,3

32
,8

33
,2

33
,6

t (min.)

BDE-77L BDE-207L

Syn DP

Figure 10. GC-MS chromatogram of the technical blend of DP (40 ng/ml) and
13C12BDE-77, -126, -169 and -207 (200 ng/ml). Reagent gas p = 9.8 torr, SIM mode.

The helium gas flow was optimised to find the velocity which provided with short

retention times and high peak areas as well as good separation. The test range lay

between 1.0 and 1.8 ml/min. The increase in the flow rate resulted in shorter retention

times and larger peak areas, whose size depended on the amount of sample which was

carried into the column by the carrier gas before the split vent opened. The separation

was sufficient even at the highest flow rate, but the ideal velocity was nevertheless

chosen to be 1.5 ml/min. This decreased the contamination of the column by heavy

compounds as the split vent was opened before they were carried into the analytical

column.
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At the early stages of the method development three compounds with low concentra-

tions were eluted close to the DP isomers. As is presented in figure 11, the resolution

of the extra peaks are close to those of the syn and anti isomers, suggesting that they

are decomposition products. This is further verified by their shorter retention times,

which informed that the compounds must be lighter than DP. Also, their molecular

ions corresponded to the dechlorination of DP by one chlorine (figure 12). The spectra

of the decomposition products were identical.
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Figure 11. GC-MS chromatogram of the decomposition products of DP in the analysis
of the technical blend (40 ng/ml). Reagent gas pressure 8.9 torr, SCAN 400 - 660 m/z.
The GC-program is presented in section 14.3.

It is possible that DP decomposes in the GC column during the separation as the

highest recommended exposure temperature is 285 ◦C.151 However, the peaks were

still visible as the temperature in the oven program was lowered to a maximum of

275 ◦C (section 13.4.2). It has been suggested that the peaks are originated from the

impurities from the reagents cyclooctadiene and hexachlorocyclopentadiene used for

producing DP.189 Sverko et al.189 nevertheless proved that contaminated liners induce

DP decomposition, as the signals of the dechlorinated species were eliminated from the

chromatogram when using a new liner. This was also true in the case of this work and

the exchange of liner caused the extra peaks to be eliminated. It is, however, possible

that dechlorination occurs in the environment.189
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Figure 12. Mass spectrum of the decomposition product of DP with the retention time
17.4 min. The GC-method is presented in section 14.3.

15.2 Mass spectrometry method

The ion source pressure combined with the electron energy was optimised for ECNI.

The electron energy was chosen between 70 and 150 eV and the source pressure was

varied from 3 to 13 torr. The aim for the optimisation was to acquire the highest peak

area for the base ion M·− in the ECNI mode.

The ion source pressure was optimised by analysing the syn isomer of DP in SCAN

mode (400 - 660 m/z). The lower m/z limit was chosen to be 400 as a lower value

would cover a higher amount of background ions not originated from DP. The results

from the pressure test was calculated by choosing the base peak from each ion cluster

formed between 400 and 660 m/z and calculating its proportion of the total ion

chromatogram (TIC). A spectrum containing these ion clusters is presented in figure

13. The percentage of the ion cluster base peaks are presented in two separate charts

(figure 14) to better visualise the result. It should be noted that the scales are different

in the charts.
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Figure 13. Mass spectrum of syn DP (reagent gas pressure 11.5 torr) with marked ion
clusters. GC method can be found in section 14.3.

Figure 14 shows that the M·− area increases with growing pressure until about 11 torr,

when the growth levels out. The ion source pressure should therefore be kept at 11 - 12

torr, so as to produce the greatest amount of molecular ions, while simultaneously

minimising the contamination of the ion source by unnecessarily high reagent gas

pressures.

Syn DP was analysed at 11.5 torr using 70 or 150 eV to evaluate the most preferable

electron energy. The most suitable condition could be evaluated by comparing the

fractions of the ion cluster base peaks of the TIC at the different energies (figure 15).

As can be seen from figure 15 the fraction of molecular ions are slightly higher when

the electron energy is set at 70 eV. However, the TIC area itself is higher at 150 than

at 70 eV and therefore the instrument will be more sensitive for the compound at the

greater energy. Therefore it was decided that because the advantages of ionising the

analyte at 150 eV were on the whole greater than for 70 eV, especially as the molecular

ion fraction is only marginally smaller, the electron energy should be kept at 150 eV.
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Figure 14. The calculated percentages of the ion cluster base ions of the mass
spectrum.

The advantages of ECNI over EI can be clearly understood by studying the chro-

matograms and spectra of the compounds ionised in the different modes (appendices

D and E). The analytes are ionised in ECNI mode by dechlorination or debromination

producing clear ion clusters, which are easily identified. EI on the other hand creates

more complicated spectra (appendix E). An advantage of ECNI is also that the

intensities of the ion clusters in the TIC can be modified by varying the reagent gas

pressure and electron energy. The ECNI mode is also more sensitive to the compounds

than EI as the peak areas for the same concentrations are higher in ECNI mode

(appendix F).
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15.3 Column clean-up

15.3.1 Alumina column

The recovery of the analytes, 13C12BDE-126, -169 and 13C12PCB-209 from the alumina

columns were between 74 and 90 % (table 18), which is an acceptable result. Table 18

presents also which fractions the compounds were collected from. With the exception

of dec 602, -603 and 13C12PCB-209 the compounds behaved similarly in the columns.

Appendix G (tables 1 and 2) presents a more detailed view of the results from the

clean-up with alumina columns.

Table 18. Concentration corrected average recoveries of the analytes and standards
from alumina column clean-up as well as the fractions the compounds were collected
from.

Compound Recovery (%) Fraction
Syn DP 84 2, 3
Anti DP 84 2, 3
Dec 602 91 2, 3, 4
Dec 603 74 2, 3, 4
Dec 604 87 3, 4
13C12BDE-126 76 3
13C12BDE-169 84 3
13C12PCB-209 79 1, 2, 3, 4
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15.3.2 Silica column

The suitability for cleaning extracts with silica column was first tested for the DP

isomers, 13C12BDE-126 and -169 and later for the rest of the analytes and for the

chlorinated PCB. The optimisation of the analytes were not done simultaneously

because dec 602, -603 and -604 and 13C12PCB-207 arrived on a later date.

The clean-up method for DP and the brominated standards was not satisfying even

though the compounds eluted in the same fraction (appendix H, table 1) due to

recoveries of 60-66 %.

The recoveries were too low for this method to be directly applied on real samples

and the method was therefore optimised in the respect of the solvent amount and

composition (section 14.5.2). A more detailed presentation of the elution of the

compounds is presented in appendix H (table 1).

The recoveries improved with the optimisation of the solvent volume and composition,

so that they were acceptable (table 19). However, as is presented in appendix H (table

2), the change in solvent composition caused the compounds to be eluted in several

fractions, while the volume increase eluted all compounds in two fractions. Apparently

the original solvent composition was the more suitable eluent solvent. The amount of

solvent required to elute the compounds in the two fractions is included in the 65 ml

solvent (fraction 3) used in the first silica clean-up. The original solvent composition

and amount was therefore used in further treatments.
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Table 19. Concentration corrected recoveries of the analytes and standards from the
silica columns eluted with the modified solvent volume and composition.

Compound Volume Recovery (%) Composition Recovery (%)
Syn DP 79 80
Anti DP 81 82
13C12BDE-126 75 77
13C12BDE-169 82 76

The improvements in the recoveries from the first silica column test may be explained

by the inconsistency of the treated silicas. Since they are made by hand some

differences are likely to occur in different silica batches. Since the total amount of

silica needed to clean the samples extracts is so large, the elution solvent volume could

not be decreased.

As the original, accepted silica clean-up method was tested on the other dechloranes

and 13C12PCB-209 it became evident that it was suitable for all the analytes (table 20).

From all the studied compounds only dec 602 and 13C12PCB-209 were not exclusively

eluted in fraction 3. 13C12PCB-209 was eluted in all three fractions, but mostly in

fraction 1 (appendix H, table 3). The amount of dec 602 eluted in the second fraction

was lower than the amount in the third.

Table 20. Concentration corrected recoveries of the analytes and standards from the
silica columns with the fractions they were collected from.

Compound Recovery (%) Fraction
Dec 602 94 2, 3
Dec 603 80 3
Dec 604 90 3
13C12PCB-209 78 1, 2, 3
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It could be established based on the behaviours of the three standards in the column

clean-ups that 13C12BDE-126 and -169 were more suited to be recovery standards

than 13C12PCB-209. There is no doubt that the brominated compounds are suitable as

recovery standards for the DP isomers, as they elute in the same silica fraction. Even

though they are spread over two fractions, the DP isomers are also well described by

the brominated compounds in the alumina column. This is because DP isomers are

mostly eluted in the last fraction, which is also where the brominated compounds are

collected (appendix G, table 1).

The choice of recovery standard for the other dechloranes is not as straightforward. As

is presented in appendices H (table 3) and G (table 2) 13C12PCB-209 is eluted in all

silica and alumina fractions, but in both columns mostly in the first. The behaviours

of dec 603 and 604 are very similar to those of the DP isomers and PBDEs, which

is why 13C12PCB-209 is not suitable for these two compounds as recovery standard.

The choice of standard for dec 602 is, however, more complicated. It is collected

from fraction 2, 3 and 4 in the alumina column (appendix G, table 2) with most of it

eluted in fraction 2. The brominated compounds are only eluted in the third fraction,

so 13C12PCB-209 may describe the behaviour of dec 602 better even if most of it is

collected in the first fraction. Yet the elution of dec 602 and 13C12PCB-209 differs

somewhat in the silica column (appendix H, table 3). Even though the analyte is

eluted in the second and third fraction of the silica clean-up, most of it is nevertheless

collected in the later fraction while 13C12PCB-209 is mostly collected in the first.

Because the brominated compounds describe the behaviours of the analytes better on

the whole, they were chosen as recovery standards.

15.4 Accelerated solvent extraction

The ASE method was first optimised for DP, 13C12BDE-126 and -169 and afterwards

controlled for the other analytes and 13C12PCB-209. The ASE method development

began with controlling if there is any DP as native compounds present in the sludge by

extracting non-spiked samples.
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The cleaned non-spiked sludge extracts gave small responses to DP. Because the sludge

had not been spiked with a recovery standard, it was not possible to reliably draw

any conclusions of the amount of native DP in the Viikinmäki sludge. The best

concentration estimation that could be done for it was by comparing its response to

the one given by a solution with a known concentration of DP analysed in the same

conditions. It has been mentioned in section 13.2 that the syn-anti proportion in the

technical blend of DP is between 25:75 to 20:80. This fits well with the syn proportion

in the analysed sludge (table 21).

The official co-operation in the Nordic region, Norden, performed a study on the

presence of flame retardants in air, sludge, sediment and biota.160 Three waste

water treatment plant sludges from Helsinki (Viikinmäki), Espoo (Suomeoja) and

Hyvinkää (Kalteva) were analysed. DP was detected in all the sediment and sludge

samples and the results are presented in appendix B. The concentrations were the

highest in the sludge of Hyvinkää (13 ng/g d.w.) but all in all the concentrations were

in the same range. The analysed concentration in this work is about five times smaller

than the one analysed by the Nordic co-operation staff. However, the results depend

much on the sampling date and the means the samples were collected with.

The analyte recoveries of the spiked sludge were very low (table 21). Because the

spiked and non-spiked sludge samples were treated in the same manner, it is most likely

that the recovery of the native DP is in the same range as the recoveries for the spiked

species. Therefore it it unlikely that the native DP concentration is so high that it affects

the recovery results of further ASE investigations. However, the calculated native DP

amount will be taken into account in further recovery calculations of extracted sludge.

The effect of the alumina column clean-up can be seen as a decrease in non-analyte

signals in the chromatogram. It also appears to increase the recovery percentage, which

can perhaps be explained as the effect of the decrease in disturbing compounds.
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Table 21. Native DP and concentration corrected recoveries of the analytes and standards
from the parallel samples extracted with ASE.

Sample Recovery (%)
Syn DP Anti DP 13C12BDE-126 13C12BDE-169

2.1a 19 19 32 16
2.2a 24 23 26 20
3.1b 52 53 37 45
3.2b 62 62 42 47
Average native DP (ng/g d.w.c) f (syn)d

Syn 0.7 0.3
Anti 2

aSpiked sludge
bSpiked clean-up column
cDry weight
dFraction of syn of total amount of DP

The recoveries of DP and the brominated compounds were improved when extracting

with different solvent compositions of 50 to 100 % DCM (table 22). The recoveries

increased with increasing amount of DCM in the solvent. However, the fourth solvent

composition did not follow this trend and gave a lower recovery than expected. The

most efficient solvent was pure DCM, even if the recoveries in the first extraction were

not as good.

The efficiency of the ASE method was tested for all the analytes with DCM as

extraction solvent. The recovery for dec 604 was below 70 % which was not satisfying

but, however, accepted. The recoveries were not improved by extracting the sample

twice and the total amount of analytes was nearly totally collected from the first

extraction.
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Table 22. Native DP and concentration corrected average recoveries of the analytes
and standards from the sludge samples extracted with ASE using different solvent
compositions. The percentages of analytes collected from the first extraction.

Recovery (%)
Solvent (DCM:hexane, v/v) Syn DP Anti DP 13C12BDE-126
50: 50 60 71 67
63: 37 70 749 73
75: 25 74 102 80
88: 12 60 68 61
100: 0 86 98 98

Efficiency (%)�
DP Dec 602 Dec 603 Dec 604

100 99 100 100

15.5 Properties of finished method

The instrument detection limit (IDL) was estimated for the five analytes by plotting the

RSD values acquired from three parallel injections of the calibration curve solutions

against their concentrations. The IDL describes the lowest concentration that the

instrument can reliably detect from the background noise. The IDL should be set

high enough so that the measured responses of the analytes from parallel injections

are precise enough or in other words have low enough deviation. For this method the

RSD should be below 50 %. Appendix I visualises the quantitation certainty of the

used instrument. For dec 602, -603 and -604 the RSD of the parallel injections are

over 50 % for the lowest calibration concentration (0.1 ng/ml). However, the value

drops rapidly and is already below 15 % at 0.5 ng/ml. The repeatability of the lowest

concentration for the DP isomers is very good at 3 % or lower. The RSD values do not

follow a clear downward trend for DP as for the other analytes, but are, however, well

below 10 % for all the concentrations. Therefore the IDL for the syn and anti isomers

is at least 0.1 ng/ml and could perhaps be even lower.
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At the greater concentrations the curve trend in appendix I seems to be going upwards

for DP, indicating that the detector might be saturated by the analytes. This can also be

seen from the calibration curves (appendix J), in which the linear range of DP and dec

603 ends at around 300 ng/ml. The linear range for dec 602 ends already 100 ng/ml

and its curve is more suitable for a cubic fit than a linear one. The linear range for dec

604 shows signs of ending after 250 ng/ml.

The method detection limit (MDL) is estimated from the IDL as the amount of analyte

a sample should contain for the quantitation result to be within the IDL. As the IDL

values for dec 602, -603 and -604 are 0.5 ng/ml and the final volume 0.5 ml, a 1 g

sample should contain at least 0.25 ng of the analytes. However, as the recovery is

most unlikely 100 %, the lowest acceptable recovery percentage should be taken into

consideration. The recovery of the standards should be at least 70 %, so this gives a

MDL of 0.36 ng of dec 602, -603 and -604 per sample (table 23).

The LOQ value was estimated from the sediment sample as ten times the background

noise and LOD from a blank sample as 3 times the noise. The LOD value should not be

mistaken for IDL, which in this work determines what concentration gives repeatable

responses, so that the signal can reliably be determined to belong to the analyte and not

the background. For the purpose of this method the LOD value merely determines the

height the peak is required to be for it to clearly stand out from the background noise.

The largest retention time deviation was calculated from the retention times of the

analytes from the three parallel injections of the ten point calibration curve.

Table 23. Properties of the developed method for the used instruments.
Parameter Syn DP Anti DP Dec 602 Dec 603 Dec 604
IDL (ng/ml) ≥ 0.1 ≥ 0.1 0.5 0.5 0.5
MDL (pg/g d.w.)a ≥ 70 ≥ 70 360 360 360
Linearity (ng/ml) 0 - 300 0 - 300 0 - 100 0 - 300 0 - 250
LOD (kCounts) 1.50 2.40 3.72 3.45 36
LOQ (kCounts) 5.5 6.2 10 350 210
RT SD (min.)b ± 0.01 ± 0.01 ± 0.008 ± 0.01 ± 0.01

aDry weight
bLargest retention time deviation
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15.6 Analysis of real sample

Two sediment samples provided by Ontario Ministry of the Environment with analysed

DP concentrations were processed with the developed method. The analysed results

differed somewhat from the reported amounts (table 24).

Table 24. Recovery corrected DP concentrations in the Lake Ontario sediment parallel
samples and the reported reference amounts.

Sample m
�

DP (ng/g d.w.a) X (ng/g d.w.) SDb RSD (%)c f(syn)d Recovery (%) Reported amount (ng/g d.w.)
1.1 0.3 0.3 86
1.2 15 0.97 89
1.3 0.5 0.4 0.1 46 0.1 94 0.8
2.1 155 0.2 108
2.2 143 0.2 94
2.3 167 155 12 8 0.2 97 80

aDry weight
bStandard deviation
cRelative standard deviation
dSyn fraction of total DP

The analysed results of the sediment with the lower concentration was approximately

half the amount of the reported. However, with so small concentrations it is

understandable that small differences in the measured concentrations results in high

percentage variances. A result with a 0.4 ng difference is not large when considering

the amount itself. The syn fraction of sample 1.2 was unexpectedly high. Of the

measured 16.8 ng only 0.48 ng was calculated to be the anti isomer, which does not fit

with the technical DP description. The high total DP concentration could be a results

of badly homogenised sediment, but it does not explain why only the syn isomer is of

exceptionally high concentration.
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The results from the analysis of the sediment with the higher amount of DP is

approximately twice as high as the reported value. The analysed syn and anti

proportions are close to that of the technical blend. The difference in the results

may originate from heterogen samples as we do not know if the provided sediment

was taken from a larger, fully homogenized sediment batch or not. Also the

sample treatment or the different ionisation environment may have influenced the

outcome. The blank samples contained no DP, so the samples were not contaminated

from the laboratory environment. The Canadian laboratory used electron ionisation-

high resolution masspectrometry, which is less selective than ECNI-MS. Thus some

differences in the results is to be expected.

The sample containing higher concentration of DP seems to contain some amounts

of the dechlorinated species of the isomers (appendix L). The dechlorinated species

are present for both isomers. As there is no sign of dechlorination in DP solutions

analysed after the sediment samples, the DP decomposition due to a contaminated liner

can be ruled out. Dechlorination species of DP have been encountered in sediment and

biota.167, 170, 189

The sediment samples were also analysed for the other dechloranes even though no

concentration for them had been reported. Dec 603 and 604 are present in the lower

concentration sample, but under the quantitation limit. Dec 602 seems to be present in

the samples. However, the concentrations might be so low that they are below the IDL.

All the dechloranes are present in the high concentration sediment sample at high

enough concentrations for quantitation (table 25). However, the recovery of 13C12BDE-

126 was well over 200 % for all parallel samples, which needs to be studied with more

detail. The two recovery standards are added from the same vial to all samples, so if

the solution in it was heterogen there would be anomalies in most or all samples as

well as in the ten calibration solutions. However, the recoveries are only abnormal for

the three parallel samples of the high concentration sediment. The concentration of
13C12BDE-126 is similar in all the three parallel samples.
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The high recovery could be caused by a coeluting compound producing the same ions.

It was known that by choosing the ions 79 and 81 there was the possibility of the ions

not being specific enough. However, the significantly higher sensitivity of those ions

in comparison with the other abundant ions was deemed at the moment to be a greater

advantage. The coelution is proven through analysing the sediment samples in SCAN

mode. A study of the spectrum shows that a compound elutes almost simultaneously

with the standard and overlaps it. 13C12BDE-169 is, however, eluted alone. Also,

the standards in the low concentration sediment seem not to be disturbed by other

compounds. Dec 602 in the high concentration sediment was therefore quantified with
13C12BDE-169, as 13C12BDE-126 was not reliable to be used as a recovery standard in

this case.

Appendix B gives an example how much the environmental concentrations of the

analytes can differ in the same lake. As the depth and coordinates from where the

sediment cores were sampled is unknown, it is difficult to estimate the correctness of

the concentration results of dec 602, 603 and 604.

Table 25. Recovery corrected dec 602, 603 and 604 concentrations in the Lake Ontario
sediment parallel samples and the reported reference amounts.

Sample m (ng/g d.w.a) X (ng/g d.w.) SDb RSD (%)c Recovery (%)
602
2.1 9 108
2.2 9 94
2.3 10 9 0.9 9 97
603
2.1 0.6 108
2.2 0.7 94
2.3 0.6 0.6 0.07 12 97
604
2.1 8 108
2.2 7 94
2.3 6 7 0.9 12 97

aDry weight
bStandard deviation
cRelative standard deviation
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16 Conclusion

The theoretical part of this thesis discussed the use of DLLME in the analysis of

harmful organic compounds from environmental samples. DLLME has mostly been

used for the treatment of water samples, but solid matrices such as fruits and soils have

also been treated. Pesticides of different compound classes have been isolated with

DLLME in addition to other compounds such as alkylphenols, explosives and PCBs.

Dispersive liquid-liquid microextraction has proven to be an effective and rapid

isolation technique resulting in high recoveries and enrichment factors. Even though

the mostly used extraction solvents are halogenated and harmful, the small volume

minimises the personnel and environmental impacts.

Several subsets of DLLME has been developed such as IL-DLLME and DLLME-

SFO. Some of the techniques have entirely eliminated the harmful solvents, while still

retaining all the advantages of DLLME.

Dispersive liquid-liquid microextraction has also been combined with other pretreat-

ment techniques. In-situ derivatisation has been discussed to be an effective technique

to improve the sensitivity and peak shapes of the analytes in the analysis. The aim

of DLLME is mostly to isolate and to concentrated the analytes since matrice effects

can be clearly noticed from complex samples. The results can, however, be improved if

DLLME is combined with another pretreatment technique such as SPE. SPE combined

wit DLLME is also an effective method to achieve very high enrichment factors.

Solid-liquid extraction followed by DLLME has been performed on solid samples such

as vegetables, fruits and soils. Matrice effects were in several articles so large that

the analytical signal was diminished. The effect could, however, be corrected with a

calibration line made in matrix.

An analytical method for the analysis of DP, dec 603, 602 and 604 from solid

environmental samples has been developed and has been discussed in the experimental

part.
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Isotope labelled BDE-126 and -169 were used as recovery standards for the analytes.

The standards and analytes behaved similarly in the pretreatments but not identically.

The method may be improved by using standards containing chlorine. However,
13C12PCB-209 was not suited to be a recovery standard even though its structure

is more similar to the analytes than the structures of the brominated compounds.

The method will be improved by choosing other quantifier and qualifier ions for the

brominated standards as it was proved that the ones used were not selective enough.

This will, however, deteriorate the responses of the compounds, but as their recoveries

are good it should not affect the results too much. It should also be considered to

exchange the qualifier and quantifier ions for dec 604 as it uses the same unspecific

ions as the PBDEs. The decrease in the sensitivity will, however, have more drastic

effects on the method than the decreases of the PBDEs.

The effectiveness of the developed method was tested on sediment samples with

reported DP concentrations. The analysis results differed from the reported values

with a coefficient of two. It is difficult to explain the difference in the concentrations

as it is unclear how the delivered sediments were homogenized before shipment and

how the developed method treatment differed from the one the research group of Dr.

Reiner used. The best way to ensure that the used method is able to produce reliable

results is to analyse a certified reference material. However, no such were available for

purchasing at the moment.

Overall the developed method is sensitive enough to detect low levels of analytes while

giving high recovery percentages. An advantage to the method is that it could be

possible to analyse other flame retardants with it, for example PBDEs, and that way

save time, material and personnel resources.
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The clean-up process of sludge and sediment extracts for the analysis of dechlorane

compounds is quite cumbersome. The process might be simplified by the use of

DLLME instead of the clean-up columns. However, there is no predecessor for the

use of DCM as the disperser solvent. Also, the ASE extracts contain a large amount of

analysis disturbing compounds so the clean-up effect of DLLME might not be enough

to gain clean extracts. DLLME might be successful if the clean-up process includes

both the silica column and DLLME. However, the silica column fractions have to

be evaporated and reconstituted in a suitable solvent before treating them through

DLLME.
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17 Appendices

A Analyte structures from the experimental part

B Environmental concentrations

C Chromatograms of standards and analytes

D Chromatogram and spectrum of the analytes

E Chromatogram and spectra of the analytes analysed in EI mode

F Peak areas of analytes

G Alumina clean-up

H Silica clean-up

I Charts for the determination of the instrument detection limit

J Calibration curves for the analytes

K Chromatogram of the high concentration sediment

L Chromatogram and spectra of the high concentration sediment
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[106] Ravelo-Pérez, L., Hernández-Borges, J., Herrera-Herrera, A. and Rodrı́guez-

Delgado, M., Analytical and Bioanalytical Chemistry 395 (2009) 2387 – 2395.
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Appendices

A Analyte structures in the experimental part

Anti dechlorane plus
Syn dechlorane plus

Dechlorane 602 Dechlorane 603

Dechlorane 604 Component A

Figure 1. The structures of the analytes used in the experimental part.



B Environmental concentrations
Table 1. Environmental concentrations of the dechloranes and BDE-209.

Reference Matrix Year of sampling Sampling area
�

DP Syn DP Anti DP Dec 602 Dec 603 Dec 604 BDE-209
142 Sediment (ng/g d.w.) 2003 Lake Erie 40.0 -a - - - - -
144 Sediment (ng/g d.w.) 1998, 2000-2003 Lake Ontario 206 29 176 - - - -

Fish (pg/g lipid) 2000 - 2003 Lake Ontario 205. 100. 105. - - - -
153 Sediment (pg/g d.w.) 2001 Lake Superior 450 123 327 35 83 1 -

2002 Lake Huron 1694 398 1296 197 58 2 -
2004 Lake Erie 1170 375 795 43 29 6 -
2002 Lake Michigan 934 259 675 47 136 NDb -
2006, 2007 Lake Ontario 53508 11308 42200 5347 274 2523 -
2005, 2006 Lake Ontario 96 23 73 11 1 0.005 15

Fish (pg/g lipid) 2002 Lake Superior 417 263 154 863 43 ND -
2001 Lake Huron 193 79 114 3768 106 ND -
1998, 1999 Lake Ontario 280 132 148 17100 64 209 -

156 Sludge (ng/g d.w.) 2006 Spain 33 - - - - - -
162 Sediment (ng/g dw) 2004 Lake Ontario 54 - - 6 0.3 7 -

Fish (ng/g lipid) 2004 Lake Ontario 0.3 - - 19 0.04 - -
163 Sediment (pg/g d.w.) 2007 Lake Ontario 73 - 140 - - 21 - 33 0.2 - 3 3 - 8 -
165 Sediment (ng/g d.w.) 2004 Lake Ontario 150 - - - - - 14
166 Sludge (ng/g TOCc) 2002 - 2008 US 146 80 66 - - - 222
168 Sludge (ng/g d.w.) 2006 - 2010 US California 23 8 13 - - - 1537
189 Sediment (ng/g d.w.) 1997, 1998 Lake Erie 0.06 - 9 - - - - - -

1998 Lake Ontario 2 - 586 - - - - - -
160 Sludge (ng/g d.w.) 2009 Helsinki (Viikinmäki) 11 4 7 - - - 500

2009 Espoo (Suomenoja) 8 3 5 - - - 420
2009 Hyvinkää (Kalteva) 13 6 7 - - - ND

Sediment (ng/g d.w.) 2009 Helsinki 1 0.2 0.7 - - - 2
2009 Pori 0.8 0.2 0.6 - - - 2
2009 Tampere (Pyhäjärvi) 0.3 0.1 0.2 - - - 1

aNot determined
bNot detected
cTotal organic carbon



C Chromatogram of standards and analytes

Figure 1. Chromatogram of the used standards and the analytes (ECNI, reagent gas pressure 11.5 torr, SIM). The GC-method is presented in
section 14.3.



D Chromatogram and spectrum of the analytes

D.1 Syn and anti dechlorane plus

Anti DP

Syn DP

Anti DPSyn DP [M]!!

[M ! Cl]!
[M ! 2 Cl]!

[M ! 3 Cl]!

[M ! 4 Cl]!
[M ! 5 Cl]!

[M ! 6 Cl]!
[M ! 7 Cl]!

Figure 1. Chromatogram and spectra of syn and anti DP (ECNI, reagent gas pressure 8.5 torr, SCAN 400 - 660 m/z). The GC-method is
presented in section 14.3.



D.2 Dechlorane 602

Dec 602

[M]!!

[M ! Cl]!

[M ! 2 Cl]!

[M ! 3 Cl]!

[M ! 4 Cl]!

Figure 2. Chromatogram and spectrum of dec 602 (ECNI, reagent gas pressure 11.5 torr, SCAN 400 - 660 m/z). The GC-method is presented
in section 14.3.



D.3 Dechlorane 603

Dec 603
[M]!!

[M ! Cl]!

[M ! 2 Cl]!

[M ! 3 Cl]!

[M ! 4 Cl]!
[M ! 5 Cl]!

Figure 3. Chromatogram and spectrum of dec 603 (ECNI, reagent gas pressure 11.5 torr, SCAN 400 - 660 m/z). The GC-method is presented
in section 14.3.



D.4 Dechlorane 604 and the decomposition product

Dec 604

[M ! 2 Cl]!

[M ! Br ! Cl] !

[576.7 ! Cl] !

[541.6 ! Cl] !

[541.6 ! Br] !

Dec 604

[Dec 604 ! Br ! 2 Cl]!

[Dec 604 ! 2 Br ! Cl]! Dec 604 
decomposition 

product 

Dec 604 
decomposition 

product 

Figure 4. Chromatogram and spectra of dec 604 and its possible decomposition product (ECNI, reagent gas pressure 11.5 torr, SCAN 400 -
660 m/z). The GC-method is presented in section 14.3.



E Chromatogram and spectra of the analytes analysed in EI mode

Dec 602

Dec 603

Dec 604

Syn DPAnti DP

Dec 602

Dec 603

Dec 604

Syn DP

Figure 1. Chromatogram and spectra of the analytes in EI mode (70 eV, SCAN 200 - 700 m/z). The GC-method is presented in section 14.3.



F Peak areas of the analytes

Dec 602 
A: 1.532E8

Dec 603 
A: 7.700E8

Dec 604 
A: 5.160E9

Syn DP
A: 1.167E8

Anti DP 
A: 1.649E8

ECNI

Dec 602 
A: 7.150E6

Dec 603 
A: 7.845E6

Dec 604 
A: 2.920E6

Syn DP
A: 5.787E5 Anti DP

A: 6.101E5

EI

Figure 1. The peak areas of the analytes produced in ECNI (150 eV, reagent gas
pressure 12 torr, SIM) and EI mode (70eV, SIM). The GC-method is presented in
section 14.3.



G Alumina clean-up

Table 1. The peak areas of DP, 13C12BDE-126 and -BDE-169 in the alumina elution
and the reference peak areas. Presented are the parallel columns and in which fractions
the compounds were eluted. The recoveries are presented in table 18.

Compound RT (min.) A Compound RT (min.) A Compound RT (min.) A Compound RT (min.) A

Syn DP Anti DP Syn DP Anti DP

1.1 0 0 1.1 0 0 Ref 18.671 4.07E+07 Ref 19.723 4.89E+07

1.2 18.66 6.23E+05 1.2 19.711 1.17E+06

1.3 18.653 3.49E+07 1.3 19.714 3.94E+07

1.4 0 0 1.4 0 0
�

3.55E+07
�

4.05E+07
�

4.07E+07
�

4.89E+07

Syn DP Anti DP

2.1 0 0 2.1 0 0

2.2 18.662 1.35E+05 2.2 19.718 2.51E+05

2.3 18.655 3.91E+07 2.3 19.712 4.32E+07

2.4 0 0 2.4 0 0
�

3.92E+07
�

4.34E+07

X 4E+07 X 4.20E+07 X 4.07E+07 X 4.89E+07

13C12BDE-126 13C12BDE-169 13C12BDE-126 13C12BDE-169

1.1 0 0 1.1 0 0 Ref 12.357 1.08E+07 Ref 15.066 1.33E+07

1.2 0 0 1.2 0 0

1.3 12.344 8.10E+06 1.3 15.054 1.09E+07

1.4 0 0 1.4 0 0
�

8.10E+06
�

1.09E+07
�

1.08E+07
�

1.33E+07
13C12BDE-126 13C12BDE-169

2.1 0 0 2.1 0 0

2.2 0 0 2.2 0 0

2.3 12.34 8.38E+06 2.3 15.051 1.14E+07

2.4 0 0 2.4 0 0
�

8.38E+06
�

1.14E+07

X 8.24E+06 X 1.12E+07 X 1.08E+07 1.33E+07



Table 2. The peak areas of dec 602, -603, -604 and 13C12PCB-209 in the alumina
elution and the reference peak areas. Presented are the parallel columns and in which
fractions the compounds were eluted. The recoveries are presented in table 18.

Compound RT (min.) A Compound RT (min.) A Compound RT (min.) A Compound RT (min.) A

Dec 602 Dec 603 Dec 602 Dec 603

1.1 0 0 1.1 0 0 Ref 11.144 7.93E+07 Ref 15.067 1.16E+08

1.2 11.111 6.69E+07 1.2 15.036 3.97E+07

1.3 11.14 55099 1.3 15.064 5.26E+07

1.4 11.135 16218 1.4 15.054 69057
�

6.69E+07
�

9.23E+07
�

7.93E+07
�

1.16E+08

Dec 602 Dec 603

2.1 0 0 2.1 0 0

2.2 11.126 7.58E+07 2.2 15.049 6.81E+07

2.3 11.3661 1336610 2.3 15.077 4.02E+07

2.4 11.14 18624 2.4 15.057 23307
�

6.69E+07
�

1.08E+08

X 7.20E+07 X 1.00E+08 X 7.93E+07 X 1.16E+08

Dec 604 13C12PCB-209 13C12PCB-209 Dec 604

1.1 0 0 1.1 11.773 2.21E+08 Ref 15.792 3.55E+08 Ref 11.805 3.65E+08

1.2 0 0 1.2 11.777 6.15E+07

1.3 15.785 3.17E+08 1.3 11.803 218153

1.4 15.075 141613 1.4 11.794 172696
�

3.17E+08
�

2.83E+08
�

3.55E+08
�

3.65E+08

Dec 604 13C12PCB-209

2.1 0 0 2.1 11.789 2.63E+08

2.2 0 0 2.2 11.789 4.94E+07

2.3 15.799 3.15E+08 2.3 11.813 948669

2.4 15.785 104221 2.4 11.809 197438
�

3.15E+08
�

3.13E+08

X 3.16E+08 X 2.98E+08 X 3.55E+08 X 3.65E+08



H Silica clean-up

Table 1. The peak areas and recoveries of DP, 13C12BDE-126 and -169 in the original
silica elution (section 14.5.1) and the reference peak areas. Presented are the parallel
columns and in which fractions the compounds were eluted.

Compound RT (min.) A Compound RT (min.) A Compound RT (min.) A Compound RT (min.) A

Syn DP Anti DP Syn DP Anti DP

1.1 0 0 1.1 0 0 Ref 18.671 4.07E+07 Ref 19.723 4.89E+07

1.2 0 0 1.2 0 0

1.3 18.687 2.84E+07 1.3 19.748 3.18E+07
�

2.84E+07
�

3.18E+07
�

4.07E+07
�

4.89E+07

Syn DP Anti DP

2.1 0 0 2.1 0 0

2.2 0 0 2.2 0 0

2.3 18.687 3.00E+07 2.3 19.743 3.18E+07
�

3.00E+07
�

3.33E+07

X 2.92E+07 X 3.25E+07 X 4.07E+07 X 4.89E+07

13C12BDE-126 13C12BDE-169 13C12BDE-126 13C12BDE-169

1.1 0 0 1.1 0 0 Ref 12.357 1.08E+07 Ref 15.066 1.33E+07

1.2 0 0 1.2 0 0

1.3 12.358 6.01E+06 1.3 15.078 7.43E+06
�

6.01E+06
�

7.43E+06
�

1.08E+07
�

1.33E+07
13C12BDE-126 13C12BDE-169

2.1 0 0 2.1 0 0

2.2 0 0 2.2 0 0

2.3 12.368 6.49E+06 2.3 15.082 8.37E+06
�

6.49E+06
�

8.37E+06

X 6.25E+06 X 7.90E+06 X 1.08E+07 X 1.33E+07



Table 2. The peak areas of DP, 13C12BDE-126 and -169 in the optimisation of the
silica column clean-up and the reference peak areas. The recoveries are presented in
table 19.

Compound RT (min.) A Compound RT (min.) A Compound RT (min.) A Compound RT (min.) A

Volume Volume

Syn DP Anti DP Syn DP Anti DP

1.1 0 0 1.1 0 0 Ref 18.697 6.99E+07 Ref 19.753 8.40E+07

1.2 0 0 1.2 0 0 Ref 18.703 7.96E+07 Ref 19.763 9.51E+07

1.3 0 0 1.3 0 6

1.4 18.717 6.54E+07 1.4 19.775 7.94E+07

1.5 18.721 399105 1.5 19.776 1.21E+06

1.6 0 0 1.6 0 0

1.7 0 0 1.7 0 0

1.8 0 0 1.8 0 0
�

6.58E+07
�

8.06E+07
�

7.48E+07
�

8.95E+07

Composition Composition

Syn DP Anti DP

2.1 0 0 2.1 0 0

2.2 0 0 2.2 0 0

2.3 0 0 2.3 0 0

2.4 18.686 4.09E+07 2.4 19.743 4.45E+07

2.5 18.718 2.28E+07 2.5 19.778 3.26E+07

2.6 18.712 2.64E+06 2.6 19.77 4.08E+06

2.7 18.704 2.61E+05 2.7 19.757 7.53E+05

2.8 0 0 2.8 0 0
�

6.65E+07
�

8.20E+07

Volume Volume
13C12BDE-126 13C12BDE-169 13C12BDE-126 13C12BDE-169

1.1 0 0 1.1 0 0 Ref 12.378 8.63E+06 Ref 15.091 1.04E+07

1.2 0 0 1.2 0 0 Ref 12.385 9.61E+06 Ref 15.104 1.22E+07

1.3 0 0 1.3 0 0

1.4 12.387 6.65E+06 1.4 15.110 9.13E+06

1.5 0 0 1.5 0 0

1.6 0 0 1.6 0 0

1.7 0 0 1.7 0 0

1.8 0 0 1.8 0 0
�

6.65E+06
�

9.13E+06
�

9.12E+06
�

1.13E+07

Composition Composition
13C12BDE-126 13C12BDE-169

2.1 0 0 2.1 0 0

2.2 0 0 2.2 0 0

2.3 0 0 2.3 0 0

2.4 12.361 3.25E+06 2.4 15.086 4.56E+06

2.5 12.395 3.05E+06 2.5 15.113 3.39E+06

2.6 12.397 552509 2.6 15.118 453948

2.7 0 0 2.7 0 0

2.8 0 0 2.8 0 0
�

6.86E+06
�

8.40E+06



Table 3. The peak areas of dec 602, -603, -604 and 13C12PCB-209 in the silica elution
and the reference peak areas. Presented are the parallel columns and in which fractions
the compounds were eluted. The recoveries are presented in table 20.

Compound RT (min.) A Compound RT (min.) A Compound RT (min.) A Compound RT (min.) A

Dec 602 Dec 603 Dec 602 Dec 603

1.1 0 0 1.1 0 0 Ref 11.144 7.93E+07 Ref 15.067 1.16E+08

1.2 11.121 2.05E+06 1.2 0 0

1.3 11.136 7.74E+07 1.3 15.054 1.14E+08
�

7.95E+07
�

1.14E+08
�

7.93E+07
�

1.16E+08

Dec 602 Dec 603

2.1 0 0 2.1 0 0

2.2 11.120 1.29E+06 2.2 0 0

2.3 11.117 7.47E+07 2.3 15.038 1.03E+08
�

6.98E+07
�

1.03E+08

X 7.47E+07 X 1.08E+08 X 7.93E+07 X 1.16E+08

Dec 604 13C12PCB-209 13C12PCB-209 Dec 604

1.1 0 0 1.1 11.803 2.56E+08 Ref 15.792 3.55E+08 Ref 11.805 3.65E+08

1.2 0 0 1.2 11.785 3.97E+06

1.3 15.901 3.40E+08 1.3 11.798 6.54E+06
�

3.40E+08
�

2.66E+08
�

3.55E+08
�

3.65E+08

Dec 604 13C12PCB-209

2.1 0 0 2.1 11.808 3.13E+08

2.2 0 0 2.2 11.782 3.22E+06

2.3 15.756 3.18E+08 2.3 11.779 3.96E+06
�

3.18E+08
�

3.20E+08

X 3.29E+08 X 2.93E+08 X 3.55E+08 X 3.65E+08



I Charts for the determination of the instrument detec-
tion limit
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Figure 1. The relative standard deviation values (RSD) acquired from the parallel
injections of the calibration curve solutions against their concentrations.



J Calibration curves for the analytes

Figure 1. The calibration curves of dec 602, -603, -604, syn and anti DP.



K Chromatogram of the high concentration sediment

Figure 1. Chromatogram of the high concentration sediment (ECNI, 150 eV, reagent gas pressure 12 torr, SIM). The GC-method is presented
in section 14.3.



L Chromatogram and spectra of high concentration sediment

Anti DP

1. [DP ! Cl]!

2. [DP ! 2 Cl]!

3. [DP ! 2 Cl]!

1. [DP ! Cl]!

2. [DP ! 2 Cl]!

3. [DP ! 2 Cl]!

Anti DP

Figure 1. Chromatogram and spectra of anti DP and its decomposition products in the high concentration sediment (ECNI, 150 eV,
reagent gas pressure 12 torr, SCAN 400 - 700 m/z). The GC-method is presented in section 14.3.


