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Abstract

A third of adults in the UK admit to using controlled substances at least once hi their 

lives and the most commonly abused drug was found to be cannabis, followed by the 

opiates and ecognine derivatives. Forensic laboratories are continually trying to reduce 

the turnaround time for samples submitted for analysis, to less than the current time of 

four days. One of the main aims of this work was to reduce the time taken to prepare, 

extract and analyse hair for target analytes. A new method combining supercritical fluid 

extraction and solid phase micro-extraction (SFE/SPME) is introduced. This coupled 

procedure utilises the advantages of using supercritical carbon dioxide as an extraction 

solvent and collecting the extract on a selected SPME fibre. Together the combined 

techniques provide a method that is solvent-free and highly selective, whilst reducing 

sample preparation to a minimum. Digested hair samples are examined by SEM to find 

the best method. Alkali hydrolysis and enzyme digestion using proteinase K were found 

to be the most effective pre-extraction methods. Solid hair samples with the addition of a 

derivatization reagent (BSTFA) gave the best results using the coupled technique. After 

optimisation and validation, the extraction from both real and spiked samples resulted in 

recoveries between 60% to 80% for the target analytes A9-tetrahydrocannabinol (A9- 

THC) , cannabinol (CBN) and cannabidiol (CBD).

Other forensic applications such as the extraction of polycyclic aromatic hydrocarbons 

and pesticides from environmental and food samples and the examination of fire debris 

for the presence of accelerants are also carried out. PAH could easily be extracted from 

complex matrices to give recoveries of up to 97% for some analytes at the optimised 

conditions of 90°C at 4500 psi over a 10 minute dynamic extraction period. Pesticide 

extraction gave recoveries of 60 - 80% while the extraction of accelerants from fire 

debris clearly showed that accelerants such as diesel can be identified over the 

coincidental PAH and hydrocarbon peaks found in burnt debris.

The coupling of SFE to SPME provides an exciting technique that has a wide range of 

applications and creates potential for a fully automated on-line system.
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Chapter 1 

Introduction

1.1 General Introduction

Forensic toxicology can broadly be described as the study of toxins in the course of 

criminal or civil judicial investigations. There are over 10000 known toxic substances 

[1], but despite this, the bulk of work undertaken by forensic toxicology laboratories is 

the analysis of drugs of abuse; annual government expenditure on tackling drug abuse 

and drug related crime is around £1.5 billion [2] and a range of analytical methods, 

from physical and chemical methods to chromatographic techniques, have been 

developed to tackle a wide variety of sample matrices.

The preparation of the sample for further analysis is of vital importance since the 

quality of the preparation work will, to a large degree, determine the quality of the 

analyte obtained from the separation and accuracy of the analysis [3]. If the preparation 

technique is poorly executed, the resulting analysis may be inaccurate. Smith [4] points 

out that sample preparation is not generally considered to be important and is often 

carried out by junior or inexperienced members of laboratory staff who may have 

received little training in sample preparation techniques. This being the case, it is 

important to use techniques that will be simple and less time consuming in order to 

eliminate errors.

Drugs of abuse, whose possession is restricted by law, may lead to a physical or 

psychological dependence [5]. According to a recent Home Office survey [2], a third of 

adults in the UK admit to using controlled substances at least once in their lives and the



most commonly abused drug was found to be cannabis, followed by the opiates and 

ecgonine derivatives. Unfortunately there is no single screening method which is 

effective for all drug types as the presence of acidic or basic elements within the drug 

can affect its extractability and each screening system has its limitations [6]. Human 

hair has received considerable attention as a specimen for evidence of drug use in 

forensic investigations although there are still arguments over the differentiation 

between environmental and physiological sources of any traces of drugs found to be 

present [7, 8]. The sample preparation for the analysis of illicit drags in hair generally 

involves a rinsing step to remove any environmental contamination from the hair 

surface before breaking down the keratinous structure by hydrolysis or digestion 

methods followed by sample clean-up before final analysis. There are many different 

ways of carrying out such extractions and organisations such as the Society of Hair 

Testing (SoHT) are continually trying to develop proficiency tests in order to 

standardise these methods and techniques. The collaborating laboratory in this work, 

has gained United Kingdom Accreditation Service (UKAS) accreditation for its hair 

testing methods and these form the basis of the investigation steps carried out. One of 

the main aims of this work was to reduce the time taken to prepare, extract and analyse 

hair for the target analytes. Sample preparation techniques used by the collaborating 

laboratory were assessed and the extraction technique that they currently use was 

compared with the novel SFE/SPME technique in order to reduce the sample 

preparation and extraction times.

1.2 The extraction of sample matrices

Sample preparation reduces an often complex matrix to a form that is more suitable for 

separation and analysis. Irrespective of the nature, composition or size of the matrix, 

the goal is to obtain a sample from the original matrix that contains all the substances of

2



analytical interest using a method that is reproducible, quantitative and offers good 

recovery rates [9].

The type of extraction technique used may be solid, liquid or gas phase extraction, 

dependent upon the solubility and polarity of the sample; for example a sorbent 

trapping method might be used because of the problems faced when extracting non- 

polar analytes from aqueous samples such as biological matrices. The extraction of 

solid samples is usually achieved by techniques such as pyrolysis and thermal 

desorption and solid sample digestion or hydrolysis. Techniques such as Soxhlet, 

accelerated solvent extraction, pressurised liquid extraction and supercritical fluid 

extraction can also be used for the extraction of analytes from some solid and liquid 

samples; however, the extraction of liquid samples is usually performed by sorbent 

trapping such as solid phase extraction, stir bar extractions, solid phase micro- 

extraction, liquid-liquid and solid phase dynamic extraction. Gas samples are most 

commonly extracted by headspace analysis.

1.2.1 Solid sample extraction

Pyrolysis is the thermal degradation of a sample. At high temperature, the bonds within 

a sample molecule may break allowing its fragmentation into smaller units. Large 

molecules fragment in a characteristic fashion so that a 'fingerprint' may be obtained 

for a sample making this a reproducible form of analysis. Pyrolysers are used for most 

analytical work at temperatures between 500°C and 800°C but can be used up to 

1400°C. Pyrolysis - Gas chromatography (Py-GC) has been used in recent years on 

foods[10], drugs and biological metabolites [11-13].

Thermal desorption samples are heated in a sample matrix or on a sorbent. The analytes 

of interest desorb at high temperatures into a flow of inert gas, which transfers them to



the analyser; however, this is rarely done in a single step as the sample volume is 

usually too large and gives a poor resolution and low sensitivity. More commonly, 

thermal desorption occurs in two steps using a focusing mechanism to concentrate the 

analytes into as small a volume as possible before analysis. This is done by cold 

trapping or cryofocusing using a small electrically-cooled sorbent trap or cryogenic gas 

for rapid cooling. The sample of 100 - 200 mL is concentrated down to 100 - 200 \iL 

of vapor which is then introduced into the analyzer thus optimizing the detector 

response [14]. Thermal desorption has been used on matrices such as coffee, tea, foods 

and essential oils in order to extract volatiles in the form of fragrances and aroma 

compounds [15].

Solid sample digestion and hydrolysis can be achieved using enzymes or other acid or 

basic organic solvents. Alkali hydrolysis is most commonly performed using 1 molar 

sodium hydroxide (NaOH) and heat [16] while acid hydrolysis most frequently uses 2 

molar hydrochloric acid (HCI) followed by NaOH to neutralise the sample before 

further extraction [17]. Despite being the most commonly used hydrolysis method, 

acid/base hydrolysis has limitations; for example, some analytes such as cocaine and 6- 

monoacetylmorphine (6-MAM) are destroyed or converted into benzoylecgonine and 

heroin respectively, giving inaccurate results [18] and enzyme digestion is therefore the 

most suitable way to treat these samples without compromising the sample. Various 

types of enzymatic digestion have been proposed over the past two decades [19], the 

most frequently used being proteinase K with dithiothreitol (DTT) in a pH 7.2 

Tris(hydroxymethyl)methylamine (tris buffer) solution [19-21] which produces 

accurate quantitative results.



1.2.2 Solvent extraction and enhanced solvent extraction

Solvent extraction is the extraction of compounds of interest into an organic solvent. 

Solvent extraction may be carried out using mixer-settlers, static or agitated columns or 

Soxhlet extraction. All require long extraction periods; however, each method allows 

the effective removal of samples of interest, commonly pesticides and lipids in waste 

water [22]. The basis of Soxhlet extraction is the cycle of vaporisation and 

condensation of the sample and the collection of the extract separately from the sample 

material. Advantages of this method are that both polar and non polar solvents can be 

used and that fresh solvent is continually being bought into contact with the sample. If 

the functional group of the solute is known, a solvent can be selected according to its 

extraction capabilities and the solute's chemical structure. However, this form of 

extraction has the disadvantages of lengthy extraction times and the use of large 

amounts of harmful solvents with Soxhlet using up to 500 ml per sample (on an 

analytical scale) [23, 24].

Enhanced solvent extraction methods are those that can be accelerated by heat, pressure 

or sonication. In the past three decades these methods have emerged as improvements 

to the traditional Soxhlet method. Accelerated solvent extraction (ASE), also known as 

pressurised solvent extraction (PSE), is a technique in which the solvent is pumped into 

the extraction cell containing the sample, which is then brought to an elevated 

temperature and pressure, the pressure maintaining the solvent in its liquid state and the 

raised temperature enhancing the extraction and solvating efficiency and reducing the 

extraction time [23].

Microwave-assisted extraction (MAE) heats the solvent using microwave radiation 

raising the temperature rapidly in a closed system, reducing the extraction time to 30
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minutes or less and also reducing the solvent consumption [24]. The solvent is heated 

without the associated pressure increase of PSE. The main drawback of this method is 

that it requires cooling before the extract can be obtained [4].

The methods mentioned above are similar to supercritical fluid extraction (SFE) in that 

they may often use a combination of pressure and temperature but maintain the solvent 

in its liquid or subcritical state, whereas SFE uses pressure and temperature to raise the 

solvent above its critical point. SFE is discussed in greater depth in the following 

chapter.

1.2.3 Sorbent trapping in liquid samples

Sorbent trapping is the most commonly used method for obtaining analytes from a 

liquid sample. The separation of molecules on sorbent materials gave rise to the 

chromatographic techniques first described by Tswett at the turn of the twentieth 

century [3]. There are many different sorbent trapping methods, all of which are fast 

and use small quantities of solvent and among the most commonly used is solid phase 

extraction which employs disposable, inexpensive cartridges or columns containing a 

silica-based sorbent. The sorbent retains the analytes of interest as they are washed 

through the column and may also retain some impurities that can be "rinsed" off the 

column before the analyte is eluted with a small volume of solvent, thus effectively 

'cleaning and concentrating' the sample. Recoveries are high, extracts are relatively 

pure, it is possible to extract simultaneously analytes of a wide polarity range and the 

volumes of organic solvents used are greatly reduced. Since the technique's 

development, a wide range of sorbents have been developed and the possible 

combinations of sorbent, solvent and sample matrices are highly varied and thus so are 

the technique's applications. The main use of SPE is in the extraction of drugs of abuse 

from biological samples [6, 17, 25-29] and pesticide analysis [30-32] with further
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applications such as pharmaceuticals, amino acids, cholesterol, steroids and chemical 

weapons also reported [33-37].

Stir bar sorptive extraction (SBSE) is a relatively new technique very similar to solid 

phase microextraction (SPME, described in the next chapter)). SBSE uses a magnetic 

stir bar coated with polydimethyl siloxane (PDMS), which provides a considerably 

larger surface area than a SPME fibre and is also more robust. The stir bar is placed 

into the sample and stirred for a particular length of time, usually until equilibrium has 

been reached between the sorbent and the sample. The bar is then removed and placed 

into a specially designed thermal desorption tube which can flush the desorbed extract 

directly onto a gas chromatograph injection port [38, 39].

1.3 Derivatization of non-volatile samples

Derivatization is the transformation of a compound into a derivative with a similar 

structure. The functional group reacts with an added derivatization reagent to form a 

derivative compound with a different boiling point, solubility, chemical composition or 

reactivity [40], that can more easily be analysed. Derivatization can also reduce the 

polarity of high molecular weight drugs and overcome the forces holding the molecules 

together, or enhance the molecular weight of highly volatile ones [41].

The derivatization process must be selected according to the functional group on the 

analyte that is most likely to increase the stability and/or volatility of the resulting 

compound [42-44]. An increase in volatility may mean the replacement of hydrogen in 

polar N-H, O-H and S-H groups by acylation, alkylation or silylation and groups 

containing O, N, S and P with available hydrogen may also be targeted [41,45,46].



Some compounds, although volatile, may be thermally unstable when introduced into 

the gas chromatograph; derivatization may be used to yield a more stable product, thus 

improving the chromatography of the peaks [45].

Commonly used derivatization reactions for the analysis of drugs-of-abuse include 

silylation, alkylation and acylation. A number of factors must be considered when 

selecting the most appropriate method, including the ease of formation of the desired 

product with a safe, inexpensive and easily available reagent, any undesirable by 

products formed, mild, reaction conditions and the high yield of the required product in 

a volatile and stable form [44].

The derivatization method selected should also fit in with any extraction techniques 

used. Some authors have extensively researched the use of derivatization both before 

and after extraction using solid-phase microextraction [47-51]. This technique can then 

simply be combined with GC/MS for analysis. Since the purpose of derivatization is to 

confer volatility and stability, the analytes of interest can then be analysed by the 

interpretation of the fragmentation patterns produced by the MS.

1.3.1 Silyl Derivatives

Silylation is the most commonly used method of derivatization, producing silyl 

derivatives, which are more volatile and more thermally stable than the other types, by 

replacing active hydrogen with trimethyl silyl (TMS) groups [46] through nucleophilic 

attack. Silylation reagents are moisture sensitive and therefore aprotic solvents must be 

used; they are easily prepared, will silylate a wide range of compounds and there are 

many reagents to choose from, the most commonly used being BSA, BSTFA and 

MSTFA.
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1.3.1.1 Bis-trimethylsilylacetamide (BSA)

This was the first widely used silylating reagent. It has an acetamide leaving group and 

produces very stable by-products [52], reacting under mild conditions (room 

temperature and atmospheric pressure) with a wide range of analytes such as alcohols, 

amines, carboxylic acids, phenols, steroids and alkaloids. Klebe, et al [46] showed that 

BSA reacted with amino acids, hydroxyl compounds, organic acids and aromatic 

amides to form TMS derivatives.

1.3.1.2 N-methyl-trimethylsUyltrifluoroacetamide (MSTFA)

This is the most volatile of the acetamides and most often used in trace material 

analysis where the target derivatives may produce peaks close to the reagent or by 

product peak. The by-product n-methyl-trifluoroacetamide has an even lower retention 

time than the reagent and will elute with the solvent front, thus allowing the analysis of 

small molecules as their peaks are separated from the by-products [46]. This reagent is 

frequently used for the derivatization of cannabinoids, [47, 48], the analysis of which 

primarily involves the derivatization of phenolic groups with occasional alcohol 

hydroxyl and carboxyl groups.

1.3.1.3 Bis-trimethylsUyl-trifluoroacetamide (BSTFA)

The leaving group is trifluoroacetamide and therefore BSTFA reacts more quickly and 

more completely than BSA. It is highly volatile, as are its by-products, and as such does 

not interfere with early-eluting peaks [46, 52]. It also has the further advantage of 

acting as its own solvent; if the sample dissolves readily in the derivatization reagent 

this usually signifies that the derivatization process is complete, thus reducing the need 

for other solvents and the by-products do not clog the detectors. According to Pierce 

this reagent will not react with tertiary amines but will react readily with primary
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alcohols [40, 46] and this will therefore influence the type of derivatization used on 

cocaine metabolites. Cocaine is an alkaloid, which has a tertiary amine and two ester 

groups within its structure, and which does not require derivatization (although this 

does increase the sensitivity [41]). Two of the metabolites of cocaine, benzoylecgonine 

and ecgonine, contain free carboxyl groups that do require derivatization, usually by 

silylation. Figure 1.1 shows this reaction mechanism, producing benzoylecgonine - 

TMS.

<-' 11 , 
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Figure 1.1 Silylation of benzoylecgonine to benzoylecgonine-trimethylsiloxane 
by bis-trimethylsayl-trifluoroacetamide (BSTFA)

1.4 Drugs of abuse: Structure and metabolites

This work examines the most common of the many drug types and classes available, 

namely the cannabinoids, the opiates and the ecgonine derivatives, including cocaine 

and its primary metabolite, benzoylecgonine.
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1.4.1 The cannabinoids

Cannabis (derived from Cannabis sativa) is one of the most widespread misused drugs 

- approximately 3 million 16 to 60-year-olds used this drug in the UK in 2002 [2]. 

Research interest in this class C drug remains high particularly due to its continued 

illicit use. Several studies have shown that smoking cannabis impairs motor co 

ordination, short term memory and perception [53, 54].

The primary psychoactive analytes of cannabis are found in the flowering tops, leaves 

and resin of the plant, all of which can be inhaled via the smoke of the pyrolysed 

product whether in active or passive participation, and also absorbed via sweat on the 

skin or by ingestion. Cannabis contains three main psychoactive ingredients, neutral 

terpinoids referred to as cannabinoids, responsible for its hallucinogenic properties: A9- 

tetrahydrocannabinol (A9-THC), cannabinol (CBN) and cannabidiol (CBD). The 

constituent ratio of the major cannabinoids depends on the age of the compound, its 

geographical origin and the plant subspecies from which it derives [55]. Cannabinol 

(CBN) is a product of chemical degradation and so its relative abundance increases 

with the age of the product. The metabolites of cannabis are; 11-hydroxy-A9- 

tetrahydrocannabinol (THC-OH) a monohydroxylated product of the parent analyte A9- 

tetrahydrocannabinol (A9-THC) and ll-nor-9-carboxy-A9-tetrahydrocannabinol (THC- 

COOH) which is a further oxidation product of ll-hydroxy-A9-tetrahydrocannabinol 

(THC-OH) shown in Figure 1.2. These secondary metabolites are non-psychoactive but 

are of importance if detected as their presence confirms the use of cannabis [47].
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Figure. 1.2 Chemical structures of the primary psychoactive analytes of 
cannabis and their metabolites

1.4.2 The opiates

The opiates comprise around 25 natural and semi-synthetic alkaloids derived from the 

opium poppy (Papaver somniferuni), including opium and heroin, the acetylated 

version of morphine and its metabolite 6-monoacetyhnorphine (6-MAM). They are 

potent drugs that act principally on the central nervous system (CNS) and also on the 

respiratory and cardiovascular systems. Common effects are euphoria, anaesthesia and 

increased tolerance to pain giving them medicinal value.

Morphine is the principal active ingredient in opium and occurs naturally in poppy seed 

along with codeine, a methyl ester of morphine. Crude morphine can be acetylated to 

produce diamorphine, the primary constituent of heroin, typically a brown powder 

containing variable amounts of other opium alkaloids (e.g. 6-MAM, papavarine and 

acetylcodeine) and other adulterants such as caffeine [5]. If heroin is taken it is rapidly
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deacerylated to 6-monoacetylmorphine (6-MAM) which in turn is hydrolysed to 

morphine. Morphine is then metabolized by the liver, which conjugates it to morphine- 

glucuronide and then by N-demethylation to normorphine. Illicit heroin may also 

contain codeine and acetylcodeine and all of these compounds may be found in hair and 

urine. Codeine and morphine are also found to occur naturally in poppy seed, so neither 

of these compounds may be used as an indicator of heroin exposure, and therefore the 

metabolite 6-MAM is used in forensic testing as the indicator of illicit heroin use. The 

metabolic pathway for heroin is shown in Figure 1.3.

-NH NH

HO

H,C

Heroin

Figure.1.3 Structural changes of the opiates which occur during the 
metabolism of heroin
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1.4.3 Ecgonine derivatives

This drug group, which includes cocaine, is derived from the leaves of the coca plant 

Erythroxylan coca, a shrub native to South America. Traditionally, the plant was used 

by indigenous peoples for its mentally and physically-stimulating properties and later 

came to Europe under the guise of a medicine used for its effectiveness as a topical 

anaesthetic [56]. Cocaine may be synthesised by chemical means although this is more 

expensive than extracting it from plants. There are two main forms of cocaine. Cocaine 

hydrochloride, usually a white crystalline powder bulked out or 'cut' with lactose, 

caffeine, paracetamol or similar cutting agents [5]. This can also be converted into the 

other commonly found form, freebase cocaine, also known as crack, a white rock-like 

solid that is formed by heating cocaine hydrochloride with sodium bicarbonate in water. 

Cocaine stimulates the CNS giving rise to feelings of euphoria and enhanced mental 

and physical strength and a decrease in appetite. Physiologically, cocaine increases 

heart rate, blood pressure and body temperature, increases anxiety and can cause 

hallucinations [57]. Cocaine is metabolised by the hydrolysis of the ester by 

cholinesterase in the liver to give benzoylecgonine and ecgonine methyl ester, as shown 

in Figure 1.4.

Cocaine
Benzoylecgonine

Figurel.4 The metabolism of cocaine to form benzoylecgonine.

OH
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1.5 Summary

The aim of the analysis of a sample for a drug or another substance may be to provide 

information about its chemical identity and composition, the concentration of the target 

analyte, and thus whether this amount may arise from therapeutic administration of the 

substance or from its abuse. Examination of certain compounds such as the metabolites 

of active substances may be used to corroborate or refute an account given by the 

person from whom the sample has been taken, and the analysis of the chemical 

composition of substances may reveal information such as the geographical origin of 

certain illicit compounds.

Many different types of sample matrix can be analysed, including blood, urine, saliva, 

breath, vitreous humour, hair and nail clippings; however, some of these are more 

difficult to prepare for analysis than others, such as hair samples where the target 

analytes are frequently bound to the amino acid structures of the keratin and thus 

require hard techniques such as digestion or hydrolysis in order to break the compound 

down sufficiently to carry out the extraction. In most forensic laboratories, a 

presumptive test such as enzyme screening is carried out to eliminate negative samples. 

Positive samples then undergo further testing in order to quantify the analytes of 

interest. Most samples analysed are complex matrices with low target analyte 

concentration and therefore a suitable method of sample pre-treatment is required. The 

selected method should simplify the matrix and minimise matrix interference effects 

with the target, concentrate the target analyte to within an acceptable working range 

and also be compatible with the chemical form of the compound of interest. Extraction 

techniques used also depend on the type of sample to be analysed, falling broadly into 

solid, liquid or gaseous sample preparation. Techniques that can be applied to hair
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samples include SFE and SPME, the two extraction techniques investigated in this 

work.

lexicological samples and environmental samples are not usually analysed by the same 

methods. However, in this work a range of applications were also examined using the 

novel SFE/SPME technique in order to test the range and robustness of the technique 

interface. Toxicology encompasses any substance that has an injurious effect in 

sufficiently high quantities and so the effects of pesticides and polycyclic aromatic 

hydrocarbons on the environment and in the food chain were tested, as well as other 

forensic application such as the analysis of fire debris for the presence of accelerants. 

The results of these tests show that this technique is applicable for the analysis of a 

wide range of forensic applications.

16



References

1. Tebbett, I.R., ed. Gas Chromatography in Forensic Science. 1st ed. Ellis 
Horwood Series in Forensic Science, ed. D.J. Robertson. 1992, Ellis Horwood 
Ltd: New York.

2. Condon, J. and N. Smith, Prevalence of drug use: key findings from the 
2002/2003 British Crime Survey. 2003, British Home Office, p. 1-5.

3. Liska, I., Fifty years of solid-phase extraction in water analysis - historical 
development and overview. Journal of Chromatography A, 2000. 885(1-2): p. 3- 
16.

4. Smith, R.M., Before the injection - modern methods of sample preparation for 
separation techniques. Journal of Chromatography A, 2003.1000: p. 3 - 27.

5. King, L.A., The Misuse of Drugs Act: A guide for Forensic Scientists. 2003: 
Royal Society of Chemistry.

6. Drummer, O.K., Chromatographic screening techniques in systematic 
toxicological analysis. Journal of Chromatography B, 1999. 733: p. 27-45.

7. Kidwell, D.A. and D.L. Blank, Environmental Exposure - the stumbling block 
of Hair Testing, in Drug Testing in Hair, P. Kintz, Editor. 1996, CRC Press, p. 
17-68.

8. Kidwell, D.A., J.D. Kidwell, F. Shinohara, C. Harper, K. Roarty, K. Bernadt, 
R.A. McCaulley, and F.P. Smith, Comparisons of daily urine, sweat and skin 
swabs among cocaine users. Forensic Science International, 2003. 133: p. 63- 
78.

9. Macbool, A., Pesticide residue analysis using Supercritical Fluid Extraction, in 
School of Applied Science. 1993, University of Glamorgan: Pontypridd.

10. Galletti, G.C., G. Chiavari, and P. Bocchini, Thermal decomposition products of 
aspartame as determined by pyrolysis-gas chromatography/mass spectrometry. 
Journal of Analytical and Applied Pyrolysis, 1995. 32: p. 137-151.

11. Choi, S.Y., M.G. Kim, and H. Inoue, Determination of sulphur in biologically 
important substances by pyrolysis-gas Chromatography. Journal of Analytical 
and Applied Pyrolysis, 1995. 32: p. 127-136.

12. Hida, M., T. Mitsui, Y. Minami, and Y. Fujimura, Classification of hashish by 
pyrolysis-gas Chromatography. Journal of Analytical and Applied Pyrolysis, 
1995. 32: p. 197-204.

13. Mitsui, T., M. Hida, and Y. Fujimura, Determination ofalkaloidal narcotics by 
pyrolysis-gas Chromatography. Journal of Analytical and Applied Pyrolysis, 
1989.17(1): p. 83-89.

14. Waters poster, An introduction to the technique of thermal desorption. 2006, 
Markes International Ltd,.

15. Pfannkoch, E. and J. Whitecavage, Comparison of the sensitivity of Static 
Headspace GC, Solid Phase Microextraction and Direct Thermal Extraction for 
Analysis ofvolatiles in solid matrices, in Gerstel: Global Analytical Solutions. 
2000. p. 11.

16. Staub, C., P. Edder, and J.-L. Veuthey, Importance of Supercritical Fluid 
Extraction (SFE) in Hair analysis, in Drug Testing in Hair, P. Kintz, Editor. 
1996, CRC Press.

17. Girod, G. and C. Staub, Analysis of Drugs of Abuse in Hair by automated solid- 
phase extraction, GC/EI/MS and GC ion trap/CI/MS. Forensic Science 
International, 2000.107: p. 261-271.

17



18. Kintz, P., V. Cirimele, and P. Mangin, Testing Human Hair for Cannabis II. 
Identification of THC-COOH by GC-MS-NCI as a unique proof. Journal of 
Forensic Sciences, 1995.40: p. 619-622.

19. Offidani, C., S. Strano-Rossi, and M. Chiarotti, Improved enzymatic hydrolysis 
of hair. Forensic Science International, 1993. 63: p. 171-174.

20. Hold, K.M., D.G. Wilkins, D.E. Rollins, R.E. Joseph, and E.J. Cone, 
Simultaneous Quantitation of Cocaine, Opiates and their Metabolites in Human 
Hair by Positive Ion Chemical lonization Gas Chromatography-Mass 
Spectrometry. Journal of Chromatographic Science, 1998. 36(March): p. 125- 
130.

21. Joseph, R.E., K.M. Hold, and D.G. Wilkins, Drug Testing with alternative 
MatricesII. Mechanisms of Cocaine and Codeine Deposition in Hair. Journal of 
Analytical Toxicology, 1999. 23(October): p. 396-408.

22. Shah, V.K.G., H. Dunstan, and W. Taylor, An efficient diethyl ether-based 
soxhlet protocol to quantify faecal sterols from catchment waters. Journal of 
Chromatography A, 2006.1108(1): p. 111-115.

23. ASE: Applications. 2003, Dionex.
24. Buldini, P.L., L. Ricci, and J.L. Sharma, Recent applications of sample 

preparation techniques in food analysis. Journal of Chromatography A, 2002. 
975(1): p. 47-70.

25. Romano, G., N. Barbera, and I. Lombardo, Hair testing for drugs of abuse: 
evaluation of external cocaine contamination and risk of false positives. 
Forensic Science International, 2001.123: p. 119-129.

26. Segura, J., C. Stramesi, A. Redon, M. Ventura, C.J. Sanchez, G. Gonzalez, 
L.San, and M. Montagna, Immunological screening of drugs of abuse and gas 
chromatographic-mass spectrometric confirmation of opiates and cocaine in 
hair. Journal of Chromatography B, 1999. 724: p. 9-21.

27. Chi Chu, M.H. and O.H. Drummer, Determination of Delta-9-THC in Whole 
Blood using Gas Chromatography-Mass Spectrometry. Journal of Analytical 
Toxicology, 2002. 26(November/December): p. 575-581.

28. Goodpaster, J.V., B.C. Drumheller, and B.A. Benner, Evaluation of Extraction 
Techniques for the Forensic Analysis of Human Scalp Hair Using Gas 
Chromatography/Mass Spectrometry (GC/MS). Journal of Forensic Science, 
2003. 48(2): p. 1-8.

29. Romolo, F.S., M.C. Rotolo, I. Palmi, R. Pacifici, and A. Lopez, Optimized 
conditions for simultaneous determination of opiates, cocaine and 
benzoylecgonine in hair samples by GC-MS. Forensic Science International, 
2003.138: p. 17-26.

30. Guardia Rubio, M., A. Ruiz Medina, M.I. Pascual Regura, and M.L. Fernandez 
de Cordova, Multiresidue analysis of three groups of pesticides in washing 
waters from olive processing by solid-phase extraction-gas Chromatography 
with electron capture and thermionic specific detection. Microchemical Journal. 
85(2): 257-264.

31. Kiss, A., S. Rapi, and C. Csutoras, GC/MS studies on revealing products and 
reaction mechanism of photodegradation of pesticides. Microchemical Journal. 
85(1): 13-20.

32. Sharif, Z., Y. Bin Che Man, N.S. Abdul Hamid, and C.C. Keat, Determination 
of organochlorine and pyrethroid pesticides in fruit and vegetables using solid 
phase extraction clean-up cartridges. Journal of Chromatography A. 1127(1-2): 
254-261.

18



33. Cunha, S.S., J.O. Fernandes, and M.B.P.P. Oliveira, Quantification of free and 
esterified sterols in Portuguese olive oils by solid-phase extraction and gas 
chromatography-mass spectrometry. Journal of Chromatography A. 1146(1): 
136-138.

34. Gonzalez-Pinuela, C., R.M. Alonso-Salces, A.Andres, I. Ortiz, and J.R. Viguri, 
Validated analytical strategy for the determination of polycyclic aromatic 
compounds in marine sediments by liquid chromatography coupled with diode- 
array detection and mass spectrometry. Journal of Chromatography A. 1129(2): 
189-200.

35. Josefsson, M. and A. Sabanovic, Sample preparation on polymeric solid phase 
extraction sorbents for liquid chromatographic-tandem mass spectrometric 
analysis of human -whole blood--A study on a number of beta-agonists and beta- 
antagonists. Journal of Chromatography A, 2006.1120(1-2): p. 1-12.

36. Maragou, N.C., E.N. Lampi, N.S. Thomaides, and M.A. Koupparis, 
Determination of bisphenol A in milk by solid phase extraction and liquid 
chromatography-mass spectrometry. Journal of Chromatography A. 1130(1): 
91-96.

37. Saradhi, U.V.R.V., S. Prabhakar, TJ. Reddy, M.R.V.S. Murty, Ion-pair solid- 
phase extraction and gas chromatography-mass spectrometric determination of 
acidic hydrolysis products of chemical warfare agents from aqueous samples. 
Journal of Chromatography A. In Press, Corrected Proof.

38. Gerstel, Introducing Stir Bar Sorptive Extraction. 2003, Gerstel Global 
Analytical Solutions, p. 1-20.

39. Rial-Otero, R., E.M. Gaspar, I. Moura, and J.L. Capelo, Chromatographic - 
based methods for pesticide determination in honey: An overview. Talanta, 
2006. 71(5): 1906-1914.

40. Toyo'oka, T., ed. Modern Derivatization Methods of Separation Sciences. 1999, 
New York, Wiley and Sons.

41. Knapp, D.R., Handbook of Analytical Derivatization Reactions. 1979: John 
Wiley and Sons, London.

42. Cirimele, V., Cannabis and Amphetamine Determination in Human Hair, in 
Drug Testing in Hair, P. Kintz, Editor. 1996, CRC Press, New York.

43. Garside, D. and B.A. Goldberger, Determination of Cocaine and Opioids in 
Hair, ed. P. Kintz. 1996: CRC Press, New York.

44. Liu, R.H. and D.E. Gadzala, Handbook of Drug Analysis: Applications in 
Forensic and Clinical Laboratories. 1997.

45. Blau, K. and J.M. Halket, eds. Handbook of Derivatives of Chromatography. 
2nd ed. 1993, John Wiley and Sons, London.

46. Pierce, Derivatization Reagents. 2003, Pierce Biotechnology.
47. Musshoff, F., H.P. Junker, D.W. Lachenmeier, L. Kroener, and B. Madea, Fully 

Automated Determination of Cannabinoids in Hair Samples using Headspace 
Solid-phase Microextraction and Gas Chromatography-Mass Spectrometry. 
Journal of Analytical Toxicology, 2002. 26(November/December): p. 554-560.

48. Musshoff, F., D.W. Lachenmeier, L. Kroener, B. Madea , Automated headspace 
solid-phase dynamic extraction for the determination of cannabinoids in hair 
samples. Forensic Science International, 2003.133: p. 32-38.

49. Pan, L. and J. Pawliszyn, Derivatization/Solid-Phase Microextraction: New 
Approach to Polar Analytes. Analytical Chemistry, 1997a. 69: p. 196-205.

50. Pan, L., J. Pawliszyn, and M. Chong, Determination of Amines in air and water 
using derivatization combined with solid-phase microextraction. Journal of 
Chromatography A, 1997b. 773: p. 249-260.

19



51. Pawliszyn, J., Solid Phase Microextraction: Theory and Practice. 1997: Wiley- 
VCH.

52. Regis, GC Derivatization. 2000, Regis Technologies.
53. Heishman, S.J., Effects of Abused Drugs on Human Performance: Laboratory 

Assessment, in Drug Abuse Handbook, S.B. Karen, Editor. 1998, CRC Press.
54. Grotenhermen, F., Pharmacokinetics and Pharmacodynamics of Cannabinoids. 

Clinical Pharmacokinetics, 2003. 42(4): p. 327-360.
55. Harvey, D.J. and W.D.M. Paton, Metabolism of the Cannabinoids. Reviews in 

Biochemical Toxicology, 1984. 6: p. 221-264.
56. Williams, T.I., Drugs from plants. 1st ed. Sigma Introduction to Science. 1947, 

London: Sigma Books Ltd.
57. Bono, J.P., Criminalistics- Introduction to Controlled Substances, in Drug 

Abuse Handbook, S.B. Karch, Editor. 1998, London, CRC Press, p. 1-76.

20



Chapter 2 

Theories and Techniques

2.1 Supercritical Fluid Extraction 

2.1.1 History and background

In 1822, Baron Charles Cagniard de la Tour discovered that substances become 

supercritical fluids once their critical temperature and pressure is exceeded. [1] 

However, it was not until 1879 that Hannay and Hogarth demonstrated the solvating 

power of supercritical fluids in solids [2]. In 1936 Wilson et al [3] developed the 

selective separation of lubricating oil into a number of products such as paraffin wax, 

asphalt and lighting oil. In the 70s the Kerr McGee Corporation developed the residium 

oil supercritical extraction process using supercritical fluids although the solvating 

power of these fluids remained unrecognised [3]. It was Zosel's [4] work with the 

decaffeination of green coffee beans that highlighted the extensive possibilities of 

supercritical fluid extraction. SFE first emerged in the mid-1980s as an alternative to 

the extraction techniques then being used on solid samples. After an initial surge of 

popularity as a method in the late 80s and early 90s, SFE has become a well established 

but not very widely used technique, largely used in environmental, pharmaceutical and 

polymer research. One of the major targets in current research is the development of 

new analyte collection methods with reduced solvent consumption, capable of 

producing more concentrated extracts [5].

This mode of extraction provides a technique that is simple, fast, efficient, selective, 

automated and environmentally 'friendly'. SFE depends on the ability of a supercritical 

fluid (SF) to selectively dissolve semi-volatile and non-volatile substances [6].
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Applications using SFE include the extraction of analytes from soils and plants[7, 8], in 

the dehydration of instant coffee, in the extraction of harmful substances and 

flavourants from food and oils [8, 9], pesticides and PAHs in crops [10-12]. SFE has 

since been developed for use in processing plants for the decaffeination of coffee and 

tea, for the processing of polymers, lubricants and chemicals, the recovery of oil from 

shale, selective extraction of fragrances and oils from food products and the extraction 

of compounds from biological matrices[6, 13-21].

2.1.2 Physio-chemical properties

A supercritical fluid is a substance above its thermodynamic critical temperature and 

pressure and which can only exist in the fluid phase [22]. It is as compressible and 

viscous [23] as a gas but also has the density of a liquid (0.1 to l.Og/ml) and thus also 

the corresponding dissolving power [5]. Figure. 1 shows a phase diagram of a 

supercritical fluid such as CC^. At the critical point, the density of the gas and liquid 

phases are identical, with the shaded region (SF) representing conditions at which the 

fluid is supercritical. The temperature and pressure at the critical point are Tc and Pc 

respectively. The vapour pressure curve starts at the triple point (TP) and ends at the 

critical point (CP). Above the Pc no liquification will occur and above the Tc no gas will 

be formed.

COi is the most widely used supercritical fluid because of its preferred critical 

properties (TC=31°C, Pc=1044 psi (72 bar)), low toxicity and non-polar character [5].
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1044 psi

31°C
Temperature

Figure. 2.1 Phase diagram for supercritical CO2

SF takes on the advantageous properties of both liquids and gasses and these variables 

can be controlled by pressure. These properties are: density - affecting the solvating 

power; viscosity - affecting the flow rate; and diffusion/ diffusivity - affecting mass 

transfer within the liquid. A comparison of each of these properties within the three 

physical states is shown in Table 1.

2.1.2.1 Density

Density is dependent on the temperature and pressure of the fluid. In the supercritical 

region, density increases with increasing pressure at constant temperature and decreases 

with increasing temperature at constant pressure. The density of a fluid affects its 

dissolving power; a solvent in liquid form is unaffected by pressure since its liquid 

density is not affected; however, if the solvent were to become supercritical its density 

could be changed over a wide range by the variation of temperature and pressure [22]. 

Therefore, the dissolving power of a supercritical fluid increases with density at a 

constant temperature or increases with temperature at a constant density [3].
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2.1.2.2 Diffusivity

This variable is also dependent on the temperature and pressure of the SF; its diffusivity 

decreases as pressure increases, while it increases with temperature. The diffusivity of 

an SF is always higher than that of its liquid form [22] and therefore the mass transfer 

will also be faster in the SF.

2.1.2.3 Viscosity

This is temperature dependent for both liquid solvents and supercritical fluids. While a 

liquid solvent is unaffected by pressure, the SF is highly affected by any pressure 

changes. An SF at constant temperature has an increased viscosity at increased 

pressure. This results in decreased diffusivity of the solute but increased solubility as 

the density decreases [22]. Viscosity is nearer that of a gas so solvating power and 

penetrating power will be greater in the SF than in the liquid.

has a number of characteristics that are advantageous to its use, including:

  Good solvating strength

  Temperature can remain fairly low making it relatively inexpensive.

  Non-toxic

  Non-flammable

  Non-corrosive

  Odourless

Its only disadvantage seems to be that it is unable to solvate polar samples sufficiently 

without a modifier [23]. While CO2 is the most commonly used supercritical fluid, 

there are many other substances which can be used in this way such as nitrous oxide or
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the noble gases. Nitrous oxide should be used with caution due to its oxidising power, 

while the noble gases are rarely used due to expense [23].

Table 2.1 Showing the approximate property values in different phases. [24]

Property

Gas

Supercritical fluid

Liquid

Density (p) 

(g cm'3)

IxlO'3

0.2

1

Viscosity (n) 

(g cnf1 s'1)

2x10^

SxlQ-4

2x1 0"2

Diffusivity(D) 

(g cm2 s'1)

0.3

OJxlO'3

0.2X10'3

The density of the supercritical fluid is lower than that of a liquid but 100 times greater 

than that of a gas and this means that the greater the density the greater the extraction 

capability of the supercritical fluid. The viscosity of the supercritical fluid is lower (more 

gas-like) than that of a liquid and this combined with the higher diffusivity of the 

supercritical fluid (greater mass transfer) give it greater solvent properties and improved 

extraction capabilities.

2.1.3 Modifiers

The number of solvents that can be used as supercritical fluids is relatively small and 

most possess higher Tc and Pc values than CO2 which, like many other solvents with 

moderate to low critical temperatures, is non-polar. This can be a distinct disadvantage 

when extracting solutes of high polarity or molecular weight; however, polar solvents 

tend to be highly toxic, and potentially more reactive. Small quantities of miscible polar 

solvents can instead be added to the SF to enhance its solvating power. The addition of a 

solvent such as methanol will alter the Tc and Pc and it is possible that it may affect the
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mass transfer if the modifier reacts with the solute e.g. by forming hydrogen bonds [3, 

22, 25].

2.1.4 Extraction

The sample is placed into an extraction cell; the pump supplies the extraction fluid, via 

stainless steel tubing, to the cell, which is contained in a pressurised oven. The extractor 

can be used in either static or dynamic mode. Static mode allows the sample cell to be 

filled with SF, the flow is stopped once the sample is immersed in the SF and the valve 

to the restrictor closed for a specified period. The target analyte is partitioned from the 

matrix and the COa carrying the extracted analyte flows out via a restrictor onto a 

sorbent or into a solvent trap. In the alternative dynamic mode, the SF is pumped over 

the sample at a given flow rate for a specified period of time with the restrictor valve 

open in order to allow the sample to be collected in the collection vessel. Figure. 2.2 

shows a schematic of the SFE instrumentation used in basic off-line extraction.

C02

Syringe Pump

Pressurised oven

Controller

.ctor

Figure 2.2 Block diagram of the ISCO supercritical fluid extraction system
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During extraction the flow rate and the density of the fluid can be controlled by varying 

the pump output or the back pressure in the system which is controlled by the restrictor. 

By regulating the pressure and temperature, the density or solvent strength of a 

supercritical fluid can be altered to simulate organic solvents.

2.1.4.1 Restrictors and sample trapping

The restrictor and the trapping device are intricately bound and the evaluation of the 

extraction cannot be carried out until the trapping step is optimised. If the trapping step 

is efficient then poor recoveries can be put down to poor extraction but if the trapping 

system is haphazard then poor recoveries could be the fault of the trapping system or of 

the extraction [3]. We can then see that the trapping system needs to be quantitative and 

reproducible unless the work requires qualitative analysis only.

In a variable restrictor such as is used in this work, it is noted that although the flow can 

be adjusted as the pressure increases, decompression cools the area surrounding the 

restrictor tip. Therefore at a high flow-rate cooling occurs more quickly which may 

encourage target analytes to precipitate at the restrictor tip and this may become quickly 

clogged. If the collection vial is heated this reduces the opportunity for such a problem 

to occur and it also reduces freezing caused by Joule-Thompson cooling of the SF. The 

separation of the extracted analyte from the SF can be achieved either by reducing the 

pressure or by increasing the temperature [22]. Reduced pressure reduces the solubility 

of the analyte and allows the SF to escape as a gas. This is the most commonly used 

method with the target analyte being trapped in three ways; 1) Solvent trapping; 2) 

Sorbent trapping and 3) Cryogenic trapping.
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Sorbent trapping allows the sample to be depressurised directly onto a sorbent bed. This 

can increase the selectivity of the method as there are a wide range of sorbents that may 

be selected according to the analyte of interest, thus eliminating any interfering 

compounds. The disadvantages of this method are chiefly that the restrictor may need 

heating to prevent clogging by Joule-Thompson cooling, and an extra step is added as 

the compound will need to be eluted from the sorbent before analysis and any addition 

of modifiers may alter the adsorbent material by saturating or altering the active sites. 

Solvent trapping is the simplest method and therefore the most popular with the extract 

flowing directly into a selected solvent. This method is less selective than the sorbent 

trapping and also requires temperature control of the restrictor in order to prevent 

clogging but this may have a decisive effect on the solvent since any solvent in contact 

with the restrictor tip will become heated and at the same time the solvent will be 

cooled by the escaping SF gas; all of this will have an effect on the solubility of the 

analyte.

Cryogenic trapping uses a cooled collection vessel, but this is limited to non-volatile 

compounds since a high gas-flow rate causes even moderately volatile compounds to be 

lost [26].

Heating of the trapping system should be cautiously applied because although the 

requirement is to increase heat in order to prevent clogging, the temperature should not 

be increased to the point of enhancing the volatility of the target analytes or they will not 

be trapped in sufficient quantities [5].
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2.1.4.2 Quantitation

Once the extraction cell has been loaded with a real or spiked sample it is important to 

optimise the density, pressure, temperature and trapping conditions for each analyte type 

that is analysed as there is unfortunately no universal extraction method. Occasionally a 

compromise must be found in order to achieve the optimum results from more than one 

of these parameters at a time. The variables also include flow rate, use of a modifier, 

extraction time, mode of extraction (static or dynamic), type of matrix and particle size, 

volume of extraction cell, type of analyte trap and trapping temperature.

hi line with current methods the aim of this work was to chose conditions that would 

minimise sample preparation time and use of harmful solvents while maximising the 

extraction efficiency of the analytes using total ion abundance as the measure of 

response. It was also important to be able to extract an analyte from a matrix containing 

co-extracting material. In order to do this the analyte of interest should have an 

appreciable difference in polarity, volatility or molecule size from that of the co-eluting 

species so that an adjustment of pressure or temperature could selectively extract a series 

of analytes from the same sample by changing the solvating power (density) of the SF.

The selectivity of SFE offers several advantages over other extraction techniques used 

in industry to isolate analytes from complex matrices. One such advantage is that SFE 

can be connected online to the chromatography step or GC/MS, thereby increasing the 

sensitivity of the method [16]. Supercritical fluids can utilise properties offered by both 

liquids and gases, e.g. the solvating power of a liquid and the lower viscosity of a gas.
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2.1.5 Limitations

The coupling of sample preparation steps to a chromatographic step is uncommon, 

since the extraction of analytes in solid samples usually requires a liquid solvent. On 

line coupling has not always been a possible solution as the volumes involved in the 

liquid solvent extraction are too large to be compatible with capillary GC columns [27]. 

Ideally an on-line extraction/GC method would extract a wide range of analytes by 

liquid extraction and rapidly and efficiently transfer the analytes to the GC. SFE-GC 

has been accepted as a possible technique since the SF is converted to the gas phase on 

depressurisation [28], allowing the introduction of the extracted analyte, already in the 

gas phase, to the GC. Hawthorn [22] discusses a number of approaches to coupling SFE 

to GC; however, there is little discussion of the SFE limitations. SFE is a poor extractor 

of polar compounds without the benefit of a modifier and the volumes of solvent used 

to trap analytes are larger than those used in GC analysis. The introduction of a sample 

loop mechanism could help reduce the amount of solvent used; however, this would in 

turn reduce the amount of extracted analyte reaching the GC [22]. The extraction of 

large (several grams) samples may require higher flow rates through the SFE with the 

concentration and focusing of the extracted sample before entering the GC in order to 

preserve detection sensitivity [28]. Present SFE-GC methods are not useful for samples 

that contain a high concentration of extractable but non-volatile components such as 

fats, whereas off-line methods can easily fractionate such samples [9, 26, 29]. SFE-GC 

methods have the advantages of speed, reducing the time taken for analysis, including 

extraction, sample concentration and separation to 30 - 60 minutes, and increased 

sensitivity if the entire sample is transferred to the GC [28]. SFE is not widely used in 

analytical extractions due to a number of limitations. The first of these is the selection 

of the supercritical fluid. Almost all analytical work uses CO2 as the SF; this is because 

it is relatively cheap in comparison to other possible choices such as noble gases.
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Nitrous oxide can also be used but is flammable as are the hydrocarbons and ammonia 

is chemically reactive and corrosive [30]. The principal difficulty with CO2 as the SF of 

choice is that polar analytes can not be easily extracted without the use of a modifier. 

Modifiers tend to be harmful and difficult to dispose of and so the volume of harmful 

solvents used per sample is therefore increased and the lack of analyte solubility data 

makes the selection of SF and modifier a process of trial and error [23]. The 

interactions between analytes and the sorptive sites on many substances are not yet 

fully understood and thus we have little in the way of solubility data that can easily be 

explained other than work carried out by Bartle et al where they were able to tabulate 

all the experimentally measured solubilities of single compounds of low volatility in 

pure SF CC>2[31]. Much of the work that has been done has focused on PAHs, foods, 

pesticides and lipids due to their low polarity. Polar samples and liquid samples, 

particularly those in an aqueous base are rarely analysed this way. Supercritical CO2 

has a low solubility in water and thus is difficult to use with aqueous samples. Water 

acts as a co-solvent and alters the extraction strength of the CC>2 and in addition tends to 

freeze as it evaporates on leaving the restrictor, causing blockages [23, 30, 32].

2.1.6 Analytical applications

SFE provides a means of direct extraction, effectively reducing the analysis time[19] 

and has proved a useful tool for extracting drugs from hair. Cirimele et al [15] were the 

first to extract cannabinoids from hair using the technique and Alien and Oliver [6] 

showed that SFE can be used to analyse spiked and authentic fortified human hair for 

qualitative and quantitative results. Brewer used a similar process to extract cocaine and 

its metabolites as well as opiates from hair [14]; however, he used 10% methanol as his 

modifier, while Alien and Oliver used chloroform and isopropyl alcohol (90:10 v/v). 

SFE has successfully been used to extract drugs of abuse from biological samples [17],
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hair [6, 14, 20] and blood and urine [13]. Kureckova's method compares SFE and 

SPME with the conclusion that both methods give similar results to currently used 

techniques, but that both these methods can be quicker to perform and easier to use than 

the widely used solid phase extraction technique.

We are not aware of any work that has been done using SFE and SPME as a dual 

extraction technique rather than as a comparison. Salleh et al [12] used both these 

techniques to extract pesticides from food. This was an attempt to achieve completely 

solvent-free extraction. Normally the analytes adsorbed onto the SPME fibre are 

desorbed in the injection port of a GC; however, Salleh et al went on to place the fibre 

into the SFE extraction vessel, for extraction by CC>2. The desorbed analytes were 

passed through a restrictor and collected in a collection solvent. Rodil et al [11] also 

discuss the joint use of these two techniques; however, they first explore the extraction 

of PCBs from fish food by SFE and collect the resulting analytes in a liquid solvent 

before proceeding with a collection and concentration step using the SPME fibre 

inserted into the nitrogen dried SFE extract vials. One of the major aims of this project 

was to test both these techniques as a coupled method, using the SFE step to extract the 

analytes of interest and collect the sample directly onto the SPME fibre instead of using 

a solvent trap or a sorbent which would require further elution. The SPME fibre could 

then be placed directly into the injection port of a GC for further analysis.
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2.2 Solid Phase Micro-extraction (SPME)

2.2.1 History and Background

SPME was developed by Arthur and Pawliszyn in 1990 [33] in order to address the 

need for rapid sample preparation. Before this work, sample preparation depended to a 

large degree on the standard solvent extraction techniques such as liquid/liquid 

extraction and SPE. While working on a laser desorption technique, Pawliszyn and Liu 

discovered that the preparation of their sample took an order of magnitude longer to 

prepare than the separation time. This highlighted the need for a sample preparation 

technique which could be completed in a similar length of time to separation and 

analysis in order to retain the efficiency advantages. Their work already utilised optical 

fibres dipped into the sample so the search for a rapid sample preparation technique 

began with these. The fibres were coated in various coatings to protect them from 

breaking, and knowledge of fused silica coatings used in chromatographic methods[33] 

was used to develop new coatings for their fibres. Once the silica coated fibres were 

tested it was a matter of time before the SPME injector was developed as we see it 

today. Over the past 16 years SPME has enjoyed a large following in analytical 

extraction with particular regard to the extraction of drugs of abuse from biological 

matrices

2.2.2 Theory of Solid Phase Micro-extraction

SPME is a fast, innovative, solvent free technique that is based on the distribution 

constant and equilibrium of the analyte between the solvent, the headspace and the 

coating of the fibre. The fibre is inserted into a closed vial, and equilibrium forms 

between the fibre coating, the headspace and the aqueous phase. Final recovery of the
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analyte is related to the combined equilibrium of these three phases. The distribution of 

the analyte among the three phases is represented by equation 1:

Equation 1 C0VS = Ch°°Vh + CS°°VS + Cf"Vf

Where C0 is the initial concentration of the solution; CVA" and Cf°° are the equilibrium 

concentrations of the analyte in the headspace, solution and fibre coating respectively; 

and Vh,Vs and Vf are the volumes of the headspace, solution and fibre coating 

respectively [33]. If no headspace is used then Ch°° and Vt, are omitted as the equilibrium 

forms between the solution and the fibre. Headspace sampling is the partitioning 

between the fibre, aqueous sample and its headspace, whereas direct immersion is the 

process of immersing the fibre directly into the sample so that partitioning only occurs 

between the fibre and the sample.

The practice of SPME is based on a fused silica fibre, protected by an injection needle 

(Figure. 2.3). The needle is placed into the solution of interest, or into its headspace, for 

a certain time at a certain temperature. The analytes of interest are absorbed onto the 

fibre, which is then retracted into the needle before re-injection into the injection port of 

an analytical instrument such as a GC/MS. The fibre is exposed in the injection port for 

a specific time as the analytes are desorbed and swept onto the column (Figure 2.4).

SPME Fibre Retaining nut Z-slot

A

Hub viewing
Fibre sheath (pierces the window Barrel Plunger 
septum of sample vial

Figure. 2.3 Design of the Supelco SPME device.
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Figure 2.4 Analyte desorption from the SPME fibre

2.2.3 Fibres and Coatings

SPME uses a small fused silica fibre, coated with a polymeric solid phase of Poly- 

dimethylsiloxane (PDMS). This organosilicon polymer consists of fully methylated 

linear siloxane polymers containing repeating units (n= 90 to 410) of (CHj^SiO, with 

trimethylsiloxy end units of (CH3)3SiO~ (Figure. 2.5) [34]. It appears as a clear, 

colourless, viscous liquid, which can be coated onto a surface for use as a stationary 

phase in chromatographic methods. When used in SPME, it is bonded onto the fused 

silica fibre. The stability of the different types of fibres is determined by the ability of 

the organosilicon polymer to bond and crosslink. [35]. There are a number of different 

types of SPME fibres, each with different properties. PDMS is the most common type 

and is a single component coating, which gives a non-polar phase. These are non-
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bonded and therefore stable; however, they do not contain any cross linking agents and 

tend to swell in organic solvents. PDMS fibres are manufactured in three thicknesses, 

7um, 30um and lOOum; the thicker the coating the more stable the fibre but the lower 

its ability to bond to the analyte. The other single component coating is polyacrylate, 

which is a polar phase and therefore has few applications for drugs-of abuse. There are 

also a number of multiple component coatings such as divinylbenzene (DVB) and 

Carboxen  which are suspended in PDMS or Carbowax®. These tend to be cross 

linked or fully bonded, containing cross linking agents and are therefore more stable 

and have a better thermal stability than the non-bonded type [35].

CHS— a— o-
1

CHj

P "
-a— o-

1CHa

CH3
-a —

1
CH3

n

Figure 2.5 Structure of organosilicon polymer with fully methylated linear 
siloxane polymers containing repeating units (n= 90 to 410) of (CH3)2SiO, with 
trimethv Isiloxy end units of (CH3)3SiO'

2.2.4 Extraction conditions

2.2.4.1 Extraction modes

There are two extraction modes that can be selected when using SPME. They are 

headspace (HS) extraction for volatile samples, and direct immersion (DI) for those 

samples with a medium to low volatility. When selecting the extraction mode the nature 

of the sample matrix and target analytes must be taken into account. If the sample 

matrix is dirty it may contain substances that damage the fibre so direct immersion 

should not be used. However, the target analyte may have a strong affinity for the 

matrix and therefore the headspace mode would be less effective than direct sampling. 

If the sample is dirty or very complex but the target analyte has low volatility a
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derivatization reagent can be used to increase the selectivity and sensitivity of the target 

compound and enable the use of headspace extraction. [33]

2.2.4.2 Temperature

An increase in extraction temperature causes an increase in extraction rate but a 

decrease in distribution constant [35]. Usually a balance must be found between the 

temperature which provides the shortest equilibrium time and the temperature at which 

the sensitivity is the greatest.

2.2.4.3 Time

The main objective for the optimisation of time in SPME work is in order to reach the 

distribution equilibrium. The amount of extract increases within the first few minutes 

but equilibrium is not reached until much later. When a short extraction time is used the 

longest possible exposure of the fibre should be applied in order to increase the 

equilibrium time. To further increase the equilibration time the system requires constant 

temperature and stirring. Stirring or agitation is required in order to increase mass 

transfer of the analyte from the matrix to the fibre.

2.2.4 Limitations

Micro-extraction (SPE) has few major limitations; however, its principal attraction, its 

size, is also one of its drawbacks. The fibre is 1 cm in length and can vary in thickness 

depending on the type used, although even the thickest coating measures only 100 um. 

This limits the number of available analyte attachment sites and reduces the volume of 

the sample analysed. The type of coating also has an effect on the efficiency of the 

method. More polar coatings are thinner and more cross linked. Both these
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characteristics further reduce the number of available attachment sites. However, 

increased cross linkage produces greater stability in the fibre, as it reduces the 

likelihood that the fibre will swell or react with solvents. Swelling of the fibre will 

prevent it being retracted into the protective injector and often causes breakages. The 

fibres are fragile and so caution is required when using direct immersion, heat or 

solvents. There is now a comprehensive list of fibre types for many applications; 

however, each of these has characteristic additional variables such as optimum 

temperature, sonication, stirring, salting out, the addition of derivatization reagents 

before, during or after the extraction stage and differing adsorption and desorption 

times for optimum extraction.
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2.2.5 Analytical applications

Earlier work discussing SPME and SPME fibres related to the extraction of drugs-of- 

abuse has been summarized in Table 2.2.

Table 2.2 A summary of applications of solid phase micro-extraction (SPME) 
for drugs of abuse. HS denotes the use of headspace extraction, DI denotes the 
practice of direct immersion.

Examples of Solid-phase Micro extraction of drugs of abuse from hair

Analytes

Amphetamines

Cocaine +

Amps

Cannabis

Cannabis

Cannabis

Cannabis

Cannabis +

Amps

Cocaine

SPME

Fibre Vial
DI/HS

(urn) (ml)

100 HS 12

100 HS 20

65 HS 4

SPDE HS 10

30 DI nd

100 HS 10

SPDE HS 10

100 DI 4

Extraction 
Time

Temp
(min)

60 20

60 60

100 30

90 20

15

90 25

90 20

nd 20

Detection

Limit

Desorption
Additives Stir (ng/ml)

(min)

Phosphate 
Y 3 0.1

buffer

K^COB N 5 0.7

NaSO4 N 5 nd

NaSO4 Y 20s 0.01

0.1

NaCO3 Y 5 0.05

NaCO3 Y 20s 0.005-1

K2CO3 Y 20 0.1

Linearity

(ng/ml)

0.1-100

0.1-20.0

nd

0.05-20

0.1-14

0.1-20

0.05-20

0.1-50

Ref

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

The use of solid phase dynamic extraction indicated as SPDE.

The 100 um PDMS fibre is the most popular for drugs-of-abuse applications [37, 39, 41- 

43]. Gentili reports limits of detection of 0.7 ng/mg for amphetamines and also for 

cocaine, but he does not report the levels of cocaine metabolites found. Only Musshoff 

[41] refers to any metabolites. He notes that ll-nor-9-carboxy-A9-tetrahydrocannabinol 

(THC-COOH), the secondary'metabolite of cannabis, was shown to have the lowest 

affinity for hair matrix and even using a triple quadrupole Mass Spectrometer, it was 

extremely difficult to detect. It is important that the metabolite levels are quantified and
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reported as they are more likely to prove that a drug has been used, and rarely occur by 

environmental exposure.

Lachenmeier et al and Musshoff et al [39, 42] have examined Solid-Phase Dynamic 

Extraction (SPDE) where the PDMS coating forms a layer on the inner surface of the 

injection needle, increasing the surface area and the extraction abilities of the injector. 

This technique gave results in the range of 0.6 to 8.4% recovery with limits of detection 

at 0.14 ng/mg and at an appreciably faster rate but the method was still unable to detect 

THC-COOH using GC/MS.

2.3 Gas Chromatography/Mass Spectrometry

2.3.1 Fundamentals of Gas Chromatography

Gas Chromatography is recognised as the most effective separation method for 

quantitative and qualitative analysis of organic compounds. As with all forms of 

Chromatography, it involves the partitioning of a compound between a mobile and a 

stationary phase. The analyte of interest will partition differently between the two 

phases, depending on its solubility. The analyte will separate as it is carried by the 

mobile phase and different components are retarded along the stationary phase. In GC 

the mobile phase is an inert gas and the stationary phase is a high molecular weight 

liquid or film coating a capillary column [44]. The main requirement of a sample in GC 

analysis is that it is in gas or vapour form; solid samples may be dissolved and 

vaporised by heating. The analysis compares the retention time of the unknown 

compound with that of a known standard. More sophisticated analysis is possible by 

using a selective detector such as electron capture detector (BCD), which measures 

changes in an electron current caused by the reaction of the organic compound with
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electrons or a flame ionization detector (FED), which burns the compound in a H2/O2 

flame at 2000 °C. Alternatively a mass spectrometer (MS) may be used, which ionises a 

molecule in a vacuum. Characteristic groups of ions of different masses are formed and 

the MS measures the ions created, allowing the detection of target compounds at trace 

levels, even in a complex matrix.

2.3.2 Mass Spectrometry

Mass spectrometry boasts 'unequalled sensitivity and detection limits and diversity of 

its applications'^}. It is rapid and highly specific and certainly rivals some of the 

other techniques available at present such as nuclear magnetic resonance (NMR). 

However, mass spectrometry has limited use on its own although the combination of 

gas chromatography with mass spectrometry as a detector increases its analytical 

capabilities exponentially [44].

Mass spectrometry involves the ionisation of the analyte and the mass separation and 

recording of the ions formed. Different methods of ionization can be applied according 

to the type of analyte and the required result. Of these, electron ionization (El) is the 

most widely used.

During El, electrons are emitted from a heated wire or filament and are attracted 

through a port into the ion source. The analyte of interest, mixed with a carrier gas, is 

introduced to the source via the GC interface and electron beam passing over the 

analyte causes the ionization of the molecules as collisions occur between the sample 

and electron beam. Some molecules may lose just one electron from their orbital, while 

other molecules may undergo further fragmentation. Once formed, the product ions 

may still have sufficient energy to undergo further fragmentation to produce second
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generation ions. A mass spectrum will therefore contain a large number of 

fragmentation ion species, which can provide structural information on the compound 

and their relative abundances can be used to establish the identity of the compound. 

This can be used as a 'fingerprint' for comparison of the analyte against a standard 

compound.

Chemical ionization (CI) was first introduced in 1966 as an alternative ionization 

technique and is considered a 'soft' ionization technique. It can provide 

complementary molecular weight information on the analyte to the structural 

information provided by El. Fewer fragment ions are produced, but higher abundances 

of protonated molecular ions are seen in CI due to the lower energy ion-molecule 

reactions which take place during the run as the ions exit the mass filter and enter the 

detector; as with El a response proportional to the number of ions of each mass is 

generated and captured as a total ion chromatogram (TIC).

The function of the quadrupole mass spectrometer is based on alternating electrical 

fields, applied to four spherical/hyperbolic, equally spaced rods in a diagonal array 

carrying two different voltages. A positive ion entering the area between the rods will 

move towards a negative rod. If the current is changed before the ion collides with the 

rod it will then be drawn away towards the next negatively charged rod. When the 

radiofrequency (RF) and direct current (DC) voltages are applied in a combination, an 

ion with a specific m/z value will therefore be held within the quadrupole in a bound 

oscillation as its velocity carries it through to the detector. Between these 'scans' all 

other ions will undergo unbounded oscillations, strike the rod surface and become 

neutralised. This process continues with one mass after another being transmitted as the 

RF and DC voltages are increased [44,45].
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Triple quadrupole mass spectrometers provide excellent sensitivity and selectivity. This 

instrument has three quadrupoles, the first and last of which behave as mass 

spectrometers while the central quadrupole has RF only. This layout allows instrument 

to be operated in a number of different modes, the most useful of which for the 

purposes of this research was the product ion scan. This consisted of selecting an ion 

with a chosen mass-to-charge ratio using the first spectrometer (Ql). The selected ion 

was then fragmented inside the second RF-only quadrupole (Q2) and the fragments 

were analysed by the second mass spectrometer (Q3).
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Chapter 3

Development of a combined SFE/Hair digestion method for hair 

analysis 

3.1 History and Background

Throughout the 20th century with the steady accumulation of experimental data on the 

analysis of hair for drugs it has become convincingly demonstrated that drugs can 

become incorporated into and thus extracted from human hair [1-6]. Hair is a dynamic 

and complex organ and it is unique in that it has no active metabolism/excretion 

process which may remove drugs and toxins after they have been deposited into the 

hair matrix. Inhalation and ingestion of drugs and toxins can produce positive results 

during analysis. However, it is also possible that false positives may be produced by 

environmental exposure experienced by individuals who have not actively participated 

in drug use. Analysis of hair for drugs-of-abuse is therefore only useful if the analytes 

have been recovered after metabolism and the metabolites of the drug are present. Since 

most drugs and their metabolites are deposited permanently within the hair shaft in 

small but measurable amounts, an accurate screen may be capable of detecting an 

individual's drug use during a period of months or years prior to the test. Hair testing 

for drugs of abuse is used in family, child and criminal law cases as well as workplace 

recruitment and clinical monitoring. It is also used for Medical-Legal cases, insurance 

claims, incident investigations, work-place testing and drug rehabilitation cases [7]. 

Traditional methods of drug detection involve the analysis of urine. Most drugs 

however disappear from urine within 2-3 days of use, so intermittent use is easily 

concealed [7]. Hair analysis provides a much better approach. Hair grows at 

approximately 1cm per month, providing a retrospective history of any illicit 

substances over a time period corresponding to the available physical length of the
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sample. The detection of some substances such as the cannabinoids is more difficult as 

the metabolites are less stable and do not bind easily to the hair [8].

3.2 The structure of Hair

Hair fibres are slender, keratinous filaments, with a root at the base. The remaining 

length is comprised of the shaft, covered by a scaly cuticle, beneath which lies the hair 

cortex comprised of keratinous protofibrils wound together forming micro- and macro 

fibrils. At the core, lies the hair medulla, a spongy mass which varies in size within 

human hair types (Figure 3.1).

Root

Microtibril

Cuticle (long, 
compressed bundles 
of keratin fibres)

Soft Band

I

Diuuhphidfi lend
• _____ *

Figure. 3.1 Structure of Hair [9] Figure 3.2 Bonding within hair fibrils [9]

The keratinous hair fibres are held in place by the hydrogen, ionic and disulphide 

bonding (Figure. 3.2) within the cortical layer. Hydrogen and ionic bonding provide hair 

with its elasticity so that its shape may be temporarily changed, e.g. in water.
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The strongest bonds within the hair structure are disulphide bonds formed by cross links 

between cystine residues on the two amino acid chains which comprise keratin. The 

proteins in the hair matrix contain the highest levels of cystine, a sulphurous amino acid 

molecule. This sulphide group as well as the side chains of aspartic acid and glutamic 

acid, which are also present in human hair, are considered instrumental in the binding of 

drugs in the hair shaft. Each cystine unit is comprised of two cysteine bases lying on 

opposite polypeptide chains and linked by a disulphide bond (Figure. 3.3). These bonds 

are a key factor in conveying durability and strength to hair fibres and therefore their 

resistance to degradation. The disulphide bonds can be broken by chemical action often 

in the form of an alkali solution as they are relatively resistant to acids.

Figure. 3.3 The formation of a disulphide bond from two cysteine molecules
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3.3 Models for the incorporation of drugs into hair

The generally proposed model is that in which drugs, or other substances present in the 

blood, passively diffuse into the growing hair follicle via capillaries and become trapped 

in the matrix [6]. This mechanism may also be affected or assisted by other intracellular 

components such as melanin and other pigments, as suggested by Harrison et al [3]. 

Kidwell and Blank [10] have suggested another model of drug binding to hair via the 

sulphurous amino acids e.g. cysteine. They suggest that there are three main binding 

sites, the side chains of aspartic and glutamic acid and the sulphide groups of cysteine 

bases whose cross-linking disulphide bonds bind the drugs diffusing into the cell.

These passive transfer models form the basis for time-dependant segment analysis in 

which successive segments of hair may be analysed to determine drug use. However, as 

analytical techniques have become more precise, experimental findings suggest that this 

explanation may be oversimplified. Henderson suggests that a more complex model may 

be necessary [4]. Kidwell and Blank [10] refer to Henderson's model as the 'sweat 

model' (Figure. 3.4) to "emphasise the contribution of drugs from external media". It is 

thought that drugs can become incorporated into hair via multiple means throughout the 

lifecycle of the hair. Henderson suggests that drugs may become incorporated from: i) 

blood during formation; ii) from sweat and sebum after formation; and iii) from the 

external environment after the hair has emerged from the skin [4, 10-15].
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Figure. 3.4 Henderson's multi-compartment model showing the transfer of 
drugs into hair via different routes

3.4 Investigation into the hydrolysis of hair for sample preparation

The disulphide bonds in the hair fibrils and the keratin itself are largely resistant to acids 

and alcohols, and in order to achieve the most complete extraction and greatest 

recoveries the hair should be broken down completely into a liquid matrix. Concentrated 

acids or bases are generally used in order to achieve this [12, 14, 16-19]. Gentili's 

method required the hair to be heated to 60°C for an hour in the acid, while de Toledo et 

al maintained the hair at a temperature of 50°C for 18 hours in methanol in order to 

extract the analyte.
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Alkaline hydrolysis has been selected by a number of workers since it is a relatively fast 

method [8, 20-22]. Musshoff et al [8] in their work submitted the hair to alkaline 

hydrolysis using 1M sodium hydroxide (NaOH) for 5 min at 90°C. Works by other 

authors show that the application of heat and a high concentration solution of NaOH 

breaks the hair fibres down rapidly. My work using the Scanning Electron Microscope 

(SEM) confirms that NaOH at room temperature does not break down hair fibres 

particularly effectively (Figure.3.5), but when heat is applied, hair disintegrates rapidly 

(Figure.3.6).

Figure 3.5 Scanning Electron Micrograph of human hair in NaOH at room 
temperature
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Figure 3.6 Scanning Electron Micrograph of human hair in NaOH at 80°C.

The use of an alkali weakens the disulphide bonds and will eventually destroy them 

completely depending on the concentration of the solution and the temperature used. 

The extraction of strongly bound analytes such as drug residues in human hair often 

requires sample preparation techniques such as acid or alkali hydrolysis that may result 

in the degradation or alteration of the analytes. For example, a strong base such as 

sodium hydroxide tends to hydrolyze cocaine into its metabolized form, 

benzoylecgonine by ester hydrolysis. Cocaine is extensively metabolized in the liver, 

catalysed by carboxylesterases. The metabolic reaction is dominated by hydrolytic ester 

cleavage similar to the reaction with strong sodium hydroxide shown below (Figure. 

3.7).

O

R

NaOH, 
H2O

O
CH3

O

A H

R' OH

Figure 3.7 Alkaline hydrolysis of a carboxylate ester by sodium hydroxide.
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The hydroxide ion acts as the nucleophile and the carboxylic acid which is formed reacts 

with sodium hydroxide to form a carboxylate ion. This is the case with cocaine and 

benzoylecgonine (Figure 3.8).

NaOH 

Cocaine H2O Benzoylecgonine

Figure 3.8 Conversion of cocaine to benzoylecgonine by ester hydrolysis

This may result in lower recovery of the analyte of interest and an increased 

concentration of the metabolite which may be used erroneously to convict someone of 

using a controlled substance.

Another hair preparation method is enzyme digestion, which was previously widely used 

with similar success to that of alkaline hydrolysis; however, it has recently become less 

popular due to the complexity of the method and the high cost of the enzymes required 

[13, 15, 23]. The summary in Table 3.1 highlights the four main methods used in the 

preparation of hair samples in order to extract and analyse drugs of abuse. A great deal 

of work has been done in this area covering most of the most prolific drugs that are in 

circulation today. However a common factor links them all, the length of time required 

to prepare the hair samples for quantitative analysis.
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Table 3.1 Summary of sample preparation techniques for the analysis of hair for 
drugs of abuse.
Preparation Extraction 

method method

Acid Hydrolysis SFE

SFE

SPE

HS-SPME

SPE

SPE

Enzyme digestion SPME

SPE

SPE

SPE

filtration

Alkali hydrolysis

HS-SPME

HS-SPME

HS-SPME

HS-SPDE

SPE

L/L

Solvent wash

SFE

SPE

SPE

SPME

Drug classes

Cocaine, benzoylecgonine,

codeine, morphine

Cocaine, benzoylecgonine

opiates and amphetamines

amphetamines

opiates, cocaine

opiates, cocaine

methadone, EDDP

opiates, cocaine

opiates, cocaine

opiates, cocaine

cocaine, amphetamines

cannabinoids

amphetamines

cannabinoids

cannabinoids

opiates, amphetamines,

cannabinoids

cannabinoids

cannabinoids

amphetamines

opiates

opiates, cocaine

cocaine, benzoylecgonine

cocaine, benzoylecgonine

Detection limits 

(ng/mg)

2.97 - 4.74

0.05 - 0.2

0.35-1.61

0.98 - 2.45

0.1-0.5

0.05

2

0.5

1

0.05 - 1.0

0.05 - 0.14

0.005 - 0.025

0.02 - 0.39

0.5

0.1-0.3

0.05 - 0.2

0.05 - 0.2

0.1-0.5

Reference

[24]

[25]

[18]

[16]

[26]

[27]

[28]

[13]

[15]

[23]

[29]

[29]

[30]

[22]

[8]

[21]

[31]

[32]

[33]

[34]

[35]

[36]

[17]
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3.4.1 Enzyme digestion: An alternative

Enzyme digestion using a proteolytic enzyme such as proteinase K is considered a 

'soft' digestion technique. The proteolytic enzymes break the peptide bonds of the 

proteins making up keratin, without altering or compromising the analyte of interest by 

converting it into the its hydrolysis product. This is usually used in conjunction with 

dithiothreitol (DTT) a reducing agent that has a propensity to form a six-membered ring 

with an internal disulphide bond. DTT reduces the disulphide bonds of proteins and 

prevents the reformation of bonds between cysteine residues but it can only do so to 

accessible bonds; those buried within the hair structure are out of reach unless a 

suitable enzyme is used to break apart the hair structure exposing the disulphide bonds.

3.5 Hair analysis by Scanning Electron Microscopy

In order to observe the physical effects of both alkaline hydrolysis and enzyme 

digestion, hair samples were prepared using each technique and mounted for scanning 

electron microscopy and x-ray analysis. SEM produces high resolution images of a 

sample surface. Due to the manner in which the image is created, SEM images have a 

characteristic three-dimensional appearance and are useful for judging the surface 

structure of the sample. Electrons are emitted from a cathode and accelerated towards 

the anode. The electron beam is focused by a condenser lens into a beam of about 1-5 

nm. As the beam strikes the surface of the sample, the electrons interact with the 

sample surface and further electrons are emitted, which are detected to produce an 

image [37].
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3.5.1 Sample preparation

Single strands of hair approximately 1 cm in length were placed onto a glass slide; one 

or two drops of either sodium hydroxide solution or of a prepared enzyme solution 

were placed onto the hair. The samples were either tested at room temperature or placed 

on a healing plate to give a higher temperature or extracted using the SF extractor. For 

each of the methods (Table 3.2) both real drug-user hair and blank hair was tested and it 

was found that there were no apparent differences between the real or spiked hair 

samples within the methods

Table 3.2. Samples for SEM analysis
Sample Number

1) Blank hair (fig. 5)

2) Blank hair (fig. 6)

3) Real sample b (fig. 9)

4) Real sample "(fig. 10)

5) Real sample" (fig. 11)

6) Blank hair (fig. 12)

7) Real sample " (fig. 13)

Method

Alkaline hydrolysis

Alkaline hydrolysis

Alkaline hydrolysis

Methanol solvent wash

None

Enzyme digestion

Enzyme digestion

Conditions

RTforlOmin 3

80°C for 1 min

SFE - 80°C for 10 min

SFE-90°Cat4000psi c

SFE-90°Cat4000psi c

40°C for 3 hours

SFE - 65°C for 10 min

RT - Room temperature approx 20°C

b) Real samples were drug user hair donated from Tricho-tech

c) SFE - sample extracted by SFE with or without methanol modifier

Once hydrolysed the samples were dried and mounted onto metal mounting stubs and 

'sputter coated' in a conducting layer of gold. This increases the conductivity of non 

conductors such as biological samples.
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3.5.2 SEM analysis results

The resulting SEM of sample numbers 1 and 2 can be seen in Figures 3.5 and 3.6 which 

show the obvious differences between the reactions at room temperature and those at 

80°C.

These Figures show the harsh hydrolysis action of the NaOH on the keratin. At room 

temperature the outer keratin layer has split away like bark off a tree but the inner 

keratin layer is undamaged. At 80°C the hair has completely split and cracked allowing 

the sodium hydroxide to penetrate deeper into the hair structure and continue the 

hydrolysis process. After a short period of time the hair is completely reduced to 

particles in an aqueous matrix.

Sample number 3 is shown in Figure 3.9 where the hair has been subjected to sodium 

hydroxide solution and high temperature within the SF extraction cell. The hair was 

almost completely destroyed and the remaining particles appear shapeless and twisted.

Figure 3.9 Hair sample 3 using NaOH at 80°C within the SF extraction cell.
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While this method allows the rapid breakdown of the hair structure in order to separate 

and extract the target analytes, it also brings the harsh basic solution into direct contact 

with some compounds such as cocaine and heroin both of which undergo hydrolytic 

ester cleavage which changes the drug from its parent form into its metabolite. 

Therefore this method is not ideal for the extraction of all drugs of abuse.

Sample number 4 was extracted by SF CO2 with methanol as a modifier; the 

micrograph (Figure 3.10) shows that the internal structure of the hair has collapsed as if 

dehydrated but the external structure is undamaged. This method is similar to the 

solvent wash used in some extractions [34-36] but it is not very effective in breaking 

down the hair structure to obtain the drug and raises the question as to why the method 

of solvent wash is still used to such a large extent since it can have little effect on the 

analytes of interest trapped within the structure of the hair. This method would have an 

effect on the analytes coating the surface of the hair but cannot penetrate deep within 

the hair structure to extract the target analytes bound within the keratin. Under these 

conditions a stronger solvent such as BSTFA may have a greater effect than the 

methanol.
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Figure 3.10 Hair sample 4 SF extraction with methanol as a modifier

Sample number 5 used supercritical fluid as an extraction medium but used no 

digestion technique or modifier; this showed (Figure 3.11) almost no change in the hair 

structure and it is obvious that this method would only be useful if a solvent/modifier 

was used during the extraction as the supercritical COi is unable to penetrate into the 

shaft of the hair.

Figure 3.11 Hair sample 5 - SFE with no prior digestion or use of a modifier.
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Samples number 6 were examined after being placed into a solution of proteinase K 

(lOmg/ml) and dithiothreitol (DTT) at 6mg/ml in a 7.2pH 

Tris(hydroxymethyl)methylamine (tris buffer) solution made up by adding 6 g tris per 

100ml deionised water (50 mM). The sample was maintained at 40°C for 3 hours until 

the hair shafts appeared colourless and the liquid matrix had taken on the colour of the 

hair. The samples were subjected to SF extraction at 4000 psi for 10 minutes before 

being analysed by SEM. Figure 3.12 shows that the sample has a ragged, frayed 

appearance where the enzyme has penetrated deep into the hair shaft. The SF extraction 

that followed would allow the SF to penetrate into the hair in order to extract analytes 

of interest.

Figure 3.12 SEM of hair sample after enzyme digestion at 40°C

The final sample (No.7) combined the digestion abilities of the enzyme solution with 

the greater extraction capabilities of the SF CO2 under elevated temperature and 

pressure. The hair sample was added to the enzyme digestion matrix directly before 

extraction within the SFE cell so that the increased temperature and pressure could 

speed up the digestion process. The results showed that the hair structure had a frayed,
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fragile appearance similar to the sample pictured in Figure 3.12, however this was 

achieved in 10 minutes rather than 3 hours, a marked reduction in preparation time 

(Figure 3.13).

Figure 3.13 Enzyme digestion with SFE at 65°C for 10 min

The method of combining the enzyme digestion with the SF extraction appeared to give 

the best results breaking the hair fibres sufficiently to allow the SF CO2 into the inner 

structures of the hair, without destroying the keratin and hydrolysing the analytes of 

interest. The SEM micrographs show the external structure of the hair but does not give 

a true indication of the drug concentrations present. The enzyme digestion method 

appeared to be the most successful method particularly since it reduces the sample 

preparation time to one that is comparative to the alkaline hydrolysis but without the 

harsh environment and potential destruction of some compounds by ester hydrolysis.
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3.6 Summary and conclusion

The analysis of human hair can provide us with information regarding the use or lack of 

use of illicit substances and it can also tell us the type and quantity of the substance 

which can be used as evidence in a court of law. However there are many techniques 

and methods for achieving this result and it is agreed that no single method can provide 

all the answers. Hair is a dynamic and complex organ and it is unique in that it has no 

active metabolism/excretion process which may remove drugs and toxins after they 

have been deposited into the hair matrix. The drags and toxins become bound into the 

hair shaft making them difficult to remove without using one of the four main 

procedures, alkali hydrolysis, acid hydrolysis, enzyme digestion and solvent washing. 

Alkali hydrolysis and enzyme digestion are the two most commonly used methods as 

they have shown to be the most effective. Alkali hydrolysis is known to be a 'hard' 

method as it can alter some analytes such as cocaine and 6-MAM, causing them to 

become hydrolysed and converting them to benzoylecgonine and heroin respectively. 

This causes incorrect results and could have serious repercussions in a legal case. In 

order to fully asses the methods, SEM was employed to analyse how each of the 

methods affected the hair. Alkali and enzyme hydrolysis were found to be the most 

effective and the time normally taken to carry out the enzyme digestion was able to be 

significantly reduced by the use of supercritical fluid extraction.
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Chapter 4

Development of a stand-alone SFE method for the analysis of drug 

residues in hair samples

4.1 Introduction

The aim of these studies was to establish 1) the appropriate sample state and 2) the 

method of digestion for stand alone SFE of drug residues in hair. A further aim was to 

eliminate many of the sample preparation steps currently used in the analysis of 

biological matrices for drugs of abuse whilst retaining the speed and precision already 

available hi existing methods. Previous exploratory work [1] showed that it was 

possible to couple the solvating power of the SFE with the concentration and selectivity 

of the SPME. This essentially provided a solvent-free method that could be adapted for 

forensic and toxicological analysis.

4.2 Instrumentation for the stand alone SFE

Extraction was carried using an ISCO SFX 200 extractor with two ISCO 100 DX 

syringe pumps, an ISCO temperature restrictor/controller (Figure. 4.1) and a 7 cm3 

stainless steel extraction cell (Figure. 4.2). A Hewlett-Packard 7680A instrument with a 

7 cm3 extraction cell was used for all other forensic applications; this instrument will be 

discussed in more detail in chapter 7. The stand alone work was carried out using a 

heated fused silica restrictor extended into a 10 cm3 collection vial with a cap and a 

Teflon coated silicon rubber septum, which are designed to withstand the release of the 

pressurised SF. The vials were filled with ethyl acetate as collection solvent for 

trapping the target analytes. High purity CO2 was used as the extraction fluid 

throughout the studies.
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Figure 4.1 ISCO SFX 220 Extractor and controller with two Model 100 DX 
syringe pumps.

Figure 4.2 
end caps

Stainless steel extraction cell with removable frits and finger tight
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For GC/MS an Agilent Technologies Gas Chromatograph 6890N with a 5890N Mass 

Selective Detector was used. The sample inlet used a pre-drilled Thermogreen septum 

and a SPME liner (Agilent Technologies, Manchester, UK). All samples were separated 

on a Varian FactorFour capillary column (VF-5ms 15m x 0.25mm id DF= 0.25um). 

The temperature for the inlet, source and interface were set at 260°C, 230°C and 150°C 

respectively. Split-less injection mode was used with helium at a flow rate of 1 

cm /min. Selected ion monitoring mode was chosen for its sensitivity at very low 

abundances and its increased selectivity as only a few ions are selected.

4.3 Supercritical fluid extraction of drugs of abuse from hair matrix

Initial studies were instigated in order to asses the performance of 'stand alone' SFE for 

the extraction of drugs from human hair. For this, SFE was performed using normal 

solvent trapping for analyte collection. This allowed existing work in this area to be 

tested and produces results against which the novel SFE/SPME technique could be 

compared. Extractions were performed on both solid and liquid samples. A comparison 

of selected hair digestion methods was also performed in order to select the best 

method and provide a comparison of the results and to determine whether the digestion 

of the hair samples was necessary. In most studies, hair spiked with the cannabinoids 

was used; however, as Hawthorne has pointed out, spiked samples are frequently not 

valid for SFE as the analytes found in a real sample are often not in the same physical 

or chemical locations [2]. To combat this problem, real-world hair samples from drug- 

users with known amounts of cannabinoids were also used. The samples were 

anonymous and identified only by a unique number.
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4.3.1 Hair sample preparation

Real hair samples obtained from drug users donated by the collaborating laboratory 

Tricho-Tech Ltd. were used; these were archived samples containing known amounts 

of cannabinoids. Samples were in the form of a lock of hair 5mm thick collected from 

the posterior vertex and cut close to the scalp. The cut end was secured firmly within a 

strip of foil and the clearly marked. 1cm lengths were cut from the base of the strand 

(approx. 1 month's growth), placed into test tubes and weighed. The tubes were then 

marked with a unique identity number. Spiked hair samples were prepared by placing 

270 mg of blank hair into a beaker with 5 cm3 of working solution containing all of the 

following compounds; A9-tetrahydrocannabinol (A9-THC), cannabinol (CBN) and 

cannabidiol (CBD), at a concentration of 540 ng/cm3, to give a final concentration of 10 

ng/mg of hair. This was stirred at a temperature of 40°C over heat for four hours and 

then left to air dry. Individual spiked samples were prepared by adding an aliquot of 

calibrator standard to 10 mg of hair and drying prior to the analysis. The concentration 

of these spiked samples varied between 5-80 ng/cm3 depending on the concentration 

of the aliquot added. The calibrator standards were made up in concentrations of 80, 40, 

20,10 and 5 ng/cm3 and labelled as calibrators 1-5 respectively.

4.3.2 Comparison of hydrolysis methods of hair prior to sample extraction

After examination of the literature and the evidence produced by SEM (see chapter 3), 

alkali and enzyme digestion were selected as the preferred methods of hydrolysis of the 

hair samples for these studies. The former represents the 'hard' digestion methods 

whereas the enzyme hydrolysis represented the softer approach to digestion. Acid 

hydrolysis and solvent wash extraction were excluded as being less effective than the 

two selected methods.
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An enzyme solution was prepared using proteinase K (lOmg /cm3) and dithiothreitol 

(DTT) at 6 mg/cm3 in pH 7.2 tris(hydroxymethyl)methylamine (tris buffer) solution 

made up by adding 6 g tris per 100cm3 deionised water (50 mM). 1 cm (10 mg) of hair 

(spiked and real) was cut off into a glass tube and 1 cm3 of the enzyme mixture was 

added. The tube was placed into a heating block at 37°C and incubated for 18 hours 

(Figure.4.3). The digest was then centrifuged for 10 minutes and the supernatant was 

decanted. For SFE the sample was placed into the extraction cell and extracted into 

ethyl acetate (Figure.4.4). The extract was dried under nitrogen and reconstituted in 

derivatization reagent (30ul ethyl acetate and 30ul BSTFA) before GC/MS analysis. 

Figure 4.5 shows the resulting GC/MS (SIM) chromatogram for the enzyme hydrolysis/ 

SFE of spiked hair

Figure 4.3 Pre-extraction hair matrix
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Figure 4.5 SIM chromatogram showing the target analytes A) THC B) CBD 

and C) CBN after proteinase digestion and SFE.

Alkali digestion was performed by adding 1 cm3 of 1M NaOH to 10 mg hair in a test 

tube and heating at 80°C for 30 min. The resulting liquid matrix was then placed into
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the extraction cell for SFE. SEM tests carried out in our previous studies (section 3.5) 

had shown this to be a very effective method of breaking down the hair fibrils, reducing 

the hair to a liquid within 15-30 minutes at 80°C. The chromatogram below shows the 

resulting sample after alkaline hydrolysis followed by SFE (Figure 4.6).
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Figure 4.6 SIM chromatogram for A) Cannabidiol B) THC and C) Cannabinol 
in spiked hair matrix after alkali hydrolysis and SF extraction.

It is possible to see from the resulting TIC's that the enzyme digestion method produces 

results with a response nearly double that of the NaOH hydrolysis. 

As this process still required extensive sample preparation and considerable time (up to 

18 hours with the enzyme digestion) studies were directed towards the development of 

a combined digestion/SFE protocol in which the hydrolysis / digestion steps were
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moved into the extraction cell, enabling simultaneous digestion and extraction (section 

4.3.3).

4.3.3 Comparison of hydrolysis methods of hair during sample extraction

In an attempt to shorten the sample preparation time, the sample extractions were 

performed at higher increased pressure and temperature. In each case the blank, spiked 

or real hair (10 mg) was placed into the extraction cell along with 1 cm3 of either 

enzyme mixture or NaOH and the internal standard was added before the void volume 

of the cell was filled with inert glass beads. The sample was then extracted using the 

SFE parameters shown in Table 4.1. The SFE program differs between the alkali and 

enzyme digestion as the NaOH hydrolysis can proceed at high temperatures whereas 

the enzyme denatures at temperatures above 65°C. The density of the SF was 

maintained in each case by altering its pressure.

Table 4.1. SF extraction parameters for NaOH and Enzyme digestion
SF parameters

Density (g/cm3)

Pressure (psi)

Oven Temperature(°C)

Flow rate (cm3/min)

Restrictor (°C)

Static Extraction (min)

Dynamic Extraction (min)

NaOH hydrolysis

0.75

5000

90

1.50

70

20

10

Enzyme digestion

0.75

4000

65

1.50

70

10

10

The extract was collected in 2 cm3 of ethyl acetate in a 10 cm3 HS vial before being 

dried and derivatized with 30 ul BSTFA for final GC/MS analysis. Figures 4.7 and 4.8
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show the SIM chromatograms for NaOH hydrolysis and for the enzyme digestion 

extraction respectively. It was observed that the enzyme digestion/extraction took place 

within 30 minutes instead of the previous time of 18 hours.
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Figure 4.7 SIM cbromatograph of Solid spiked hair sample with in cell NaOH 
digestion showing A) Cannabidiol B) THC and C) Cannabinol.
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Figure 4.8 GC/MS TIC chromatograph of solid spiked hair sample with in cell 
enzyme digestion showing A) Cannabidiol B) THC and C) Cannabinol

The following recoveries (Table 4.2) were recorded for both the liquid and solid 

samples. Peak area was used to asses the response as a calibration curve was not 

available for quantification at this point.
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Table 4.2 Peak area values for each of the liquid and solid matrix samples.

Sample
Liquid NaOH matrix 

CBD

THC

CBN

Liquid enzyme matrix 
CBD

THC

CBN

Solid hair + NaOH soln. 
CBD

THC

CBN

Solid hair + enzyme soln. 
CBD

THC

CBN

RT

7.80

8.52

8.60

7.80

8.52

8.60

7.80

8.52

8.60

7.80

8.52

8.60

Peak area

26544

30792

36795

5374

21558

24144

78211

20974

83391

21225

40535

nd

nd indicates that no data was recovered for this analyte.

The responses for the digestion methods are similar for both sample types and all 

analytes except for the solid hair sample with sodium hydroxide which shows the peak 

areas for CBD and CBN to be three to four times that of the other techniques. It is 

possible that the low response was due to the aqueous nature of the digestion and 

hydrolysis solution. Water is only slightly soluble in supercritical CO2 and behaves like 

a co-solvent for the more polar analytes. This can adversely affect trapping after 

extraction as the target analyte may have a greater affinity for water than for the 

trapping solvent. A two phase extract resulted and analysis showed elevated 

concentrations of the analytes in the aqueous phase. The presence of water can also lead 

to the build up of ice in the restrictor and this may lead to an incomplete extraction.
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4.4 On line derivatization

Another disadvantage to this method is that the trapping solvent containing the analyte 

requires further preparation prior to injecting the sample onto the GC/MS. A number of 

workers have recommend and successfully used 'in situ' derivatization, i.e. 

derivatization within the extraction cell so that the extraction and derivatization occur 

simultaneously [3, 4]. The derivatization takes place in two steps. Chemical 

derivatization is carried out in SFE static mode followed by the extraction of the 

derivatized analytes in dynamic mode in order to minimise post extraction sample 

preparation.

In our studies 1 mg (1 cm length) of spiked hair was placed into the extraction cell 

along with 30 uL of internal standard and 50 |j,L of derivatization reagent BSTFA. The 

cell was then filled with inert glass beads and the extraction carried out under the 

conditions shown in Table 4.3.

Table. 4.3 Extraction parameters for 
extraction/derivatization of cannabinoids

the simultaneous 
in solid hair samples.

Density (g/cm3)

Pressure (psi)

Oven (°C)

Flow rate (cmVmin)

Restrictor (°C)

Static Extraction (min)

Dynamic Extraction (min)

0.75

5000

90

1.5

70

20

10
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Extracts were collected in 2 cm3 of ethyl acetate which was dried under nitrogen before 

reconstitution in 30 nL of ethyl acetate. Final analysis by GC/MS gave the TIC shown 

in Figure 4.9. The peak area for each analyte response is shown in Table 4.4 and was 

found to be a factor often larger than for the methods using an aqueous solution..
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Figure 4.9 SIM TIC showing a sample spiked with A) Cannabidiol B) THC 
and C) Cannabinol after simultaneous derivatization/extraction.

Table 4.4 Peak area values for the simultaneous extraction/derivatization of CBD, 
THC and CBN in a spiked hair sample.

Compound

CBD

THC

CBN

Retention time

(min)

7.80

8.52

8.60

Peak area

509612

376051

1502293
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4.5 Calibrators and controls

A working solution was made up from stock solutions of A9-tetrahydrocannabinol (A9- 

THC), cannabinol (CBN) and cannabidiol (CBD) with the concentration of 1 mg of 

analyte per cm3 of solvent (methanol). Deuterated A9-tetrahydrocannabinol (THC-d3) at 

the same concentration was used as the internal standard. To make the working 

solution, 100 uL of stock was made up to 5 cm3 with acetonitrile to give a 

concentration of 20 ug/cm3 . Five working standards were prepared in acetonitrile from 

the working solution at concentrations of 80, 40, 20, 10 and 5 ng/cm3 . The internal 

standard was made up from the working solution to a concentration of 100 ng/cm3 . 

To prepare the un-extracted calibration curve, 300 uL of each working solution was 

placed into a 1.5 cm3 glass vial along with 30 uL of internal standard and dried under 

nitrogen. This was then reconstituted in 30 uL of ethyl acetate and 30 uL of BSTFA 

before mixing and injecting onto the GC/MS. The retention times of all of the target 

analytes as well as the use of selected ions for each of the analytes confirmed the 

identification of the compounds. Single ion monitoring mode was used to monitor the 

samples. The mass fragments monitored are shown in Table 4.5 with their relative 

response in brackets and the compound retention time. The temperature program shown 

in Table 4.6 was used for the GC/MS. The final run time was 11 min and the 

temperature for the inlet, source and interface were set at 260°C, 230°C and 150°C
•i

respectively. Splitless injection mode was used with helium at a flow rate of 1 cm /min. 

The full GC/MS program can be found in Table Al of appendix A.
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Table 4.5 Compound retention times and selected ions
Compound

THC

CBD

CBN

THC-d3

Retention time 
(min)

8.52

7.80

8.60

8.50

1st ion m/z 
(% relative 
intensity)
371(100)

390 (100)

367(100)

374 (100)

2nd ion m/z 
(% relative 
intensity)
305(20)

337(20)

310(20)

308(10)

3rd ion m/z 
(% relative 
intensity)
289(18)

301(8)

292(6)

Table 4.6. GC/MS temperature program for the SFE extraction.
Temp (°C)

80

80

200

Time Held (min)

1

1

2

Rate (°C/min)

0

30

30

Final Temp (°C)

80

200

320

Quantification was achieved by plotting the ratio of the area of the internal standard to 

the area of each compound, against the real concentration used and a calibration line 

was drawn (Fig. 4.10). Calibration curves for cannabidiol and cannabinol can be found 

in Appendix A.
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Concentration

Rgure 4.10 Un-extracted calibration curve for Tetrahydrocannabinol at 
concentrations of 80,40,20,10 and 5 ng/cm3.

Linearity over the dynamic range is presented in Table 4.7. A linear relationship 

between concentration and peak area was demonstrated by the correlation coefficient.

Table. 4.7 Linearity data for the target analytes
Compound

THC

Cannabidiol

Cannabinol

Range 
(ng/cm3)

5 to 80

5 to 80

5 to 80

Correlation 
coefficient 

(r2)

0.994

0.995

0.999
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4.6 Optimisation of stand alone SFE parameters

Optimisation of the stand alone SFE method was carried out using spiked hair samples. 

Supercritical fluid density was optimised by examining the responses to a range of 

temperatures and pressures. Optimisation of the static extraction time used during the 

enzyme and alkaline digestion extractions ranged between 5-20 minutes. A static 

extraction period was required in which the hair was left in its digestion solution at 

elevated temperature and pressure long enough for complete digestion/hydrolysis to 

occur. The supercritical fluid filled the extraction cell prior to the static extraction 

period, enabling the SF to come into contact with and dissolve the analytes for the 

selected period of time.

4.6.1 Optimisation of Pressure

During this study a pressure range of 2500 psi to 5300 psi was selected for the spiked 

hair samples.The results show that the greater the pressure and therefore, density, the 

greater the response of the target analytes. At 2500 psi (0.45 g/cm3 density) the 

recovery of the target analytes was low and did not increase until the pressure had been 

increased to 5300 psi (0.78 g/cm3 density). The average response for 3 samples 

extracted at each of the pressures is shown in Figure 4.11.
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Figure 4.11 Graph showing the optimal pressure for the extraction of CBD, 
THC and CBN into ethyl acetate before derivatization and final analysis by 
GC/MS.

4.6.2 Optimisation of temperature

Temperature can have an effect on every aspect of the extraction process, although the 

degree to which it is affected will depend on the types of matrix and analyte used. For 

this work the effect of temperature on the extraction of cannabinoids was investigated 

using the following extraction conditions: pressure of 5300 psi, temperature range of 50 

- 90°C (density of 0.91 g/cm3 to 0.78 g/cm3). Spiked samples were extracted in 

triplicate across the temperature range. Results show (Figure 4.12) that the recovery of 

the cannabinoids was found to be highest at 90°C as increased solubility of the solute 

allows for a greater extraction.
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Figure 4.12 Graph showing the optimal temperature for the extraction of CBD, 
THC and CBN into ethyl acetate before derivatization and final analysis by 
GC/MS.

4.6.3 Optimisation of Static Extraction Time

This work studied the optimum static extraction period for allowing the supercritical 

extraction fluid in contact with the spiked samples. A static extraction time range of 5 - 

20 minutes was selected.

The results (Figure 4.13) indicate that the longer the extraction time, the higher the 

response of the analyte. This may be explained by the length of time that the 

supercritical fluid remained in contact with the sample. These results show 20 minutes 

to be the optimum static extraction time.

85



3000000

2500000

10 15 

Time (min)

20

-CBD -THC -CBN

Figure 4.13 Graph showing the optimum static extraction time for the 
extraction of cannabis in hair by SFE

4.6.4 Recovery

The relative recovery of the samples was determined by adding IS solution to one set of 

spiked samples prior to extraction and to a second set of samples post extraction. Both 

sets of samples then underwent drying, derivatization and analysis. The peak area ratios 

were compared between these two sets and a recovery (%) was calculated from the 

mean of six samples and is shown in table 4.8 below.

Table 4.8. Cannabinoid concentration (ng/cm3), recovery and standard 
deviation for spiked hair samples (10ng/cm3) extracted six times by SFE.
Compound

CBD

THC

CBN

Mean (ng/cm3)

7.30

8.40

6.40

Recovery (%)

64.30

74.00

55.00

Standard 
deviation (±)
0.47

0.31

0.46
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4.7 Summary and conclusion

Off-line SFE can be used to quantitatively extract drugs of abuse from human hair and 

although SFE is primarily used on solid, dried or liquid samples mixed with a solid 

support, it is also possible to extract target analytes from aqueous matrices; but 

recoveries from such matrices are generally low and inconsistent results mean that this 

technique is better for qualitative results rather than quantitative ones. Polar analytes 

also tend to be incompatible as they also have a low miscibility with supercritical CO2. 

The hair samples in this section were either hydrolysed by the addition of NaOH, or 

digested by enzymes and therefore contain an aqueous portion which places them into 

this category. It was still possible to extract the target analytes from the tested matrices 

but the responses were poor and therefore it was necessary to develop a method that 

enabled the extraction of the target analytes from hair, which negated the addition of 

aqueous solutions but that did not compromise the recovery of the analyte of interest. It 

was found that by extracting the solid hair, it was possible to develop a method that 

could be optimised, calibrated and quantified and the resulting recoveries were found to 

be within the recommended levels (50 -120% with a standard deviation of >20%) [5]. 

Difficulties with this technique include the lengthy pre- and post-extraction sample 

preparation that still requires small amounts of solvent in the solvent trap. In addition, 

the derivatization of the extract requires extra steps which delay its arrival onto the 

GC/MS.
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Chapter 5

Development of supercritical fluid extraction coupled with solid phase 

micro-extraction

5.1 Introduction

This section explores the viability of SFE coupled to SPME as a fast, sensitive method 

where the sample preparation and derivatization steps are significantly reduced. 

Potentially, coupling the solvating power of SFE with the concentrating effects of 

SPME so that the recovery is maximised could provide a powerful technique. This 

coupled technique should recover a greater range of analytes than either SFE or SPME 

alone and could also provide a method that is solvent-free and highly selective, whilst 

reducing sample preparation to a minimum.

The earlier SFE work carried out in Chapter 4 shows that in situ derivatization and 

simultaneous extraction of solid hair samples is viable. This approach will be followed 

throughout the next section in an attempt to optimise and validate this method for the 

analysis of drugs-of-abuse in human hair.

5.2 The development of the SFE/SPME interface

Using the ISCO SFX 200 extractor with two ISCO 100 DX syringe pumps, initial 

studies used polyethylene tubing to directly connect the SFE restrictor to the SPME 

fibre, as suggested in work by Parry-Jones [1]. However the tubing regularly froze due 

to Joule-Thompson cooling effects during the depressurization of the SF which caused 

the tube interface to clog and the tubing to perish. This was replaced by a glass elbow 

and while this proved more robust than the polyethylene tubing, it also became clogged
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during depressurization due to freezing. Finally, a 10 ml glass headspace vial was used, 

into which both the restrictor and the fibre could be inserted (Fig. 5.1). Trapping 

analytes from a high flow gas stream can be difficult because of CO2 expansion and 

adiabatic cooling and so a vent or an unsealed trapping system is usually required. 

Open containers are generally not advised [2] for analytical SFE; however, it was found 

during these studies that the use of an un-crimped vial lid on the collecting vial 

produces acceptable recoveries. The vial was lightly sealed by an un-crimped vial lid, 

to reduce the amount of sample lost, while also allowing the CO2 gas to escape.

Figure 5.1 SFE/SPME interface with vial in heating blocks

The vial was placed into a heating block on top of a heating plate. It was then heated to 

a temperature above that of the restrictor to prevent freezing and clogging of the tubing. 

A stirring flea was placed into the vial to agitate the decompressing extract as it exits 

the restrictor. This approach was successfully utilised for the duration of the work. The 

system, including an expanded diagram of the interface, is shown in the schematic 

diagram (Figure 5.2).
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SPME holder 
with fibre

Figure 5.2 ISCO SFX™ 200 Extractor and controller with two Model 100 DX 
syringe pumps (ISCO) and ISCO temperature restrictor/ controller.
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5.3. Sample Preparation for SFE/SPME

The working solutions used are of the same concentration as those used in section 4.5, 

as are the quality controls and the internal standard. As noted in section 4.3.1, archived 

real drug user hair samples, donated by Tricho-Tech Ltd, with known amounts of 

cannabinoids were used. The samples were decontaminated by rinsing with 1 ml of 

methanol and then air dried. The hair sample (10 mg) was placed into a 7 ml stainless 

steel SFE cell and 30 uL of internal standard and 50 \iL of BSTFA was added to each 

sample so that derivatization of the cannabinoids could occur in the cartridge during the 

extraction process. The cartridge was filled with inert glass beads to fill the void 

volume. The cell was sealed and placed into the SFE for static and subsequent dynamic, 

extraction. During the dynamic extraction the sample was released via the heated 

restrictor into the glass collection tube and collected by the SPME fibre as described in 

section 5.2.

5.3.1 Sample extraction

Supercritical fluid extraction was carried out using an ISCO system described in 4.2 

and this was coupled to the SPME via the interface, as described above. The 

predominant SPME fibre used was a 65 um PDMS-DVB StableFlex™ fibre (Supelco, 

Bellafonte, USA) fibre as it gave the best performance out of all the fibres tested during 

this extraction. All of the fibres tested during the optimisation process (section 5.5) 

were conditioned in the injection port of the GC according to the manufacturer's 

instructions for each fibre. The Agilent Technologies 6890N gas chromatograph with a 

5890N mass selective detector was used for final analysis as described in section 4.2 

and the GC program used can be found in Table Bl of Appendix B. In the previous 

chapter the SFE conditions were optimised using a liquid hair matrix. The studies 

carried out in this section make use of the simultaneous extraction and derivatization of

92



the solid hair samples and thus require the re-optimisation of the SFE/SPME 

conditions. The SFE parameters are shown in table 5.1 below:

Table 5.1 The coupled SFE/SPME extraction parameters used for the 
extraction of cannabinoids from hair.

Density (g/ml)

Pressure (psi)

Oven (°C)

Flow rate (ml/min)

Restrictor (°C)

Static Extraction (min)

Dynamic Extraction (min)

0.75

5000

90

1.5

80

5

10

Single ion monitoring mode was used to monitor the samples; the mass fragments 

monitored are shown in Table 4.5 in section 4.5.

5.4 Un-extracted and extracted calibration curves

The working solutions, calibrators and controls were made up in the same way as those 

used for the stand alone SFE work (see section 4.5). The un-extracted calibration curve 

(Figure 4.10) shown in section 4.5 was used in order to assist in the later calculation of 

the recovery of the target analytes and an extracted calibration curve was also prepared 

using the novel coupled technique.

The extracted calibration curve (Figure 5.3) was prepared by spiking blank hair samples 

with the corresponding working solutions to obtain calibration concentrations of 80,40, 

20, 10 and 5 ng/ml. Extracted calibration curves for CBD and CBN can be found in 

Appendix B.
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Figure 5.3 Extracted calibration curve for A9-tetrahydrocannabinol.

5.5 Optimisation of SFE/SPME parameters

5.5.1 The effect of extraction pressure on cannabis

Density in the supercritical region increases with pressure at constant temperature. The 

density of the solvating fluid is critical to the successful extraction of the target analytes 

and the operation of the ISCO instrument allows control of density via the increase or 

decrease of pressure. Previous work has suggested a pressure of 5300 psi for drugs of 

abuse [3, 4]; however, the analytes of interest differed from those in this work and 

optimisation was therefore carried out in order to find the optimal working pressure for 

the analytes used here. Spiked samples were tested over a range of pressures from 2500 

psi to 5300 psi. While the pressure was variable, the extraction chamber temperature 

was held constant along with the extraction time and flow rate, shown in Table 5.2.
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Table 5.2 Extraction parameters for the optimisation of pressure and density
Density (g/ml)

Pressure (psi)

Oven (°C)

Flow rate (ml/min)

Restrictor (°C)

Static Extraction (min)

Dynamic Extraction (min)

variable

variable

90

1.5

65

20

10

The results shown in Figure 5.4 indicate that for all analytes there is a general increase 

in the response as the pressure increases. This is due to the increase in density of the 

supercritical fluid with pressure, which in turn increases the solvation of the target 

analytes. Both CBN and THC show a steady increase in the quantities recovered 

whereas CBD shows a sudden increase as the pressure reaches 5300 psi. It is possible 

that the solubility for this compound is increased at this pressure.
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Figure 5.4 Graph showing the optimum pressure for the extraction of cannabis 
from hair by SFE/SPME
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5.5.2 The effect of extraction temperature

As the extraction temperature is increased, the solvating power of the SF decreases but 

the volatility and solubility of the solute increases with this increased temperature 

therefore increasing the recovery of the target analytes. In this study as the temperature 

was increased from 50°C to 90°C the recovery of all of the analytes increased despite 

the decrease in density of the SF from 0.91 g/ml to 0.78 g/ml. This explains how the 

resulting response for cannabis shown in Figure 5.5, was higher at 90°C than at 50°C as 

the increased solubility of the solute allows for greater extraction.
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Figure 5.5 Graph showing the optimum temperature for the extraction of 
cannabis from hair using SFE/SPME

5.5.3 The effect of static extraction time

Static extraction was performed in a cell filled with a preset volume of supercritical 

fluid and by varying the temperature and pressure. The length of time taken for this to 

occur has been shown to be important in achieving good efficiency and also strongly to 

affect selectivity [5]. The SF solvating power and the interaction between analyte and 

matrix is an equilibration process. The novel method requires the equilibration between 

the analyte - matrix and SF during the static step and the analyte - SF - SPME fibre 

coating during the dynamic step. Once the set extraction time has ended the valve to the
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outlet is opened and the extract is swept out of the cell. These studies showed that if the 

dynamic time was held constant and the static time was increased in intervals of 5, 10, 

15 and 20 minutes, the optimum time for this extraction was found to be 20 minutes. 

For these studies both spiked and real samples were used; Figures 5.6 and 5.7 show the 

responses of each of the target analytes at each static extraction time. In each case it 

shows that 20 minutes was the optimum extraction time required.
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Figure 5.6 Graph showing the optimum static extraction time for spiked hair 
samples
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Figure 5.7 Graph showing the optimum static extraction time for real hair 

samples
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5.5.4 The optimisation of the SPME fibre type

Many types of fibre are available for a wide range of applications and therefore it was 

necessary to test a range of fibres which may be used to trap the drugs. The range of 

fibres selected included 100 urn PDMS, the 85 urn Polyacrylate fully bonded fibre, the 

65um PDMS-DVB stableFlex™ fibre, the 30 urn non-bonded PDMS fibre and the 7 

urn bonded PDMS fibre. The PDMS-Carboxen coating and the Carbowax-DVB fibres 

were deemed unsuitable for this type of extraction as the Carboxen fibre was 

predominantly used for gases and volatiles and the Carbowax fibre is for polar analytes 

only. Hair spiked with a cannabis standard at 80 ng/cm3 was used for these studies. The 

hair was placed into the extraction cell along with 30 uL of internal standard and 50 ^L 

of BSTFA before extraction. The extract was then collected on each of the SPME fibres 

listed above and analysed to find the fibre that showed the highest recovery.
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Figure 5.8 Graph showing the fibre best able to extract cannabinoids from 
hair by SFE/SPME

It was clear from the results (Figure 5.8) that the 65um PDMS-DVB StableFlex fibre 

was the most suitable for SFE/SPME as it provided the highest recovery for each 

analyte. This is a bi-polar fibre mixing the polydimethyl-siloxane coating with a 

divinyl-benzene coating to provide a cross-linked coating which can retain a range of
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polar and non-polar analytes. Based on the results it was decided to utilise the 65um 

PDMS-DVB fibre for all subsequent studies.

5.5.5 Optimisation of the SFE trap temperature

The trapping system for this coupled method consisted of a fixed, heated restrictor from 

the SFE outlet and the SPME fibre, both inserted into a 10 ml headspace vial. The 

system could not be sealed due to the depressurisation of the SF so a vial cap was 

placed over the vial to reduce the loss sample. A stirring bar was placed in the base of 

the vial and was used to create a vortex, increasing the mass transfer of the target 

analytes with the SPME fibre. The trap and its temperature specifications are described 

in section 2.1.4.1. For these studies trapping temperatures ranging from 10°C to 60°C 

were used to find the optimum for the analytes. Results showed that increased 

temperature produced a higher recovery of the target analytes, as shown in Figure 5.9 

below. The optimum trapping temperature was shown to be 60°C and this was selected 

for subsequent studies.
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Figure 5.9 Graph showing the optimum trapping temperature for cannabis 
analytes using the SFE/ SPME interface
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5.5.6 Optimum SFE/SPME extraction conditions

The optimisation studies described above and using the 65 \im PDMS-DVB StableFlex 

fibre inserted into the interface heated to 60°C gave the following conditions shown in 

Table 5.3:

Table 5.3 Optimum parameters for the novel SFE/SPME extraction of 
cannabinoids from hair
Density (g/ml)

Pressure (psi)

Oven (°C)

Flow rate (ml/min)

Restrictor (°C)

Static Extraction (min)

Dynamic Extraction (min)

0.78

5300

90

1.5

65

20

10

5.6 Validation of cannabinoids by SFE/SPME

Once the coupled SFE/SPME method had been optimised and the extracted and un- 

extracted calibration curves prepared, validation samples were analysed to determine if 

the analytical procedure was suitable for introduction into routine use. The calibration 

curves assess the method's accuracy above and below the calibration range. The limit 

of detection was determined by analysing validation samples and defined as the lowest 

concentration at which the analyte ion signal to noise ratio (determined by peak height) 

was >3:1, whilst retaining good peak shape and retention time. To evaluate selectivity, 

blank hair samples were spiked to contain 10 ng/cm3 of the cannabinoids and 100 

ng/cm3 of eight possibly interfering compounds. Recovery was determined by the 

method used in section 4.6.4.
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5.6.1 Selectivity

To evaluate selectivity and possible interferences, eight interference compounds were 

added to a cannabis standard of a low concentration (5 ng/cm3) to contain 100 ng/cm3 

of cocaine, benzoylecgonine, codeine, morphine, 6-monoacetyl morphine and heroin. 

None of these compounds were shown to interfere with the analytes of interest or the 

internal standard as seen in Figure 5.10. Analysis of the sample used GC/MS in SIM 

mode, selecting for the three primary cannabinoids. None of the other added 

compounds interfered with the recovery of cannabinoids.
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Figure 5.10 SIM Chromatogram showing a hair sample spiked with a high 
concentration mixture of eleven drug standards including A) CBD, B) THC and 
C) CBN. Only the cannabinoids are visible.
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5.6.2 Recovery

In order to test the recovery by a particular trapping system a series of spiked recovery 

studies from an inert matrix should be carried out, which will also demonstrate whether 

or not the target analytes have sufficient solubility in the SF [6]. The recovery of each 

analyte was determined at concentrations of 5, 10 and 20 ng/cm3 . Absolute recovery 

was determined by adding IS solution to a set of spiked samples, which were then 

extracted. Both the analyte and IS were added to a second set of samples which 

underwent drying, derivatization and analysis; however, this set was not extracted. The 

peak area ratios were compared between these two sets and a recovery (%) was 

calculated (Table 5.4). It was not possible to calculate relative recovery using this 

method as this would require the addition of the IS after extraction which was not 

possible, since the sample was extracted directly onto the SPME fibre.

Table 5.4 Percent recovery of the target analytes by the novel SFE/SPME 
technique

Compound

CBD

THC

CBN

Mean (ng/cm3)

9.10

7.50

7.30

Recovery (%)
80.00

62.50

61.00

SD(±)

0.49

0.24

0.43

5.6.3 Limit of detection

The limit of detection (LOD) of the method is the lowest concentration at which the 

analyte ion signal to noise ratio was >3:1 (determined by peak height). It is the lowest 

concentration of the analyte that can be detected but not necessarily quantified (Figure 

5.11) A number of samples with decreasing amounts of analyte were injected and the 

limit of detection was found to be the amount that results in a peak with height at least 

twice as high as the baseline.
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Figure 5.11 TIC demonstrating the limits of detection for THC, CBD and CBN 
The limit of detection for A) CBD, B) THC and C) CBN were 0.60 ng/cm3,0.20 
ng/cm3 and 0.30 ng/cm3 respectively

5.6.4 Quantification of real hair samples

Six samples of drug user hair were selected from the Tricho-Tech archive in order to 

test this method on real-world samples. Each sample was subjected to the same 

conditions as the spiked samples. A 1 cm (10 mg) section of hair was placed into the 

extraction cell along with 30 uL of internal standard and 50 uL of BSTFA. The 

samples were extracted using the conditions chosen after optimisation in section 4.5.5 

and collected onto the 65um SPME fibre before injection onto the GC/MS (Fig. 5.12). 

All samples were at least four years old and had previously been extracted using 

Tricho-Tech's own method. All had concentrations within the range of the calibration 

curve calculated for this work (section 4.5.4.). Results are shown in Table 5.5 together 

with those obtained by Tricho-Tech using the method shown in Appendix C. The 

results for our studies all used the simultaneous extraction/derivatization method.
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FigureS.12 SIM chromatogram of a coupled SFE/SPME extraction with on-line 
derivatization (sample no. 104004) showing A) Cannabidiol, B) THC and C) 
Cannabinol.

Table 5.5 Comparison of real sample recovery results by Tricho-Tech and 
SFE/SPME methods

Subject 
no.

95003
104004
111920
112104
117982
121762

CBD
Tricho- 
Tech 
Result 
(ng/mg)
3.60
18.65
2.50
14.47
0.82
18.65

SFE/SPME 
Result 
(ng/mg)

2.61
17.56
1.56
11.01
0.67
12.03

THC
Tricho- 
Tech 
Result 
(ng/mg)
32.18
33.02
54.27
27.21
6.50
3.05

SFE/SPME 
Result 
(ng/mg)

5.63
19.88
64.10
1.05
5.24
5.07

CBN
Tricho- 
Tech 
Result 
(ng/mg)
16.75
28.65
39.78
12.02
0.95
5.80

SFE/SPME 
Result 
(ng/mg)

4.99
23.57
17.58
1.70
0.60
19.68

Results for the real hair samples show that in most cases the recoveries for both 

methods are similar. The results showed that the values for CBD using the SFE/SPME 

technique were 75% of that recovered by Tricho-tech. The values for THC and CBN 

varied more widely with the SFE/SPME technique showing as little as 3% (sample 

112104) and as much as 340% of Tricho-tech's recovery (sample 121762 - CBN). This 

indicates that the coupled SFE/SPME technique was achieving similar levels of
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recovery to the UKAS validated technique used by Tricho-tech (Appendix C). The 

differences between the known and extracted values can be accounted for in a number 

of ways. When the hair was cut, the first 1 cm (10 mg) nearest the scalp was used. 

Tricho-Tech analysed this first portion (the most recent month of drug use) and in some 

cases up to the first 3 cm, whereas these studies analysed the remaining portion and so 

it is possible that the different sections analysed contained different levels of the 

analyte. An example of this difference can clearly be seen in the differences in the THC 

result of sample 112104, where Tricho-Tech have analysed the newer portion of the 

hair and our analysis used the remaining sample. Tricho-tech uses an extensive sample 

hydrolysis and preparation method followed by solid phase extraction and final analysis 

using a triple quadrupole GC/MS/MS. The methods used by Tricho-Tech may show 

recoveries greater than the recoveries obtained by this work as the GC/MS/MS is more 

sensitive than the GC/MS used for the analysis of this work; however, our method takes 

one day to the four days required by Tricho-tech, significantly reducing the turn-around 

time of the samples and the volume of harmful organic solvents used in the process.

5.7 Extraction of opiates and ecgonines

It is important that an analytical method can be used for a number of applications if it is 

to be of practical value in forensic analysis. A number of authors have reported good 

results using SFE or SPME to extract opiates and ecgonines from hair [4, 7-12]. This 

section explores the viability of SFE coupled SPME as a fast, sensitive method for a 

range of drugs. Time constraints, however, did not allow a full optimisation and 

validation of the developed method. The parameters optimised for the cannabinoids 

were used for the extraction of the opiates and ecgonines. While this method enabled 

the production of a calibration curve the analytes could not be quantified for recovery
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levels as only a few samples were extracted and the method was not optimised for all of 

the drugs.

5.7.1 Calibrators for opiates and ecgonines

A working solution was made up from stock solutions of cocaine, benzoylecgonine, 

codeine, morphine, 6-monoacetyl morphine and heroin, with the concentration of 1 mg 

of analyte per cm3 of solvent (methanol). To make the working solution 100 uL of 

stock was made up to 5 cm3 with acetonitrile to give a concentration of 20 ug/cm3 . Five 

working solutions were prepared from the standard in acetonitrile at concentrations of 

104, 52, 26, 13 and 6.5 ng/cm3 . This range was chosen as being similar to 

concentrations found in the literature as well as being the working range for analytes 

used by Tricho-Tech. The internal standard was made up in the same way, using the 

deuterated form of each compound and made to a final concentration of 3000 ng/ cm3 . 

An un-extracted calibration curve was prepared by adding 300 uL of each calibrator to 

an individual vial and adding 30 uL of the internal standard to give a final 

concentration of 90 ng. The solution was dried under nitrogen before being derivatized 

using 30uL of ethyl acetate and 30 uL of BSTFA. An extracted calibration plot was 

also produced for each analyte as shown in Figure 5.13. The remaining curves can be 

found in Appendix B.
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Figure 5.13 Extracted calibration curve for cocaine

The extracted calibration curve was prepared by spiking blank hair samples with the 

corresponding working solutions to obtain calibration concentrations of 104, 52, 26, 13, 

and 6.5 ng/cm3 . Each spiked sample was placed into the extraction cell along with 30 

H,L of ethyl acetate and 30 uL of BSTFA and the remaining space was filled with inert 

glass beads. The optimised extraction conditions were found to be the same as those 

used for the extraction of the cannabinoids in section 4.5.6. The GC/MS temperature 

program for this extraction can be found in Table B2 of appendix B.

The extracted calibrator curve was used to produce a reference chromatogram to 

pinpoint the retention times and this showed a high response for all analytes (shown in 

Figure 5.14).

107



n^.

1e*O?"

9000CCO

sooacoo

<g rooocoo
u<;
OJ

c sooacoQo
<U

^ 5000COO

4-OOOCOO

3000COO

2000QOO

1 oooaoo

•

£
« 
.!

•
<_

^ ,,.,.. , , . ,, , ..,....*'

L

£
: 

•
>

a

< 
_<

E
<

•J

1,

C

"3"

B

n= 
»
^̂ j
i
^

M

I1

I

*

i

i•

<

i

)

;

! 1

j

i-if -i

4 00 B OO 8OO 10-0
Time

Figure 5.14 Reference chromatogram for the opiates and ecgonines showing 
A) Cocaine, B) Benzoylecgonine C) Codeine, D) Morphine, £) 6-MAM and 
F) Heroin

5.7.2 Recovery

Spiked samples were used to determine the percent recovery (Table 5.6) for each 

analyte, calculated using the same method described in section 4.6.4. The % recovery 

of the opiates and ecgonines is shown in Table 5.6 where the recovery of the ecgonines 

is good with both the primary analyte (cocaine) and its metabolite (benzoylecgonine) 

showing recoveries above 70%.
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Table 5.6 Retention times and % recovery for the opiates and ecgonines
Compound

Cocaine

Benzoylecgonine

Codeine

Morphine

6-MAM

Heroin

Retention time (min)

7.92

8.32

8.69

8.85

9.05

9.30

Recovery (%)

87

75

64

52

23

41

Cocaine does not require derivatization but the derivatization reagent used enhances its 

volatility. The opiates show poor recoveries with all but codeine falling below the 

acceptable limits. As discussed briefly at the beginning of section 4.5.9, the method 

was not optimised and insufficient samples extracted to achieve a true recovery result. 

The reference spectrum shows that all analytes can be extracted by this method and so 

the poor results shown are most likely due to the lack of optimisation rather than the 

inability of the technique to sufficiently and repetitively extract the target analytes. It is 

possible that the novel SFE/SPME technique could provide a more complete extraction 

method if carried out as an in-depth analysis of further work.

5.8 Summary and conclusion

The application of a coupled SFE/SPME extraction with on-line derivatization followed 

by GC/MS determination of cannabinoids in human hair was successfully tested. This 

on-line technique extracts, traps and concentrates the analytes for immediate 

introduction to the GC/MS system, significantly reducing the sample preparation time 

before extraction as well as reducing the post-extraction steps such as derivatization 

and the reduction of the quantity of solvent used. The interface, though crude without
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further development work, is effective and has shown itself to be capable of producing 

quantitative results. Precise control over extraction parameters is important for effective 

selection and with this method it was possible to optimise the pressure at 5300 psi and 

temperature at 90°C to produce an optimal extraction density of 0.78 g/cm3 . The 

recovery percentage of the analytes is also well within the generally accepted levels. 

The potential for a fully automated system exists, which would enable the simultaneous 

extraction of a range of drugs.
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Chapter 6

Development of a stand-alone Solid Phase Micro-extraction method 

and comparison with SFE/SPME

6.1 Introduction

The analysis of drugs in biological samples poses the challenge of being able to detect 

low levels of the target analytes amidst high levels of other compounds. SPME operates 

in two modes, direct immersion (DI) and headspace (HS), although the main method of 

overcoming extraction problems from complex matrices is to use the HS mode to 

collect the volatile analytes. Unfortunately the majority of drugs-of-abuse are non 

volatile and therefore only DI mode may be used. Since SPME is based on equilibrium 

extraction conditions, multiple measurements can be made on the same sample, which 

can improve accuracy and precision [13]. hi either of the chosen modes the extraction 

rate can be determined by time, temperature and stirring of the sample and the yield can 

be optimised by altering conditions such as pH, salt concentration, volume and 

extraction time [14]. Fibres were initially chosen on the basis of success described in 

previous literature [15].

Derivatization of the target analytes was required in order to improve extraction 

efficiency, selectivity and subsequent mass spectrum detection.
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6.2 Type A experiments: analysis of cannabinoids in hair by solid phase micro- 

extraction.

The initial (type A) experiments were undertaken at Tricho-Tech in order to research 

the results of extracting cannabinoids from hair matrix using SPME. These experiments 

were carried out as a comparison with the current operating procedures in place at 

Tricho-Tech and analysed not only the three primary psychoactive analytes in cannabis, 

A9-tetrahydrocannabinol (A9-THC), cannabinol (CBN) and cannabidiol (CBD) but also 

the two major metabolites of cannabis; 1 l-hydroxy-A9-tetrahydrocannabinol (THC-OH) 

oxidised from the parent analyte A9-tetrahydrocannabinol (A9-THC) and ll-nor-9- 

carboxy-A9-tetrahydrocannabinol (THC-COOH) as their detection is important in 

proving use of the drug in a court of law. On-fibre derivatization was chosen for this 

method, having been used by other authors with success [16, 17]. The Type B 

experiments carried out used direct derivatization due to its similarity to the 

simultaneous extraction/derivatization technique used in the coupled method. 

The instrument used for final analysis of the target analytes was a Varian 1200 gas 

chromatograph coupled to a triple quadrupole mass spectrometer.

6.2.1 SPME method development

The type "A" experiments followed the standard operating procedures of the 

collaborating company, Tricho-Tech. This relied on a hair matrix solution made up by 

dissolving 10 mg of hair in 1 ml NaOH at 80°C. After hydrolysis the hair matrix would 

then normally undergo a number of different steps including liquid-liquid extraction in 

order to clean and concentrate the hair matrix before SPE extraction. Initially an 

attempt was made to follow the Tricho-Tech extraction procedure (described in 

Appendix C) but replacing their SPE extraction step with a SPME step in order to 

reduce the extraction time; however, the sample preparation and clean-up stages were
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still very long and complex. The SPME analysis was then performed using an aliquot 

of spiked hair matrix placed into a 10 ml HS vial. This was placed onto a heating plate 

and the temperature was raised to 70°C for 15 - 30 minutes until the hair sample had 

completely dissolved. A lOOum SPME fibre was used for this work and was inserted 

either into the headspace (HS) or directly into the raw hair matrix (DI) and left to 

adsorb at this temperature for 5 minutes. The fibre was then withdrawn and 

immediately exposed into a second 10 ml HS vial containing an aliquot of BSTFA for a 

further three minutes for the derivatization of the analytes. Finally, this was injected 

into the injection port of a Varian 1200 triple quadrupole instrument linked to a Varian 

3800 gas chromatograph. The GC used a fused silica column (Varian FactorFour 15m x 

0.025mm x 0.25 um VF5ms) with the GC temperature program shown in Table 6.1.

Table 6.1 Varian GC temperature program for the SPME extraction.
Temp (°C)

150

150

200

300

Time Held (min)

1

2

0

1

Rate (°C/min)

0

50

20

20

Final Temp (°C)

150

200

300

320

The mass spectrometer was operated in multiple reaction monitoring mode (MRM). 

The appropriate ions, selected as a precursor ion mass in the first quadrupole for each 

analyte were as shown in Table 6.2.
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Table 6.2 Precursor and product ions for each of the target analytes used in 
MRM mode.

Compound
CBD

THC-d3

THC-OH-d3

THC-COOH-

d3

THC

THC-OH

THC-COOH

CBN

RT (min)

3.7

4.2

5.1

5.7

4.2

5.1

5.7

4.5

MS/MS Q1>Q3 (m/z)

39O301

374>308

374>308

374>308

371>305

371>305

371>305

367>310

Offset voltage (eV)

-15eV

-12eV

-12eV

-12eV

-12eV

-12eV

-12eV

-15eV

Helium was used as the carrier gas at a flow rate of 1 ml/min. The cell pressure in the 

third quadrupole was set at 2.18 mTorr for El and the collision offset voltage was 

between -12 and -15 eV for the range of analytes.

6.2.2 Sample preparation

Hair samples were prepared from blank hair by hydrolysing 10 mg (1cm) of the hair in 

1 ml of Molar NaOH for 15 - 30 minutes at 80°C. An aliquot (30 pi) of a calibrated 

cannabis standard was added along with 30 ul of deuterated internal standard.

6.2.3 Results

The chromatograms produced in MRM mode show that despite this relatively 

unsophisticated method, all the target compounds can be found. The chromatogram in 

Figure 6.1 shows the headspace analysis of the hair matrix after derivatization; the 

cannabinol and cannabidiol can clearly be seen but the analyte THC is at very low 

levels in both the deuterated and un-deuterated forms. The THC carboxylic acid is not
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visible in either form and the level of deuterated THC-OH is much lower than in the 

un-deuterated form.

It is evident that the deuterated internal standard, which was added immediately before 

extraction had not been completely extracted with only the THC-OH visible and it is 

possible that it had not been completely derivatized or was competing with other 

compounds in the hair matrix for the active sites on the fibre. The next stage was to 

attempt the extraction by placing the fibre directly into the spiked hair matrix in direct 

extraction mode. The chromatogram in Figure 6.2 shows that this method was more 

successful than the headspace method as all the target analytes were seen, including the 

internal standards which were not all visible in the headspace method. Figure 6.3 shows 

the direct extraction mode applied to a real sample of hair from a cannabis user. All the 

compounds were seen although the levels were not as high as the spiked sample.
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6.2.4 Summary and conclusion

The tentative extraction (experiment type A) of cannabinoids from an alkaline hair 

matrix proved to be successful. The on-fibre derivatization was a method used by other 

workers [15, 16] and can be employed after the extraction, as in this work, where the 

extracted compounds were exposed to the derivatization reagent in a sealed vial for a 

set period of time before injection onto the GC column. In most cases it is 

recommended that the vial containing the derivatization reagent is heated to provide a 

vapour phase, allowing the on-fibre derivatization to occur in the headspace [18]. 

However, in attempting to follow this procedure it was found that by heating the 

derivatization reagent (BSTFA) the SPME fibres swelled and could not be retracted 

into the needle. This did not occur in un-heated BSTFA and all compounds could be 

found and therefore derivatized. It is possible that the fibre still carried enough residual 

heat from the extraction vial to vaporise sufficient BSTFA to complete the reaction. 

During this experiment no salt or pH adjustment was carried out nor was there any 

stirring or sonication. Only one fibre (lOOum PDMS) was tested and the temperature 

used was that at which the NaOH best hydrolysed the hair. All these factors could 

potentially improve the extraction and were tested in further work (experiment type B).
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6.3 Type B experiments: analysis of cannabinoids in hair by Solid Phase Micro- 

extraction ii.

This work was carried out parallel to the SFE/SPME experiments in order to compare 

the final results. The samples used were liquid hair matrix made up as described in 

section 4.6.1.2, as well as some solid drug-user hair. The Agilent GC/MS instrument 

was used in all of the work in order to maintain continuity.

6.3.1 Sample preparation

Blank hair samples were spiked in the same way as described in section 4.4.1. 30 uL of 

internal standard and 50 uL of BSTFA were added to each and they were then placed 

into 10 ml HS vials with 1 ml of molar NaOH and sealed with a silicone/PTFA septum 

and cap. Each sample was placed into a heating block at 90°C for 10 minutes prior to 

adsorption. A 65 ^im StableFlex fibre was used to extract the target analytes for 10 

minutes before injecting the sample directly into the injection port of the Agilent 

GC/MS for final analysis.

6.3.2 Optimisation of SPME parameters for hair analysis 

6.3.2.1 Fibre Type

It has been well documented that the type of fibre used affects the selectivity of the 

extraction and coating thickness affects extraction time as the partitioning equilibria can 

be reached more quickly with thinner coatings [9, 10, 14, 19, 20]. During this work, the 

performance of the three fibres recommended [18, 21-23] in drug analysis literature 

was compared under selected conditions (Figure 6.4). The temperature was held 

constant whilst the extraction yield was compared for different fibres. The samples 

contained three main compounds cannabidiol (CBD), cannabinol (CBN) and
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tetrahydrocannabinol (THC) and each of the responses for the compounds is shown 

with each fibre type used. The PDMS fibres such as the SOpm and the lOOum fibres 

used here are non-polar. The compounds extracted with the 30um PDMS fibre show a 

low response as there is insufficient surface area on the fibres to collect larger 

quantities of the analytes. The lOOum PDMS fibre has a greater number of actives sites 

than the 30um fibre and therefore shows a greater response to the analytes. The 

compounds collected using the 65 um fibre shows the greatest response in comparison 

to the either of the others. This is due to its bi-polar nature which provides active sites 

for both polar and non-polar compounds.
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Figure 6.4 Graph showing the extraction response to cannabis when using 
different sized fibres (30 and 100 um fibres PDMS, 65 um fibre PDMS-DVB)

6.3.2.2 Temperature

Increased temperature can produce an increase the extraction yield, as the crossing of 

the analytes from the liquid to the gaseous phase is facilitated, but it can also decrease 

the distribution constant [17]. In this study a range of temperatures (50°C, 70°C and 

90°C) were used in order to find the optimum temperature at which the extraction and 

analysis of all three analytes was greatest. The results in Figure 6.5 show an increase in 

response with an increase in temperature. The optimum temperature for the extraction
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of all three cannabinoids was found to be 90°C; however, care should be taken when 

using solvents at higher temperatures as this can lead to the swelling or stripping of the 

coating from the base fibre.
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Figure 6.5 Graph showing the optimum temperature for the extraction of 
cannabis from hair matrix.

6.3.2.3 Mode

The type "A" experiments demonstrated the difference in response of the cannabis 

analytes when extracted by the headspace method and by the direct immersion method. 

Although it was clear that direct immersion produces better results for hair matrix 

samples, it was necessary to test each method (DI and HS) using solid spiked hair 

samples in order to compare these results with those of the SFE/SPME extraction. 

Figure 6.6 shows the results from the extraction of the cannabinoids using the 65um 

PDMS-DVB fibre. When the fibre was placed into the headspace (HS) of the spiked, 

derivatized hair matrix all of the analytes were recovered but the response was low. The 

response obtained by the direct immersion (DI) into the hair matrix was high, as 

expected, and all the analytes were recovered and, therefore, this would be the best 

mode of choice for stand-alone SPME. Analysis of the headspace of the spiked solid
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(HSS) hair sample was surprising in that it produced results not unlike the matrix 

headspace results. This was probably due to the volatilisation of the analytes by the 

derivatization reagent BSTFA.
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Figure 6.6 Graph showing the extraction response of the headspace (HS), 
direct immersion (Dl) modes in liquid matrix and headspace of solid hair (HSS).

6.3.2.4 Agitation

Stirring or agitation accelerates the rate of transfer of analytes from the matrix to the 

fibre [14, 22, 23] and, therefore, during the type B experiments a small magnetic 

stirring flea was placed into the vial and set at 200rpm to increase the extraction rate. 

The 65 um PDMS-DVB fibre was used for the extraction from both the liquid matrix 

using direct immersion and from the solid hair using headspace analysis. The samples 

were heated to 90°C on a hotplate before and during the extraction. Figure 6.7 shows 

that in the liquid matrix there was a low response when no stirring occurred but that 

there was an increase in extraction when the stir-bar was used at 200 rpm as the stirring 

bought more of the analyte into contact with the active sites on the SPME fibre.
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Figure 6.7 Graph showing the effects of stirring a liquid sample during 
extraction in order to increase the recovery.

6.3.2.5 Summary and conclusion

Solid phase micro extraction is a versatile technique that can be used for extracting and 

concentrating a range of analytes from a wide variety of sample types. The selection of 

a fibre from the wide range available can increase the recovery of target analyte from 

the sample. Heating the sample to increase its volatility, agitating the sample to increase 

sample contact with the fibre and the selection of the collection mode are all important 

factors to consider in the recovery of target analytes. The fibre which showed the most 

promise hi this study was the 65 um PDMS-DVB StableFlex fibre which has the 

advantages of a partially cross-linked coating with a bi-polar structure that provide a 

broader range of active binding sites. This fibre combined with a temperature of 90°C 

and using direct immersion provided the best conditions for the extraction of 

cannabinoids from a liquid hair matrix. It was also found that when using a solid hair 

sample that prevented the use of direct immersion, that if the solid sample was stirred at 

200 rpm using a magnetic stirring bar at a temperature of 90°C, the 65um fibre was also 

able to produce good results.
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SPME is a simple, low cost technique that has a broad range of applications although as 

a stand-alone technique it behaves better as a sampling technique than as a quantitative 

one.

6.4 Comparison of SPME, SFE and SFE/SPME techniques using spiked samples

Spiked hair samples were extracted and analysed using each of the techniques 

individually and combined. The program used for the SFE and SFE/SPME techniques 

was the same as that described in section 4.5.6. In each case, calibrator 5 was used to 

spike the hair and 300 fiL of standard was added along with 30 uL of internal standard 

and 50 p.L of BSTFA. The extraction temperature for all methods was 90°C and an 

extraction time of 10 minutes (dynamic extraction) was used.

6.4.1 Results

The % recovery was calculated for each of the techniques and also for the novel 

SFE/SPME technique. On each occasion, once the method had been optimised six 

identical samples were extracted using each of the techniques. The resulting recovery 

values were calculated from the mean of the six repeats for each method and the % 

recovery and the standard deviation was calculated. These results are shown in a 

combined table (Table 6.3) in order to compare the efficiency of each technique. The 

results for the stand-alone SFE technique show that the recoveries for the three analytes 

are all above 55% which falls within the acceptable range.
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Table 6.3 Recovery results for SFE, SFE/SPME and SPME for comparison 
purposes.

Spiked Hair

Compound

CBD
THC
CBN

CBD
THC
CBN

CBD
THC
CBN

SFE

RT

7.82
8.30
8.57

Recovery
(%)

64.50
74.00
55.00

S.D. (±)

0.47
0.31
0.46

SFE/SPME

RT

7.86
8.33
8.61

Recovery
(%)

80.00
62.50
61.00

S.D. (±)

0.49
0.24
0.43

SPME

RT

7.86
8.30
8.61

Recovery
(%)

74.00
75.00
45.30

S.D. (±)

0.26
0.54
0.77

The recovery results for the novel SFE/SPME technique show much higher recoveries 

particularly for the cannabidiol and cannabinol with all the analytes above 60%. The 

stand-alone SPME technique has results above 74% for the cannabidiol and the 

tetrahydrocannabinol but the result for the cannabinol falls below the acceptable level 

at only 45.3%.
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6.5 Overall conclusion

The comparison of the three techniques was difficult due to the sample preparation and 

extract collection differences. Both of the stand-alone techniques require extensive 

sample preparation in order to separate and clean the sample before extraction. Matrix 

effects can alter the recovery levels of each technique if the hair samples are hydrolysed 

or digested; however, this step is often necessary as the technique is less able to extract 

the target analyte from the hair if the structure of the hair is not broken down first. The 

collection of the extracts also caused differences and difficulties. SFE required the 

extract to be collected into a liquid solvent. This created the dual problems of adding an 

extra preparation step as the solvent was dried and the sample reconstituted in a 

derivatization reagent and the use of quantities of harmful solvents. The SPME sample 

collection step was solvent free but there were many parameters that required careful 

attention in order to extract the highest recovery. Each sample was required to be 

heated and stirred using a selected fibre. It was found that the mode of extraction was 

also important and since DI was the most successful mode; this required that the sample 

was presented in a liquid matrix and once again this introduces the difficulties 

experienced using alkali hydrolysis or enzyme digestion. The SFE/SPME technique 

was able to produce good recoveries without the extensive pre-extraction preparation 

experienced by the other techniques and due to the novel coupling of the two 

techniques it was also able to avoid the use of harmful collection solvents and complex 

collection methods. The extract was immediately available for further analysis by 

GC/MS.
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Chapter 7 

Other Forensic Applications

7.1 Organochlorine Pesticides 

7.1.1 Introduction

Organochloride pesticides are man-made organic chemicals whose persistence and 

toxicity were useful for killing their targets but caused problems for the environment. 

They were mainly used as topical insecticides killing insects that land on treated 

surfaces such as crops but persist as residues which can be ingested by humans and 

animals [1-3].

Some research suggests that the microbiological and photochemical processes carried 

out on some of these products (such as fermentation) may decompose these harmful 

substances into something more toxic than the parent compound [1]. These toxins can 

also be absorbed into ground water, contaminating drinking supplies. Organochlorines 

can be associated with acute and chronic illnesses and many are carcinogens 

Pesticides can be subdivided into four main classes:

• Insecticides

• Herbicides

• Fungicides

• Fumigants

The organochlorine pesticides belong to the insecticide class and are generally 

considered to be more persistent than the other classes of pesticide [2, 3], the most 

notorious of this group is dichlorodiphenyltrichloroethane (o, p-DDT Figure 7.1) a
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diphenyl aliphatic, which consists of an aliphatic chain connecting two phenyl rings. 

Methoxychlor is a similar compound in this group (Figure 7.2).

Figure 7.1 o,p-DDT Figure 7.2 Methoxychlor

Another group, the cyclodienes are known as equitoxins being equally toxic to 

mammals, birds and fish as well as insects. Compounds belonging to this group include 

aldrin (Figure 7.3), dieldrin (Figure 7.4) and heptachlor (Figure 7.5). They were most 

commonly used as soil insecticides; however, they are stable in soil and in sunlight 

which makes them very persistent and harmful [2, 4].

Cl Cl 

Figure 7.3 Aldrin Figure 7.4 Dieldrin

Cl Cl 
Figure 7.5 Heptachlor
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Previous research shows that it is possible to extract such contaminants from these 

sources by SPME and SFE [5-7] but so far we are not aware of any research combining 

the two techniques in this way.

7.1.2 Terpenes in plants

Many natural products, other than alkaloids, show medicinal properties or 

advantageous biological activities. Among these are terpenes, compounds made up of 

isoprene units (CsHg^ and terpenoids, oxygen containing compounds which form 

alcohols, aldehydes and ketones. One of the most well-known medicinally useful 

terpenes is the diterpene (C5H8)4 , taxol, which was first isolated from the bark of the 

yew tree in the early 1960's but was identified as an anti-cancer drug in the 1980's. 

Monoterpenes (CsHg)2 such as citral, alpha-pinene and limonene are frequently used as 

flavourants and are the major components of essential oils; menthol is a topical pain 

reliever and camphor is a counterirritant, anaesthetic and expectorant and is frequently 

used in cough mixture. Another constituent of essential oil is the sesquiterpene (CsHg^ 

caryophyllene. It has a scent similar to cloves and is commonly found in basil, 

rosemary, black pepper and many other aromatic herbs and spices. 

The objective of this study was to test whether a natural terpene containing plant spiked 

with pesticide could be selectively extracted using SFE/SPME.

7.1.3 Instrumentation and methods

For this work supercritical fluid extraction was carried out using HP 7680A instrument 

(shown in Figure 7.6 ) with a 7 cm3 extraction cell. The SFE/SPME interface (Figure 

7.7) was formed from a stainless steel tube (4 cm, 4.6 mm i.d.) that was attached 

directly onto the back pressure regulator nozzle of the SFE system. The temperature of 

the tube was controllable within the range 120°C to - 25°C. The interface tube was
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made from an ODS sample trap with the ODS packing removed so that the hollowed 

metal tube could form vent for the sample as it was released from the restrictor via a 

temperature controlled nozzle.

Figure. 7.6 Hewlett Packard HP 7680A SFE Figure. 7.7 SFE/SPME interface

An advantage of the variable trap temperature was the potential to offer higher 

recoveries of volatile analytes by using low trap temperature. For SFE/SPME the 

SPME fibre was extended into the temperature controlled interface and was held 

directly in the stream of decompressing extract. Before use, the 65 urn PDMS-DVB 

fibre was thermally activated and conditioned in the injection port of the GC at 250°C 

for 30 minutes. After injection of each sample onto the GC/MS (Table 7.2), the fibre 

was left for a further 3 minutes allowing the fibre to be fully cleaned between each 

sample to reduce carry-over. The extraction program used is shown in Table 7.1.
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Table 7.1 Extraction parameters for the SFE/SPME extraction of pesticides 
from herbs

Extraction Chamber:- Chamber temp(°C) 50

Static Extraction (min) 0

Dynamic Extraction (min) 10

Analyte Trap:-

Fluid delivery:-

Thimble size(cm3) 

Nozzle temp(°C) 

Trap temp(°C) 

Packing

Void compensation 

CO2 density (g/cm3) 

Pressure (psi) 

Flow rate (cm3/min) 

Extraction fluid

7

90

variable

None

1.0cm3

0.88

variable

2.0

C02

Table 7.2 GC/MS conditions for the analysis of the pesticide extraction
Temp (°C)

70

70

120

220

Time Held (min)

1

4

4

1

Rate (°C/min)

0

10

20

2

Final Temp (°C)

70

120

220

240
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Table 7.3 Retention times and selected ions with their relative intensities used

Compound

Heptachlor

Aldrin

Dieldrin

O,p-DDT

Methoxychlor

Retention 

time (min)

14.44

14.85

16.24

17.78

19.58

1st ion m/z 

(% relative 

intensity)

271 (100)

262 (100)

79 (100)

235 (100)

227 (100)

2nd ion m/z 

(% relative 

intensity)

100 (64)

66 (59)

262 (47)

237 (64)

228 (16)

3rd ion m/z 

(% relative 

intensity)

236 (36)

292 (39)

276 (39)

165(31)

7.1.4 Calibrators and controls

A stock solution (10 mg/100 cm3) of the organochlorine pesticides, heptachlor, aldrin, 

DDT and methoxychlor (Sigma-Aldridge) was made up in HPLC grade acetone. 

Dieldrin, a similar organochlorine was used as an internal standard; a separate stock 

solution (10 mg/100 cm3) was made up in acetone. Calibrators were made up from the 

stock solution to give final concentrations of 50, 25, 12.5 and 6.3 jig/cm3 . For curve 

generation an aliquot of the calibrator was placed into the extraction cell and the 

remaining volume was filled with inert glass beads prior to the SFE/SPME extraction 

and the resulting calibration line was shown to be linear (Figure 7.8). Calibration curves 

for the remaining organochlorines can be found in Appendix D.
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Figure 7.8 Calibration curve for Aldrin

Reference spectra were produced on injecting a SjoL sample of calibrator 1 (50 ug/cm3) 

onto the GC/MS.

I
U
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Figure7.9 Reference chromatogram for Organochlorines A) Heptachlor, B) 
Aldrin, C) Dieldrin, D) DDT and E) Methoxychlor
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7.1.5 Sample preparation

Dried herb samples, known to have high levels of terpenes such as a-pinene and 

carophyllene were bought from a local supermarket. The dried samples were spiked 

with an aliquot of pesticide calibrator 4 and dried at room temperature before extraction 

and analysis. Approximately 5g of dried sample was used for each extraction and to this 

was added 1 cm3 of the calibrator 4 (25 ug/cm3).

The optimisation experiments used dried coriander (5 g) spiked with the organochlorine 

mix and an aliquot of dieldrin as the internal standard. Once the program had been 

optimised for the organochlorines, aromatic herbs such as rosemary, containing higher 

levels of terpenes were used in order to test the selectivity of the method.

7.1.6 The optimisation of extraction parameters 

7.1.6.1 Optimisation of pressure

The extraction chamber temperature was held constant at 50°C with the trap and nozzle 

temperatures at 25°C and 50°C respectively. The pressure range selected was 2500 psi 

to 5000 psi. The results obtained from this study are shown in Figure 7.10 in which the 

pesticide standard mixture was spiked onto dried coriander herb at different pressures. 

It is evident that at low pressure there is no apparent effect; however, recovery 

increases as the pressure increases as expected. The extraction of the compounds is 

maximised at the pressure 4500 psi (density of 0.88 g/cm3) before tailing off. The 

exception was DDT which seems to decrease more rapidly than the other compounds. 

This effect may be due to the loss of volatile compounds before trapping on the SPME 

fibre.
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Figure 7.10 The effect of pressure on organochlorines

7.1.6.2 Optimisation of the trap temperature

The importance of the trap temperature has been previously discussed (section 5.5.5). 

The same principles apply here for the HP instrument despite the slightly different 

construction of the interface. The interface used here provides a more enclosed system 

where the base of the SPME holder provides a 'seal' to the top of the analyte trap 

preventing the rapid escape of the vaporised analyte and CO2 . Added to this is the 

design of the nozzle and trap system where the depressurised SF is forced upwards 

through the trap and over the inserted fibre exposing the active sites more thoroughly. 

The internal diameter of the trap is another factor in favour of this interface; the internal 

diameter of the trap is considerably narrower than the 10 cm3 headspace vial used for 

the drug extractions. This confines the target analytes to an area immediately around 

the fibre again increasing the analyte collection opportunities. The temperature range 

selected for the pesticide extraction was 25°C, 30°C, 40°C, 50°C, 70°C, 80°C and 

90°C. The results shown in Figure 7.11 indicate that there is a small but steady increase 

in the response of all the analytes up to 80°C. Aldrin also has a maximum response at
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80°C but its response is lower overall. This may be due to competition with the other 

compounds at the active sites of the SPME fibre.

9000000
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K 3000000
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1000000

0
25 30 40 50 70 80 90 

Trap Temperature

- Heptachlor -Aldrin - DOT —x— Methoxychlor

Figure 7.11 . The effect of trap temperature on organochlorine pesticides

7.1.6.3 Selectivity

Dried herb samples were spiked with pesticides in order to test the selectivity of the 

method. Dried rosemary was used for this study as it represents a complex herb matrix 

containing relatively high levels of terpenoids. From the resulting chromatograms 

(Figure 7.12a and 7.12b) it is clear that the terpenes from the herbs do not interfere with 

the extraction and recovery of the pesticides. The retention times for the pesticides were 

different from those of the principal terpenes and it was also found that if the trap 

temperature was lowered to 50°C then only the terpenes were trapped (Figure 7.12a) 

but if the trap temperature was raised to the optimum temperature for the pesticides 

then both the pesticides and the terpenes were extracted (Figure 7.12b). This provides 

an extra dimension of selectivity for extraction from complex matrices.
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7.1.6.4 Recovery

Once the method had been optimised, five samples containing a 1 cm3 aliquot of 

pesticide standard (calibrator 4-25 p,g/cm3) was spiked onto 5 g of dried coriander 

leaf. The mean recovery for each compound was calculated from the five samples and 

is shown in Table 7.4. DDT and Methoxychlor show the greatest recoveries at 77.2 and 

81.6 % respectively; this may be due to the trapping ability of the fibre coating 

providing more bonding sites to the more polar compounds such as these.
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Table 7.4. Recovery of pesticides from herbs by SFE/SPME extraction
Compound

Heptachlor

Aldrin

o, p-DDT

Methoxychlor

Retention time

14.44

14.85

17.78

19.59

% Recovery

68.3

53.3

77.2

81.6

The lower recoveries of the heptachlor and aldrin may be due to higher volatilities of 

these compounds allowing them to escape more rapidly before trapping occurs.

7.1.7 Summary

From these results it can be concluded that organochlorine pesticides can easily be 

extracted from dried herbs using the coupled SFE/SPME technique. Optimisation of the 

extraction conditions enabled the production of a linear calibration plot which enabled 

the quantification of the extracted samples. During this study the pressure and trap 

temperature were optimised and the ideal extraction parameters were found to be a 

pressure of 4500 psi and an oven temperature of 50°C resulting in a supercritical fluid 

density of 0.88 g/cm3 . Trap temperature was important and optimisation showed that a 

temperature of 80°C was found to show a greater response of all the target analytes 

than any other temperature in the tested range. It was also shown that a higher trapping 

temperature assisted in the selective recovery of the target analytes and this enabled the 

almost complete recovery of DDT and methoxychlor and with recoveries of aldrin and 

heptachlor above the acceptable level of 50%.
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7.2 Polycyclic Aromatic Hydrocarbons

7.2.1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are by products of the incomplete 

combustion or pyrolysis of organic material and are therefore contaminants which 

represent a potential risk to human health [8]. These non-polar, hydrophobic molecules 

of two or more benzene rings are persistent in the environment and exposure can occur 

via internal absorption through food and water [9]. Several of these PAHs have shown 

to be mutagenic or carcinogenic. Plant uptake of these contaminants can occur when 

crops are grown on former industrial sites where the air and soil is contaminated and 

where crops and natural vegetation can be polluted by deposition on leaves and by root 

contact with contaminated soil [8]. Some authors have extracted and analysed these 

compounds using soxhlet extraction or solid phase extraction as well as more novel 

techniques such as ultrasonic extraction using toluene and saponification of the samples 

[10]. This study examines the extraction of polycyclic aromatic hydrocarbons from 

food crops using the coupled SFE/SPME technique.

7.2.2 PAH standards

Six single compound analytes were purchased from Sigma Aldrich, UK. The single 

compound analytes were acenaphthylene, fluorene, anthracene, pyrene and triphenylene 

with biphenyl as the internal standard. The compound structures are shown in Figure 

7.13.
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Acenaphthylene Fluorene

Anthracene Pyrene

Triphenylene Biphenyl

Fig. 7.13 Compound structures for the polycyclic aromatic hydrocarbons used in 
this study

7.2.3 Instrumentation and methods

Supercritical fluid extraction was carried out using the HP 7680A instrument described 

in section 7.1. This was coupled to a clean 65|j,m PDMS-DVB SPME fibre. The 

extraction parameters are shown in Table 7.5:
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Table 7.5 Pressure, nozzle and trap temperatures were varied in order to find the 
optimum extraction conditions.

Extraction Chamber:-

Analyte Trap:-

Fluid delivery:-

Chamber temp (°C) variable

Static Extraction (min) 0

Dynamic Extraction (min) 10

Thimble size (cm3) 

Nozzle temp (°C) 

Trap temp (°C) 

Packing

Void compensation 

CO2 density (g/cm3) 

Pressure (psi) 

Flow rate (cnrVmin) 

Extraction fluid

7

45

variable

None

1.0cm3

0.88

variable

2.0

C02

The GC/MS program used for the final analysis of the PAHs can be found in Table El 

of Appendix E. A table of the selected ions for the target compounds and their retention 

times can be seen in Table 7.6.
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Table 7.6 Retention times and selected ions with their relative intensities used for 
the SIM of poly cyclic aromatic hydrocarbons.

Compound

Biphenyl

Acenaphthylene

Fluorene

Anthracene

Pyrene

Triphenylene

Retention 

time (min)

4.29

4.46

5.19

6.11

7.08

8.68

1st ion m/z 

(% relative 

intensity)

154(100)

152 (100)

166(100)

178(100)

202(100)

228(100)

2nd ion m/z 

(% relative 

intensity)

131(20)

76(13)

139 (6.40)

152(7.90)

101(20)

113(73.4)

7.2.4 Calibrators

A stock solution (10 mg/100 cm3) of the PAHs, acenaphthylene, fluorene, anthracene, 

pyrene and triphenylene (Sigma Aldridge) was made up in HPLC grade hexane. 

Biphenyl was used as an internal standard. A separate stock solution (10 mg/100 cm ) 

was made up in hexane. Calibrators were made up from the stock solution to give final 

concentrations of 1000, 100, 50, 10 and 5 ng/cm3 . Each of the calibrators was extracted 

using the coupled SFE/SPME method and the resulting calibration line was shown to 

be linear Figure 7.14. Reference spectrum of the five PAHs and the internal standard 

can be seen in Figure 7.15. The calibration curves for the remaining PAHs can be found 

in Appendix E.
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7.2.5 Sample Preparation

The samples tested were plants commonly cultivated in allotment gardens frequently 

found near industrial sites, vegetable species, lettuce (Lactuca sativd) and herbs 

species, rosemary (Rosmarinus officinalis) and coriander (Conundrum sativum). The 

leaves of each of the samples were dried overnight in a low temperature oven until 

completely dried. After the drying process the sample material (50 g) was place into a 

beaker containing 5 cm3 of PAH calibrator 2 (100 ng/cm3) inside warm oven until the 

mixture had evaporated thus simulating the effects of environmental contact with these 

harmful substances giving a concentration of approximately 10 ug/mg of sample. It has 

been shown [8-10] that PAHs are also taken up by the plant from contaminated soil, 

this was not possible to simulate in the time available and so samples were spiked in 

this way The optimisation study was carried out using three (5 g) samples, spiked with 

PAH, for each parameter.

7.2.6 Optimisation of extraction parameters 

7.2.6.1 Optimisation of pressure

Each application requires that the method is optimised for the target analytes. This 

study optimised the temperature, pressure and trap temperature of this instrument using 

the conditions set out in section 7.2.4. The pressure range for this study was 2500 psi to 

5000 psi while the extraction oven temperature was maintained at 50°C and the results 

obtained are given in Figure 7.16. It is evident from the Figure that all of the target 

analytes show the maximum response at a pressure of 4500 psi which is then 

maintained or drops slightly with a further increase in pressure. Triphenylene shows a 

lower response than the other analytes at all pressures; this may be because it has a 

higher melting point and lower vapour pressure than the other analytes. It is also
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possible that the extraction time was insufficient for this compound as other authors 

have used longer extraction times [11].

1000000

2500 3500 4500 

Pressure (psi)

5000

— » — Acenapthylene — t 

— x — Pyrene —a
• — Fluorene - 
K— Triphenylene

-A — Anthracene

Figure 7.16 Graph showing the optimisation of pressure for polycyclic aromatic 
hydrocarbons

7.2.6.2 Optimisation of Temperature

The temperature of the extraction oven was varied over the range 50°C to 90°C. The 

resulting data shown in Figure 7.17 shows that there is a steady increase in the 

recoveries of all of the target analytes as the temperature is increased. The optimum 

temperature is found to be 90°C for all the compounds with the exception of anthracene 

which has an optimum temperature of 70°C.

149



50 70 

Temperature (C)
90

— » — Acenaphthalene — • — Fluorene 

— *— Pyrene — *— Triphenylene
— * — Anthracene

Figure 7.17 Graph showing the optimisation of temperature for the recovery of 
polycyclic aromatic hydrocarbons

7.2.6.3 Optimisation of trap temperature

The importance of the trapping temperature has been discussed in chapter 4. This study 

examined the reaction of the PAHs to the active sites on the SPME fibre at 25°C, 45°C 

and 65°C. The results shown in Figure 7.18 show a decrease in the response of the fibre 

to the PAHs as the temperature increases. All of the PAHs show a higher response at 

the lower trapping temperature; as the trap temperature increases the target analytes 

become more volatile and escape from the collection vial along with the depressurised 

SF before being collected onto the SPME fibre thus giving a lower response.
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Figure 7.18 Graph showing the optimisation of the trap temperature for the 
recovery of polycyclic aromatic hydrocarbons

The optimised conditions for the PAHs using the combined technique are: a pressure of 

4500 psi, an oven temperature of 90°C and a trap temperature of 25°C over a 10 minute 

dynamic extraction period.

7.2.6.4 Recovery

The optimum conditions were applied to five samples of coriander herb spiked with 

100 ng of PAH mixture. These were calibrated against the calibration curve to find the 

% recovery. The mean recovery and standard deviation is shown for each target analyte 

in Table 7.7. All of the recoveries are above 70% with the exception of triphenylene 

which persistently underperformed due to its high melting point and low vapour 

pressure.
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Table 7.7 Recovery and standard deviation of the PAHs extracted from spiked

Compound

Acenaphthylene

Fluorene

Anthracene

Pyrene

Triphenylene

% Recovery

78.2

85.0

97.5

94.1

45.8

Standard deviation (±)

0.54

0.42

0.63

0.44

0.73

7.2.7 Summary

This study shows the development of a simple, rapid method to evaluate the levels of 

harmful PAHs found in edible plants grown in industrial areas on contaminated soils. 

Many studies have been reported for the extraction and analysis of PAHs in 

environmental samples, however there are only a few reporting on the incidence of 

PAHs in edible plant material and amongst those none have used SFE, SPME or their 

combination in the extraction process. This method has shown good linearity for all 

analytes and recoveries (ranging from 78 to 97%) for most of the analytes. The samples 

used were spiked with PAHs and so further work using this technique should include 

the analysis of real samples.
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7.3 Accelerants and fire debris analysis 

7.3.1 Introduction

The extraction and analysis of fire debris with potential for identifying accelerants is 

not a novel issue although SFE and coupled SFE are rarely applied. Some authors have 

examined SFE of organic compounds from carpets [12] or petroleum hydrocarbons in 

soil [13,14] but none appear to have examined similar compounds in the search for fire 

accelerants. SPME however has frequently been used for the sampling of volatile 

compounds although it has yet to be adopted as a viable extraction technique by fire 

debris analysts [15]. This work used two different flammable liquids as accelerants and 

one type of combustible material, typically found in home and factory interiors, was 

used in the experiments. The flammable liquids, petrol and red diesel, are complex 

mixtures of hundreds of compounds (mostly hydrocarbons); these can vary according to 

the manufacturer and the time of year (less volatile components in summer). These 

samples would be used to accelerate the burning of the combustible material (wood 

shavings) in order to establish whether it is possible to identify the accelerant in a 

sample containing similar compounds. The combustion products from the wood 

shavings are expected to contain hydrocarbons similar to those found in petrol and 

diesel. Petrol is also known as gasoline according to the ASTM classification system 

and usually has the composition C4 - Ci 2 ; diesel is a heavy petroleum distillate and has 

the composition Ci 3 - C2s- Petrol is characterised as having an abundance of aromatics 

with fewer alkanes and cycloalkanes, diesel on the other hand has the reverse. The pine 

wood shavings are expected to contain both aromatics and alkanes.
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7.3.2 Materials

The following materials were used:

Unleaded petrol was obtained from a local petrol station, Red diesel (50 cm3) obtained

from a local farmer, wet support, pine wood shavings from a local hardware shop.

7.3.3 Instrumentation and methods

The ISCO SFX™ 200 Extractor system and SPME interface described in chapter four 

was used as was the Agilent Technologies Gas Chromatograph 5890 series II equipped 

with a 5971 MSD for final detection. All samples were separated on a Varian 

FactorFour capillary column, (VF-5ms 15M x 0.25mm id DF= 0.25um). The GC 

temperature programme used is shown in Table 7.8. Scan mode was selected and 

individual compounds were searched by means of the data library.

Table 7.8 GC/MS temperature program for the analysis of petrol and diesel
Temp (°C)

70

70

120

220

Time Held (min)

1

4

4

1

Rate (°C/min)

0

15

20

2

Final Temp (°C)

70

120

220

240

7.3.4 Sample Preparation

Blank samples of unburned wood were placed directly into the SFE cell without any 

further preparation. Blank samples of burned wood were prepared by placing 50 g of 

pine wood shavings into a crucible and burning until the flame had burned itself out 

and the sample had cooled. These were placed into the extraction cell without any 

further preparation. Fire debris samples were prepared by placing 50 g of pine wood
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shavings into a crucible and burning using a petrol or diesel accelerant. The spiked 

samples were burned in the crucible using either the petrol or diesel (2 cm3 sprayed 

over 50 g of wood) as an accelerant; then the resulting sample was collected once cool 

and placed into the extraction cell. Standard samples of the petrol and diesel were 

prepared for injection onto the GC without undergoing the extraction process by 

diluting the working sample 10:1 in hexane then injecting 3uL onto the column. The 

resulting TICs for petrol and diesel are shown in Figures 7.19 and 7.20 respectively.

a o
Cu

2500

Figure 7.19 TIC of an un-extracted petrol sample
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Figure 7.20 TIC of the un-extracted red diesel sample

7.3.5 Sample extraction and optimisation

In order to find the optimum conditions for the extraction of petrol and diesel, a sample 

aliquot was mixed with 15 g of wet support and loaded into the extraction cell. This 

enabled the optimisation of conditions for the collection of substances such as petrol 

and diesel without interfering compounds. Optimum density and temperature are 

required for each of the target compounds. The selectivity of the extraction is also 

dependent on the variation of temperature and density. The first experiment held the 

temperature constant (80°C) while the pressure was varied over the range 2500 to 6500 

psi in order to establish the optimum density for the extraction of petrol. This 

experiment was then repeated at a lower temperature (50°C) in order to establish the 

volatility of the target analyte; this is shown in Table 7.9.
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Table 7.9 Optimisation of density and temperature for the extraction of petrol 
from fire debris.

Oven 

Temperature(°C)

80

50

Sample No.

1

2

3

4

5

6

7

8

9

10

Pressure (psi)

2500

3500

4500

5500

6500

2500

3500

4500

5500

6500

Density (g/cm3)

0.53

0.67

0.76

0.81

0.91

0.75

0.83

0.88

0.94

0.97

The extract in each case was collected onto the SPME fibre and then injected directly 

into the injection port of the GC/MS for final analysis. Based on the relative abundance 

of the samples, the optimum conditions selected are shown in Table 7.10.
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Table 7.10 Extraction parameters for the extraction of petrol and diesel from 
wood shavings
Density (g/cmj)

Pressure (psi)

Oven (°C)

Flow rate (cmVmin)

Restrictor (°C)

Static Extraction (min)

Dynamic Extraction (min)

0.97

6500

50

1.5

65

1

20

After the extraction and collection of the target analytes onto the SPME fibre the 

sample was injected onto the GC/MS for separation and analysis. The GC/MS 

temperature program is shown in Appendix F.

7.3.6 Identification of accelerants

The method described in section 7.3.5 was tested in order to asses whether it would be 

possible to distinguish between wood burned with and without an accelerant. Many 

wood types such as pine contain similar compounds to petrol and diesel since they also 

contain simple hydrocarbons and aromatic compounds. However wood such as that 

used here was also expected to contain terpenes as well as water, lipids and many other 

compounds.

A sample of unburned wood shavings was placed into the extraction cell of the SFE 

and extracted to produce a blank standard of the wood. A wood sample that had been 

burned without the use of an accelerant was also extracted. Finally a sample of wood
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was extracted after covering with an accelerant and burning. This procedure was carried 

out for both the petrol and diesel.

The final experiment compared the above experiment with a similar one using the 

SPME by itself in order to test the effectiveness of each method.

7.3.7 Results and discussion 

7.3.7.1 Optimisation

At 80°C (Figure 7.21) the greatest response was found to be at 4500 psi at a density of 

0.76 g/cm3 ;however, if the temperature is lowered to 50°C (Figure 5.22) then the 

corresponding density requires a pressure of 2500 psi and it was found that the response 

was not optimal. If the lower temperature is maintained at 50°C but the pressure was 

increased to 6500 psi then the resulting density of 0.97 g/cm3 gives an excellent 

response and the temperature is low enough to prevent the sample from becoming more 

volatile and escaping before being collected onto the SPME fibre.

16000000

14000000
12000000

10000000
8000000
6000000
4000000
2000000

0
2500 3500 4500 5500 

Pressure (psi)

6500

• 2-methylnapthalene •Biphenyl —A—Napthalene

Figure 7.21 Optimisation of density at 80°C for compounds found in petrol
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Figure 7.22 Optimisation of density at 50°C for compounds found in petrol

7.3.5.2 Results for the identification of accelerants

The unburned wood sample and the burned wood sample with no accelerant showed 

almost identical features with the exception of the abundance of each selected 

compound. The unburned sample (Figure.7.23) shows a greater abundance of pimaric 

acid (A), phenanthrene (B) and naphthalene (C) than the burned sample (Figure.7.24) 

which shows peaks for a-pinene (D) and trimethylbenzene (E) that are not shown in the 

unburned sample. The sample that was burned using petrol as an accelerant 

(Figure.7.25) showed that compound F (methylnaphthalene) was present in the petrol 

sample, but not in the blank burned wood sample as was compound G 

(methylfluorene). The response for all of the remaining compounds was higher in the 

petrol sample than in the unspiked wood sample (Figure 7.24b). The base line of the 

spiked sample was higher than the blank sample showing a 'hump' of compounds that 

is characteristic of fuels.

The diesel sample (Figure 7.26) showed the characteristic 'diesel hump' as well as a 

few coinciding peaks such as the pimaric acid peaks at 24 minutes.
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Figure 7.26 The characteristic 'diesel hump' as well as the pimaric acid peaks at 
24 min (A).
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7.3.8 Summary

It has been shown that it is possible to apply this coupled method to other forensic 

applications such as the analysis of fire debris for accelerants. Diesel as an accelerant 

could clearly be seen after the extraction of diesel spiked fire debris and when 

compared to the burned unspiked wood. Petrol was a little more difficult to analyse 

since so many of the compounds found in petrol are also found in the pyrolysis 

products of wood. Compound A (methylnaphthalene) was present in the petrol sample 

but not in the blank burned wood sample as was compound B (methylfluorene). The 

response for all of the remaining compounds was higher in the petrol sample than in the 

unspiked wood sample. It may be possible with further work to identify compounds 

particular to the petrol thus making the identification easier.
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Chapter 8 

Conclusion

The analysis of a forensic sample for controlled drugs or other toxins can provide 

information that may indicate whether or not an offence has been committed, or help a 

criminal court decide on guilt or innocence, or the outcome of a civil case. It can 

provide information about the type and quantity of a particular substance and can link 

different samples to the same source. Many of the analytical procedures used are 

selected for their sensitivity and selectivity but in many cases they are time consuming, 

expensive to run and use quantities of harmful solvents. There is currently no single 

established technique that can be used to analyse all drugs and toxins, but research by 

many workers continues for a single standardised technique that, ideally, can 

encompass as many applications as possible, reduce the sample preparation and 

analysis time while also providing the highest quality results.

Forensic drug analysis can test a number of sample types, such as blood, urine, saliva, 

breath and vitreous humour for target analytes, and in the past decade it has also 

become possible to use hair and nail clippings, although while they can provide a 

retrospective history of drug use, they cannot be easily analysed due to their keratinous 

structure. The careful preparation of such samples is important as analytes may be lost 

or destroyed during the early preparation stages and the likelihood of error can be 

lowered if the number of sample preparation steps is reduced.
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8.1.1 Scanning Electron Microscopy

Preliminary investigations for this work were carried out testing four hair preparation 

methods: acid and alkali hydrolysis, enzyme digestion and solvent washing. Hair is a 

difficult sample from which to extract substances such as drugs of abuse as in most 

cases the drug binds to the cysteine molecules within the keratinous structure and this 

complex structure can only be broken down by hydrolysis or digestion. A scanning 

electron microscope was employed to study the structure of the hah- after undergoing 

each of the four methods and it was found that acid hydrolysis and solvent washing had 

no apparent effect on the external surface of the hair fibres. Alkali hydrolysis, using a 

strong solution of sodium hydroxide, is the most commonly used method of reducing 

solid hair to a workable matrix; however, this method can cause the hydrolysis of the 

target analyte before extraction and can therefore only be used on selected samples. The 

SEM showed that this method broke down the external structure of the hair by ester 

hydrolysis. The enzyme digestion method was also successful, digesting the hair fibres 

hi a way that would allow a solvent such as supercritical CC>2 to access the inner core of 

the hair. The only apparent disadvantage of these methods was the aqueous nature of 

the solutions which can disrupt and clog the flow of extract from a SF extractor.

8.1.2 Supercritical fluid extraction

Supercritical fluid extraction has been used for the extraction of drugs of abuse by 

many other researchers. A supercritical fluid is a substance above its thermodynamic 

critical temperature and pressure and which can only exist in the fluid phase. It is as 

compressible and viscous as a gas but also has the density of a liquid (0.1 to 1.0 g/cm3) 

and thus also the corresponding dissolving power. These unique characteristics mean 

that it can act as an extraction solvent without the harmful effects of such solutions.
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The focus of this work has been the development of an interface between the two 

extraction techniques of supercritical fluid extraction and solid phase micro-extraction. 

Such a method which has the advantages of both techniques including their sensitivity 

and selectivity, while reducing the preparation and extraction time of the samples prior 

to final analysis by GC/MS. The two digestion techniques found to be successful in the 

earlier SEM work were applied to spiked and real hair samples, which were then 

subjected to an optimised SF extraction. The target analytes were collected into a small 

amount of solvent before derivatization and final analysis. The results confirmed the 

problem of extract clogging and flow disruption associated with using aqueous samples 

with SF CO2 . In order to solve this problem, hair samples were placed directly into the 

extraction cell along with the derivatization reagent for a simultaneous extraction/ 

derivatization.

8.1.3 Solid phase micro-extraction

Solid phase micro-extraction studies were undertaken in two different laboratories. The 

first study, carried out at Tricho-Tech, was an assessment of the basic technique 

commonly employed by many other workers in order to discover if the length of time 

taken by the current extraction procedure could be reduced by the use of SPME. This 

also enabled the development of a working GC/MS program for later use. These results 

showed that the method was sufficiently selective for drugs of abuse such as the 

cannabinoids as all of the selected compounds, including the two metabolites of 

cannabis, were found.

The second study was conducted in our laboratories under similar conditions to the off 

line SF extraction and the coupled SFE/SPME techniques in order to compare the 

SPME results with those of the stand alone SFE and the combined technique..
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Cannabis-spiked samples were submitted to hydrolysis or digestion, or left as solid 

samples, and heated and stirred before testing the resulting extract by direct immersion 

or headspace analysis. During this study it was found that direct immersion produced 

the best results from the liquid matrices.

8.1.4 Coupling the SFE to SPME

An interface, coupling the SFE restrictor to a SPME fibre, was developed in order to 

collect and concentrate the target analytes from the extracted sample. The interface 

consists of a glass vial containing a stirring bar into which the restrictor tip and the 

SPME fibre are inserted so that as the extract depressurises from the temperature- 

controlled restrictor it is held within the vial and passed across the active sites of the 

fibre. The target analytes react with the active sites on the specially selected fibre and 

are held there before the fibre is desorbed in the heated injection port of the GC/MS. A 

similar principle was used with the Hewlett-Packard 7680A, but here the coupling was 

created by inserting the SPME fibre directly into the sample trap. As the extract is 

released from the restrictor nozzle it is forced to flow over the fibre, enabling the use of 

simultaneous extraction and derivatization procedures and effectively reducing the 

number of preparation steps between extraction and analysis as the extract is ready to 

be injected directly onto the GC column.

8.1.5 SFE/SPME extractions

Coupling the solvating power of SFE with the concentrating effects of SPME in order 

to maximise extraction provided a powerful technique. This coupled technique is 

theoretically capable of extracting a greater range of analytes than either SFE or SPME 

alone and could also provide a method that is solvent-free and highly selective, whilst 

reducing sample preparation to a minimum. Development of a method for the
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extraction of cannabinoids from hair demonstrated that the number of sample 

preparation steps can be significantly reduced. Sample preparation of hair carried out at 

Tricho-Tech required a hydrolysis step for 30 minutes followed by a liquid-liquid 

extraction, centrifugation and aspiration of the aqueous layer before drying under 

nitrogen and reconstituting in a buffer solution. The sample then underwent SPE 

extraction before derivatization and analysis. This process took up to 4 days whereas 

the coupled SFE/SPME technique carried out the same investigation by placing the 

solid hair sample directly into the extraction cell along with an aliquot of derivatization 

reagent and then extracting the sample at an optimised temperature and pressure for a 

specified period of time before depressurising the extract onto a SPME fibre for direct 

injection onto a GC/MS. This novel technique produces results in only a few hours, 

producing comparable results in a fraction of the time and, with a significant reduction 

of preparation steps, the added environmental advantage of being solvent-free.

A comparison of the recovery rates for each of the off-line techniques and the novel 

coupled technique shows that the SPME technique performed best of the two off-line 

techniques with slightly higher recoveries for THC and CBD than the SFE technique; 

however, the coupled technique produced the highest recoveries for all the compounds.

A true test for the usefulness of a new analytical technique is its ability to solve a range 

of analytical and real-world problems. Both SFE and SPME have a proven record for 

coping with a wide range of applications and so it was necessary that this technique be 

tested in the same way. Further studies on the extraction of drugs from hair were 

carried out by the use of real and spiked samples containing opiates and ecgonine 

derivatives. The recovery of the ecgonines was good, with both the primary analyte 

(cocaine) and its metabolite (benzoylecgonine) showing recoveries above 70%. The
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results of the work carried out on opiates, however, showed lower recoveries with all 

but codeine falling below the acceptable limits; however, this is not a failing in the 

novel technique itself, but a reflection that more specific optimization for opiate 

analytes is required in order to obtain greater accuracy.

Other applications included the analysis of crop plants for pesticide contamination, 

contamination of edible plants by industrial effluent and the analysis of fire debris for 

the presence of accelerants.

Organochloride pesticides are man-made organic chemicals whose persistence and 

toxicity are effective in killing their targets but can also have serious environmental 

consequences. They are mainly used as topical insecticides, killing insects that land on 

treated surfaces such as crops, but persist as residues which can be ingested by humans 

and animals. These analytes are easily extracted from the plant matrix by the novel 

technique with good recovery levels.

Polycyclic aromatic hydrocarbons are by-products of the incomplete combustion or 

pyrolysis of organic material and are therefore contaminants which represent a potential 

risk to human health. Plant uptake of these contaminants can occur when crops are 

grown on former industrial sites where the air and soil is contaminated, and where 

crops and natural vegetation can be polluted by deposition on leaves and by root 

contact with contaminated soil. The extraction capabilities of the novel technique were 

examined by extracting PAHs spiked onto dried, edible plant material. The method 

shows good linearity for all analytes and recoveries ranging from 78 to 97% for most.
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The analysis of fire debris is carried out to establish the presence of an accelerant, for 

example in the investigation of potential arson cases. SPME has frequently been used 

as a mobile technique for extracting analytes from fire debris but more frequently a 

sample of the debris is collected and sent for analysis under laboratory conditions. The 

aim of the work done in this study was to test whether the coupled technique would 

enable differentiation of samples of wood burned with and without accelerants. The 

target analytes selected were complex mixtures made up of aromatic and aliphatic 

hydrocarbons which made single ion monitoring difficult, and scanning mode was 

selected during this study. Samples of unburned wood, wood burned without use of an 

accelerant wood burned with petrol and wood burned with diesel were extracted and 

compared. The results obtained from the unburned wood and the wood burned without 

an accelerant were similar, with one or two peaks such as a-pinene and trimethyl 

benzene which appear after pyrolysis. The comparison between the unspiked wood and 

the wood spiked with petrol showed some common peaks in both, although the petrol 

spiked-peaks had a higher abundance and also included methylnaphthalene and 

methylfluorene. It is possible that these compounds may be used to identify accelerants 

such as petrol in fire debris. The diesel accelerant was clearly shown over the burned 

wood peaks and its pattern is unmistakable. The implications of using this method for 

samples such as fire accelerants are that there is increased sample clean-up via the 

supercritical CO2 extraction and an increased selectivity of target analytes via 

temperature, pressure and fibre control.
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8.2 Further work

The combination of two techniques through an interface is an effective technique for 

the extraction and analysis of a wide range of different forensic samples and the 

interface, though crude, is capable of producing quantitative results. This work shows 

that there is potential for the development of the interface as an analytical tool fitted to 

a SFE instrument in order to enable the coupling of the SPME fibre and incorporating 

elements such as temperature control to allow the heating or cooling of the unit. 

Development of this system could provide many exciting possibilities for its 

modification and use not only in drug analysis laboratories but in other areas of forensic 

analysis such as environmental, food and pharmaceutical analysis.

The study of other drugs of abuse is necessary particularly in the simultaneous 

extraction of a wide range of drugs, so as to reduce the need for splitting samples so 

that more than one group of analytes may be analysed. This method appears 

particularly effective on medium to high volatility analytes provided the development 

of the interface can reduce the loss of recovery by enclosing the system more 

completely in order for the technique to be practically applicable in forensic 

laboratories.

The preparation and extraction of y-hydroxybutyric acid from urine was also carried out 

using the novel technique. This drug has gained increased notoriety for its use in drug- 

facilitated sexual assault. Although this work was not included here it produced some 

highly satisfactory results using the coupled technique.
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There is also potential for further work within the analysis of edible crops for pesticides 

and harmful PAHs. Little has been published regarding this area of research particularly 

with regard to the techniques applied here and the coupled technique has potential to be 

used for this type of analysis. The interface of the SFE/SPME provides a fast, efficient 

technique for extracting harmful substances from important samples.
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Figure A4 Un-extracted calibration for Cannabidiol
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Figure A5 Un-extracted calibration for Cannabinol
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Figure A6 Un-extracted calibration for Tetrahydrocannabinol

Table Al: GC/MS Program for Cannabinoids

HP6890 GC Method 

Instrument control Parameters

Sample Inlet: GC
Injection Source: Manual
Injection Location: Front
Mass Spectrometer: Enabled

Oven

Initial temp: 
Initial time: 
Maximum temp: 
Equilibration time: 
Ramps:

# Rate
1 30.00
2 30.00

80°C 
l.OOmin 
325°C 
0.50 min

Final temp
200
320

Final time
1.00
2.00
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Front Inlet

Mode: Splitless
Initial temp: 260°C (On)
Pressure: 0.80 psi (On)
Purge flow: 18.4 mL/min
Purge time: 2.00 min
Total flow: 21.9 mL/min
Gas saver: On
Saver flow: 20.0 mL/min
Saver time: 2.00 min
Gas type: Helium

Column

Capillary column
Model Number: HP19091J-231 
HP-5 5% Phenyl Methyl Siloxane 
Max temperature: 325°C 
Nominal length: 15m 
Nominal diameter: 250.0 um 
Nominal film thickness 1.00 urn 
Mode: Constant flow 
Initial flow: 0.9 mL/min 
Nominal initial pressure: 1.35 psi 
Average velocity: 49 cm/sec 
Inlet: Front inlet 
Outlet: MSD 
Outlet pressure: Vacuum

Thermal Aux

Use: MSD transfer line heater 
Initial temp: 250°C (On) 
MS Acquisition parameters

Tune file: atune.u
Acquisition mode: SIM
Solvent delay: 3.00 min
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SIM Parameters

Group 1 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

Group 2 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

GroupS 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

Cannabidiol
Low
7.00
301.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(301.0 10) (337.0 10) (390.0 10)

Tetrahydrocannabinol
Low
8.20
289.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(289.0 10) (292.0 10) (305.0 10)
(308.0 10) (371.0 10) (374.0 10)

Cannabinol
Low
8.55
310.0
(Mass, Dwell) (Mass, Dwell)
(310.0 10) (367.0 10)
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Appendix B

Figure Bl Cocaine
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O OH
Figure B2 Benzoylecgonine
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Figure B3 Codeine

HO

Figure B4 Morphine

Figure B5 6-Monoacetyl morphine Figure B6 Heroin
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Calibration curves
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Figure B 15 Extracted calibration for Heroin 

Table Bl: GCIMS Program for Cannabinoids 

HP6890 GC Method 

Instrument control Parameters 

Sample Inlet: 
Injection Source: 
Injection Location: 
Mass Spectrometer: 

Oven 

Initial temp: 
Initial time: 
Maximum temp: 
Equilibriation time: 
Ramps: 

# Rate 
1 30.00 
2 30.00 

Front Inlet 

GC 
Manual 
Front 
Enabled 

80°C 
1.00 min 
325°C 
0.50 min 

Final temp 
200 
320 

Final time 
1.00 
2.00 

2.5 

86 



Mode: 
Initial temp: 
Pressure: 
Purge flow: 
Purge time: 
Total flow: 
Gas saver: 
Saver flow: 
Saver time: 
Gas type: 

Column 

Capillary column 

Splitless 
260°C (On) 
0.80 psi (On) 
18.4 mL/min 
2.00 min 
21.9 mL/min 
On 
20.0 mL/min 
2.00 min 
Helium 

Model Number: HP1909IJ-231 
HP-5 5% Phenyl Methyl Siloxane 
Max temperature: 325°C 
Nominal length: 15 m 
Nominal diameter: 250.0 Ilm 
Nominal film thickness 1.00 Ilm 
Mode: Constant flow 
Initial flow: 0.9 mL/min 
Nominal initial pressure: 1.35 psi 
Average velocity: 49 em/sec 
Inlet: Front inlet 
Outlet: MSD 
Outlet pressure: Vacuum 

Thermal Aux 

Use: MSD transfer line heater 
Initial temp: 250°C (On) 
MS Acquisition parameters 

Tune file: 
Acquisition mode: 
Solvent delay: 

SIM Parameters 

Group 1 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group: 

Group 2 

atune.u 
SIM 
3.00 min 

Cannabidiol 
Low 
7.00 
301.0 
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell) 
(301.0 10) (337.0 10) (390.0 10) 
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Group ID: Tetrahydrocannabinol
Resolution: Low
Group start time: 8.20
Plot 1 ion: 289.0
Ions in group: (Mass, Dwell) (Mass, Dwell) (Mass, Dwell)

(289.0 10) (292.0 10) (305.0 10) 
(308.0 10) (371.0 10) (374.0 10)

Group 3
Group ID: Cannabinol 
Resolution: Low 
Group start time: 8.55 
Plot lion: 310.0 
Ions in group: (Mass, Dwell) (Mass, Dwell)

(310.0 10) (367.0 10)
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Table B2: GC/MS Program for Opiates and ecognines

HP6890 GC Method 

Instrument control Parameters

Sample Inlet: GC
Injection Source: Manual
Injection Location: Front
Mass Spectrometer: Enabled

Oven

Initial temp: 
Initial time: 
Maximum temp: 
Equilibriation time: 
Ramps:

# Rate
1 30.00
2 30.00 

Run time:

Front Inlet

Mode: 
Initial temp: 
Pressure: 
Purge flow: 
Purge time: 
Total flow: 
Gas saver: 
Saver flow: 
Saver time: 
Gas type:

Column

80°C 
l.OOmin
325°C 
0.50 min

Final temp 
200 
320 
12.00 min

Splitless
260°C (On)
0.75 psi (On)
18.4mL/min
2.00 min
21.9mL/min
On
20.0 mL/min
2.00 min
Helium

Final time
1.00
2.00

Capillary column
Model Number: HP19091J-231 
HP-5 5% Phenyl Methyl Siloxane 
Max temperature: 325°C 
Nominal length: 15m 
Nominal diameter: 250.0 um 
Nominal film thickness 1.00 (am 
Mode: Constant flow 
Initial flow: 0.9 mL/min 
Nominal initial pressure: 1.35 psi 
Average velocity: 49 cm/sec 
Inlet: Front inlet
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Outlet:
Outlet pressure:

Thermal Aux

MSD 
Vacuum

Use: MSD transfer line heater 
Initial temp: 250°C (On) 
MS Acquisition parameters

Tune file: atune.u
Acquisition mode: SIM
Solvent delay: S.OOmin

SIM Parameters

Group 1 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

Group 2 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

Group 3 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

Group 4 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

Cocaine
Low
7.00
185.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(182.0 10) (185.0 10) (272.0 10)
(303.0 10) (306.0 10)

Benzoylecgonine
Low
8.05
240.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(82.0 10) (240.0 10) (361.0 10)

Codeine
Low
8.50
288.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(178.0 10) (288.0 10) (338.0 10)
(371.0 10) (395.0 10)

Morphine
Low
8.70
236.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(73.0 10) (236.0 10) (340.0 10)
(429.010) (438.0 10)

BIO



GroupS
Group ID: 6MAM
Resolution: Low
Group start time: 9.00
Plot 1 ion: 405.0
Ions in group: (Mass, Dwell) (Mass, Dwell) (Mass, Dwell)

(215.0 10) (268.0 10) (327.0 10)
(399.0 10) (405.0 10)

Group 6
Group ID: Heroin
Resolution: Low
Group start time: 9.15
Plot 1 ion: 334.0
Ions in group: (Mass, Dwell) (Mass, Dwell) (Mass, Dwell)

(268.0 10) (327.0 10) (334.0 10)
(369.0 10) (378.0 10)
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Appendix C 

Table Cl:Tricho-Tech Extraction Procedure

Hair Matrix:

10 mg hair (1 cm) cut into a 10 cm3 test tube
Add 1 cm3 methanol and rinse.
Sonicate hi the methanol for 12 hours.
Remove extract and save.
Add 1 cm3 methanol, rinse and add to extract.
Dry
Add 1 cm3 NaOH and close tube cap.
Place into a water bath for 30 min at 80°C
Add excess NHaSC^ to stop the reaction.
Add 2.2 cm3 chloroform/isopropyl alcohol (50:50 v/v)
Rotary mix for 15 min.
Centrifuge for 5 min at 3000 rpm.
Aspirate top layer, pour off middle (organic )layer into a clean tube and dispose
of the pellet.
Add 100 |j,L HC1 in methanol (0.1 mol) to organic layer.
Add 1 cm3 ELISA buffer (pH 7.2)
Remove 200 uL for screening assay.
Add 300 uL of the remaining buffered solution to a clean test tube for solid
phase extraction (TECAN)

TECAN extraction program is protected by Tricho-Tech. 

Extract removed from TECAN as 1 cm3 in clean 1.5 cm3 vials

This is dried under nitrogen for 40 min.
Add 30uL BSTFA and 30uL ethyl acetate
Cap the vials and run using GC/MS program below.

Table B2: GC/MS Program for Opiates and ecognines

HP6890 GC Method 

Instrument control Parameters

Sample Inlet: GC
Injection Source: Manual
Injection Location: Front
Mass Spectrometer: Enabled

Cl



Oven

Initial temp: 
Initial time: 
Maximum temp: 
Equilibration time: 
Ramps:

# Rate
1 30.00
2 30.00 

Run time: 
Front Inlet

Mode: 
Initial temp: 
Pressure: 
Purge flow: 
Purge time: 
Total flow: 
Gas saver: 
Saver flow: 
Saver time: 
Gas type:

Column

80°C 
l.OOmin 
325°C 
0.50 min

Final temp 
200 
320 
12.00 min

Splitless
260°C (On)
0.75 psi (On)
18.4mL/min
2.00 min
21.9mL/min
On
20.0 mL/min
2.00 min
Helium

Final time
1.00
2.00

Capillary column
Model Number: HP19091J-231 
HP-5 5% Phenyl Methyl Siloxane 
Max temperature: 325°C 
Nominal length: 15m 
Nominal diameter: 250.0 um 
Nominal film thickness 1.00 um 
Mode: Constant flow 
Initial flow: 0.9 mL/min 
Nominal initial pressure: 1.35 psi 
Average velocity: 49 cm/sec 
Inlet: Front inlet 
Outlet: MSD 
Outlet pressure: Vacuum

Thermal Aux

Use: MSD transfer line heater 
Initial temp: 250°C (On) 
MS Acquisition parameters

Tune file: 
Acquisition mode: 
Solvent delay:

arune.u 
SIM 
3.00 min
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SIM Parameters

Group 1 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

Group 2 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

GroupS 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

Group 4 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

GroupS 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

Cocaine
Low
7.00
185.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(182.0 10) (185.0 10) (272.0 10)
(303.0 10) (306.0 10)

Benzoylecgonine
Low
8.05
240.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(82.0 10) (240.0 10) (361.0 10)

Codeine
Low
8.50
288.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(178.0 10) (288.0 10) (338.0 10)
(371.0 10) (395.0 10)

Morphine
Low
8.70
236.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(73.0 10) (236.0 10) (340.0 10)
(429.010) (438.0 10)

6MAM
Low
9.00
405.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(215.0 10) (268.0 10) (327.0 10)
(399.0 10) (405.0 10)
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Group 6
Group ID: Heroin
Resolution: Low
Group start time: 9.15
Plot 1 ion: 334.0
Ions in group: (Mass, Dwell) (Mass, Dwell) (Mass, Dwell)

(268.0 10) (327.0 10) (334.0 10)
(369.0 10) (378.0 10)
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ci ci
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Calibration curves
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Table Dl: GC/MS Program for Organochlorides

HP6890 GC Method 

Instrument control Parameters

Sample Inlet: 
Injection Source: 
Injection Location: 
Mass Spectrometer:

Oven

Initial temp: 
Initial time: 
Maximum temp: 
Equilibriation time: 
Ramps:

# Rate
1 15.00
2 20.00
3 2.00 

Run time: 
Front Inlet

Mode: 
Initial temp: 
Pressure: 
Purge flow: 
Purge time: 
Total flow: 
Gas saver: 
Saver flow: 
Saver time: 
Gas type:

Column

GC
Manual
Front
Enabled

70°C 
l.OOmin 
325°C 
0.50 min

Final temp 
120 
220 
240 
24.33 min

Splitless 
250°C (On) 
0.50 psi (On) 
50.0 mL/min 
2.00 min 
53.6 mL/min 
On
20.0 mL/min 
2.00 min 
Helium

Final time 
4.00 
1.00 
0.00

Capillary column
Model Number: HP19091J-231 
HP-5 5% Phenyl Methyl Siloxane 
Max temperature: 325°C 
Nominal length: 15m 
Nominal diameter: 250.0 um 
Nominal film thickness 1.00 urn 
Mode: Constant flow 
Initial flow: 0.9 mL/min 
Nominal initial pressure: 1.35 psi 
Average velocity: 49 cm/sec 
Inlet: Front inlet
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Outlet:
Outlet pressure:

Thermal Aux

MSD 
Vacuum

Use: MSD transfer line heater 
Initial temp: 280°C (On) 
MS Acquisition parameters

Tune file: 
Acquisition mode: 
Solvent delay:

SIM Parameters

Group 1 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

Group 2 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

Group 3 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

atune.u 
SIM 
3.00 min

Heptachlor
Low
13.00
100.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(100.0 10) (236.0 10) (271.0 10)

Aldrin
Low
14.60
66.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(66.0 10) (262.0 10) (292.0 10)
(363.0 10)

Dieldrin
Low
16.24
79.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(79.0 10) (262.0 10) (276.0 10)

Group 4 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

DOT 
Low 
17.20
235
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(165.0 10) (235.0 10) (353.0 10)
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Groups
Group ID: Methoxychlor 
Resolution: Low 
Group start time: 18.30 
Plot 1 ion: 227.0
Ions in group: (Mass, Dwell) (Mass, Dwell) (Mass, Dwell)

(227.0 10) (228.0 10) (343.0 10)
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Appendix E

Figure El Acenaphthylene Figure E2 Fluorene

Figure E3 Anthracene Figure E4 Pyrene

Figure E5 Triphenylene Figure E6 Biphenyl
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Calibration curves
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Figure E7 Extracted calibration for Acenaphthylene
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Figure E8 Extracted calibration for Anthracene

E2



0.1 0.2 0.3 

Concentration
0.4 0.5
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Figure Ell Extracted calibration for Triphenylene

Table El: GC/MS Program for Poly cyclic Aromatic Hydrocarbons

HP6890 GC Method 

Instrument control Parameters

Sample Inlet: GC
Injection Source: Manual
Injection Location: Front
Mass Spectrometer: Enabled

Oven

Initial temp: 70°C
Initial time: 1.00 min
Maximum temp: 325°C
Equilibriation time: 0.50 min 
Ramps:

# Rate Final temp Final time
1 30.00 250 4.00

Runtime: 11.00 min
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Front Inlet

Mode: 
Initial temp: 
Pressure: 
Purge flow: 
Purge time: 
Total flow: 
Gas saver: 
Saver flow: 
Saver time: 
Gas type:

Column

Splitless
230°C (On)
1.54psi(On)
50 mL/min
2.00 min
53.7 mL/min
On
20.0 mL/min
2.00 min
Helium

Capillary column
Model Number: HP19091J-231 
HP-5 5% Phenyl Methyl Siloxane 
Max temperature: 325°C 
Nominal length: 15m 
Nominal diameter: 250.0 um 
Nominal film thickness 1.00 urn 
Mode: Constant flow 
Initial flow: 0.9 mL/min 
Nominal initial pressure: 1.35 psi 
Average velocity: 49 cm/sec 
Inlet: Front inlet 
Outlet: MSD 
Outlet pressure: Vacuum

Thermal Aux

Use: MSD transfer line heater 
Initial temp: 280°C (On) 
MS Acquisition parameters

Tune file: 
Acquisition mode: 
Solvent delay:

SIM Parameters

Group 1 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

atune.u 
SIM 
3.00 min

Biphenyl
Low
3.00
131.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(103.0 10) (131.0 10) (152.0 10)
(153.0 10) (154.0 10)
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Group 2 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

Group3 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

Group 4 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

GroupS 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

Group 6 
Group ID: 
Resolution: 
Group start time: 
Plot 1 ion: 
Ions in group:

Acenaphthylene
Low
4.77
152.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(76.0 10) (152.0 10) (153.0 10)

Fluorene
Low
5.2
166.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(82.0 10) (139.0 10) (166.0 10)
(167.0 10) (168.0 10)

Anthracene
Low
5.97
178.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(89.0 10) (152.0 10) (178.0 10)
( 179.0 10)

Pyrene
Low
7.15
202.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(88.0 10) (101.0 10) (202.0 10)
(203.0 10)

Triphenylene
Low
8.6
228.0
(Mass, Dwell) (Mass, Dwell) (Mass, Dwell)
(113.0 10) (227.0 10) (228.0 10)
(229.0 10)

E6



Appendix F 

Table Fl: GC/MS Program for Accelerants

HP6890 GC Method 

Instrument control Parameters

Sample Inlet: GC
Injection Source: Manual
Injection Location: Front
Mass Spectrometer: Enabled

Oven

Initial temp: 
Initial time: 
Maximum temp: 
Equilibration time: 
Ramps:

# Rate
1 8.00
2 10.00 

Run time:

60°C 
4.00 min 
325°C 
0.50 min

Final temp 
200 
260 
29.50

Final time
1.00
1.00

Front Inlet

Mode: 
Initial temp: 
Pressure: 
Purge flow: 
Purge time: 
Total flow: 
Gas saver: 
Saver flow: 
Saver time: 
Gas type:

Column

Splitless
250°C (On)
1.32psi(On)
50.0 mL/min
2.00 min
53.7 mL/min
On
20.0 mL/min
2.00 min
Helium

Capillary column
Model Number: HP 19091J-231 
HP-5 5% Phenyl Methyl Siloxane 
Max temperature: 325°C 
Nominal length: 15 m 
Nominal diameter: 250.0 (am 
Nominal film thickness 1.00 urn 
Mode: Constant flow 
Initial flow: 0.9 mL/min
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Nominal initial pressure: 1.88 psi 
Average velocity: 52 cm/sec 
Inlet: Front inlet 
Outlet: MSD 
Outlet pressure: Vacuum

Thermal Aux

Use: MSD transfer line heater 
Initial temp: 280°C (On) 
MS Acquisition parameters

Tune file: atune.u
Acquisition mode: Scan
Solvent delay: 2.50 min

Scan Parameters

Low Mass 30.0
High Mass 370
Threshold 150
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